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4Pontificia Universidad Católica de Chile
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Abstract

Predicting the impact of changing climate and anthropogenic influences on stream discharge dynamics and baseflow conditions

requires insight into the main factors that regulate storage and transfer of water from hillslope aquifers to surface streams.

Classically, it is assumed that above a certain scale, hydrological laws involved at small-scale can be simplified, allowing the

representation of the landscape and its subsurface in models as a homogeneous hillslope with effective slope, length and hydraulic

properties. From a comprehensive analysis of hydrological, geological and geomorphological databases available in the Swiss

Alps we provide evidence that such simplification might lead to inaccurate estimates of streamflow dynamics at baseflow. We

reveal that recession behavior strongly deviates from that predicted by idealized homogeneous theories. A correlation analysis

allows us to identify which key features of the landscape might control this deviation, with particular attention to slope, drainage

density, depth to bedrock, and lithology as the main drivers. We summarize the current knowledge of physical mechanisms

that could lead to complex hydrological behavior in Alpine contexts, and we finally discuss implications in defining modeling

strategies for the Critical Zone community.
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Key Points:

 Catchment recession is influenced by non-linear  processes due to heterogeneity of

mechanisms controlling storage-discharge relations;

 These non-linearities raise questions about applying homogeneous assumptions (i.e.,

Bousinessq) when modeling catchment behavior;

 Considering lithological constraints alone do not allow description of the interactions

between the subsurface and streamflow dynamics; 

 Geomorphological and hydrological processes coevolve in shaping groundwater flow

architectures and controlling storage-discharge relations.
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Abstract

Predicting the impact of changing climate and anthropogenic influences on stream discharge

dynamics and baseflow conditions requires insight into the main factors that regulate storage

and transfer of water from hillslope aquifers to surface streams. Classically, it is assumed that

above a certain scale, hydrological laws involved at small-scale can be simplified, allowing

the representation of the landscape and its subsurface in models as a homogeneous hillslope

with  effective  slope,  length  and  hydraulic  properties.  From a  comprehensive  analysis  of

hydrological,  geological  and geomorphological  databases  available  in  the  Swiss  Alps  we

provide evidence that such simplification might lead to inaccurate estimates of streamflow

dynamics  at  baseflow.  We  reveal  that  recession  behavior  strongly  deviates  from  that

predicted by idealized homogeneous theories.  A correlation analysis allows us to identify

which key features of the landscape might control this deviation, with particular attention to

slope, drainage density, depth to bedrock, and lithology as the main drivers. We summarize

the  current  knowledge  of  physical  mechanisms  that  could  lead  to  complex  hydrological

behavior  in  Alpine  contexts,  and  we  finally  discuss  implications  in  defining  modeling

strategies for the Critical Zone community. 

Plain Language Summary

In  introductory  courses  in  hydrology,  geomorphology,  and  geology,  we  learn  that  water

flowing through the landscape weathers rocks that, in turn, influence the pathways by which

water flows through the landscape. We also learn that the movement of water through the

landscape carves and shapes that landscape,  and that the shape of the landscape,  in turn,

changes  the  architecture  of  the  hydrological  cycle.  Current  hydrological  models  build  to

assess  groundwater  storage  and  streamflow behavior  at  regional  to  global  scales  tend to

neglect this evolving architecture, representing the subsurface as a box with homogeneous

properties  where  lithology  is  the  main  constraint  on  hydraulic  properties.  Based  on  the

analysis  of streamflow recessions across 54 catchments  in the swiss Alps we discuss the

strong limitations raising from this assumption. We propose original hypothesis on the role of

geomorphological processes in controlling the distribution of the water resources availability

in space and time. 
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1 INTRODUCTION

Water  is  ubiquitous,  being  both  a  key  component  sustaining  life,  and  a  key  actor  for

weathering, transporting energy and nutrients (Richter and Billings, 2015). As a liquid, water

flows from high to low altitudes, at the surface and the subsurface, connecting and structuring

different  elements  of  our  landscapes.  Several  recent  studies  have  underscored  the  strong

coupling between water and carbon cycles (Gentine et al., 2019), in which water availability,

more  than  temperature,  might  be  a  dominant  driver  of  ecological  systems  at  local  and

interannual time scales (Jung et al., 2017). Understanding the processes that regulate how our

landscapes  store  and  release  water  into  the  stream  network  has  been  identified  by  the

hydrological community as a major challenge  (Blöschl et al., 2019), while being central to

questions of the Critical Zone community (Fan, 2015; Fan et al., 2019; Gaillardet et al., 2018;

Riebe et al., 2017). Such knowledge is essential for evaluating the resilience of hydrological

systems  to  extended  drought  periods,  planning  for  appropriate  human  activities,  and

anticipating the impact  of global changes on water resources. Evaluating the influence of

groundwater on stream dynamics is key (Alley et al., 2002; Taylor et al., 2013), but requires

systematic quantification based on uncertain boundary conditions and state variables without

elaborate  calibration  (Abbott  et  al.,  2019).  The hidden and cryptic nature of groundwater

makes this a daunting challenge.

The storage and transfer of water across landscapes is controlled by a range of interconnected

factors  operating  and  possibly  coupled  at  various  scales,  including  plant  interception,

geomorphology, soil properties, geological heterogeneity and rainfall variability. Considering

the  wide  range  of  spatial  scales  required  to  define  water  transfer  (from  leaf  to  basin),

hydrological modeling strategies at catchment, regional and global scales rely on simplified

assumptions  to  integrate  the  effects  of  surface  and  subsurface  heterogeneities  below  a

representative elementary area (Wood et al., 1988). In this context, the hillslope is classically

considered  as  the  elementary  entity  (Fan,  2015),  where  processes  are  characterized  by

effective  geometric  and hydrodynamic properties.  However,  studies have questioned such

simplifications, which might introduce strong limitations in predicting streamflow dynamics,

especially during baseflow (Clark et al., 2009). Simplifying or even neglecting processes may

result in prediction errors, independent of the scale considered, such as interbasin fluxes (Liu

et al., 2020), spatial and vertical distribution of flow paths (Clark et al., 2009; Harman et al.,

2009; Rupp and Selker, 2005), influence of planform shape of elementary area on flow paths
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(Paniconi et al., 2003), and spatial variability of recharge and evapotranspiration (Hartmann

et al., 2017; Jachens et al., 2020; Tashie et al., 2019). This leads to two motivating questions:

1) in which geological and geomorphological contexts are simplified effective representations

likely  to fail  to describe water storage-discharge dynamics? And 2) conversely,  in which

contexts  are  such  simplifications  still  acceptable?  Evidence  from  field  observations  is

required  to  address  these  questions,  and  in  turn,  define  relevant  physical  laws  and

parameterization of regional scale storage-discharge relations (Clark et al., 2017; Fan et al.,

2019).

