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Key Points:

* We quantify topographic asymmetry caused by asymmetric glaciation.
» Glacial erosion causes greater topographic asymmetry than fluvial erosion.

» Glacial-interglacial cycles can cause divide migration.
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Abstract

Climate contrasts across drainage divides, such as orographic precipitation, are ubiqui-
tous in mountain ranges, and as a result, mountain topography is often asymmetric. Dur-
ing glacial periods, these climate gradients can generate asymmetric glaciation, which
may modify topographic asymmetry and drive divide migration during glacial-interglacial
cycles. Here, we quantify topographic asymmetry caused by asymmetric glaciation and
its sensitivity to different climate scenarios. Using an analytical model of a steady-state
glacial profile, we find that the degree of topographic asymmetry is primarily controlled
by differences in the Equilibrium Line Altitude (ELA) across the divide. Our results show
that glacial erosion can respond to the same climate asymmetry differently than fluvial
erosion. When there are precipitation differences across the divide, glacial erosion pro-
duces greater topographic asymmetry than fluvial erosion, all else equal. These findings
suggest that glaciations may promote drainage reorganization and landscape transience

in intermittently glaciated mountain ranges.

Plain Language Summary

In mountainous regions, the amount of rain, snow, and ice that falls and builds up
often varies from one side of a mountain to the other. Over thousands to millions of years,
these variations can make the length and steepness of the mountain sides differ, too. When
glaciers form during ice ages, they can make this asymmetry in the topography even more
pronounced. Our study looked at how glaciers affect the landscape and how glaciers and
landscapes change in different climate conditions. Using a computer model, we discov-
ered that the landscape becomes even more asymmetric when it is shaped by glaciers
compared to when it is shaped by rivers. Our findings suggest that glaciers can play a
significant role in changing the landscape over time, especially in places where the cli-

mate cycles periodically glaciate the landscape.

1 Introduction

Drainage divides are fundamental topographic boundaries on Earth’s surface that
determine catchment areas for rivers and glaciers, control water and sediment budgets,
and influence speciation and biodiversity (e.g., Clift & Blusztajn, 2005; Hoorn et al., 2010).
Topographic analyses, provenance, and geochronological studies suggest drainage divides

are dynamic features of the landscape (e.g., Willett et al., 2014; Hu et al., 2021). While
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an increasing number of studies have focused on divide mobility in landscapes dominated
by rivers (e.g., Dahlquist et al., 2018; He et al., 2021; Hu et al., 2021; Schildgen et al.,
2022; Shi et al., 2021; Whipple et al., 2017), the stability of drainage divides in glacial
landscapes has received less scrutiny, even though past glaciations have modified up to

30% of Earth’s surface topography (Herman et al., 2021).

In glaciated mountain ranges, asymmetric glaciation across the ridgeline can re-
sult in cross-divide contrasts in erosion rates, driving the divide to migrate towards the
side with slower erosion rates (Dortch et al., 2011; Gilbert, 1904; Lai & Huppert, 2023;
Oskin & Burbank, 2005). As a result, these mountain ranges tend to develop asymmet-
ric topography with a horizontal offset between the main drainage divide and the cen-
ter of the mountain range. Asymmetric glaciation can occur when ice preferentially ac-
cumulates on one side of the drainage divide due to topographic shading, orographic rain-
fall, and/or wind-blown redistribution of snow (Dahl & Nesje, 1992; Evans, 1977; Fos-
ter et al., 2010; Margason et al., 2023; Olson & Rupper, 2019). Different climate gradi-
ents lead to various degrees of glacial asymmetry. For example, differences in equilib-
rium line altitudes (ELAs) between contemporary pole-facing and equator-facing glaciers
are 70-320 m, with greater differences in regions with drier climates and steeper slopes
(Evans & Cox, 2005). However, the impact of different degrees of glacial asymmetry on
the offset of drainage divides from the range centerline has not been well quantified. More-
over, some climate conditions, such as orographic rainfall, can also cause topographic asym-
metry in fluvial systems (e.g., Schildgen et al., 2022), but the extent to which drainage
divides may be offset by glacial erosion compared to fluvial incision under the same cross-

divide climate contrasts has not been compared.

