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Abstract6

Quaternary climate has been dominated by alternating glacial and7

interglacial periods. While the timing and extent of past ice caps8

are well documented, local variations in temperature and precipi-9

tation as a response to cyclic glaciations are not resolved. Resolv-10

ing these issues is necessary for understanding regional and global11

climate circulation. In particular, the impact of the cold high-12

pressure zone above the Fennoscandian ice cap on the position of13

the jet stream in Europe, and a possible change in the direction14

and the source of moisture flow are still discussed. Here we recon-15

struct climate conditions that led to the observed ice extent in the16

European Alps during the last glacial maximum (LGM). Using a17

new inverse method to reconstruct the spatially variable position of18

the equilibrium line altitude (ELA), we investigate whether south-19

ern shifts in the position of the Westerlies may have influenced20

the growth and retreat of the ice cap. We report inversion results21

that enable us to estimate the role of climate, inversion method pa-22

rameters, ice dynamics, flexure and topography in modulating the23

inferred equilibrium line altitude. Our main finding is the presence24

of a dominating W-E gradient in the position of the ELA during25

the LGM that does not require a shift of the westerlies during the26

LGM.27
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1. Introduction30

The last glacial maximum (LGM), spanning from 26.5 ka to 20 ka (Clark et31

al., 2009), represents the last large dominating cold period with its legacy32

still imprinted on the present-day topography (e.g., Clark et al., 2009). The33

advent of numerical models (climate (Strandberg et al., 2011), ocean (Miko-34

lajewicz, 2011), glacial (Seguinot et al., 2018), vegetation (Janská et al.,35

2017)), the development of new methods and an increase in available proxy36

data (pollen, SST, speleothems) open opportunities to improve our under-37

standing of the climate conditions during the LGM and the interplay between38

glacial and climate processes that led to these conditions.39

A significant body of work on LGM climate conditions in Europe provides40

estimates on precipitation and temperature patterns. Yet, uncertainties re-41

main, highlighted by the discrepancies that exist between proxy data and42

models (Jost et al., 2005; Ramstein et al., 2007). Pollen-based reconstruc-43

tions (Peyron et al., 1998) suggest a mean annual temperature depression,44

compared to today, of 12 ± 3◦C, a mean coldest month depression of 30 ±45

10◦C, and a decrease in mean annual precipitation of 800 ± 100 mm (60 ±46

20% lower than today). In contrast, modeling studies suggest warmer con-47

ditions compared to the observations inferred from pollen (Jost et al., 2005;48

Kageyama et al., 2006; Ramstein et al., 2007; Wu et al., 2007; Strandberg49

et al., 2011), especially in winter where the discrepancy is up to 10◦C for50

western Europe (Ramstein et al., 2007). However, both pollen analysis (Pey-51

ron et al., 1998) and glacier modeling (Heyman et al., 2013; Seguinot et al.,52
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2018) indicate a 33% decrease in precipitation and a west-east temperature53

gradient during the LGM.54

Another unresolved question is the position and intensity of storm tracks55

during the LGM over Europe (Florineth and Schlüchter, 2000; Kageyama et56

al., 2006; Kuhlemann et al., 2008; Hofer et al., 2012; Luetscher et al., 2015).57

Three end-member scenarios have been proposed. First, the LGM was domi-58

nated by westerly winds like today, but drier (Peyron et al., 1998; Kageyama59

et al., 2006). Second, there was an overall southward deflection of the jet60

stream (Florineth and Schlüchter, 2000). Such a shift may be explained61

by the breaking of the Rossby waves west of the Alps and the influence of62

the Fennoscandian ice sheet (Florineth and Schlüchter, 2000; Luetscher et63

al., 2015) and would have resulted in the meridional flow of moisture over64

the Alps from the Mediterranean (Florineth and Schlüchter, 2000; Kuhle-65

mann et al., 2008; Hofer et al., 2012; Luetscher et al., 2015; Monegato et66

al., 2017). Third, Kuhlemann et al. (2008) proposed that the precipitation67

pattern was dominated by increased cyclogenesis, both in frequency and in-68

tensity, in the western Mediterranean. However, the influence of seasonality69

and the potential alternation between the zonal (during warm seasons) and70

meridional (during cold seasons) circulation remains unresolved (Kuhlemann71

et al., 2008). In any case, the characteristics of the Alpine climate during72

the LGM should be reflected in the position of the equilibrium line altitude73

(ELA) across the Alps and thus in LGM ice thickness and extent.74

Ice extent and ice thickness over the Alps during the LGM are constrained75
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by field observations from trimlines, moraines and erratic boulders, as well76

as from dating of glacial deposits (Bini et al., 2009; Ehlers et al., 2011). Such77

data serve as both input and validation basis for glacial modeling of the region78

