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Abstract Climate signatures recorded in the geometry of branching streams provide insight into
climate and landscape histories on Earth and other planetary bodies. Recent findings establish that
branching angles are narrower and stream profiles are straighter in more arid climates. However, these
two observations have been attributed to different mechanisms. Here we demonstrate that for US
watersheds the difference in slope between confluent streams increases with humidity, and streams with

a greater difference in slope tend to branch at wider angles. Our observations suggest a branching angle
endmember of 90° when stream slopes are most different. Using a simple model of runoff erosion, we
show how this variation in relative stream slopes can be explained by a shift in streamflow accumulation
across climate regimes. These findings connect previously observed climate signatures in branching angles
and stream profiles, suggesting that both record the same control of aridity on surface flow.

Plain Language Summary Spatial patterns in stream networks have emerged as a promising
tool for interpreting climate and landscape histories on Earth, as well as other planets and moons. Recent
findings establish that in wetter environments, branching angles between confluent streams tend to be
wider, and stream slopes flatten out more rapidly downstream. However, it remains unclear how these two
observations are connected. Here we study watersheds across the contiguous United States, demonstrating
that confluent streams tend to have a greater difference in slope in more humid climates. We show how
greater differences in slope with increasing humidity link directly to wider average branching angles and
downstream shallowing of slope. Variation in relative stream slopes across climates may be produced by
climate-driven changes in drainage. We find that the area of a drainage basin has a stronger influence

on erosion—and stream steepness—in wetter landscapes, supporting the theory that water flowing
downstream accumulates less efficiently in drier landscapes. Our findings connect previously observed
‘signatures’ of climate in stream networks and offer a unifying view of how climate shapes the landscape.

1. Introduction

Branching stream networks shape Earth's landscape over a wide range of spatial scales (Horton, 1945;
Montgomery & Dietrich, 1992; Perron et al., 2008), reflecting a complex signature of erosional and sediment
transport processes (Rodriguez-Iturbe & Rinaldo, 2001). Understanding how climate influences these pro-
cesses and controls the geometry of branching streams could provide a tool for remotely probing landscape
evolution and historical climate change on Earth (Perron et al., 2012; Seybold et al., 2017) as well as other
planets and moons with fluvial landscapes (Black et al., 2017; Grau Galofre et al., 2020; Pieri, 1980; Seybold
et al., 2018; Stepinski & Stepinski, 2005).

The branching angle between confluent streams («) is an essential characteristic of stream network geom-
etry that records the influence of topographic slope and upstream drainage area on stream flow direction
(Hooshyar et al., 2017; Horton, 1945; Howard, 1971; Pieri, 1984), and may reflect the shape of upstream
basins (Yi et al., 2018). Seybold et al. (2017) identified a geometric signature of climate recorded in a:
across the contiguous United States, mean o varies systematically with climatic aridity index (AI), from
~45° in arid environments to ~72° in humid environments. They theorized that this dependency reflects a
change in the relative influence of different erosional processes on network growth across climates (Seybold
et al., 2017).
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Figure 1. (a—c) In 3D view, the valley plane is inclined relative to the x-axis by the angle shown in gray, while the side
plane is inclined relative to the valley plane by the angle shown in red. The steepest slopes along each plane are shown
in blue and represent the expected direction of stream flow. For this simplified geometry, the angle () formed by the
two blue “streams” in 2D is predicted exactly from SR using Equation 1. (a-c) show that as the side slope increases
relative to the valley slope, the initial branching angle tends toward 90°. SR, slope ratio.

1.1. Stream Network Growth

Stream networks expand by the headward growth of drainage paths, initiated by two distinct erosional pro-
cesses: channel incision by surface runoff (Horton, 1945; Montgomery & Dietrich, 1992; Perron et al., 2012)
and valley head extension by diffusive groundwater flow (Devauchelle et al., 2012; Dunne, 1990). Surface
runoff occurs when rainfall exceeds soil infiltration capacity, flowing downhill in the direction of steepest
topographic slope and accumulating in valleys. When the shear stress along concentrated flow paths exceeds
the surface's resistance to erosion, runoff erodes channels into the landscape (Dunne, 1990; Horton, 1945).

