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1. Hydrologic processes and storages
Here, we provide the equations which were used to implement the hydrologic processes.

Constant model parameters are listed in Table S2.

1.1. Surface storage

Storage capacity (i.e.  available storage volume) of lower interception storage
Sint—tower—tot (mm) is land use dependent. Parameters used for grassland are shown in
Table S1.

Leaf area index LAI (-):

Sintflowerftot
LAl = ———— S1
0.2 (S1)

Fraction of ground cover fyound—cover (-):

fground—cover =1- 0-7LA] (82)

1.2. Soil storage

Soil storage divides into a root zone layer rz (i.e. upper soil) and a subsoil layer ss
(i.e. lower soil). The two soil layers share the same soil hydraulic parameters. However,
absolute storage values are different due to different thickness of the layers. Root depth
(Zroot; mm) is shown in Table S1.

Soil hydraulic parameters are calculated with the Brooks-Corey scheme (Brooks &

Corey, 1966). Pore size distribution parameter A is calculated as:

A= —— S3
1Ef) (53)

wfc
wWpwp
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X-3
where hy,. is soil water potential at field capacity (hPa; hy.=63) and hy,, is the soil water
potential at permanent wilting point (hPa; h,,,=15850)

Pore size disconnectedness index m:
a
=b+ — S4
m + \ ( )

where a and b are parameters with a fixed value of 2.

Salvucci exponent n (Salvucci, 1993):
n=A-a+b (S5)

Effective soil water content at field capacity wy. (-):

O
wre =g (S6)

where 6. is soil water content at field capacity (-) and 6,4 is soil water content at satu-
ration (-).

Effective soil water content at permanent wilting point wy,, (-):

Opu
Wpwp = Qp_f (S7)

where 6, is soil water content at permanent wilting point (-).

Effective soil water content w (-):

0
“ esat ( )
Air entry value h, (i.e. bubbling pressure, hPa):
ha = wPpr ’ (_1) ’ hpwp (89)
Soil water potential h (hPa):
he
WX
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Wetting front suction ¢; (mm):

2+ 3\
by = (S11)
(1+3X) - . (—10)
Hydraulic conductivity & (mm h-1):
k
k= > S12
14+ wm (512)
Soil water content at 107 hPa 6y7 (-):
h AbeOsat
theta27 = T(W (813)
Soil water content at 10* hPa 6 (-):
h AbeOsat
theta4 = TO4 (814)
Soil water content at 10° hPa 6 (-):
h AbeUsat
thetag = — 0 (S15)
Soil moisture deficit Af (-):
A0 =054 — 0, (516)

1.3. Interception

Interception storage is represented by a bucket. The storage is filled by liquid and solid
precipitation and spills if the storage is full. Interception at lower interception Storage
Sint—tower (mm A1)

Interception at lower interception Storage Sini—jower (MM At‘l):

ASz’m&—lmver _ { PREC(Z) PREC(Z) < Stotfintflower - Sintflower

i S17
At Stot—int—lowe'r — Sint—lowe'r PREC(Z) > Stot—int—lower - Sint—lower ( )
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1.4. Snow

Solid precipitation accumulates in the interception storage and at the land surface if
air temperatures are below 0 °C. Snow melt occurs for air temperatures above 0 °C and
is based on degree-day approach. Snow melt runoff is initiated if liquid storage of the
snow cover (Ssnow—1) exceeds the retention capacity of the snow cover. Retention capacity
Ssnow—ret (M)

10000
Ssnow—ret - T00—rmas swe (818)

100

where 7,,,, is the retention factor of the snow cover (%) and swe is the snow water
equivalent of the snow cover (mm).

Snow melt Gspop (Mm):
Qsnow = Sf * (TA - TAm) - At (819)

where s; is the degree-day factor (mm °C~ h™1), T'A is the air temperature (°C), T 4,,

is equal to 0 °C and At is time step (h).

