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of River Basins
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Abstract The ratio between the width and length (i.e., aspect ratio) of river basins is a fundamental
attribute of Earth’s surface. Topographic analyses showed that the aspect ratio of high-order basins

along linear mountain fronts is surprisingly consistent despite different tectonic, lithologic, and climatic
conditions. Additionally, analysis of simulated landscapes showed that the aspect ratio depends on the
concavity of the river profile. These observations remain difficult to explain because of the intricate shape
of river networks. Here | present a simple geometric model that computes the aspect ratio from the
location of a triple divide junction with neighboring basins, the concavity of the river profile, and the
exponent that relates river length and drainage area (i.e., Hack’s exponent). The model suggests that these
seemingly independent empirical observations are interdependent and that small basins that bound larger
ones play a key role in determining the aspect ratio of the larger basins.

Plain Language Summary Despite the intricate geometry of river networks, their basins are
characterized by a surprising regularity in the ratio between their width and length (i.e., aspect ratio). This
regularity captures the pattern of landscape partitioning into river basins and hence the partitioning of
water and life across Earth’s surface. The causes for this regularity, however, remain unclear. This study
presents a model that explains this regularity through the geometric configuration of adjacent river basins,
as well as the geometry of the river profile. The agreement between model predictions and observations
from natural and simulated landscapes suggests that small basins that bound larger ones play a key role in
determining the aspect ratio of the larger basins and that the properties of the river profile (and hence of
the erosive processes that carve this profile) are inherently linked to the aspect ratio of the river’s basin.

1. Introduction

The structure of river networks portrays the spatial distribution of elevation, water, and life across Earth’s sur-
face and is also observed on other planets (e.g., Horton, 1945; Howard et al., 1994; Perron et al., 2006; Rinaldo
etal., 1998; Sharp & Malin, 1975; Willett et al., 2014). Despite the intricate geometry of high-order channel net-
works, their basins are often characterized by a surprising regularity in the ratio (R) between the basin’s width
(W) and length (L; R = W/L; hereafter termed basin aspect ratio; Figure 1a; e.g., Bonnet, 2009; Castelltort &
Simpson, 2006; Hovius, 1996; Talling et al., 1997). This ratio depicts the spacing between basin outlets (Hov-
ius, 1996; Figure 1a) and thus the spacing and extent of depositional bodies that can form at these outlets. As
such, it influences not only the shape of the landscape but also the extent and connectivity of water, oil, and
gas that can accumulate in these depositional bodies (Hovius, 1996; Samme et al., 2009; Talling et al., 1997).

The mean spacing between the outlets of large, high-order river basins (> 102 km?) along linear mountain
fronts tends to be about half of the basins length (Hovius, 1996). This mean spacing is equivalent to the mean
width of basins (supporting information S1 and Figure 1a) so the mean basin aspect ratio is approximately half.
Observing this consistency, Hovius (1996) suggested that the basin width and drainage area (A) are related
via a scaling law that is related to Hack’s Law (Hack, 1957), an empirical power law that relates channel length
to drainage area. However, the link between these two empirical relationships remained elusive.