In  this  study,  we test  two complementary  hypotheses  regarding the  potential  controls  of

landscape heterogeneity on storage-discharge behavior. In the first hypothesis, we consider a

representative  elementary  area  smaller  than  the  hillslope  scale,  and  posit  that  storage-

discharge  processes  involved  at  the  catchment  scale  are  not  significantly  influenced  by

landscape and subsurface heterogeneities. Stream baseflow dynamics can then be obtained

from an aquifer  represented  by  an  effective  reservoir  whose  hydraulic  properties  can  be

constrained from lithological properties (Clark et al., 2015; Gleeson et al., 2011; Kollet and

Maxwell,  2006;  Schaller  and  Fan,  2009).  In  the  second  hypothesis,  we  evaluate  the

contribution  of  landscape  and  sub-surface  heterogeneity  (including  stream  drainage

organization,  topographic  slope,  soil  development  and  geology)  to  the  storage-discharge

relationship at the catchment scale heterogeneity (Biswal and Nagesh Kumar, 2015; Jefferson

et al., 2010; Rempe and Dietrich, 2014; Yoshida and Troch, 2016). We test these hypotheses

by  exploring  the  relationship  between  landscape  characteristics  (spatial  variability  and

correlation structure) and their storage-discharge functions, taking advantage of the combined

hydrological  and  geophysical  information  available  in  regional  datasets.   We  focus  our

analysis on catchments located in the well-instrumented Swiss Alps because of the variety of

landscape and geological configurations. We summarize several hypotheses on the potential

controlling factors of streamflow recession, as supported by a review of the literature. We

finally draw some conclusions and perspectives for the representations of subsurface water

flow for large-scale modeling strategies.
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2 CONTEXT AND DATA

2.1 THEORETICAL BACKGROUND FOR HOMOGENEOUS AQUIFERS

Streamflow recession analysis is commonly used to estimate the storage-discharge functions

of catchments. This method is based on the analysis of the falling limb of the hydrograph

after  a  precipitation  event.  Saturated-flow  theory  (for  horizontal  homogeneous  aquifers)

predicts that the rate of change in discharge of an aquifer to a stream scales with the actual

discharge following a power law relationship (Brutsaert and Nieber, 1977).

−dQ
dt

=aQb Eq. 1

where  a and  b are  recession  constants  that  can  be  related  to  geometric  and  hydraulic

properties  of  the  aquifer  system  under  predominately  diffusive  or  kinematic  flow  and

idealized geometry (Rupp and Selker, 2006). b is specifically defined as the constant of non-

linearity  in  the  storage-discharge  function  (Kirchner,  2009).  A  watershed’s  capacity  to

maintain late-season streamflow is tightly linked to  b (Figure 1b and c), wherein a resilient

stream will have large values of  b (Berghuijs et al.,  2016; Jachens et al., 2020; Kirchner,

2009). In real catchments, b has been shown to vary over a wide range of values, - from ~1 to

greater than 10  (Tashie et al.,  2020).  Reference models for homogeneous and horizontal

aquifers  theoretically  predict  values  from 1  to  3,  following  the  “early”  and  “late”  time

solutions derived from the Boussinesq solutions. Under low flow conditions, b=1 in the case

of  constant  aquifer  transmissivity  (i.e.   where  changes  in  the  saturated  thickness  are

negligible), and b=1.5 for a homogeneous unconfined aquifer  (Brutsaert and Nieber, 1977;

Rupp and Selker, 2006; Troch et al., 2013). For an unconfined aquifer, values larger than 1.5

mark deviations from the homogeneous model that may come from heterogeneous geological

and  geomorphological  conditions,  for  example  an  aquifer  with  decreasing  hydraulic

conductivity  with  depth  (Rupp  and  Selker,  2005),  or  lateral  heterogeneity  in  hydraulic

properties (Harman et al., 2009). 
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Figure 1. a. Conceptual representation of a hillslope from ridge to stream, in which the

water table follows topography, and groundwater flow paths are organized from the

recharge zone to discharge at the stream. The main metrics used in the manuscript are

defined. K  and φ stand for hydraulic conductivity and porosity respectively. b. Typical
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streamflow hydrographs for different values of recession timescale  τ  and constant of

non-linearity b. The Y axis is in log scale. In c. are drawn the recession plots −dQ /dt vs

Q for the 4 hydrographs presented in b. Both X and Y axes are in log scales. Values of t ,

Q, and τ  in b. and c. are arbitrary.

From the linear solution with  b=1, the characteristic diffusion timescale,  τ=1/a, can be

defined as being proportional  to the square of the characteristic  flow path length  L¿
[m ]

divided by the diffusivity,  D [m2
/s ]  (the ratio of the transmissivity T [m2/ s] by the porosity

φ:  KH /ϕ,  H  is the aquifer thickness) of the aquifer connected to the stream (Brutsaert &

Lopez, 1998). τ  represents the half-life of storage (for b=1) so that for higher values of τ , the

rate of change in discharge is lower so that discharge extend over a longer period than lower

values of τ  (Figure 1b and c). Drainage timescale has been estimated analytically by Brutsaert

(1994) as:

τ=
1
a
,with a=[ KHϕ ][ π

2 p l2

A2
cosβ ][1+( η

πp )
2

]
Eq. 2?

where the first term between brackets represents the geological effect, where K  and φ are the

mean  hydraulic  conductivity  and  porosity,  respectively;  the  second  term  represents  the

geomorphological influence, where β the slope angle,  A the catchment area, and l the total

stream network length (Figure 1). p is an empirical weighting factor generally taken between

0.1-0.3 (Brutsaert, 2008, 1994). In the following we consider an average value with p=0.2.