1.5. Evapotranspiration
The calculation of evapotranspiration requires daily potential evapotranspiration, which

is calculated with the Makkink formula (Makkink, 1957):

A rs
with
L(TA) = ¢, - (284 —0.028 - TA) (S21)
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where A is the saturation slope vapour pressure curve (kPa °C~') at TA, ~ is the
psychometric constant (kPa °C~!), r, is the measured or calculated solar radiation (M.J
m~2 day™'), L is the special heat of evaporation (MJ m™ mm™'), ¢, is a conversion
factor (¢ = 0.0864), clppr is the Makkink coefficient (-) and c2pgr is the Makkink
coefficient (mm day™1).

Actual evapotranspiration is energy-limited or water-limited, respectively. The evapo-
transpiration processes sequentially subtract from PET.

Evaporation from interception storage EV AP jower (mm At™1):

Sint—lower PETres > Sint—lower

PET’I’ES PET’I’ES S Sint—lower (822)

EVA-Pint—lower = {

Soil evaporation EV AP,,; (mm At~!) implemented with Stage I-Stage II approach (Or
et al., 2013). Threshold between Stage I and Stage II is defined by readily evaporable
water S, Within Stage I capillary flow connects to soil surface (i.e. constant evaporation

rate) whereas within Stage II capillary flow collapses (i.e. vapour diffusion rate).

EVAP = PETres . Cevap (823)
with 7
1 - maxg(}oundf;:over ) EVAPd S Srew
ground—-cover
Corap = | 1 = prappradconer . Su - BGAls G, < EVAPy < Sieu (S24)
0 EVAPd > Stew

where EV AP, is the cumulated soil evaporation since last rainfall (mm) and S, is the

total evaporable water (mm)

Stew = (efc —-0.5- prp) * Zevap (825)
0.02 Opuop < 0.02
Opwp
Srew = § T2 Opup > 0.02&0,,,, < 0.24 (S26)
0.24 O > 0.24
Srew
Zevap = 0.24 * Zevap—mazx (827)
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where Zeyap—maz 15 the maximum length of soil capillaries connected to the soil surface
(MM Zepap—maz=150)

Transpiration TRANSP (mm At™!) with seasonally-variant transpiration coefficients

Ciransp aNd water stress coeffcient of transpiration ¢iansp—stress:

TRANSP = PETyes - Cransy (S28)
with
fground—cove'r
c _ >1
C — ma‘x(fg'roundfcover) transp—stress — (829)
transp ground—-cover .c c < 1
max(fg’roundfco'ue'r) transp—stress transp—stress
0—0
pwp
Ctransp—stress — 9 ] (SSO)
f pwt " Yfec — Upwp

where f,,: is the fraction of plant water stress (-; f,,:=0.75)

1.6. Infiltration

At the onset of rainfall or snow melt, we calculate event-specific parameters (e.g. soil
moisture deficit Af). For each event, we use two wetting fronts (wf1 and wf2). The
second wetting front is active after a rainfall pause (i.e. calculation of event-specific
parameters of wf2). wf2 is active while wetting front depth of w2 is less than wetting
front depth of wf1l. In the following are the equations applied for dual-wetting front
approach.

Total infiltration INF' at time step ¢ (mm A¢™!):
INF = INF0 + INF,,, +INF, (S31)
Determining interval (is) when rainfall exceeds infiltrability within the current event:

;o { novalue (PREC(i) — ks - At) - 22:1 PREC(i) < ks - At - A0 -1y (S32)

i
i (PREC(i) — ky - At- 30, PREC(i) > ky - AL - A6 -1,
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where PREC is precipitation (mm At™'), k, is the saturated hydraulic conductivity of

the soil matrix, Af is the soil moisture deficit (-) and v is the wetting front suction (mm)

Threshold rainfall intensity PREC,, (mm A¢!):

AG -y
PREC,, =k, - At - (Zi‘“‘l PRJ};C(z') + 1)
=1

-G -1-A
BTN (- 1)- At + e SLLO Y AL SNl PREC,

PREC(is)-(PREC (is)—ks-At) PREC (is)