The consistency in the aspect ratio of large basins is generally independent of climatic, lithologic, and tec-
tonic conditions (Castelltort & Yamato, 2013; Hovius, 1996) and may reflect similarity in initial conditions (e.g.,
Castelltort & Yamato, 2013; Phillips & Schumm, 1987; Pelletier, 2003). Whereas the aspect ratio of small basins
is sensitive to hydro-climatic factors, these factors do not meaningfully influence the aspect ratio of large
basins (>10? km?; Robert et al., 2018). The aspect ratio of large basins can however be influenced by initial
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Figure 1. Channel spacing, aspect ratio, and TDJs (Triple Divide Junctions). (a) Schematic plan-view illustration of basins
whose outlets are aligned. Dashed lines mark basin boundaries (i.e., divides), and a solid line marks the boundary of the
analyzed basin. L is the length of the basin axis, W, is the half width of the basin, W,_yp, is the TDJ-based half width,
and subscripts 1 and 2 distinguish between the half widths in each side of the basin axis (note that W = Wy, + W,;).
Note that this geometry describes not only the large basins that reach the northern edge of the figure but also the
smaller basins nested between them (e.g., see the outlet, head, and width marks on the nested basin at the lower right
portion of this illustration). D is the distance between the outlets of large basins and is similar to the width of the basin
(W; see supporting information S1 for details). The dotted lines in the rightmost basin mark two large channels that
meet close to the outlet of the basin. (b) Relations between the half aspect ratio (R;, = W), /L) and the TDJ-based half
aspect ratio (R,_rpy = Wj_1p,/L) measured for basins of different scales that drain to quasi-linear river valleys in the
Loess Plateau, China. Each gray point marks a half aspect ratio measured for a specific basin (N = 1,274), and yellow
circles mark binned median values that are binned such that each bin contains 50 measurements of half aspect ratio
values. The diagonal line follows a 1:1 relation. Note that R, > R,_7p; and that the binned median values of R, and
Ry_1p, are generally similar (i.e., R, ~ R,_7p;) where binned R, values slightly exceed the binned Ry,_1p, values.

topographic conditions (e.g., Castelltort & Yamato, 2013; Phillips & Schumm, 1987; Pelletier, 2003), where nar-
rower basins (i.e., low aspect ratio) develop when the roughness of the initial topography is low compared
to the regional slope. Therefore, the consistency in aspect ratio may reflect a similarity in the initial topog-
raphy formed early in the development of mountainous terrain where juvenile basins develop (Castelltort &
Simpson, 2006; Castelltort et al., 2009; Castelltort & Yamato, 2013; Talling et al., 1997). Yet it remains unclear
how and if the consistency in aspect ratio can be explained through the geometric relations between adjacent
basins.

Numerical simulations suggest that basin’s aspect ratio strongly covaries with the concavity of the channel
profile. Sun et al. (1994) explored the synthetic topography produced by simulations of optimal channel net-
works (e.g., Rigon et al., 1993) and showed a strong covariance between the basin aspect ratio and the channel
concavity (6); an exponent value that describes the relations between channel slope and drainage area and
is often interpreted as a reflection of the physical mechanism of different erosional processes (e.g., Seidl &
Dietrich, 1992; Stock & Dietrich, 2006; Whipple & Tucker, 1999; Whipple et al., 2000). Similar association
between concavity and basin aspect ratio was shown, yet not explicitly discussed, in synthetic landscapes
produced by landscape evolution models (Howard, 1994; Tucker & Whipple, 2002). Whereas the channel con-
cavity may influence the preservation of initial topographic conditions (Howard, 1994; Shelef & Hilley, 2014)
and/or the topologic symmetry of channel networks (Shelef & Hilley, 2014), it is still unclear what causes the
dependence of aspect ratio on channel concavity.

Despite the fundamental role of the basin aspect ratio in depicting Earth’s topography, it remains unclear what
geometric constraints govern this ratio, and why are these constraints independent of tectonic, lithology,
and climate (i.e., Hovius, 1996). Further, whereas the spacing (and hence aspect ratio) of low-order channels
was shown to reflect the relative magnitude of hillslope and channel-forming processes (i.e., Perron et al.,
2009; 2012), the causes for the dependency between channel-forming processes, as captured by the chan-
nel concavity, and the aspect ratio of high-order basins (i.e., Sun et al., 1994) remain elusive. In this study, |
address this knowledge gap through a geometric model that is based on the observation that the width of
large basins is constrained by smaller basins in between them. The model successfully predicts observations
from natural and synthetic landscapes, links the basin aspect ratio to the channel concavity, and corroborates
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explanations regarding the independence of aspect ratio on tectonics, lithology, and climate. The model also
finds an interdependency between some of the most fundamental empirical relations in geomorphology: the
relations between river's length and drainage area (Hack’s law), slope and drainage area (profile concavity,
Flint's law, (Flint, 1974)), and basin’s length and width (basin aspect ratio).

