ABSTRACT
The continuous feedbacks among tectonics, surface processes, and climate
change are reflected in the distribution of catchments on active mountain
fronts.
Previous studies (e.g. Hovius, 1996) have shown a certain regularity of valley
spacing on several mountain ranges worldwide, but what is at the origin of
such geomorphological feature of landscapes is currently not well known.
In this work, we illustrate numerical experiments of long-term landscape
evolution of an active mountain range.
We show how the constant valley spacing, achieved at steady state on both
sides of the range, is progressively restored after simulating a migration of
the main drainage divide caused by a precipitation gradient applied across
the mountain belt.
We analyze the time evolution of the spacing ratio R (Hovius,1996; Wallace,
1978), defined as the ratio between the half-width W of the belt and the
spacing S of the outlets of the catchments draining from the main drainage
divide.
We consider R as an index describing the degree of catchment reorganization on both the windward and leeward sides of the belt.
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Evolution stage 1: in Fig. 3A, the landscape has
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reached the steady-state topography under uniform
precipitation. The pattern of catchments, illustrated in
Fig. 7, consists of an alternation of larger, and smaller
catchments etched on the triangular facets.
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Time: 2 My

EXPERIMENTAL SETTINGS
We simulate landscapes of various sizes, with a fixed TIN mean sampling
distance of 100 m; the initial surface is completely flat at zero elevation.
Sediment can flow across all four landscape boundaries.
We apply a spatially uniform and constant uplift rate of 1 mm/y over the
whole domain. The surface processes and tectonic models are run with
variable time steps (to preserve numerical stability in the finite-volume
approximation used to solve eq. 3).
After the initial topography has reached a steady state under a uniform,
constant precipitation rate of 1 m/y, a precipitation gradient is
introduced, in a direction perpendicular to the belt axis, to simulate
"orographic" precipitation; the maximum precipitation rate is maintained
at 1 m/y along the upper side, and it linearly decreases towards the
opposite side reaching a minimum of 0.2 m/y (see plot of precipitation
across the belt in Fig. 1).
We calculate the mean spacing ratio R of the main fluvial valleys and
observe the evolution of the simulated catchments through time.

Figs. 4-5-6 represent respectively the time evolution of λ, the normalized
relief  and Pe, either for the wet side (blue line) and the dry side (red
line) of the simulated surface of size 8 km x 4 km.

applied, the main divide of the belt is pushed from
the wet side towards the dry side, where larger
catchments shrink and, simultaneously, the smaller
catchments on triangular facets grow (Fig. 8).
Furthermore, the drainage network and maximum
stream order is consequently reduced in the larger
watersheds and viceversa for the smaller watersheds
(see sequence of Figs. 10-11-12).
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reached under changed climatic conditions (Fig. 3B);
on the dry side of the belt, the spacing ratio R is
maintained (see plot of λ = 1/R vs Time in Fig. 4)
through catchment reorganization (sequence
illustrated in the sketch of Figs. 13-14-15). In the final
stage of landscape evolution, a “normalization” of the
pattern of watersheds can be also observed (Fig. 9).
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Stage 1 - Steady-state
topography

Stage 3 - New steady-state
topography
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where z is the elevation of a point on the TIN, t is time and U is tectonic uplift.
The second term on the right-hand side represents the stream power law for
fluvial incision model. The water discharge term Q is often approximated by the
expression Q =  Piai, where Pi is the local mean annual precipitation rate and
ai is the area for a given upstream point at location i (Roe et al., 2002). The last
term in the right-hand side represents erosion from hillslope processes. In the
experiments shown here, we use the linear diffusion equation for hillslope
sediment flux qs :
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Stage 2 - “Orographic” precipitation applied
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Evolution stage 3: a new steady state topography is
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SIGNUM includes simulation of diffusive and advective erosion processes,
tectonic uplift, and climate changes modeled as a change from uniform
precipitation to a precipitation gradient. Changes in elevation of the topographic
surface are described by the equation of mass conservation, (e.g., Tucker et al.,
2001a):
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Time: 3 My

In Fig. 2, a 3D plot of calculated values of λ = 1/R, and Pe vs. time is
shown for three simulated landscapes of different size: 4 km x 2 km, 6 km
x 3 km and 8 km x 4 km.

Distance m

λ

11

Evolution stage 2: after the precipitation gradient is

Uniform precipitation
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Pe = kc ∙ ℓ 2(m + 1)  n / kd  1  n (2)
(see model section for parameters description). Furthermore, using numerical
experiments and data from real field sites, Perron et al. (2009) demonstrated that
valley spacing within watersheds is directly linked to valley spacing at mountain
front.
Previous experimental observation of regular valley spacing at larger spatial scales
has been partially addressed with numerical modeling studies (e.g. Ellis et al.,
1999), and numerical experiments using coupled tectonic and geomorphological
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THEORY
A number of studies have quantitatively described the phenomenon using the
valley spacing ratio (see Fig. 1A):
R = W/λ, (1)
where W represents the distance from the main divide to the mountain front, while
λ is the distance between outlets along the mountain front (Hovius, 1996).
Numerical studies have focused on spatial scales both across mountain ranges and
within single watersheds. Perron et al. (2009) showed that first-order valley spacing
can be predicted by calculating a characteristic length scale at which erosion rates
from hillslope diffusion and river incision are equal. They also showed that the
charachteristic length is proportional to a quantity similar to a Peclét number Pe,
calculated from the numerical model parameters and the surface states, and given
by:
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A real-world example of the behavior corresponding to the
simulated numerical results described above can be seen
along the Ruby Mountains, as suggested by Ellis et al.
(1999).
In the Basin and Range area, the air circulation is mainly
from West to East. When moist air from the Pacific Ocean
encounters a topographic barrier such as the Ruby
Mountains, it is forced to move upward and over the
obstacle, losing moisture in form of heavy precipitation on
the western flank. This also results in a lack of precipitation
on the eastern side of the range.
A PRISM (Daly et al., 1994) average annual precipitation
map of the area from the period 1961-1990 is shown in Fig.
16. The Ruby Mountains are an uplifted core complex,
bounded by active normal faults and there are enough
similarities to warrant comparison with our numerical
modeling results.
We know that the drainage basins emphasized here have
been significantly impacted by geomorphic processes
neglected in the numerical model (glaciation and cirque
headwall processes that accompany alpine glaciations).
In fact, the rivers that currently drain the Ruby Mountains
are largely out of equilibrium with respect to their long
profiles and sediment transport, because they have
inherited valleys significantly modified by recent
glaciations.
Nevertheless, some analogies between the transient
topography in the numerical model simulation and on the
leeward side of the Ruby range are highlighted in Figs. 17
and 18. In particular, potential examples of the main
drainage divide migration, the shrinking of the larger
catchments and the growth of triangular facets, which look
similar to the simulated basins in our numerical
experiments, are highlighted.

Valley spacing appears to be set by the interplay among river incision and hillslope processes,
which are driven by tectonic and climate forcings.
The numerical results show that change in the precipitation pattern can exert a strong control
on drainage network development and reorganization on both sides of the simulated
mountain belt. In particular, the leeward side shows a more interesting evolution, because
the interaction amongst all geomorphic processes leads to a significant catchment
reorganization.
The final result of this complex mechanism of watershed reorganization is a new steady state
topography, at which the mean spacing ratio on either sides of the range has almost the
same value (within +/− 15%) as the former steady state with uniform precipitation (see plot
of λ vs. time in Fig. 4).
Furthermore, the model of watersheds development proposed here, can explain some real
landscapes in which we found analogies with the different evolutionary stages of the
simulated belts.
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