(Jouvet et al., 2008; Becker et al., 2016; Cohen et al., 2017; Seguinot et al.,79

2018). Recently, several in-depth modeling studies have been conducted in80

the Alps, focusing on the LGM. Becker et al. (2016) and Seguinot et al. (2018)81

used a positive day-degree (PDD) model to parametrize the mass balance,82

and PISM, a hybrid model combining the shallow ice approximation (SIA;83

Hutter, 1983) with the shallow shelf approximation (SSA; Morland, 1987),84

to model ice flow. Cohen et al. (2017) focused their analysis on the Rhine85

glacier, modeled the full set of momentum equations for viscous fluids using86

Elmer/Ice (Gagliardini et al., 2013) and parametrized the mass balance as a87

linear function of surface elevation relative to the equilibrium line altitude.88

Although modelling studies used a variety of models and parametrizations,89

they all report a mismatch ranging from 500 m to over 800 m between the90

modeled ice thickness and geomorphological reconstructions. The reason91

could be difficulties in assessing the elevation of the ice surface increasing92

with distance from the mapped trimlines, therefore underestimating the ice93

thickness in the geomorphological reconstructions. Concerning the modeling,94

the use of present-day bedrock with or without removal of ice cover and post-95

glacial sediments, the difficulty to correctly simulate climate patterns in mass96

balance, the parametrization of ice flow, and spatial variations in timing of97

the LGM could in part explain the observed mismatch.98
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In this paper, our objective is to reconstruct the position and spatial99

variation of the ELA across the Alps during the LGM using a new inverse100

method (Vǐsnjević et al., 2018) and the mapped ice extent during the LGM101

(Ehlers et al., 2011). The idea of using ELAs to gain insight into past climate102

patterns is not new (Callendar et al., 1950). The ELA depends primarily on103

two climatic variables, precipitation and temperature, which represent the104

effects of accumulation and ablation, respectively, and, to a lesser extent,105

radiation (e.g., Ohmura et al., 1992; Oerlemans, 1992). The method intro-106

duced by Vǐsnjević et al. (2018) enables us to invert ice extent data for the107

reconstruction of spatial ELA variations at the scale of a mountain range108

like the Alps. The model assumes the ice cap to be in a steady state, with109

the ice sheet in near-equilibrium with climate, a scenario that has been pro-110

posed for the LGM (Clark et al., 2009; Monegato et al., 2017). We input the111

mapped ice extent data as the only climatic constraint because of the above112

mentioned uncertainties in reconstructed ice thickness. In order to reduce113

the calculation time, all of the codes are accelerated using graphic card units114

(GPUs).115

Below, we start by explaining the forward ice flow model and the inversion116

of ice extent for the ELA reconstruction. We then review the topographic117

data and ice extent used. We perform a series of inverse model runs with118

different parameter settings to investigate the sensitivity of the results to the119

mass balance parameters (mass balance gradient and maximum accumula-120

tion rate), the inverse model parameters (initial guess, smoothing, update121
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parameters), ice dynamics (deformation, sliding parameter and constriction122

factor), flexure (elastic thickness) and bedrock topography. We continue123

with reporting and interpreting the results and eventually exploit the re-124

constructed ELA pattern to further constrain the Alpine climate during the125

LGM.126

2. Methods127

In this section, we summarize the implementation of the forward and the128

inverse models. Further details can be found in Vǐsnjević et al. (2018). For129

this study, we added flexural isostasy, a constriction factor for ice flow (Braun130

et al., 1999), spatially variable sliding and a damping factor to the forward131

model.132

2.1. Forward model implementation133

The ice flow model used, presented in Vǐsnjević et al. (2018), is based on the134

shallow ice approximation (SIA) (Hutter, 1983) and solves the mass conser-135

vation equation:136

∂H

∂t
= −∇ · q + b, (1)137

where H is the ice thickness and q is the horizontal ice flux defined as the138

vertically integrated velocity field. Velocities are approximated using SIA.139

The mass balance rate, b, is defined as:140

b = min(β(S(x, y)− ELA(x, y)), c), (2)141
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where S is the ice surface, β is the mass balance gradient and c is the max-142

imum accumulation rate. Compared to the version of the code presented143

in Vǐsnjević et al. (2018), we have added flexural isostasy (Watts, 2001),144

assuming constant elastic properties and crustal thickness. We further im-145

plemented a constriction factor which scales ice velocity depending on cross-146

sectional curvature of the glacier bed to account for the effect of lateral drag147

not included in SIA (Braun et al., 1999; Herman and Braun, 2008; Egholm148

and others, 2011). Sliding is kept constant everywhere except in the accumu-149

lation zone where we calculate a 1D analytical solution for basal temperature,150