2. Method

2.1. Half Aspect Ratio

To capture the details of the basin geometry, | measured the half aspect ratio (R,), a metric that describes the
relative basin width at each side of the basin axis. The basin axis is defined as the line that connects the outlet
of the basin to the point on the drainage divide that is furthest from the outlet (e.g., Rigon et al., 1996), and
the axis length, L, is the length of this line (Figure 1a). The half-basin width, W,, is the orthogonal distance
between the basin’s axis and the point furthest from it on one of its sides (Figure 1a). This width, divided by the
length of the basin’s axis, produces a basin’s half aspect ratio (R, = W,,/L), such that each basin is associated
with two R, values, one for each side of the basin’s axis.

2.2. Basin Width Is Constrained by Intersections of Drainage Divides

Because the location of the furthest point from the basin axis (i.e., the point used to compute W,, Figure 1a)
is somewhat arbitrary, it is difficult to develop a simple prediction for the half aspect ratio. However, exam-
ination of natural and synthetic landscapes suggests that the width of a drainage basins is often similar to
that determined by the location of a Triple Divide Junction (hereafter TDJ) between (a) the analyzed basin,
(b) a neighboring basin of a similar scale, and (c) a third, smaller basin in between the aforementioned two
basins (Figure 1a). The TDJ-based half width of a basin, W,_;p,, is measured in a similar way as the half-basin
width, where the width is measured as the orthogonal distance between the basin’s axis and the TDJ on a
given side of the basin axis (Figure 1a). The associated TDJ-based half aspect ratios, R;,_rp,, equals W,,_zp,/L.
Analysis of synthetic steady-state landscapes (i.e., when erosion and uplift are balanced everywhere across
the landscape) produced with simulations of landscape evolution (supporting information S1), as well as of
natural basins that drain to quasi-linear valleys in the Loess Plateau, China (Figure 1b), show that although R,
is larger than R,_;p, by definition, typical R, values are similar, although slightly larger, than typical R,_;p, val-
ues (Figure 1b and supporting information S1). This general similarity between R, and R,_;, suggests that
TDJs can be used to simplify the geometry of river basins and model their aspect ratio.

2.3. Geometric Model
The observation that basin’s width is constrained by the TDJ guides a simple geometric model that ties the
plan-view shape of a basin, the profile of fluvial channels, and the geometric configuration of adjacent basins.
The model reduces the intricate plan-view geometry of a branched channel network to a simple configura-
tion in which a single main channel, which is straight and orthogonal to a linear boundary (e.g., a mountain
front), is joined by one tributary from each side (Figures 1a and 2a), where tributaries are orthogonal to the
main channel. The upstream end of each tributary is a TDJ where the headwater of this tributary is also the
headwater of a neighboring side channel that drains parallel to the main one toward the linear boundary
(Figures 1a, 2a, and 2b). The elevation gain between the TDJ and the outlets of the main and side channels
can thus be equated:

Az, + Az, + Az, = Az, + Az + Az, (1)

where Az is elevation gain along a channel section, and subscripts t, m, and s mark the tributary, main, and
side channels, respectively (Figure 2b). Note that Az,, marks the elevation gain along the section of the main
channel, of length [, that is between the outlet and the junction with the tributary (Figures 1a, 2a, and 2b).
Given that the TDJ is located at a hilltop, the hillslope relief between the TDJ and the head of the tributary and
side channels is accounted for by Az, and Az, respectively. Az, describes the elevation difference between
the outlet of the side channel and that of the main channel.