A better quantification of the extent of topographic asymmetry created by asym-
metric glaciation is important for understanding the stability of drainage divides dur-
ing Quaternary glaciations. In many intermittently glaciated mid-latitude mountain ranges,
the dominant erosion processes constantly shift between glacial erosion and fluvial in-
cision during glacial-interglacial cycles. If glacial topography has a different degree of
topographic asymmetry than fluvial topography under the same cross-divide climate con-
trasts, the drainage divide may constantly migrate between a glacially-controlled sta-

ble divide location and a fluvially-controlled one.
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In this work, we quantify topographic asymmetry wrought by asymmetric glacia-
tion by solving for the stable divide location of steady-state glacial profiles developed un-
der cross-divide climate contrasts. We explore the sensitivity of divide location to var-
ious climate scenarios and compare the extent of glacially-driven topographic asymme-
try to fluvially-driven topographic asymmetry. Our results indicate that glacial erosion
creates higher degrees of topographic asymmetry than fluvial erosion at steady state, sug-

gesting that intermittent glaciations may promote drainage divide mobility.

2 Methods

In this work, we use the steady-state position of drainage divides to understand the
impact of asymmetric glaciation on the degree of topographic asymmetry. We build a
one-dimensional profile model of two head-to-head glaciated valleys with different glacier
ELAs across the drainage divide. In the model, we prescribe drainage area using an em-

pirical scaling with downstream or down-glacier length (Hack, 1957; Prasicek et al., 2020).

In the fluvial portion of the valley profile, we calculate the erosion rate E [L T~!]
using the stream power river incision model (Howard & Kerby, 1983; Ferrier et al., 2013;
Whipple & Tucker, 1999):

E = K;PA™S" (1)

where P [L] is the mean annual precipitation, A [L?] is upstream drainage area, S [] is
local gradient, Ky [L'73™ T~ is the fluvial erodibility coefficient, and m [ ] and n [ ]
are constants. Assuming the erosion rate everywhere balances the uplift rate and approx-
imating the drainage area by using the Hack’s law, this equation leads to an analytical

solution for the steady-state fluvial profile (Whipple & Tucker, 1999).

We model glacial erosion rate as a function of the sliding velocity of the glacier us
[L T~1] (Cook et al., 2020; Herman et al., 2015; Humphrey & Raymond, 1994; Koppes
et al., 2015):

E = K u! (2)

S

where K, [L1=¢ T*~!] is an erodibility coefficient and ¢ [ ] is a constant that ranges from
0.65 to 2 (Cook et al., 2020; Herman et al., 2015; Koppes et al., 2015). The sliding ve-
locity is commonly determined using the Shallow Ice Approximation (SIA; Hutter, 1983)
in previous models of glacial landscape evolution (e.g., Braun et al., 1999). We use the

sliding ice incision model (Deal & Prasicek, 2021), which introduced several simplifica-
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tions to the STA and derived analytical solutions for bedrock elevation and ice surface

elevation at steady state.

In our head-to-head valley profile model, we use the difference in valley head el-
evation across the divide, i.e., the elevation at a fixed hillslope length from the divide,
as the criterion for divide stability (Forte & Whipple, 2018). If the valley head is cov-
ered by glacial ice, we use the ice surface elevation as the valley head elevation rather
than the bedrock elevation. The divide is stable when the two sides have the same el-
evation at the valley head. If the valley head elevations are not equal, we change the di-

vide location until the elevations the same (Fig. 1).