Finally, the third term includes the effect of slope (Rupp and Selker, 2006), with η=B tanβ, B

being the characteristic hillslope length from stream to ridge.

This  mathematical  framework allows an estimation  of the key geometrical  and hydraulic

properties  of the landscape and its  subsurface.  In this  study we characterize hydrological

behavior by evaluating the spatial variations of both τ  and b with respect to a range of metrics

relating to catchment heterogeneity.

2.2 DISCHARGE DATA

We analyzed daily discharge time series measured from stream gauging stations maintained

by the Swiss Federal Office for the Environment (FOEN). The selection of the watersheds

was inspired  by previous  studies  performed in the same area  (Birsan  et  al.,  2005;  Clara
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Santos et al., 2018) to which additional watersheds have been considered in order to cover a

greater range of geomorphological and geological settings. We have selected gauging stations

that have at least 30 years of continuous record and excluded those that could be influenced

by extended lakes  and the presence of potential  anthropogenic  regulations  such as dams.

These were identified through a careful analysis of national maps, aerial photographs, and a

global database of reservoirs and dams.

We also checked for evidence in the discharge time series of regulation practices by looking

at the presence of typical step-like changes in discharge at low flows. These criteria resulted

in the selection of the 54 watersheds displayed in Figure 4 with a diversity of flow regimes,

i.e., rain-, snow- and glacier-dominated regimes (Birsan et al., 2005).

2.3 LANDSCAPE PROPERTIES

We used the digital elevation model DHM25 GeoVite of Switzerland provided by the Federal

Office of Topography to compute landscape properties previously identified in Eq.  2 (Figure

2a.  and b.).  The DEM has lateral resolution of 25 m and vertical accuracy of 1.5 m for the

plains and the Jura, 2 m for the pre-Alps and Canton Ticino, and 3 m for the central Alps. The

global  lithological  dataset  GLiM  (Hartmann  and  Moosdorf,  2012) was  used  for  the

lithological  classification.  The  lithological  units  were  classified  into  5  main  units:

unconsolidated sediments,  sedimentary,  volcanic,  plutonic and metamorphic rocks (Figure

4a).
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Figure 2. Maps of the Swiss Alps with a) elevation, b) slopes, c) permeability values (m2)

in log scale extracted from the GLHYMPS database (Huscroft et al., 2018), and, d) the

depth to bedrock (Shangguan et al., 2017).

The geometry of the fluvial network was computed from the 25m resolution DEM using the

Arc Hydro Toolbox implemented in ArcGIS (ESRI, 2011). The total length of streams l, was

computed  as  the  sum of  the  length  of  individual  stream segments  in  a  catchment.  The

drainage density (ζ ) was calculated as the total length of the streams in the watershed divided

by catchment area, ζ=l /A .

Hydrogeological properties (Figure 2c), i.e., hydraulic conductivity and porosity K  and φ, of

the subsurface were extracted from the global database GLHYMPS (Huscroft et al., 2018).

GLHYMPS provides  values  of  permeability  k [m2 ] that  have  been converted  to  hydraulic

conductivities K=kρg / μ assuming water properties where ρ=1000[kg/m3
] is the density of

water,  µ=1e-3 [Pa . s ] its density, and gravity  g=9.8m /s2. If several hydrogeological units

were  present  in  the  watershed,  we  computed  the  geometric  average  of  permeability  and

porosity weighed by the area of each unit with respect to total catchment area. Variability (σ )
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in K  and φwhere also computed as the geometric average of standard deviations of K  and φ

also weighted as a function of the area of hydrogeological units.

We compiled information about depth to bedrock (DTB, Figure 2d) available in the Global

Depth to Bedrock Dataset  for  Earth  System Modeling  (Shangguan et  al.,  2017).  Authors

defined  the  DTB  as  the  ‘depth  from  the  ground  surface  to  the  contact  with  coherent

(continuous) bedrock.’ The layer covering the bedrock includes unconsolidated sediments,

soil and regolith. The map relied on three types of data sources: soil profiles, boreholes logs,

and soft and remote observations - i.e. remote sensing data or literature. The dataset has a

spatial resolution of 250m (Shangguan et al., 2017).

3 METHODOLOGY

3.1 STREAMFLOW RECESSION ANALYSIS

In  order  to  determine  the  storage-discharge  behaviour  of  the  different  catchments,  we

performed streamflow recession analyses to estimate b and τ  in two ways: 1) We estimated

the parameters from the ensemble of recessions (often called the ’cloud’ of recessions) in

order to represent the average behavior (Brutsaert and Nieber, 1977; Kirchner, 2009); and 2)

We estimated the parameters for every single recession to examine the temporal variability

among recessions. For the analysis of the cloud, we used the binning and fitting approach

proposed by Kirchner (2009). For the single recession analysis, we used the method proposed

by  Roques  et  al.,  (2017):  we isolated  segments  in  the  stream discharge  time  series  that

decrease monotonously between recharge events. Recharge events were defined as discharge

peaks  that  exceeded  five  times  the  absolute  measurement  accuracy,  computed  as  the

minimum discharge drop measured in the entire time series. The first day after the peak was

excluded to reduce potential  influence from the overland flow on the recession parameter

estimation (Dralle et al., 2017).

We distinguished high flows from the baseflow regimes by considering a threshold discharge,

set to the long-term median (Q50). Although this value was arbitrarily set and has no specific

physical  meaning,  it  offers  a  consistent  methodology  across  the  catchments.  This

methodology presents the advantage if excluding periods in the discharge time series that are

dominated by strong recharge from rain, snow or glacier melt. This means that the recession

values for rain-dominated catchments are estimated during late summer and fall while for
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catchments with snow and glacier melt regimes, estimates are made during winter when the

catchments are covered by snow and when streamflow is only controlled by groundwater

discharge (Andermann et al., 2012).

The recession derivative,  −dQ /dt, was estimated using the Exponential Time Steps (ETS)

method proposed by Roques et al., (2017). The recession coefficients a and b in Eq. 1 were

determined  using  a  linear  least-squares  regression  on  the  log  transformed  data,  i.e.,

log(−dQ /dt) vs log(Q) (Shaw and Riha, 2012).