For simplicity, | assume that for large basins, the hillslope length is negligible compared to the basin’s width,
that the hillslope relief is similar across the divide (Az,,, ~ Az,; e.g., Willett et al., 2014), and that the eleva-
tion difference between the outlets of the main and side channels is negligible compared to the elevation
gained between the TDJ and the outlet of the main channel. In that case, and where Az is substituted with
the integration of slope along the channel length (/), equation (1) becomes

I A I
/ s, (hdl + / s,(hdl = / s.(hdl, 2)
0 0 0
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Figure 2. Geometric model. (a) Plan-view image of a modeled basin. The
basin is drained by a straight main channel (marked m) and an orthogonal
tributary (marked t), that is bounded by a TDJ (Triple Divide Junction) with a
small neighboring channel (marked s, hereafter termed side channel) that
flows parallel to the main channel. I, I,,, and /; mark the length of each
channel section and correspond to the bounds of integration in

equations (2), (4), and to (6). (b) Profile view of the channels plotted in (a)
where the outlets of the main and side channels are at the same elevation.
AZ,, AZ,, AZ;, AZy,, and AZ, correspond to equation (1). Note that the
headwater of the tributary and that of the side channel are at the same
elevation because they meet at the TDJ. (c) The normalized length of the
tributary (I;/l,, = R_1p,) versus that of the side channel (I;//,,). In analysis
of synthetic and natural landscape, / is represented by the distance
between the outlet of the main basin and the point along the basin’s axis
that is orthogonal to the TDJ (e.g., Figure 1a), /; is the orthogonal distance
between the basin’s axis and the TDJ, and /,,, is the length of the basin’s axis
(i.e. I, =L, so that I;/l, = Ry_7p,). Note that such geometric model, where
the TDJ constrains the basin’s width, holds for channels at different scales
(e.g., both the large and small channels in Figure 1).

where I,, I, and /; are the length of the tributary, main, and side chan-
nels, respectively, and | increases upstream (Figures 1, 2a, and 2b). When
the landscape is at topographic steady state, the channel slope can be
expressed in terms of its drainage area (A; Flint, 1974):

Sth = KA, ©)

where 0 is the aforementioned channel concavity, and K, encapsulates the
influence of tectonics, lithology, and climate on S (e.g., Whipple & Tucker,
1999; Wobus et al., 2006). For the case of a spatially uniform K, equation (3)
can be substituted into equation (2) (Perron & Royden, 2012; Shelef &

Hilley, 2014)
I Iy I
/ Al(hdl+ / AP (hdl = / A% dl. 4)
0 0 0

In the proposed geometric model, the TDJ-based half-basin width is simi-
lar to the length of the tributary, /, (Figures 1, 2a, 2b) and can be computed
from equation (4). The length of a channel can be expressed in terms of
drainage area using Hack’s (1957) law

A= kih, (5)

where k and h are Hack’s coefficient and exponent, respectively, and A
is the channel length from the headwater (e.g., 4, = I, — /). Assuming
that h, k, and 6 are spatially uniform, equation (5) can be substituted into
equation (4) and solved for /;:

It — [(Im _ 15)179h _ I:nfgh + l;lfgh]'l/(‘lfgh)’ 9h # 1,
=10, — 1), 6h = 1.

(6)

Note that /, is independent of K, and the climatic, lithologic, and tec-
tonic influences that are encapsulated in it. In this model, /, is akin to the
TDJ-based half-width of a basin, and depends on the location of the TD)J
along the main channel, as represented by the length of the main and side
channels (/,, and [, respectively) in equation (6) (Figures 1 and 2). For exam-
ple, when the side channel is relatively short so the elevation gain along
its route to the TDJ is relatively small, a short tributary that initiates next
to the outlet of the main channel suffices to produce the same elevation
gain at the other side of the TDJ (case 1 in Figure 2c). When the length of
the side channel is close to that of the main channel, so the gain in eleva-
tion along the two channels is similar, once again, a short tributary suffices
to gain equality in elevation on both sides of the TDJ (case 2 in Figure 2c).
The maximal tributary length occurs when the length of the side channel
is half the length of the main channel (case 3 in Figure 2c and supporting
information S1).