Tb, (Robin, 1955; Braun et al., 1999; Herman and Braun, 2008; Cohen et al.,151

2017) to mimic frozen bed conditions by reducing sliding in areas where Tb152

is below zero. Basal temperature, Tb, is calculated as:153

Tb = Ts +
( q
k

)√πHκ

2b
erf

[√
Hb

2κ

]
, (3)154

where κ is the thermal diffusivity of ice, k is the thermal conductivity of the155

underlying bedrock, q is the surface heat flow and H is the ice thickness. The156

surface temperature Ts is defined as:157

Ts =

(
∂Ts
∂z

)
S

(S(x, y)− ELA(x, y)), (4)158

with the surface temperature gradient (∂Ts

∂z
)S set to constant. Where Tb is159

smaller than zero, the sliding parameter is adjusted. To avoid large varia-160

tions at the transition between sliding and frozen-bed, we define the sliding161
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parameter, As, as follows:162

As =

 fs ·max(1 + 2
3

arctan (Tb), 0.001); for M < 0 and Tb < 0

fs

. (5)163

The range of As goes from fs for positive Tb, down to the minimum of 0.1%164

of fs, where fs equals 5.7·10−20 Pa−3m2s−1 (Budd and others, 1979). As is165

updated every 100 forward model iteration steps to maintain computational166

performance.167

Flexural isostasy is implemented using a Fourier transform solution fol-168

lowing (Watts, 2001). To speed-up the calculation, flexure is calculated in169

the forward model every 1000 iterations, which corresponds to centennial or170

decennial updates in real time, depending on the time step. Each iteration171

consists of calculating diffusivity and updating ice thickness H using the mass172

conservation equation. The updated ice thickness represents the load in the173

flexure calculation. In order to calculate the full response to the load, we set174

the size of the Fourier domain 10 times larger than the domain of interest. In175

the case of the Alps, where the ice flow model calculations are computed on176

a 1024x1024 grid, we copy that domain to the center of a 10240x10240 grid,177

for which we calculate the deflection (Watts, 2001). We update the bedrock178

topography B with deflection and recompute all variables which depend on179

bedrock values, such as diffusivity, constriction factor and flux calculations.180

The changed bedrock topography is used to update surface altitude S and181

corresponding mass balance rate b (Eq. (2)).182
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Finally, to reduce the number of iterations needed to reach steady state,183

we also introduce a damping factor into the mass conservation equation fol-184

lowing the second-order Richardson iteration method (Frankel, 1950). While185

iteratively updating the ice thickness, we add an additional percentage of186

the update from the previous iteration step, resulting in a significantly faster187

convergence rate.188

2.2. Inversion189

A detailed description of the inverse model algorithm can be found in190

Vǐsnjević et al. (2018). Its objective is to invert ice extent data into a spatially191

varying and smooth ELA. We run the ice flow model until steady state. After192

each run, we compare the calculated ice extent with the one from observations193

(Ehlers et al., 2011) and use this comparison to update the ELA (Vǐsnjević194

et al., 2018). Note that for each inversion iteration, the convergence of the195

forward model is the most expensive part. To reduce the convergence time196

needed for the forward model to reach steady state, we use the calculated197

ice thickness (H) of the previous inversion iteration step as a starting point198

for our forward model. This significantly improves the convergence of the199

forward model for sufficiently small changes in ELA between two iterations.200

The inversion algorithm starts from an initial guess for ELA (E0) and relies201

mainly on the number of diffusion iterations (nsm) and two parameters (τ1202

and τ2) that together define the amplitude and amount of smoothing of the203

final solution. These parameters will be varied in the following sections.204
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Table 1: Forward model parameter values kept constant in all scenarios

Constants Value Units
N Max. number of inverse iterations 1000
nx Number of points in x 1024
ny Number of points in y 1024
dx Spatial resolution in x 784.5 m
dy Spatial resolution in y 568.4 m
ρ Ice density 910 kgm−3

g Gravitational constant 9.81 ms−2

n Exponent in Glen flow law 568.4 m
A Deformation parameter 1.9 · 10−24 Pa−3s−1

fs Sliding parameter 5.7 · 10−20 Pa−3s−1

yr Seconds per year 31556926 s
cstab Time step coefficient 0.1235
q surface heat flow 70 ·10−3 mWm−2

k Thermal conductivity of underlying bedrock 2.35 Wm−1K−1

(∂T
∂z

)S Surface temperature gradient 0.005 ◦Cm−1

κ Thermal diffusivity of ice 2.35 m2s−1

ρa Asthenosphere density 3300 kgm−3

ν Poissons ratio 0.25
Ym Youngs module 568.4 Pa
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3. Data205