The first explanation of stream branching in a runoff-driven environment was formulated by Horton (1945).
Horton observed that tributaries tend to follow the steepest slope toward a parent stream. Using a simplified
geometric model of topography representing a tributary forming on the planar side-slope of a parent valley
(Figure 1), he described the analytical solution for the branching angle between the tributary and parent
stream. Horton's model predicts that « depends on the ratio of the parent stream'’s slope to that of the steeper
tributary, or the slope ratio (SR):

cos(a) = SR @

In groundwater-fed networks, groundwater, recharged by rainfall percolation to the water table, flows dif-
fusively along subsurface pressure gradients. Seepage occurs at the termini of these flow paths, where the
water table intersects the surface and discharges as a spring. Where discharge is sufficiently concentrated,
seepage entrains sediment and undercuts the surface. This erosive process propagates the valley head in the
direction of subsurface flow as it drains the surrounding aquifer (Dunne, 1990). Studies of known seepage
networks observed a mean branching angle of 72°, matching the expected angle of bifurcating flow paths
initiated in a diffusive field (Devauchelle et al., 2012; Petroff et al., 2013).

1.2. Stream Branching and Climate

In arid landscapes, local episodic precipitation typically produces ephemeral runoff and aquifers that are
separated from the surface. In contrast, regular precipitation and thicker soils in humid landscapes enhance
groundwater recharge, resulting in higher water tables more likely to feed surface flows (Chen et al., 2019;
Seybold et al., 2017). As a result, Seybold et al. (2017) theorized that diffusive geomorphic processes such
as seepage may have greater influence on branching geometry with increasing humidity, accounting for the
observed widening of mean o toward 72°.

Using the analysis of Seybold et al. (2017) as a starting point, we explore additional features of stream
network geometry that might extend our understanding of climate's influence on erosional process.
Chen et al. (2019) showed that humid streams tend to shallow rapidly in slope downstream, while arid
streams tend to have straighter profiles. They theorized that downstream flow accumulation weakens with
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Figure 2. Representative landscapes in a drier climate (a), with mean SR > 0.5 and narrower branching angles, and

(b) wetter climate, with mean SR < 0.5 and wider branching angles. Statistics for (a) and (b) come from their respective
parent watersheds, Hydrologic Unit Code-6 150200 and 050302. (al-b1) show profiles of the longest stream in each
landscape and their tributary stream segments, mapped in red in (a-b), as resolved by the National Hydrography Data
set. The profile of the humid landscape (b1) is more concave than that of the arid landscape (al), producing larger
differences in slope between tributary segments and the main stem. Stream segments span two junctions or a stream
head and the next junction downstream. (c) « measures the difference in mean flow direction of two confluent stream
segments; (d) SR measures the ratio of the shallower slope (S;) to the steeper slope (S,); (¢) AR measures the ratio of the
smaller drainage area (A,) to the larger area (A,). SR, slope ratio; AR, area ratio.

increasing aridity, as water tables decouple from the surface, contributing less flow and drawing more in-
filtration through channel beds. As a result, erosion rates in arid regimes increase less rapidly downstream,
creating straighter profiles (Chen et al., 2019). Straighter profiles have more gradual changes in local eleva-
tion, implying that SR may be systematically higher across arid networks.

Horton theorized that SR predicts the branching angle of a tributary forming on an unchannelized slope,
and further studies have shown that o and SR coevolve in response to changes in local relief (Howard, 1971;
Pieri, 1984; Schumm, 1956). Therefore, SR may function as an initial constraint on «, and be affected by the
same mechanisms underpinning the climate signature observed in a. We hypothesize that the fundamental
relationship observed by Horton holds true throughout landscape evolution: as the average difference in
slope between confluent streams increases, the angle at which the two streams tend to intersect increases
toward 90° (Figure 1). This phenomenon should occur as a natural result of surface runoff following the
steepest topographic slope.

If larger branching angles in more humid environments reflect a 72° endmember characteristic of subsur-
face flow, then those angles should be increasingly independent of surface slopes and display little corre-
lation to SR. However, if stream networks in humid regimes still are dominated by runoff erosion, then a
dependency between a and SR should be evident across all climates. In the latter scenario, the widening
of mean branching angles with increasing humidity would be unrelated to the 72° attractor of diffusive
flows. Instead, this signature would reflect that wetter landscapes have a greater proportion of stream junc-
tions with low SR, characteristic of stream networks that shallow downstream with increasing flow (Chen
et al., 2019; Whipple & Tucker, 1999).