In contrast to the simple scenarios in Figure 2, where a basin gains width only through a tributary channel,
the width of natural basins is also influenced by confluences (e.g., Robert et al., 2018). Channels upstream of a
confluence, for example, can increase the width of a basin by diverging from the basin axis (e.g., see the chan-
nels [dotted line] in the rightmost basin in Figure 1a), and this divergence can be computed from the optimal
angle between diverging channels at a confluence (e.g., Devauchelle et al.,, 2012; Howard, 1971; Hooshyar
etal, 2017; Roy, 1983; Sélyom & Tucker, 2007; Seybold et al., 2017). For simplicity, the proposed model com-
putes the width gained through such confluences (w_ [L]) based on a commonly used and relatively simple
relation (Howard, 1971, 1990) and assumes that the basin width gained through multiple confluences along
the channel can be represented by a single confluence between channels of similar drainage area (e.g., Robert

etal, 2018).
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w, = c_sin [acos <§—Z>] =c_sin [acos { <f\—:)_e}} = ¢.sin [acos (27%)] )

where subscripts a and b mark the area and slope of the channels above and below the confluence,
respectively, and ¢, [L] is a scaling parameter.

To account for the width gained along the tributary and confluence ( /, and w,, respectively), the TDJ-based
half aspect ratio (R,_;p,) is computed by adding equations (6) and (7) and normalizing this total half-width by
the length of the main channel (/,,, note that the model assumes |, = Land W), _rp, = I, + w,):

I +w,
Rn_1os = tlm <
L 11/(1—6h)
=la s 1-on 3 " o -0 h (8)
= (_l_) _1+l— +I—S|n[acos(2 )], 0h #1,

/ /
=2(1-2)+ £ sin [acos (277)], 6h =1.
Tt

m m

Given that R,_;p, (Figures 1 and 2) is a good proxy for the basin’s half aspect ratio (R,,; Figure 1b and support-
ing information S1), the model predicts that the basin aspect ratio (i.e, R = W/L ~ 2R,_;,) depends on the
channel concavity (9), Hack’s exponent (h), the location of the TDJ relative to the basin’s axis, (I, //,,; Figure 2),
and a parameter (c./l,,) that scales the influence of 8 on the width gained through channel confluences. The
model can thus be evaluated because all of these parameters, except for c./I,,, can be measured from topo-
graphic maps of natural or synthetic landscapes. Note that a zero concavity value (0 = 0) results in /, = 0 and
w, = 0, so that basins reduce to narrow lines that flow down a constant slope and are devoid of lateral flow
convergence (i.e., in agreement with Smith & Bretherton, 1972).

2.4. Analysis of Synthetic and Natural Topography

The analytical model described above (equation (8)) suggests that the basin aspect ratio increases with chan-
nel concavity (assuming a constant Hack’s exponent). Because high-order river basins in nature often deviate
from model assumptions and have a narrow range of concavity values, | used a landscape evolution model
(TTLEM; Campforts & Schwanghart, 2016) to simulate synthetic steady state landscapes for a wider range of
concavity values (0.2 to 0.9) with a combination of the stream power law (e.g., Whipple & Tucker, 1999) and lin-
ear hillslope diffusion (Culling, 1963). The higher concavity values in this range exceed 6 =~ 0.7, a value where
the basin topology becomes relatively insensitive to the channel concavity (Shelef & Hilley, 2014). For simplic-
ity, | used a slope exponent of n = 1 and varied the drainage area exponent m from 0.2 to 0.9 to form synthetic
landscapes of different concavities (i.e., 8 = m/n). To conform to the assumption of relatively short hillslopes,
| set the hillslope length in these simulations to be smaller than the distance between nodes (Perron et al.,
2009; Shelef & Hilley, 2014). The initial topography was identical in all simulations and is composed of a flat
surface with small-scale random noise. The dimensions of the simulated landscape were set to 20, 000 x 200
nodes to produce a large number of basins in each simulation and enable robust statistical analyses.