Bedrock topography, ice extent and mass balance rate parameters (maximum206

accumulation rate c and mass balance gradient β, (Eq. 2)), are needed as207

input for our calculations. We use SRTM data (Jarvis and others, 2008) as208

bedrock topography, where present day ice cover and post-glacial sediments209

are included. To test how changes in bedrock topography influence the result210

(Fig. 8), we run our model on the bedrock topography provided by Mey et211

al. (2016), from which the sediment fill has been removed based on a neural212

network approach. The LGM ice extent used is a simplified version of the213

ice extent from Ehlers et al. (2011) (Fig. 1). The mapped ice extent was214

simplified because of difficulties with fitting the modeled ice extent to the215

original south-western border, where only valley glaciers have been mapped216

and the highest parts of the landscape appear ice free. To test the influence217

of the mass balance rate parameters on the inversion result we choose a range218

of values for the maximum accumulation rate c (Table 2) representing drier219

conditions over the Alps reported from both data (pollen) and numerical220

studies (Peyron et al., 1998; Cohen et al., 2017). The range of values tested221

for c matches the one from Cohen et al. (2017), where c in their driest and222

wettest scenarios equals 0.26 m/yr and 1.80 m/yr, respectively. Mass balance223

gradient β was tested for a larger range of values than reported in other224

studies (Huss et al., 2008; Cohen et al., 2017), in order to explore potentially225

different climatic scenarios. Following Huss et al. (2008), typical β for alpine226

glaciers in the accumulation zone would be 0.009 a−1, and 0.005 a−1 in the227
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ablation zone. Although different values for β have been observed in the228

accumulation and the ablation zone (Mayo, 1984; Huss et al., 2008), and used229

in modeling studies (Cohen et al., 2017), we keep it constant throughout the230

ice cap for simplicity in this study.231

Glaciation of the Alps during the LGM will also have an impact on to-232

pography due to an isostatic effect. The additional load of the large and233

heavy ice mass bends the lithospheric plate, lowering topography. Removal234

of that ice during deglaciation results in slow but measurable uplift of the235

topography. It has recently been argued that most of the currently observed236

uplift is inherited from the rapid melting of the LGM ice cap (Mey et al.,237

2016), although this is still a subject of discussion (Sternai et al., 2019). Oth-238

ers argue that up to 60% of this uplift is due to erosion (Champagnac et al.,239

2007). For our purpose, we must calculate the deflection of the lithosphere240

and therefore know the elastic thickness of the lithosphere. Unfortunately,241

estimates vary from 7 to 70 km (Champagnac et al., 2007; Sternai et al.,242

2013; Mey et al., 2016). In any case, the maximum deflection ranges from243

100 m to 280 m, depending on the value for the elastic thickness used (Mey244

et al., 2016), which is only a fraction of the relief of the Alps.245

4. Results246

In this section, we report inversion results for 25 different scenarios. To247

investigate the robustness of the solution, we explore the parameter space of248

both the inverse and the forward model parameters. Below, four categories249
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Figure 1: Schematic representation of the debated climatic regimes dominating Alpine cli-
mate during the LGM: zonal atmospheric circulation (blue) (Peyron et al., 1998), merid-
ional (southern) circulation (red) (Florineth and Schlüchter, 2000), more frequent cyclone
generation in the Gulf of Genoa (yellow) (Kuhlemann et al., 2008). Ice extent (green)
used as input for the inversion.
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of experiments are presented. We vary (1) the climate variables, (2) the250

inverse model parameters, (3) the ice flow parameters and (4) the geodynamic251

properties. To investigate the role of climate, we vary parameters defining252

the mass balance rate, i.e., the maximum accumulation rate c (Fig. 2) and253

the mass balance gradient β (Fig. 3). For the inverse parameters, we test254

the influence of the initial guess on the solution (Fig. 4), the influence of255

smoothing (Figs. 5A and 5B) through the update parameters, i.e., τ1 and256

τ2 (Figs. 5C and 5D). To assess the role of ice mechanics, we vary the257

deformation parameter A (Figs. 6A and 6B), maximum value for the sliding258

parameter As (Figs. 6C and 6D) and the constriction factor Γ (Figs. 6E and259

6F). Finally, the influence of geodynamic properties is investigated by varying260

the elastic thickness (Fig. 7) as well as the effect of bedrock topography (Fig.261

8). Parameters kept constant in all scenarios can be found in Table 1. The262

list of parameters and the range of tested values can be found in Table 2.263

The underlined values in Table 2 are used unless stated differently in the264

text. Note that only one parameter is varied at a time.265

A common feature in our results is a clear W-E gradient in ELA from the266

Lyon region to the east of Traun. The N-S gradient is less clear, it is more267

pronounced in the west (Solothurn lobe - Durance glacier) and the center268

of the Alps (Rhine glacier - Garda glacier), while in the east (Traun glacier269

- Drau glacier) it cannot be seen. In the center of the Alps, the gradient270

is tilted going from NW to SE, from the Rhine glacier towards the broader271

Garda glacier. In all scenarios, the ELA may be overestimated in the SW272
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Table 2: List of parameters and a range of values varied in the result