The analysis included data from more than three decades for the 54 selected catchments. The

algorithm identified 54,000 recessions in total, among which 13,600 respected the selection

and quality criteria.  This represents an average of 250 estimates per station. In the following

section, we describe how we computed the mean and standard deviation values of bH , bL (the

subscripts H  and L stand for High and Low flow regimes, respectively) from a log-normal fit

on the distribution to avoid potential influence from outliers (Figure 3). In order to evaluate

the  temporal  variability  of  each  parameter,  we  computed  the  coefficient  of  variations  (

CV=σ /µ, where σ  is the standard deviation and  µ is the mean).  The precision of the mean

is assessed through the standard error as σ /√N  with N  the number of samples.

3.2  ESTIMATION OF RECESSION TIMESCALES AND HYDRAULIC PROPERTIES

We  estimated  the  characteristic  timescale  τ  from  the  low-flow  groundwater-dominated

segments  of the recessions (i.e..,  for  Qt<Q 50)  as  1/a,  and derived the effective hydraulic

properties of the catchments using Eq. 2 for the case of  b=1 (exponential in Eq. 2). This

means that for each estimate of bL (section 3.1) we also obtained an evaluation of  τ . We then

compared fitted values of  τ  with those estimated analytically from Eq. 2  (Brutsaert, 1994)

accounting for the geometric and hydraulic properties extracted from the global databases

previously described.

3.3 STATISTICAL ANALYSIS

Our main objective is to decipher the landscape factors controlling streamflow behaviour. For

this,  we  performed  a  cross-correlation  analysis  of  hydrological  and  geomorphological

databases  combining  classical  multivariate  correlation  approaches.  We  used  a  Principal

Component Analysis (PCA) to investigate the correlation structure among the ensemble of

the variables and isolate the main variable(s) controlling the variance in our dataset. We also
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quantified  the  degree  of  correlation  between  each  of  the  pairs  of  variables  based  on  an

analysis of the correlation matrix using Pearson’s coefficient of determination r2. 

4 RESULTS

4.1 HYDROLOGICAL REGIMES AND LANDSCAPE CONTROLS

To  visualize  the  extent  to  which  landscape  properties  control  streamflow  dynamics,  we

consider annual hydrographs for three stations located in similar lithologies, i.e. crystalline

rocks, and alpine settings (Figure 3). The basin morphologies pictured on the aerial photos

(first row) show typical glacier morphological features on the left (Fig. 3a) while the basin on

the right (Fig. 3c) is characterized by a fluvial-dominated morphology (with 20% coverage of

alluvial deposits). The basin in the middle (Fig. 3b) is a hybrid with upland cirque features

characteristic of montane glaciers and a fluvially incised valley.  The three landscapes show

distinct hydrological responses (second row in Figure 3) with most of the recharge happening

during spring snow-melt and precipitation (de Palézieux and Loew, 2019). On the left-hand

side,  maximum discharge  happens  during  spring  and  summer  with  a  clear  peak  in  July

followed  by  a  long  recession  timescale  on  which  short  term  discharge  events  of  low

amplitude are superimposed.  On the right-hand side, discharge in response to snow melt

happens to be of lower magnitude with faster recession. Precipitation events induce sharper

discharge  responses.  This  highlights  the  fundamental  difference  in  the  storage-discharge

functions  across  these  landscapes,  controlled  by  differences  in  recharge  dynamics  and

subsurface  flow  processes,  with  a  higher  efficiency  for  drainage  (higher  subsurface

diffusivity) in the case of the fluvially dominated landscape (right). This is particularly visible

when looking at a specific hydrograph typical of a drought year, here 2003 in Figure 3. While

discharge in the glacier-dominated landscape (left)  remains in the 10-90th quantile range,

discharge in the fluvial one (right) drops significantly below the 10th quantile.
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Figure 3. Typical contrasts in alpine bedrock landscapes, organized by columns, and

their  hydrological  responses.  The  ID numbers  used  by  the  Swiss  federal  office  are

displayed on the top of the figure. The top row presents an aerial view of the catchments

with  their  drainage area  drawn with  red contours  and  the  location  of  the  gauging

station represented by blue dots. Pictures were taken in July 2014 for the left hand one

and  the  2  others  are  from  October  2019.  The  middle  row  displays  the  annual

hydrographs  for  the  3  watersheds with  the  10-90th quantile  range displayed as  the

shaded cyan band, the median flow with a red line and in blue the hydrograph for 2003

which was a year of intense drought in Europe. On the bottom row, the recession plots

are shown as −d Qs /dt  vs Qs in a log-log space. Grey transparent points are the stacked

recessions computed from the ETS method presented in section 3.1. We also display 3

examples  of  single  recession  events  chosen  randomly  that  are  identified  with  blue,
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orange, and yellow points. The vertical dashed lines represent the long-term median

value of specific discharge that  was used as the threshold to separate  bH estimated at

high flows from bL and τ  estimated at low flows. Inserts show the histograms of ln (bL)

showing lognormal distributions. The red line represents the fitted distribution, while

the magenta dashed line shows the mean value of ln (bL) of the fitted distribution. Black

continuous and dash-dotted lines serve as references for b=1 and b=1.5 respectively in

both the main figure and the insert.

This difference is also visible in the recession plots (third row of Figure 3) displaying the rate

of change in specific discharge, −dQs/dt , as a function of average specific discharge  Qs, in

a  bi-logarithmic  scale.  We  highlight  three  individual  recessions  chosen  randomly  with

different symbols and colors for each station to illustrate how the variability in responses

operate across different recessions. For the glacier-dominated landscape (left), we notice the

strong decrease in −dQs/dt  toward the lower discharge values which means the discharge is

almost stabilizing. While for the fluvial dominated landscape (right), recessions do not show

such stabilization with higher values of −d Qs /dt  (stronger decrease in discharge over time).

One may also notice that the variability in recession constants bL seems to be greater in the

case of the glacier-dominated landscape compared to the fluvial  dominated one revealing

stronger sensitivity to initial conditions prior to recession. This is confirmed in the histograms

of  bL (inserts  in  Figure  3,  third  row)  across  the  three  catchments.   All  three  histograms

display lognormal distributions, i.e. ln (bL)  shows a normal-like distribution. Modes, means

and variances of ln (bL)  evolve from higher values in the context of the glacier-dominated

catchment toward lower ones in the fluvial dominated one.