To compare the proposed model (i.e., equation (8)) to natural and synthetic landscapes, the parameters (/,,
1., h, and 8) were automatically measured across these landscapes. For each basin, | first identified the basin’s
divide and axis and used them to measure Ry, R,,_1p, (as defined in section 2.2 and Figures 1a and 2), the axis
length (/,,), and the location of the TDJ orthogonal to the basin axis (/; in the terminology of the geometric
model in Figure 2). | used the length and drainage area of the channels to compute Hack’s exponent (h). These
measurements provided proxies for the model parameters (h, I, and /,,), where 0 is prescribed in the simula-
tions that form the synthetic landscapes and was measured for natural landscape using slope-area regression
(e.g., Whipple & Tucker, 1999). This provides the variables needed to compare the model predictions of R, _p,
(equation (8)) with the R,_;, and R, values measured from synthetic and natural landscapes. The free param-
eter ¢./I,, (equation (8)) was set to a constant value which minimized the misfit between the modeled and
measured R,_;p, and Ry, at the central portion of basins (i.e.,, 0.3 < [./I,, < 0.7) for all concavities up to 8 = 0.7
(i.e., the basin shape is relatively insensitive to 8 when 6 > 0.7; Shelef & Hilley, 2014). In the synthetic land-
scapes, the basin axis was computed from the outlet, at the boundary of this simulated landscape. For a natural
example (i.e,, Figure 1b and supporting information S1), | analyzed basins that drain to quasi-linear mountain
fronts along river valleys in the Loess Plateau, China (supporting information S1), where the lithology and cli-
mate are generally homogeneous and the landscape is approximately at steady state (e.g., Willett et al., 2014).
In that case, the channel outlet is the confluence between the measured basin and the quasi-linear river valley.
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Figure 3. Model predictions versus measurements of /;/I,, and R,_7p,. (a—c) Analysis of synthetic landscapes with
concavity values of 0.25 (a), 0.5 (b), and 0.75 (c). (d) Analysis of basins in the Loess Plateau (6 ~ 0.3 and h ~ 1.7). Gray
dots show measured values of /s /I, and R,_rp;; blue circles mark median values of R,_1p, binned by /;/I,,. Red-dashed
line shows the prediction of the geometric model (equation (8)) of R,_yp, for c./I,, = 0.11 and varying /s //,,,, where 6
and h are the measured values associated with each of these landscapes. Measurements were conducted for all basins
with /,,, > 10 nodes for synthetic landscapes (a—c) and /,,, > 1,200 m for the Loess Plateau (d). Dark stair-plot portrays a
normalized histogram of the number of TDJs (Triple Divide Junctions) binned by /;//,,, values; note that most of the TDJs
are orthogonal to the central portion of the basin axis (i.e, 0.3 < [;//,, < 0.7).

3. Results

The proposed model predicts that the TDJ-based half aspect ratio (R,,_;p,) varies with the location of the TDJ
relative to the main channel (/,//,, Figure 2, equation (8)), as well as with the channel concavity and Hack’s
exponent (i.e., 8, h). For the synthetic landscapes that were used to produce basins with a wide range of
values, the variations in Hack’s exponent are relatively low (h has a coefficient of variation of ~5% across all
concavities), so the variations in 8h (equation (8)) are governed by the concavity. In synthetic landscapes of
low concavity, the model predictions regarding variations in R,_;p, as a function of the TDJ location along
the main channel (/;/1,,) agree well with the median of the measured R,_;,, values (Figure 3). Measurements
from the Loess Plateau (8 ~ 0.3) follow a similar trend (Figure 3d) and also show that the relative difference
between measured R, and R,_;p, values is typically about 5% regardless of basin size (supporting information
S1) and that larger deviations between measured R, and R, _;, occur primarily where /I values are <0.3
or >0.8 (supporting information S1). For synthetic landscapes of high concavity values, the median R, _p, is
typically higher than the values predicted by the model when the TDJ is located close to the head and outlet
of the basin (i.e, I,/I,, = 1, I/, = 0, respectively; Figure 3c). At the central portion of the synthetic basins
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Figure 4. The influence of channel concavity on R,_1p; and Ry,. (a) Values of R,_7p, computed from the geometric
model (equation (8), green diamonds) versus those measured from synthetic landscapes of different channel concavities
(blue circles, error bars mark the standard error of the median). The modeled R;,_1p, values are computed by

equation (8) at /s /I, = 0.5, with the 8 and h values associated with each of the analyzed landscapes and with