Parameters Tested values Units
c Max accumulation rate 0.25 0.5 1.0 2.0 myr−1

β Mass balance gradient 0.0015 0.004 0.007 0.01 0.015 a−1

A Deformation parameter 0.25 · A A 3 · A Pa−3s−1

fs Sliding parameter 0.25 · fs fs 3 · fs Pa−3s−1

Γ Constriction factor 500 2000 4000
Te Elastic thickness 10 30 50 km
E0 Initial guess 1400 1900 m
nsm Number of diffusion iter 40 400 4000
τ1 Inversion update param 45 500 m
τ2 Diffusion update param 0.1 · dy2 0.25 · dy2 m2

region of the ice extent where it is significantly higher than in the rest of the273

mountain range, due to complex topography in the region and our simple274

approximation of the ice flow.275

4.1. Sensitivity to climate (mass balance rate parameters: β, c)276

To investigate the role of climate in our model (Eq. (2)), we vary the max-277

imum accumulation rate, c, and the mass balance gradient, β. The initial278

ELA for all of the scenarios within this subsection is set to 1400 m. If not279

varied in the scenario, β was set to 0.004 a−1 and c was set to 0.5 m/yr. All280

the results took 1000 inverse model iterations, except for scenarios presented281

in Figs. 2A and 2B where it took 750 and 900 iterations, respectively.282

The maximum accumulation rate, c, corresponds to the maximum amount283

of ice accumulated within a year. A larger value for c prescribes wetter284

conditions over the Alps, while a lower c means a more arid climate (Eq.285

(2)). Fig. 2 depicts the inversion model results for scenarios with different c,286
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Figure 2: Influence of the maximum accumulation rate c on the modeled ELA field.
Results are presented where there is ice, bedrock elevation is depicted in gray, white
outline represents mapped LGM extent. (A) c = 0.25 m/yr, (B) c = 0.5 m/yr, (C) c =
1.0 m/yr, (D) c = 2.0 m/yr.

0.25 m/yr (Fig. 2A), 0.5 m/yr (Fig. 2B), 1.0 m/yr (Fig. 2C) and 2.0 m/yr287

(Fig. 2D). Higher values for c have not been tested as they would imply288

significantly wetter conditions than reported for the Alps during the LGM289

(Peyron et al., 1998; Cohen et al., 2017). Fig. 2 shows that the ELA rises290

as c increases. This is because a larger c leads to thicker ice and therefore291

a more elevated ice surface and a larger ice cap. By raising the ELA, the292

ablation zone is enlarged and the modeled ice extent fits the observations.293

The results reveal a W-E gradient in ELA, ranging from 1000 m - 1550 m294

in the west near Lyon to 1650 m - 2000 m east of Traun and north of Drau. In295
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the central part of the Alps the N-S gradient in ELA ranges from about 1120296

m - 1500 m near the Rhine glacier to 1500 m - 2150 m in the broader Garda297

region. In the west the N-S gradient (Solothurn lobe - Durance glacier) is298

more pronounced, ranging from 1350 m - 1500 m in the north to 1750 m -299

2000 m near the Durance glacier and a maximum values of 2200 m - 2450 m300

in the southernmost part of the Alps.301

We investigate the role of the mass balance gradient β for values ranging302

from 0.0015 to 0.015 a−1 (Table 2). The results are shown in Figure 3. The303

position of the ELA decreases as β increases. This is because β not only304

determines the elevation above ELA at which the mass balance rate reaches305

the maximum accumulation value c (Eq. (2)), but also has a strong control306

on the rate at which the glacier ablates. A lower β means a gradual change in307

b with altitude, and corresponds to dry (sub)arctic conditions, while a higher308

β implies a steep change in b and corresponds to extreme maritime climate309

conditions (Oerlemans and Fortuin, 1992). Reported drier conditions over310

the Alps during the LGM (Peyron et al., 1998; Florineth and Schlüchter,311

2000) would favour lower β values. The W-E and N-S gradients in ELA312

discussed above remain regardless of the β used (Figs. 3 and 2B (β 0.004313

a−1)).314

4.2. Sensitivity to the inverse model parameters315

We investigate the influence of the inverse model parameters on the inversion316

results by changing the initial guess (Fig. 4), smoothing nsm (Figs. 5A and317
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Figure 3: Influence of the mass balance gradient β on the modeled E field. Results are
presented where there is ice, bedrock elevation is depicted in gray, white outline represents
mapped LGM extent. (A) β is set to 0.0015 a−1, (B) β is set to 0. 007 a−1, (C) β is set
to 0.01 a−1, (D) β is set to 0.015 a−1.
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5B) and the update parameters, τ1 and τ2 (Figs. 5C and 5D).318