We  also  draw  attention  to  the  pronounced  differences  visible  between  the  individual

recession power laws and the one from the cloud (grey dots). Similar to conclusions drawn

from  previous  studies  (Jachens  et  al.,  2020;  Tashie  et  al.,  2020),  it  shows  that  single

recessions do not follow the same laws as the lower envelope of the cloud of recessions and,

by including other constraints including precipitation and recharge events, lead to different

recession parameters resulting both from the medium characteristics and the climate forcing

(Figure 3). For this reason, we do not further consider estimates of recession constants from

the analysis of the cloud and focus on the estimations drawn from single recessions analysis

(per Jachens et al., 2020; Roques et al., 2017).
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4.2 SPATIAL DISTRIBUTION AND VARIABILITY OF STORAGE-DISCHARGE

FUNCTIONS

Our analysis revealed anomalous values of the constant of non-linearity in storage-discharge

functions bH andbL measured at both high and low flows respectively (Figure 4). While the

average bH=3.06 fits with the theoretical prediction of bH=3, values range from a minimum

of 1.75 to a maximum of 6.91 across the catchments (Figure 4b). bL measured at low flows

appears to be systematically larger than  bH , ranging from 2.51 to 14.78 with an average of

5.58 (Figure 4a). This is inconsistent with what would be predicted from the classical thin

homogeneous  aquifer  case  following Boussinesq  equations,  pictured  with  a  red  circle  in

Figure 4b.

Figure 4. a) Spatial distribution of the mean constant of  nonlinearity bL pictured by

circles with color scale from blue to red on top of the lithological map. The coefficient of

variation  CV (bL)=σ (bL)/bL is represented by the size of the disks, b) shows the mean

constant of non-linearity for each catchment estimated at both high (bH) and low (bL)

flow regimes.  The grey error bars represent the standard errors.  For reference,  the

values expected from the Boussinesq theory for thin homogeneous aquifers is drawn as

a red disk. A clear positive correlation is observed with values systematically larger for
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recessions during low flows compared to the ones estimated at high flows. c) boxplot

representation of the distribution of bL categorized by the dominant lithology.

The spatial distribution of bL and its coefficient of variation CV (bL) are mapped in Figure 4a.

Higher values of bL were found in high alpine contexts settled in crystalline rocks (Figure 4c)

compared to the ones found in lower detritic plateaus. CV (bL) range from 50 to 150% with

the highest values also located in the high alpine crystalline rock regions.  This is confirmed

by the statistical distribution of bL for the main ensemble of lithologies (i.e. unconsolidated

sediments, sedimentary and crystalline rocks), where crystalline rocks have higher values of

bL than unconsolidated sediments (Figure 4c).

4.3 ENSEMBLE CORRELATION OF RECESSION CONSTANTS WITH LANDSCAPE

CHARACTERISTICS

Results  of the statistical  analysis  are summarized  in Figure 5.  Figure 5a shows the main

groups of correlated variables in the 2 first components of the PCA, which explain 55% of

the total variance. In Figure 5b, we show part of the correlation matrix where the bubble size

scales with the Pearson’s correlation coefficient and the colors highlight positive and negative

correlation in red and blue respectively. From this analysis, we identify the main hydrological

and geomorphological variables that are correlated and their degree of correlation:

1. Constant of non-linearity bL and recession timescales τare correlated with each other

and are aligned with the first Principal Component showing the first controlling factor

of variance in the dataset;

2. bL and τ  are strongly correlated with geological and geomorphological properties of

the  landscapes,  with  a  positive  correlation  with  elevation,  watershed  slope,  and

crystalline  rocks  coverage,  and  negatively  correlated  with  depth  to  bedrock

(sedimentary cover), porosity and drainage density;

3. The coefficient of variation CV (bL) is correlated with the same set of parameters as

the average value of bL and τ ;

This  analysis  confirms  that  anomalously  high  values  of  bL are  observed  in  landscapes

dominated by crystalline rocks, high slopes, low drainage density and low depth to bedrock

while bL tends toward lower values in flat landscapes dominated by unconsolidated sediments

and high drainage density.
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We analyzed the structure of the correlations between the main hydrological parameters, i.e.

bL,  CV (bL) and  τ ,  with  the  geomorphological  and  geological  characteristics  of  the

catchments  (Figure 6). We specifically focused on: 1) the average slope of the basin, 2) the

drainage density, 3) the bedrock cover and 4) the depth to bedrock which controls most of the

variance in our dataset (Figure 5).

Figure 5. Results of the statistical analysis. In a) are displayed the 2 first components of

the  Principal  Component  Analysis  (PCA),  which  explain  55% of  the  variance.  The

eigenvectors  are  grouped  into  4  main  categories  according  to  the  nature  of  their

correlation, i.e. aligned with PC1 and PC2 and positively or negatively correlated. In b)

is  presented  the  correlation  matrix  of  some of  the  parameters  with  the  size  of  the

bubbles scaled with the Pearson’s coefficient and their colors revealing a positive (red)

or negative (blue) correlation.

As expected,  alpine  landscapes  with crystalline  basements  tend to  have a  higher  average

slope,  less  soil  development  (low depth to  bedrock)  and a  lower drainage density;  while

landscapes settled in the valleys and plateaus with thick unconsolidated sediments present a

much more developed river network. Hydrological behaviors for these two landscape end-

members evolve from anomalous bL with high variability in-between recessions toward lower

values of bL with low variability. These results highlight the strong control of landscape and
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subsurface  architectures  on  the  average  storage-discharge  relationship  from  anomalous

hydrological behaviors in alpine crystalline settings, to behaviors described by homogeneous

aquifer theory (bL=1.5) in systems dominated by detritic aquifers in valleys.

Figure 6.  Scatter plots showing the correlation between the constant of non-linearity bL

(error bars show the standard errors) and its variability σ (bL)/bL (organized as rows) as

a function of geomorphological (left column) and geological (right column) parameters.

a) bL and b) σ (bL)/bL vs average slope where symbols are color-coded according to the

drainage density; c) bL and d) σ (bL)/bL vs average depth to bedrock where symbols are

color-coded according to the proportion of crystalline rock cover. Error bars on the X
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axis  show  the  standard  deviation  for  the  main  geomorphological  and  geological

parameters.