To illustrate the idea that mean o may reflect climate sensitive distributions of SR, we use a qualitative ex-
ample of two landscapes in different climate regimes. Figures 2a and 2b show digital elevation models from
the arid Colorado Plateau and humid Appalachian Basin overlaid with their respective stream networks.
The arid landscape with narrower a is characterized by a consistently oriented gradient and higher SR (Fig-
ure 2a), where tributaries enter the main stream in-line with a straight profile (Figure 2al). On the other
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hand, the humid landscape with wider « is characterized by greater diversity in slope orientation and lower
SR (Figure 2b), where ridge-bound tributaries are increasingly out of sync with the main stream profile as
the network shallows downstream (Figure 2b1). These observations imply that SR is intrinsically connected
to o and profile shape, suggesting that observed climate signatures in stream network geometry may reflect
systematically higher SR in more arid landscapes. To assess this hypothesis, we examine the relationships
between «a, SR, and climate across the United States.

2. Data and Methods

We analyzed branching streams from the publicly available ~30 m resolution National Hydrography Dataset
Plus (NHDPlus) Version 2 (USEPA & USGS, 2012), mapped using the USA Contiguous Lambert Conformal
Conic projection. NHDPlus includes flowline location, connectivity, drainage area, and slope magnitude for
surface water features in watersheds spanning the entire contiguous United States. We first removed non-
stream features and large waterbodies described by artificial centerlines, leaving 2,238,108 stream segments.
These segments account for 872,664 junctions with exactly two upstream tributaries. Our analysis excludes
junctions that are formed by two segments of a braided stream (24,866), have tributary slopes not resolved
by the dataset (115,519), or are missing climate data (15). For each of the remaining 743,682 junctions, we
calculated a, SR, the area ratio (AR), and AI (Getraer & Maloof, 2020).

2.1. Branching Geometry

We define the branching angle as the difference in mean flow direction between two confluent stream
segments. Stream segments are defined by a series of connected points spanning two junctions or a stream
head and the next junction, along the downstream path of a network. We measured the mean flow direc-
tion of each segment as the vector connecting a segment's centroid to its downstream junction. The angle
between each pair of these vectors defines « at each junction (Figure 2c). This method discounts random
fluctuations in flow direction due to meandering (similar to Seybold et al., 2017), while still accounting for
the influence of local flow geometry that determines junction location (similar to Pieri, 1984).

The NHDPlus dataset assigns slope (S) and drainage area (A) values to each stream segment. S is the eleva-
tion drop along a stream segment divided by the horizontal segment length, while A is the area of the water-
shed upstream. We calculated SR and AR at each junction, where for two confluent streams SR is the shal-
lower S; divided by the steeper S, (Figure 2d) and AR is the smaller A, divided by the larger A; (Figure 2e).

2.2. Aridity Index

To characterize climate across the United States, we used the aridity index AI = P/PET, where P and PET
are the long-term average annual precipitation rate and potential evapotranspiration rate, respectively.
PET estimates the climatic demand for water given sufficient precipitation. AI controls the partitioning
of mean annual precipitation into evapotranspiration and runoff (Budyko, 1974), reflecting the availabil-
ity of rainfall for plant growth and constraining regional vegetation cover (Brooks et al., 2011; Sanford &
Selnick, 2013; Voepel et al., 2011). Using NHDPlus stream attribute data for P and PET from 1971 to 2000
(Wieczorek et al., 2018), we calculated mean Al at each junction. We often refer to logo(AI), where positive
values represent increasing humidity (P > PET), and negative values represent increasing aridity (P < PET).