The influence of the initial guess E0, i.e., the initial value of the ELA, is319

tested in two climate scenarios (Fig. 4). For each climate scenario, results320

are presented for two different initial guess values, 1400 m and 1900 m. In321

the first case (Scenario A) the maximum accumulation rate, c, was set to 1322

m/yr and β to 0.004 a−1 (4A and 4B), while in the second case (Scenario B)323

c was set to 0.5 m/yr and β to 0.01 a−1 (Figs. 4C and 4D). Both scenarios324

show very small or no influence of the initial guess on the result. While Figs.325

4A and 4B show no difference in the resulting ELA fields, Figs. 4C and326

4D show small local differences in ice cover between two scenarios with the327

described gradients remaining.328

The influence of the number of diffusion iterations, which control the329

amount of smoothing in the resulting ELA field, is visualized in Figs. 5A330

and 5B. We present two end-member scenarios with 40 and 4000 iterations.331

A small number of iterations fits the edges of the ice extent more precisely,332

introducing local variations to the ELA field (Fig. 5A). A large number of333

iterations removes the local variations. In all results the W-E and the N-S334

gradients in the ELA field (Fig. 5B) are preserved. This indicates that the335

two major gradients in the ELA field do not emerge due to local phenomena.336

The inversion update parameters τ1, the amplitude of the ELA update,337

and τ2, the amplitude of the applied smoothing, also influence the variance of338

the resulting ELA field. A large τ1, i.e., 500 (Fig. 5C), leads to large varia-339

tions in ELA on the edges of the ice extent, overemphasising local variations.340
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Figure 4: Modeled ELA fields for different initial guesses of the ELA for Scenario A and
B described in section 4.2. (A) Scenario A with initial guess set to 1400 m, (B) Scenario
A with initial guess set to 1900 m, (C) Scenario B with initial guess set to 1400 m, (D)
Scenario B with initial guess set to 1900 m. Results are presented where there is ice,
bedrock elevation is depicted in gray, white outline represents mapped LGM extent.
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Figure 5: Influence of smoothing on the modeled ELA field. Results are presented where
there is ice, bedrock elevation is depicted in gray, white outline represents mapped LGM
extent. (A) Number of smoothing iterations is set to 40. (B) number of smoothing
iterations is set to 4000, (C) τ1 is set to 500, (D) τ2 is set to 0.01·dy2.
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Note that these differences are maintained during the iterative process, which341

prevents the algorithm to converge. A result for τ1 much smaller than the342

standard value of 45 is not presented because very small changes in ELA343

between two iterations do not lead to a difference in the resulting ice ex-344

tent. A smaller value of τ2, set to 0.1dy2 (Fig. 5D), reduces the influence345

of smoothing between two iterations, this in turn increases the number of346

iterations for the inverse model to converge. Besides changing the value of347

inverse parameters, the scenarios presented in Fig. 5 are the same as in Fig.348

4A (c set to 1 m/yr and β to 0.004 a−1).349

4.3. Sensitivity to ice mechanics (deformation parameter, sliding parameter,350

constriction factor)351

The tested ice mechanics scenarios consist of varying the deformation pa-352

rameter A (Table 1), between 0.25A and 3A (Figs. 6A and 6B), the sliding353

parameter As, between 0.25As and 3As (Figs. 6C and 6D) and the constric-354

tion factor Γ, between 500 and 4000 (Figs. 6E and 6F). The initial ELA for355

each of the scenarios was 1900 m, β was set to 0.004 a−1 and c was set to 1356

m/yr. Results for this scenario but with underlined values from Table 2 used357

for A, As and Γ are depicted in Fig. 2C. It is important to keep in mind358

that the SIA forward model is not solving a full set of Stokes equations and359

is only a rough approximation of ice flow. This implies that the complete360

parameter space and the role of ice mechanics is not fully explored here. The361

objective is simply to test the robustness of the inversion results, and seek362
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for common characteristics between inversion results. Presented results took363