4.4 PREDICTION OF RECESSION TIMESCALES

τ  is a critical parameter when evaluating the resilience of surface and groundwater resources

as it contains both a geomorphological information, by scaling with the hillslope length L2,

and a geological information being inversely proportional to diffusivity D (Eq. 2). We found

that effective diffusivities, estimated as L2/τ , range over one order of magnitude from 5 10−2

to 6 10−1 m2 s-1 (Figure 7a). This variability of values seems lower considering the variability

in lithological and structural settings across the 54 selected catchments, largely independent

of  the  catchment  area  sampled  by  the  stream  gauge  (Figure  7a).  From  Figure  7a,  we

distinguished 2 groups of values that can be differentiated according to their lithology, in this

case  taken  as  the  percentage  of  bedrock,  with  crystalline  rocks  globally  showing  lower

diffusivities than other lithologies. This differentiation is expected as crystalline rocks tend to

have lower permeability with respect to unconsolidated and sedimentary lithologies (Gleeson

et al., 2014).

Figure 7. a)  L2/τ , proxy for hydraulic diffusivity  D [m2
/s ], as a function of catchment

area  (error  bars  for  Y  axis  are  the  standard  errors),  and,  b)  Average  recession

timescales  estimated  from  single  recession  analysis  (error  bars  for  Y  axis  are  the

standard  errors)  vs  diffusion  timescales  computed  from  Eq.  2  (Brutsaert,  1994)
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accounting for the lithological interpolation of K  and φ from the GLHYMPS database

(Huscroft et al., 2018) (error bars for X axis illustrate the variability of τ  computed for

the range of K  and φ available in the GLHYMPS database).

We also compared the values of estimated  τ  with those computed with Eq.  2 assuming a

thick homogeneous aquifer with linearized Boussinesq flow solution (Figure 7b). Recession

analysis revealed values of τ  ranging from 10 to 110 days, with an average of 35 days. It is

noteworthy to highlight that this 35-day timescale is close to that previously proposed as a

representative estimate for effective groundwater parameters in several catchments (from 25

days in Brutsaert and Lopez  (1998) to 45 +/- 15 days in Brutsaert  (2008)), although those

estimates were assessed with a different method (based on the lower envelope) than the one

used here. However, Eq. 2 led to a much wider range of values, from 1 day to 104 days.

While  a few catchments  are displayed along the 1:1 line,  the vast majority  shows strong

deviations between observed and computed values. This result reveals the strong limitations

of  using Eq.  2  and effective  hydraulic  properties  derived from a lithological  database  to

estimate  streamflow recession  timescales  at  the  catchment  scale.  Indeed,  this  assumption

might  fail  in  representing  the  complex  architecture  of  groundwater  flow involved  in  the

subsurface.

5 DISCUSSION

Streamflow dynamics are controlled by numerous processes responsible for the transfer of

water at the catchment scale. Groundwater plays the central role in this control, especially

during baseflow periods, where the subsurface architecture shapes most of the dynamics and

resilience  of  the  system.  Our  analysis  revealed  unprecedented  spatial  and  temporal

variabilities in storage-discharge functions across the 54 selected catchments. This shows that

groundwater contribution is not restricted to the drainage of a homogeneous reservoir, where

the dynamics would be only controlled by effective hydraulic properties. This is confirmed

by the strong deviation of the observed streamflow recession constants from the ones derived

from analytical solutions considering homogeneous aquifers (Eq. 1 and 2). Here, we discuss

the first-order landscape characteristics  that may contribute to this  deviation.  We identify

which types of landscape are likely to display anomalous storage-discharge functions and

review current hypotheses regarding the main mechanisms that could be responsible.
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5.1 GEOLOGICAL AND GEOMORPHOLOGICAL CONTROLS ON EFFECTIVE

DIFFUSION TIMESCALES

Landscapes display immense variability in morphological traits, resulting from the complex

interplay among tectonic, erosive, biospheric and anthropogenic forcings. The European Alps

constitutes  a  unique  natural  laboratory  to  explore  this  variability.  Several  tectonic  and

lithological  units  can be distinguished, from the carbonates of the Jura Mountains,  to the

Molasse basins and the crystalline basements of the Infrahelvetic complex and the overlying

Helvetic  nappes  (Kühni  and Pfiffner,  2001;  Schmid et  al.,  2004).  These units  have been

shaped by nine major glacial - interglacial cycles since the mid-Pleistocene Transition that

have triggered valley incision and glacial sediment output (Haeuselmann et al., 2007; Muttoni

et  al.,  2003),  depositing  sediments  in  the  valley  bottoms  (Fox  et  al.,  2015;  Korup  and

Schlunegger, 2007; Leith et al., 2018; Sternai et al., 2013; Valla et al., 2011). The present-day

Alps can be considered an immature mountain range in which local relief  is significantly

greater than that which may be expected in a mature alpine setting, in which longitudinal

valley profiles reflect a balance between stream power and uplift rate, and hillslope gradients

are  determined by that  required  for  threshold  sediment  transport  (Hergarten  et  al.,  2010;

Howard and Kerby, 1983).  As such, most catchments presented in this study are likely to

demonstrate characteristics consistent with environments in disequilibrium, including, steep

non-linear hillslopes, migrating drainage divides, fluvial knickpoints and waterfalls, bedrock

landslides,  limited  soil  cover,  and developing  fracture  networks  consistent  with  strength-

limited hillslopes (Figure 8).

Theoretically, differences in effective timescales, τ , can be expected to be associated with the

variability  in  hydraulic  properties  of the rock mass,  with  τ  proportional  to  1/D=φ/(Ke)

(Eq. 2), and the effective length of subsurface flow paths, with τ  proportional to L¿2 (Eq. 2)

often estimated by the direct crest-to-stream distance,  (L in figure 1).  K ,  φ and  L are all

constrained  by the  intrinsic  mechanical  properties  of  the  rock mass:  i.e.  i)  K  and  φ are

inversely proportional to the rock strength; and ii) landscapes with more competent rocks

tend  to  display  larger  valley  spacing  (Perron  et  al.,  2009),  and  consequently  larger  L.