3 Results
3.1 ELA contrast controls divide location offset

Asymmetric glaciation can result in elevation mismatch at the valley heads if the
divide remains at the centerline of the range (Fig. la). The side with a lower ELA has
lower valley head than the high ELA side. In order to compensate for this elevation mis-
match, the drainage divide needs to shift towards the side with the higher ELA, so that
the low-ELA side is longer and consequently higher at the valley head than in the pre-
migration configuration (Fig. 1b and ¢). Similarly, the high ELA valley head lowers if

the divide migrates towards the high ELA side.

When asymmetric glaciation generates topographic asymmetry, this instigates a
positive feedback, since topographic asymmetry in turn enhances the asymmetry in glacier
size. In an asymmetric mountain range, the low-ELA side has higher valley head eleva-
tion than in the symmetric case, and the area above the ELA increases, allowing the glacier
to accumulate more ice. Conversely, the high-ELA side has a smaller ice accumulation

area and consequently, a smaller glacier size than in the symmetric case (Fig. 1b).

We explore the extents of divide location offset from the range center under var-
ious scenarios of asymmetric glaciation by varying the ELAs and differences in ELAs across
the divide. Our results indicate that differences in ELAs are the primary control on di-
vide location offset; greater ELA contrasts lead to greater extents of topographic asym-
metry (Figs. 2 and S1). In a 100-km wide mountain range, the divide can be offset up
to 40 km from the range center when the ELA difference across the divide is 300 m (Figs.

2 and S1). The absolute values of the ELAs on each side of the divide have a minor im-
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Figure 1. Topographic asymmetry created by an ELA contrast. (a) The drainage divide is

unstable due to elevation mismatch if the two sides have the same length. (b) The low ELA side

must be longer than the high ELA side to maintain a stable divide. (c) The change of valley

head elevation as a function of divide offset distance. This relationship is nonlinear due to the

concavity of the steady-state profiles.
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ELA differences.



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

pact on divide offset. Cross-divide ELAs at different elevations but the same difference

apart generate similar topographic asymmetry (Fig. 2b).

When the ELA conditions only allow for glaciation on one side of the mountain range
(e.g., the lower two profiles in Fig. 2a), the divide offset is less sensitive to ELA differ-
ences than in cases where glaciation occurs on both sides of the divide (decrease of slope
in Fig. 2b as large ELA differences result in glaciation on only one side of the divide).
This is a result of the different efficiencies of fluvial and glacial erosion in limiting relief.
Because fluvial relief is greater than glacial relief under the same climatic and tectonic
forcing, the fluvial valley head elevation is more sensitive to changes in valley length (Fig.
S2). Therefore, less divide offset is required to ensure adjacent fluvial valley heads are

at equal elevation.

We further investigate these relationships using different erosion law exponents (n
in Eq. 1 and ¢ in Eq. 2), and our results show that these exponents have limited impact

on the extents of divide offset under different ELA scenarios (Fig. S3).

3.2 Glaciation enhances precipitation-driven asymmetry

Asymmetric glaciation can alternately or additionally result from precipitation asym-
metry across the divide. In such cases, the purely fluvial topography is also asymmet-
ric, with the wetter side being longer. To compare the divide offset caused by glacial and
fluvial processes, we impose a spatial change in precipitation rate across the divide and

adjust the ELAs according to the change in precipitation rate:

ABLA = —¥ 3)

where § [ ] is the solid precipitation lapse rate (Deal & Prasicek, 2021). The negative sign

indicates that an increase in precipitation lowers the ELA whereas a decrease raises it.

Our results reveal that, in comparison with fluvial topography, glacial topography
exhibits a greater degree of topographic asymmetry given the same precipitation con-
trast across the divide (Fig. 3), regardless of the cross-divide contrasts in precipitation
rates or the ELAs on each side of the divide (Fig. 3b). For a 100-km wide mountain range,
glacial erosion is capable of shifting the divide as much as 20 km towards the side with
lower precipitation, compared to steady state fluvial profiles developed under the same

precipitation gradient (differences between solid lines and the dashed line in Fig. 3b).
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166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

(a) Uplift rate (b) Precipitation rate

40

£ a0}

g

B 20t

S U=03mmyr? P =300 mmyr-!