¢./lm = 0.11. The measured R;,_rp, values are the median values of all R,_7p, located orthogonal to the central portion
of the basin (0.3 < I, /I, < 0.7). The model produces an R? of 0.98 for concavities <0.7. Inset maps show the topographic
elevation of sections of the synthetic landscapes (for concavity of 0.25, 0.5, and 0.75) that were used to measure I /I,,, h,
Rh—1py and Ry,. The divides of basins used for the analysis are marked in black, and small circles show examples of basin
outlet, headwater (i.e., furthest point on divide) and TDJs (Triple Divide Junction). (b) Same as (a), where now the
modeled values are compared to the median values of R, rather than to R,,_yp;. This also produces an R? of 0.98 for
concavities < 0.7 (¢, /I, = 0.13). Note that R,,_rp, and Ry, values at concavities close of 0.3-0.5 produce basin aspect
ratios (i.e., R =~ 2R, ~ 2R,_7p,) of about one half, in accordance with the typical values measured in natural landscapes
(e.g., Hovius, 1996). Also note that measured Ry,_1p, and Ry, values become relatively insensitive to 6 for 6 > 0.7.

(e, 0.3 < I/l < 0.7), where most of the TDJs are located (Figure 3), the measured R,,_;p, agrees well with
the model prediction (R? = 0.98; Figure 4a) for concavity values < 0.7 with a ¢ //,, = 0.11. Similar agreement
(R? = 0.98 for 0.3 < I, /I, < 0.7; Figure 4b) exists between R, and model prediction with a somewhat higher
value of ¢ /I, = 0.13, in accordance with the slightly higher values of W, compared to W, _p, (Figure 1 and
supporting information S1).

4, Discussion

The agreement between the modeled and measured values of R,_;, varies with channel concavity and with
the location of the TDJ along the basin axis (/;/I,,, Figures 3 and 4). Low concavity networks at steady state
typically have a simple geometry, where basin divides are constrained by a high symmetry in flow length
between divides and outlets (Shelef & Hilley, 2014). This typically forms a simple basin geometry, similar to
that of the proposed model (Figure 2), where side tributaries join a single trunk channel (Figure 4a) that is
orthogonal to the mountain front. This is consistent with the close agreement between R,_;,, predicted by
the model for different /; /I, values and that measured from synthetic landscapes of low concavity (Figure 3).
In contrast, networks of high concavity are less restricted by symmetry of flow length (Shelef & Hilley, 2014)
and are characterized by a contorted geometry with several large branches. These networks tend to deviate
from the simple geometry of the model and generally preserve the network configuration imposed by the
initial topography over which the networks evolve (Howard, 1994; Shelef & Hilley, 2014). The preservation of
this initial network configuration is almost perfect at concavity values higher than ~0.7 (Shelef & Hilley, 2014),
so the aspect ratio becomes relatively insensitive to concavity and deviates from model predictions (Figures 3
and 4). Such deviations are particularly common next to the basin outlet (or headwater) because of large
confluences at these locations, and/or basin axis that is diagonal to the linear mountain front, and/or a relative
narrowing of the basin width (i.e., Figure 2¢) that meaningfully violates of the assumption that the hillslope
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length is negligible relative to the basin width (i.e., equation (2)). In the analyzed landscapes, most of the TDJs
are located close to the center of the basin axis (i.e., 0.3 < /;//,, < 0.7; Figure 3 and supporting information
S1) which is where model predictions are good for all concavities up to 0.7 (Figure 4; R = 0.98). Further,
natural concavity values are typically within the range where model predictions are good (i.e., 8 < 0.7; Tucker
& Whipple, 2002, Whipple & Tucker, 1999); hence, the proposed model generally provides a good prediction
for R,_;p, and R, for concavity and /. /I, values that are common in nature, and may thus link the aspect ratio
to natural channel-forming processes as reflected by the channel concavity ().