Although critical, the flowpath length L¿  (Figure 1) is a more difficult metric to estimate than

a crest-to-stream distance. It depends directly on the geometric characteristics of the basin

and of the drainage network (wavelengths, shape, slopes) as well as on the distribution of

hydrodynamic  properties  in  the subsurface.  Both the geology and the morphology of  the
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basin shape the groundwater flow paths: the variety of lengths, the dimensionality of flow

and its possible compartmentalization.

Our analysis revealed longer diffusion timescales for high alpine catchments while it appears

significantly lower in catchments developed in structural valleys and plateaus. High elevation

catchments are typically composed of low conductive and unweathered crystalline bedrock.

Low  conductive  bedrock  favors  high  water  tables  mostly  following  the  topography,

generating steep hydraulic gradients that favor both fast local flow and deeper paths through

the bedrock (Gleeson and Manning, 2008; Haitjema and Mitchell-Bruker, 2005). However,

catchments at lower elevations tend to be more compartmentalized with the development of

soils and the presence of detritic deposits. This compartmentalization induces strong contrasts

in diffusivity between aquifers which tend to concentrate fluxes in higher K  and φ zones in

the near surface (Figure 8).

Figure 8. In this figure we show conceptual representations in 2D cross sections of the

co-evolution  between  hillslope  morphological  and  hydrological  behavior  in  alpine

settings  with,  on  the  left  side,  an  example  of  glacier-dominated hillslope  with  steep

slopes, low drainage density where groundwater flow is mostly dominated by a poorly

diffusive fracture network with deep flow paths. This landscape shows high diffusion

timescales and storage-discharge non-linearity. On the right side is presented a hillslope

with typical fluvial features influenced by advanced erosion and weathering, where the

stream  network  density  increases.  Groundwater  is  organized  in  shorter  flow  path
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lengths  following  the  topography.  This  results  in  an  evolution  toward  streamflow

recessions typical of drainage of thin homogeneous aquifers.

The  lithological  constraint  is  classically  used  to  calibrate  the  recession  timescale  τ .  Our

estimations of aquifer diffusivity, approximated by L2/τ  (Figure 7a.), confirmed lower values

for crystalline-dominated catchments compared to the ones where detritic and sedimentary

formations are involved. In the meantime, we found several order of magnitudes differences

between the observed τ  and the ones obtained analytically relying on the linearization of the

Boussinesq  equation  (Eq.  2)  where  average  values  of  transmissivity  and  porosity  are

extracted from global databases  (Huscroft et al., 2018; Shangguan et al., 2017). While this

result  highlights  the strong limitations  of  i)  the global  databases  in  representing  relevant

hydraulic  properties  to  describe  catchment  scale  processes,  and,  ii)  the  linear  theory  to

capture the groundwater flow complexity, such differences in the ranges of values spanning

several orders of magnitude was unexpected. From this result, we can argue that considering

the lithological constraints alone do not allow a full description of the complex interactions

between  the  subsurface  and  streamflow  dynamics.  The  simplification  of  local

geomorphological, hydrogeological and climatic processes that might control the distribution

of flow paths  introduce strong biases when estimating baseflow recession timescales  and

sensitivity to drought.

5.2 HETEROGENEOUS LANDSCAPES LEAD TO ANOMALOUS STORAGE-

DISCHARGE RELATIONS

Anomalous  values  of  bL reflect  strong  non-linearities  between  storage  and  discharge

revealing potential controls from subsurface heterogeneity. The data presented in this work

show a gradient in the storage-discharge relation across the 54 catchments with high alpine

landscapes  tending to  have  greater  values  of  bL than  catchments  located  in  the  low-land

valleys and plateaus.

Landscapes are heterogeneous due to the organization of the topography (slope and hillslope

length distributions) and subsurface (permeability, porosity and compartmentalization). Slope

has been previously identified as a major driver for sustained low flows (Carlier et al., 2019,

2018) and higher bL values (Karlsen et al., 2019; Mcmillan et al., 2014; Pauritsch et al., 2015;

Rupp and Selker,  2006) resulting  from the  combined effect  of  kinematic  flow and steep

hydraulic gradients. Geology and subsurface heterogeneity exert additional controls on the
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storage-discharge non-linearity in steep alpine catchments. Conceptually, anomalous storage-

discharge  functions  can  be  explained  by  multiple  linear  reservoirs  with  different

characteristic timescales  (Perrin et al., 2003), where the degree on non-linearity scales with

the variance in the distribution of  τ  (Harman et al., 2009). Our results suggest higher non-

linearity in catchments dominated by unweathered bedrock at high elevation. In such context,

groundwater flow and storage are controlled by a complex network of fractures and faults

(Forster  and  Smith,  1988;  Maillot  et  al.,  2016;  Welch  and  Allen,  2014) with  an  overall

decreasing  trend  in  hydraulic  properties  with  depth  (Achtziger-Zupančič  et  al.,  2017;

Rojstaczer  et  al.,  2008).  The  strong  variability  in  hydraulic  properties,  flow  length  and

connectivity of the fractured bedrock favor high storage-discharge non-linearity. In addition,

steep hillslopes  might  be subject  to  strong three-dimensional  effects  during drainage that

might  influence  storage-discharge  behavior,  i.e.   (1)  stream network  contraction  in  head

basins  during  drainage  (Biswal  and  Marani,  2010;  Ghosh  et  al.,  2016;  Prancevic  and

Kirchner, 2019), and, (2) the rotation of flow length during drainage from perpendicular to

parallel to the main stream channel controlled by hillslope angle with respect to stream slope.

Both processes progressively increase the effective flow path length during drainage, which

in turn increases the effective diffusion timescale (Jachens, 2020).

Moreover,  catchments  settled  in  weathered  landscapes  tend  toward  more  homogeneous

groundwater flow regimes. The development of fractures, soils and detritic aquifers in the

near- surface with greater hydraulic conductivity concentrate groundwater flow, subparallel

to  the  topography.  In  this  configuration  of  simpler  groundwater  flow  regimes,  storage-

discharge relations show lower non-linearity and lower drainage timescales (Figure 8).