>

a 10rf — U=1.0mmyr! 1 —— P =1000 mmyr~! 1

— U=3.0mmyr! —— P=3000 mmyr!

Of? : 1

0 100 200 300 400 500 0 100 200 300 400 500
ELA difference (m) ELA difference (m)

Figure 4. Divide offset distance as a function of ELA differences in cases with (a) different

uplift rates and (b) precipitation rates

3.3 Sensitivity to uplift and precipitation

We vary the uplift and precipitation rates and explore their impact on topographic
asymmetry. Our results show that in all cases, the divide location offset increases with
greater cross-divide ELA differences (Fig. 4). Higher uplift rates generally result in shorter

divide offset distance for the same ELA difference (Fig. 4a).

Precipitation rates also modify the relationships between cross-divide ELA differ-
ences and divide offset distances. We consider scenarios with different uniform precip-
itation rates on both sides of the divide. When the cross-divide ELA difference is small,
higher precipitation rates require shorter divide offset distances for valley head equilib-
rium. On the other hand, when the ELA difference is large, higher precipitation rates

require further divide offset (Fig. 4b).

4 Discussion

Our estimates of divide location offset assume that, under constant conditions, to-
pography reaches a steady-state condition with erosion rates everywhere equal to up-
lift rates. This steady state may not exist for glacial topography due to the relatively
recent onset of Quaternary glaciations and the short timescales of glacial cycles compared
to typical landscape response times (Herman et al., 2018). However, it has been suggested
that glacial topography is created rapidly during early glaciation events and persists through

the following glaciations (Leith et al., 2014; Shuster et al., 2005). The correlation between

—10—-
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mountain heights and paleo glacier ELAs globally also suggest that glacial topography
can be maintained through repeated glacial cycles (Egholm et al., 2009). These obser-
vations support the notion that glaciated landscapes adjust their topography so erosion
rates approximately balance uplift rates through multiple glacial cycles, making the glacial
steady-state we consider a useful reference condition to understand the direction of land-
scape evolution and the response of surface topography to changes in tectonic and cli-

matic conditions (e.g., Whipple & Tucker, 1999; Prasicek et al., 2020).

The divide offsets we predict in our models are of similar scale to divide offsets ob-
served in asymmetrically glaciated mountain ranges. For instance, in the Teton Range
in Wyoming, USA, the divide has migrated 5-10 km in a 20-km wide mountain range (Foster
et al., 2010). This distance is consistent with the 20-40% divide offsets we predict in our
modelling, suggesting that the drainage divide in the Teton Range may be close to a sta-

ble location.

Our results show that glacial topography has higher degrees of topographic asym-
metry than fluvial topography under the same precipitation gradient. Because steady
state is a reference condition towards which landscapes evolve (Willett & Brandon, 2002),
glaciated mountain ranges may tend towards higher degrees of topographic asymmetry
during glacial periods, compared to the more symmetric stable fluvial configurations they

may tend towards during interglacial periods. Consequently, drainage divides may os-

cillate between their glacially- and fluvially-controlled stable locations during glacial-interglacial

cycles in mountain ranges that are intermittently glaciated.

Similarly, when ELA contrasts are driven by differences in solar insolation, repeated
glaciation may also cause divide migration because solar insolation contrasts create dif-
ferent topographic asymmetry in glacial and fluvial landscapes. Our results show that,
the low ELA side, i.e., the low insolation side, has longer valleys than the high ELA side.
On the contrary, contrasts in solar insolation create shorter valleys on the low insolation
side in fluvial topography, because low solar insolation promotes dense vegetation cover

and protects the bedrock from erosion (Richardson et al., 2020; Smith & Bookhagen, 2021).