1000 inverse model iterations, except for scenarios presented in Figs. 6C and364

6D where it took 600 iterations.365

First, we test the role of the deformation factor on the solution. In Figs.366

6A and 6B, we show the solutions for different A values. Reducing the367

deformation parameter leads to thicker ice, which leads to a higher ELA.368

Figs. 6C and 6D show the results for varying the maximum value of the369

sliding parameter. While we varied deformation and sliding parameters in370

the same way, one quarter and three times the values used in Fig. 2C, Fig.371

6 shows that the inversion result is significantly more sensitive to changes372

of the deformation parameter than the sliding parameter. The role of the373

constriction factor is investigated in Figs. 6E and 6F, showing little to no374

change in the results (Fig. 6).375

4.4. Sensitivity to elastic thickness376

To investigate the role of flexure we vary the elastic thickness Te. Although377

it is known that the elastic thickness under the Alps varies in space (Mey et378

al., 2016) we keep it spatially uniform and test two end member scenarios379

for Te = 10 km and Te = 50 km. The initial guess for the ELA for both380

scenarios was 1900 m, β was set to 0.004 a−1 and c was set to 1 m/yr. Fig. 7381

shows negligible differences between the two solutions. It seems that on this382

scale, the change in elastic thickness does not influence the Alpine ice cap383

enough to change the final result of the inversion.384
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Figure 6: Influence of ice mechanics on the modeled ELA field. Results are presented
where there is ice, bedrock elevation is depicted in gray, white outline represents mapped
LGM extent. (A) Value of A is 0.25 times smaller than reported in Table 1, (B) value of
A is three times larger than reported in Table 1, (C) Maximum value of As is 0.25 times
smaller than reported in Table 1, (D) Maximum value of As is three times larger than
reported in Table 1., (E) Γ is set to 500, (F) Γ is set to 4000.
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Figure 7: Influence of elastic thickness Te on the modeled ELA field. Results are presented
where there is ice, bedrock elevation is depicted in gray, white outline represents mapped
LGM extent. (a) Te is set to 10 km, (b) Te is set to 50 km.

4.5. Sensitivity to bedrock topography385

Finally, we test the influence of bedrock topography on the inversion results.386

To test this we use a bedrock topography with removed post-LGM valley387

fills created by Mey et al. (2016). The setup is the same as for Fig. 2C,388

with an initial guess of 1400 m, β set to 0.004 a−1 and c set to 1 m/yr.389

Fig. 8 shows no difference between this result and the ones using present390

day topography as bedrock. The calculated ice thickness is higher in the391

areas where the sediment has been removed but that does not influence the392

ice surface, therefore not changing the result significantly. This implies that393

our method can yield useful information on past environments even when394

applied to present-day topography.395

5. Discussion396

The aim of this paper is to estimate the mass balance rate in the Alps during397

the LGM and how it varies in space using the inverse method described in398
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Figure 8: Influence of bedrock topography on the modeled ELA field. Bedrock from Mey
et al. (2016) was used in the presented scenario. Results are presented where there is ice,
bedrock elevation is depicted in gray, white outline represents mapped LGM extent.

Vǐsnjević et al. (2018). We report a series of inverse results that highlight399

spatial variations in the position of the equilibrium line altitude (ELA), and400

thus mass balance rate. To evaluate the robustness of our results, we ran a401

series of experiments in which we test the influence of the mass balance pa-402

rameters, the inverse parameters, the ice dynamics, the flexural rigidity and403

variations in bedrock topography on the inferred equilibrium line altitude.404

The most robust feature we observe is the presence of a W-E gradient405

in ELA across the Alps, with the position of the equilibrium line raising406

eastward. Such a gradient may imply higher precipitation in the western407

parts of the Alps compared to the east. As the air is lifted across the Alps, the408

air dries out and the equilibrium line altitude raises. Such an eastward flow409

supports the idea of zonal circulation-dominated conditions during the LGM410

(Peyron et al., 1998), and therefore precludes the idea of having meridional-411

dominated precipitation during the LGM (Florineth and Schlüchter, 2000).412

Interestingly, the need for a W-E gradient in the position of the equilibrium413
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line altitude was also found by a recent and independent study (Seguinot et414

al., 2018), in which the authors modeled the transient evolution of the Alpine415

ice cap over a full glacial cycle (120-0 ka).416

The second feature common to most inversion results is the presence of417

a N-S gradient in the western and central Alps, with the equilibrium line418

altitude rising from north to south, that is contrasted with the absence of419

a N-S gradient in the eastern Alps. One may think that the N-S gradient420

observed simply results from a temperature increase towards lower latitudes.421

However, assuming a standard latitudinal temperature lapse rate of 0.7◦C422

per 1◦ of latitude (La Sorte et al., 2014) and a 6.5◦C/km ELA lapse rate423

(Kuhlemann et al., 2008) suggests a difference in equilibrium line altitude424

across the LGM ice cap of about 240 m in the central Alps and of about 340425

m in the western Alps. The gradient predicted by our inversion in the western426

and central Alps is systematically larger; ∼400 m in the center and between427

360 and 510 m in the west. Therefore, we speculate that other mechanisms428

than latitudinal temperature gradients must be invoked. In the western and429

central Alps, the inferred enhanced N-S gradient may be explained by an430

orographic precipitation pattern, i.e. higher precipitation rates on the north-431

ern flanks of the Alps compared to the south. Such a precipitation pattern432

would again imply zonal circulation-dominated conditions. Explaining the433

absence of a N-S gradient in the eastern Alps is, however, more complicated,434

and could be reflecting the influence of local conditions, such as strongly en-435

hanced precipitation in the Tagliamento region and the north Adriatic sea,436
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as can be seen in the present day annual precipitation pattern (Isotta and437