3. Results and Discussion
3.1. Branching Geometry Across Climates

We analyzed regional variation in log;4(Al), @, and SR by averaging NHDPlus junction data across Hydro-
logic Unit Code-6 (HUC6) watersheds (Figure 3). After reproducing the relationship between log;4(AI) and
a first identified by Seybold et al. (2017), we found that this signal (Figure 3d) is mirrored by a previously
unknown correlation between log4(AI) and SR (Figure 3e). Regionally, a correlates more closely with SR
than with climatic aridity (Figure 3f). These new results suggest that understanding the climate sensitivity
of SR is integral to interpreting observed variation in « across all climates.
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Figure 3. Mean (a) a, (b) slope ratio (SR), and (c) aridity index (AI) values for the NHDPlus dataset, regionally
averaged across HUC6 watersheds for the contiguous United States. log;o(AI) has similar explanatory power for the
systematic variation observed in (d) a and (e) SR. (f) The dependence of a on SR is stronger than either variable's
correlation with climatic aridity.

To explore variation in SR and « across climate regimes, we first classified the NHDPlus data into nine bins
by log0(AI). The climate bins are equally spaced between -1 and 0.75, with the outer bins including all val-
ues below -1 and above 0.75, respectively. Figure 4a shows that the cumulative distributions of SR vary sys-
tematically with climate, such that mean SR increases as log;4(AI) decreases. In humid climates, SR is more
likely to be below 0.5, while in more arid climates, SR is more likely to be above 0.5. In subarid climates,
where —0.25 < log;o(Al) < 0, SR follows a uniform distribution, meaning that every value of SR is equally
likely to be observed. Figure 4b shows that cumulative distributions of « also vary systematically with cli-
mate, such that mean « increases from 44.7° in the most arid climate to 72.1° in the most humid climate.

To understand how the systematic variation of a with logo(AI) observed in Figure 4b changes with SR, we
categorized each climate regime distribution by SR using ten equally spaced bins from 0 to 1. Figures 4c
and 4d show that across all climates, o widens toward 90° as SR decreases toward 0—the fundamental re-
lationship observed by Horton (1945). As SR approaches 1, the dependency of « on AI emerges (Figure 4e).

The relationship between SR and « offers a new perspective on the observation that mean branching an-
gles tend to widen with increasing humidity (Seybold et al., 2017). Splitting up the parent distributions
of a by SR reveals a climate invariant endmember where o = 90° and SR = 0 (Figures 4c and 4d), while
distributions of SR and a show that humid regimes have a greater proportion of branches approaching that
endmember (Figures 4a and 4b). Even in the most extreme cases, mean SR cannot actually reach 0, and as a
result, mean « inevitably falls somewhere below 90°. The finding that branching angles widen with humid-
ity may reflect the shift in underlying SR distributions toward the 90° endmember rather than a diffusive
attractor at 72°. This interpretation raises a new question: what mechanisms can account for the relatively
higher abundance of branching tributaries with low SR in more humid environments?

3.2. Erosional Controls on Branching Geometry

As Figures 2al and 2bl suggest, higher average SR implies more gradual changes in local elevation in arid
environments, consistent with recent findings that stream profiles tend to be straighter with increasing
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Figure 4. Distributions of (a) slope ratio (SR) and (b) «, represented by their empirical cumulative density functions,
vary systematically across the nine climate regimes, with respective mean values (a) decreasing and (b) increasing as
aridity index (AI) increases. (a) At the climate extremes, F(SR) appears to cluster around two “endmembers”: an arid
distribution with mean SR ~ 0.61, and a humid distribution with mean SR = 0.45. (b) In the most humid climates, mean
a approaches 72° as the percentage of branching angles above 90° increases to ~25%. Branching angle distributions
within each climate regime vary systematically across the range of SR. (c) When SR < 0.1, histograms of « peak

near 90° and are fully overlapping across all climate regimes. (d) As SR increases, median a decreases and diverges

by climate regime. (¢) When SR > 0.9, histograms of « reflect the trend observed in Figure 4b: branching angles are
narrower in more arid climates. (f) Distributions of area ratio (AR) appear insensitive to climate.

aridity (Chen et al., 2019). We describe stream profile shape using concavity (8), which defines the scaling
relationship between S and A:

SocA? @)

Profiles are concave for 6 > 0, straight for & = 0, and convex for 6 < 0. Research based on the optimization
of surface runoff suggests that branching angles tend to increase with the absolute value of 6 (Hooshyar
et al., 2017; Howard, 1994; Pieri, 1984; Roy, 1983), but the applicability of this control across real-world
networks remains unclear (Seybold et al., 2017).