Our results suggest that intermittent glaciations may promote drainage reorgani-
zation and landscape transience given the ubiquity of precipitation gradients and solar
insolation contrasts across drainage divides. To understand the timescales over which

drainage reorganization may occur, we consider an unstable glacial valley profile with

—11—-
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Figure 5. Estimated rates (a) and timescales (b) of divide migration as a function of precipi-

tation differences

a fluvially-controlled divide location. We increase the uplift rate on the low ELA side
until its valley head elevation matches the elevation on the high ELA side. We then use
the difference between the uplift rates on the two sides to approximate the cross-divide
contrast in erosion rates, and we can calculate a horizontal divide migration rate [L T~!]
(Beeson et al., 2017; Hu et al., 2021; Schildgen et al., 2022):

AFE

S 4
S1+ 5 ()

Va

where AE [L T~!] is the difference in erosion rates, and S; and Sy are slopes near val-
ley heads on the two sides. The divide migration timescale [T] can then be estimated

as

where x4 [L] is the divide migration distance.

—12—



228 We estimate the rates and timescales of divide migration for cases where asymmet-

229 ric glaciation is created by precipitation gradients. These approximations of divide mi-

230 gration rates are several millimeters per year, and the timescales of divide migration range
231 from 5 to 18 million years (Fig. 5). The rates of divide migration increase with greater

23 cross-divide precipitation differences because greater precipitation differences create greater
233 differences in valley head elevations and consequently faster erosion rates near the di-

234 vide (Fig. 5a). The faster divide migration rates result in shorter timescale of divide mi-

235 gration in cases with greater precipitation differences, although they also require farther

236 divide migration distance (Fig. 5b).

237 These rate and timescale estimates do not account for the transient evolution of

238 topography as it adjusts between steady states. As the divide migrates toward a glacially-

239 controlled stable location, we anticipate a decline in the transient migration rate because
240 the cross-divide difference in erosion rate approaches zero as the divide moves toward

241 a stable location. Therefore, our estimates of divide migration timescales are shorter than
242 they would be if transient evolution were considered.

213 The million-year timescales of divide migration are much longer than typical 40-

204 100 kyr glacial-interglacial cycles, and intermittently glaciated landscapes are thus un-

25 likely to reach steady-state configurations during a single glacial or interglacial period

246 (Lai & Huppert, 2023). Therefore, periodic climate disturbances in the Quaternary may

247 have caused persistent drainage reorganization in mountain ranges that have alternately
248 been shaped by glacial and fluvial erosion.

249 5 Conclusions

250 Using an analytic model of a steady-state glacial profile, we quantified topographic
251 asymmetry caused by asymmetric glaciation. Our results show that, under analogous

252 cross-divide precipitation contrasts, glacial erosion creates higher degrees of topographic
253 asymmetry than fluvial erosion at steady state. The timescales of divide migration are

254 several million years - much longer than typical periods of glacial-interglacial cycles. This
255 implies that intermittent glaciations can induce persistent divide migration and drainage
256 reorganization in glaciated mountain ranges.
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Figure 4.



Divide offset (km)

(@)

Uplift rate

()

Precipitation rate

40

U=03mmyr?

— U=3.0mmyr!

— U=1.0mmyr! 1

P =300 mmyr!
—— P =1000 mmyr-1 1
—— P =3000 mmyr~!

200 300 400 500

ELA difference (m)

100

200 300 400 500

ELA difference (m)

100




Figure 5.



(a)

(b)

o v o \vw 9o v 9
™ N N ~ ~ o o
(;{—4A ww) a1eJ uonesbiw apINIA

W o v o w 9
N~ Yo} N o N~ wn
~oe oo

(4A\) uonesBiw apIAIp Jo 8jeasawl]

1.4 1.6 1.8 2.0
Precipitation ratio

1.2

1.0



	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5