others, 2014; Mey et al., 2016, Supplementary Figure 5). A local increase in438

precipitation in the SE would lead to a regionally lower ELA, obscuring the439

N-S gradient in the eastern Alps.440

Our approach does not enable us to constrain the absolute position of441

the equilibrium line altitude. The equilibrium line altitude depends on both442

precipitation and temperature (Ohmura et al., 1992), which cannot be disen-443

tangled using the ice extent alone. While changes in temperature primarily444

lead to changes in the position of the equilibrium line altitude (e.g., Oerle-445

mans, 1997), changes in precipitation and humidity are primarily reflected by446

changes in the maximum accumulation rate c and the mass balance rate gra-447

dient β. An increase in the maximum accumulation rate c means an increase448

in precipitation rate, while an increase in β reflects an increase in humidity449

(Oerlemans and Fortuin, 1992; Ohmura et al., 1992). Higher accumulation450

rates generate thicker ice caps and higher ice fluxes, with the implication that451

a higher c requires a higher equilibrium line altitudes for the same ice extent452

(Fig. 2). In contrast, increasing β induces larger ablation rates (Fig. 3),453

which must be compensated by a lowering of the equilibrium line altitude.454

As a result, large variations can be observed in the position of the equilib-455

rium line altitude depending on the choice of c and β. Although, low c and456

β would correspond to drier conditions during the LGM, as suggested by457

field studies (Peyron et al., 1998), they can unfortunately not be constrained458

directly.459
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A clear limitation of our study is the assumption of spatially uniform c460

and β, so any spatial variations in precipitation will be reflected by a change461

in the position of the equilibrium line altitude. Recently, Mey et al. (2016)462

used a spatially variable c calibrated using modern annual precipitation data.463

Although the model predicts similar equilibrium line altitude patterns to464

ours, differences in absolute values can easily be explained by different c and465

β. Similarly, Becker et al. (2016) used a steady state model but included466

a reduction in precipitation north of the weather divide to reproduce the467

observed LGM ice extent, which they interpreted to reflect a reduction in468

precipitation rate on the northern flanks of the Alps due to a southward shift469

of the dominating storm track. However, they did not investigate how the470

equilibrium line altitude varies from west to east, which is one of our main471

findings.472

Another limitation of our study is the steady state assumption of the ice473

extent at the LGM. Seguinot et al. (2018) argued that the LGM extent was a474

transient stage, concluding that there was a disequilibrium between glaciers475

and climate throughout the period. This implies that the timing of extent476

could be different in the north compared to the south. Unfortunately, we do477

not know how far the LGM climate was from the steady state assumption,478

while uncertainties of available dating techniques make it difficult to precisely479

identify asynchronous ice extents in time and space. In our model, it takes480

only about 1000 years for the ice cap to grow to the observed LGM extent481

and closely approach a climatic steady state. In a theoretical study Herman482

29



et al. (2018) report response times of a glacier on a similar time scale. These483

response times to climatic perturbations are shorter than the duration of the484

LGM (Clark et al., 2009). Furthermore, we observe large LGM moraines at485

the glacier outlets, implying longer periods of stability. For these reasons, it486

seems possible that the Alpine ice cap was in its position and close to steady487

state during most of the LGM.488

Compared to the present day ELA with a mean of around 3000 m (Huss489

et al., 2008), our reconstructions show an overall decrease of about 1200490

m to 1700 m for the LGM. Assuming that the change in equilibrium line491

altitude is solely due to temperature and using the same temperature - ELA492

relation as above, we arrive at a temperature depression of 7.8◦C - 11◦C,493

which falls in the range of values reported from modeling studies (Jost et al.,494

2005; Kageyama et al., 2006), compared to 12±3◦C mean annual temperature495

depression inferred from pollen (Peyron et al., 1998). This would imply a496

strong temperature control on the equilibrium line altitude. These results,497

however, must be treated with caution, as temperature cannot be determined498

independently.499

6. Conclusion500

We reconstructed the spatially variable altitude of the equilibrium line501

over the Alps during the LGM, following the inverse modelling approach de-502

scribed in Vǐsnjević et al. (2018). Ice extent data from Ehlers et al. (2011)503

and a DEM of the Alps are used as input data for the model. We have con-504
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ducted sensitivity tests for both the inverse and forward model parameters.505

Our model can reproduce the mapped LGM ice extent for a range of climatic506

scenarios, resulting in different ELA fields but keeping a distinct spatial pat-507

tern. The modeled ELA fields of the Alps are dominated by a W-E gradient,508

regardless of the chosen scenario. A pronounced N-S gradient can also be509

observed across scenarios in the central and western part of the mountain510

range. However, the absence of a pronounced N-S gradient in ELA over the511

entire Alps precludes the hypothesis of a southward shift of the westerlies512

during the LGM.513
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