Similar to Chen et al. (2019), we found that 6 records a signature of AI (Figures 5a and 5b). Chen et al. (2019)
hypothesized that global variation in profile shape is driven by systematic differences in downstream ero-
sion rates, suggesting that stream flow accumulation is weaker in arid environments. Using a basic model of
runoff erosion, we explore how this theory might help explain the observed variation in SR and ultimately
connect to the climate sensitivity of a found by Seybold et al. (2017).
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Figure 5. (a) The slope-area relationship varies with climate as (b) concavity (6) increases with humidity. 6 is
influenced by the m/n ratio, which controls the relationship between slope ratio and area ratio. (c) Accordingly, the
influence of AR on SR varies systematically across climate regimes. In humid environments, SR is more sensitive to AR,
while in arid environments, SR remains higher with decreasing AR, as (d) m/n decreases with aridity. Distributions in
(b) and (d) are created by randomly subsampling and performing linear least squares regressions on 100 junctions from
each climate regime 100,000 times. SR, slope ratio; AR, area ratio.

Stream slopes are shaped by erosion and evolve to balance the long term rate of streamflow, as erosion
1
reaches equilibrium with uplift. Erosion by surface flow (—6—1) often is approximated by a power law func-
t

tion of drainage area (A) and stream slope (S):

0% o g ©)

ot
where m and n reflect the nonlinear influence of drainage area and slope on erosion. A is used in place
of streamflow (Q), based on the assumption that flow accumulates with drainage area according to the

relationship:
Q o A° 4

Assuming that confluent streams erode at the same rate, Equation 3 implies that SR scales with AR (Seidl
& Dietrich, 1992) such that:

SR oc AR™" (5)
Distributions of AR appear climate invariant (Figure 4f), implying that the observed variation in SR distri-

butions with climate (Figure 4a) is due to changes in m/n. Consistent with this hypothesis, we found that
m/n is systematically lower with increasing aridity (Figures 5c¢ and 5d).
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The observed climatic variation in m/n (Figure 5d) suggests that drainage area exerts a relatively weaker
influence on erosion in more arid environments, possibly reflecting diminishing flow accumulation with
increasing aridity (Whipple & Tucker, 1999). Whipple and Tucker (1999) demonstrated that m/n depends
on the scaling of streamflow with drainage area (Equation 4): m/n decreases with c. In humid environ-
ments, perennial flows supported by groundwater accumulate with increasing drainage area downstream.
However, in arid environments, downstream accumulation is diminished due to ephemeral localized flow
and loss by infiltration to decoupled water tables (Chen et al., 2019). As a result, Q is less dependent on A in
arid landscapes—meaning that c, and therefore m/n, are closer to 0, as hypothesized by Chen et al. (2019)
and observed in Figure 5d. When m/n is closer to 0, erosion rates change less in response to increasing
A downstream. Consequently, as the difference in A between confluent streams increases, SR decreases
more rapidly in humid regimes with high concavity than in arid regimes with low concavity (Figure 5c).
While many processes influence stream network geometry, climate-sensitive flow accumulation emerges
as a promising explanation for why SR tends to be lower with increasing humidity (Figure 4a), consistent
with more concave profiles (Figures 2a1-2b1 and 5b; Chen et al., 2019) and reflected in wider « (Figure 4b;
Seybold et al., 2017).

4. Conclusion

The relative influence of drainage area and stream slope on erosion—described by the m/n ratio—acts as
a climate-sensitive control on stream network geometry across the contiguous United States. The control
of m/n on SR distributions across climate regimes, as suggested by our results, provides a missing link
between previously observed climate signatures in branching angles and profile concavity. These findings
help explain overarching variation in stream network geometry, employing a holistic view of continental
drainage patterns that averages over local heterogeneity to reveal the effects of climate-driven variability in
runoff erosion.

Data Availability Statement

The derived multivariate dataset used to produce our results is accessible from http://hydroshare.org/
resource/0b93e7c659fe4fc59bf6a202c269313c. The publicly available NHDPlus data are accessible from
https://nhdplus.com/NHDPlus/ and https://doi.org/10.5066/F7765D7V.
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