While this convergence toward homogenization suggests that the assumption of Boussinesq

flow could be valid, the dynamics of none of the 54 catchments analyzed here were well

described with this assumption. Observed bL from single recession analysis always deviated

from the  predictions  established  by  the  analytical  solutions.  Quantifying  the  relationship

between  aquifer  compartmentalization,  permeability  architecture  and  storage-discharge

behaviors at the catchment scale remains one of the main challenges in hydrology.
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5.3 INITIAL CONDITIONS AND MEMORY EFFECT DURING RECHARGE

CONTRIBUTE TO THE EMERGENCE OF NON-LINEAR STORAGE-

DISCHARGE

Catchments  with  high  storage-discharge  nonlinearity,  bL,  were  located  in  high  elevation

bedrock catchments, and had higher coefficients of variation CV (bL). In these contexts, the

storage-discharge behaviors are non-stationary and may change between recharge events. The

initial conditions of saturation prevailing before the beginning of the recession might exert a

strong impact in controlling the following discharge dynamics (Karlsen et al., 2019; Tashie et

al.,  2019).  A conceptual  explanation  would  suggest  that,  in  a  heterogeneous  subsurface,

groundwater flow is composed of a superposition of fast and slow drainage features, leading

to complex recharge-storage- discharge superpositions between events (Harman et al., 2009;

Jachens et al., 2020).

Alpine  aquifers  tend  to  include  thick  unsaturated  zones,  spanning  over  several  tens  to

hundreds of meters  (de Palézieux and Loew, 2019). In addition, low effective porosities of

bedrocks  favor  strong  seasonal  variations  of  groundwater  levels,  mainly  controlled  by

snowmelt recharge  (Cochand et al.,  2019; Manga, 1996; Safeeq et  al.,  2013; Somers and

McKenzie, 2020). Assuming unconfined aquifers involved in a fractured bedrock, it means

that the effective transmissivity can strongly and quickly evolve with the saturated thickness

at the onset of drainage. It also implies that slow infiltration through the unsaturated zone

might induce temporary storage that would be progressively released over long timescales

(Luo  et  al.,  2018;  Rupp et  al.,  2009;  Tashie  et  al.,  2019;  Wang,  2011).  Those  dynamic

processes  co-evolving during infiltration,  saturated flow and discharge in  Alpine bedrock

catchments provides stream baseflow recession with a high variability in behaviors across

recharge events.

5.4 CO-EVOLUTION OF LANDSCAPE MORPHOLOGY AND HYDROLOGY:

CHALLENGES FOR THE REPRESENTATION OF GROUNDWATER FLOW FOR

LARGE-SCALE MODELING

Results revealed an unexpected diversity of streamflow behaviors across landscapes. They

suggest that the spatial variability in drainage timescales and storage-discharge non-linearity

are tightly linked to geomorphological contexts, for which first-order proxies, i.e.  lithology,

slope, drainage density and depth to bedrock, can be used to anticipate complex behaviors.
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This co-evolution implies that consideration of properties associated with geomorphological

maturity and / or equilibrium (e.g. relief, hillslope angle, soil formation, bedrock fracturing,

and  drainage  patterns)  and  hydrological  characteristics  (stream  network  architecture  and

dynamics, hydraulic properties) cannot be disentangled if one aims at properly capturing the

dynamics involved during the transfer of water, especially during baseflow regimes for which

groundwater is the main contributor to stream discharge.

Predicting the resilience of landscapes to climate and anthropogenic modifications will then

require  an  improvement  in  the  manner  in  which  groundwater-surface  interactions  are

considered  in  numerical  models  (Clark  et  al.,  2015).  This  raises  a  two-fold  modeling

challenge from considerations of different geologic and geomorphic settings:

1. How to inform the model of relevant storage-discharge relationships?

2. How  to  parametrize  models  with  equivalent  hydrodynamic  properties  of  the

subsurface that properly capture the dynamics?

Addressing these challenges requires:

1. building  a  global  dataset  describing  the architecture  of the subsurface  (Fan et  al.,

2015),  where  depth  to  bedrock,  catchment  scale  hydrodynamical  parameters  and

anthropogenic pressures would complement the lithological description;

2. building  global  databases  of  hydrosystem behavior  for  wide ranges  of  geological,

climatic  and  anthropogenic  contexts,  with  homogeneous  data  and  information,  in

order to apply systematic data analysis and test current models (eg. CAMELS dataset

from Addor et al. (2017));

3. strengthening  collaborations  between communities  involved in  field  and modeling

activities  for  geomorphological,  climatic  and  hydrological  studies.  These

collaborations would allow the definition of relevant indicators and models to predict

the processes involved at the interface between groundwater and surface water.

Such  initiatives  would  contribute  to  better  define  coupled  groundwater-river  interactions

within Earth System Models (Burek et al., 2020), focusing on the definition of pertinent sub-

scale parametrization of lateral subsurface flow involved at the catchment scale.
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PERSPECTIVES

In introductory courses in hydrology, geomorphology, and geology, we are all introduced to

the idea that the landscape is a coupled system.  We learn that water flowing through the

landscape  encounters,  alters,  and  weathers  rocks  with  different  properties  that,  in  turn,

influence the pathways by which water flows through the landscape. We also learn that the

movement of water through the landscape carves and shapes that landscape,  and that the

shape of the landscape, in turn, changes the way water moves.  These concepts of landscapes

evolving and co-evolving in response to these forcings underlie the emerging field of critical

zone  science  (Brantley  et  al.,  2011;  Fan,  2015).   Yet  a  coherent  and  comprehensive

understanding of these linkages still awaits us, in large part because we are still searching for

integrated  models,  both  conceptual  and  physical,  that  allows  us  to  recognize  general

principles  that  underlie  the  specific  mechanisms  and  processes  at  work  in  any  given

landscape. The work reported here is only a start towards these more general principles, but

we offer the evolutionary sequence shown in Fig. 8 as at least a testable hypothesis for how

hydrological behavior might change over the course and timescales of landscape evolution.

We look forward to the emergence of other competing hypotheses, and the tools and insights

necessary  to  test  alternative  three-dimensional  models  of  coupled  hydrogeomorphic

landscape trajectories.
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