The proposed model is based on the assumption that the landscape is in steady-state and that lithology and
climate are spatially constant. This is aligned with the general match between model predictions and the
aspect ratios measured in the Loess Plateau (Figure 3d), where these assumptions are generally met (e.g.,
Willett et al., 2014). However, the model predictions, based on h and 6 values that are common in nature (i.e.,
h~ 1.7, 0.3 50 5 0.7;Rigon et al.,, 1996; Tucker & Whipple, 2002; Whipple & Tucker, 1999), also agree with
aspect ratio values measured along linear mountain fronts (Hovius, 1996; i.e, R = W/L ~ 2R, ~ 2R,_1p)),
where the model assumptions are likely violated because of heterogeneous uplift rates, lithology, and climate.
It is therefore possible that these natural heterogeneities do not suffice to substantially influences the basin
aspect ratio. Future studies can likely utilize the proposed model to explore the sensitivity of aspect ratio to
spatial heterogeneities in tectonic, lithology, and climate.

The model connects seemingly independent empirical observations (i.e., aspect ratio, Hack’s exponent, and
channel concavity) and, in doing so, formulates an interdependency between three prominent topographic
consistencies. Whereas this study primarily explores the dependence between 6 and the basin aspect ratio,
future studies may reveal other implications of this interdependency.

Whereas the proposed model generally predicts the relations between basin aspect ratio and channel con-
cavity, important questions regarding the geometry of basins in diverse settings are yet to be addressed. For
example, the geometry of the model describes a simple case where basins are perpendicular to a linear bound-
ary of uniform elevation, and it is unclear whether the proposed TDJ-based approach holds for geometric
settings that meaningfully deviate from this simple scenario. The relations between R, and R,_;,, and their
response to tectonic and/or climatic perturbations are also worthy of further exploration. Further, whereas the
value of R,_;p, is sensitive to the relative location of the TDJ (i.e., /1), this study does not explore potential
controls on and influences of this relative location: whether it is sensitive to tectonic and climatic conditions,
how does it influence the topography of ridge lines (i.e., Spotila, 2012), and how does it change through the
temporal evolution of landscapes (e.g., Densmore et al., 2005; Frankel & Pazzaglia, 2006). Although this study
does not explicitly address these questions, the proposed TDJ-based approach can be utilized to explore
them. This can be done by adjusting the model’s bounds of integration and/or angular relations to different
geometric settings or by exploring the influence of perturbations (i.e.,, geomorphic, tectonic, climatic) on the
relative location of the TDJ, and on the relations between R, and R,_1p,.

5. Summary

This research presents a simple geometric model aimed to explain the consistency in basin’s aspect ratio
along linear mountain fronts and the dependence of aspect ratio on channel concavity. The model is based
on the similarity between the maximal width of the basin and the width determined by the TDJ between the
divides of the analyzed basin, a neighboring basin of similar scale, and a third, smaller basin in between the
aforementioned two basins. Measurements of synthetic and natural landscapes generally agree with model
prediction and show that the TDJ-based aspect ratio is sensitive to the channel concavity (8). The accuracy
of model predictions regarding the sensitivity of the TDJ-based basin width to the location of the TDJ varies
with channel concavity, yet, when the TDJ is orthogonal to the central portion of the basin axis, the model
predictions are good for concavity values <0.7, in accordance with prior studies that showed that the shape of
river networks is relatively insensitive to concavity values >0.7. These findings suggest that the basin aspect
ratio is generally sensitive to channel-forming processes as reflected by the channel concavity and that small
basins that bound larger ones play a key role in determining the aspect ratio of the larger basins. The model
is also consistent with the observed independence of the basin’s aspect ratio on tectonic, lithology, and cli-
mate. Finally, the model proposes that the basin’s aspect ratio, Hack’s exponent, and channel concavity are
interdependent and will hopefully prompt exploration of deeper connections between these oft-used and
seemingly independent empirical measures.
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