Infiltration at time step of saturation F, (mm At~1):

Ny

F p—
* " PREC(iy) — ks - At

Matrix infiltration TN F,,,; at time step ¢ (mm At~1):

o Zo<INFmp pot
INFmat_{INFmat —pot ZO>INFmp pot

(933)

PREC(i,) < PREC,,
PREC(i,) > PREC,,

(S34)

(935)

(936)

where zj is the surface ponding (mm; i.e. residual rainfall after interception or snow melt).

with potential matrix infiltration at time step ¢ TN Ft—por (mm A¢~1):

;

PREC(t)

[NFmat—pot = \ B 4F2

R
2 4B | AF2
1442 125

with auxiliary variables:

A=Kg-(t—t,)
B=F,+2-A0 -

Wetting front depth 2, (mm):

S IN Fran(i)
e v
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ts >t
(S37)

ts <t
(S38)
(939)
(S40)



where 7, is interval of the event start.

Macropore infiltration I N F,,, at time step ¢ (mm A¢ ') following Weiler (2005):

INp = L (=) 0 <y (1 O < INE, (s41)
"™ UINFEpppot 20 (1—e ") S INFopy por
where zj is the surface ponding (mm; i.e. matrix infiltration excess).
with potential macropore infiltration I N F),, .. at time step ¢ (mm At
JAVANRNAN; |
INFpppot = 7 - (ymp<t)2 — Ymp(t — At)Q) " Pmpuv ﬁt (S42)

where py,,, 18 density of vertical macropores (m?) and Az, depth of non-saturated macro-
pore (mm)

Radial distance of the macropore wetting front y,,, (mm):

o =3 bi/; 3R g (543)
a=N70-r7 (S44)
b=r-A0-(12¢c —a+2V6 - /c- (6c— a) (S45)
€= tmp - ks - Vs (S46)

Duration of macropore infiltration t,,,, (Ymp=7mp at time t=0)

Ae y3 y2 r 7,,3
o (Yme _ Ymp"  Tp 4
P U, (3 2 6 (547)

where 7,,, is the radius of the macropore (mm; r,,,=2.5). Macropore infiltration stops if
2wy is greater than l,,,,.
Shrinkage crack infiltration I N F, at time step ¢ (mm At~!) following Steinbrich, Leis-

tert, and Weiler (2016):

20 20 S [NFscfpot

INFscfpot Zp > [NFscfpot (848)

INF,. = {
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where zj is the surface ponding (mm; i.e. macropore infiltration excess).

Potential shrinkage crack infiltration I N Fy. . at time step ¢ (mm At™1):

[NFscfpot =2 lsc : (ysc(t) - ysc(t - At)) : At

Azg - A0

(S49)

where [ is the horizontal length of shrinkage cracks (mm m™2) and Az, is the depth of

non-saturated shrinkage crack (mm)

Horizontal distance of the shrinkage crack wetting front ys. (mm):

(t)_ 2'l{;s'\ljs'tsc
Yscll) = A9
;  Yset — AL)? - A
o 2'/%'%

Calculation of depth of shrinkage cracks z,. at beginning of event:

700 - clay 0,, <0,
Zse = 4 700 clay - (1= g55) 04 < O < O
0 87’2 > 827

with clay content of soil clay (-)

claYmaz + (0 — claymin)
0.3

clay =

(S50)

(S51)

(S52)

(953)

where clay,, is the lower limit of clay content (-; clayi,=0.01) and clayq. is the upper

limit of clay content (-; clay,a=0.71). I N F,. occurs only if shrinkage cracks are available

and stops if 2, is greater than z,..

1.7. Surface runoff

Hortonian surface runoff qgor at time step ¢ (mm A¢~1):

 [PREC — INT — INF PREC — INT — INF >0
qHor =1 PREC — INT — INF < 0

Saturation surface runoff ggor at time step ¢ (mm A¢™'):

0 S Ss t—soil S 0

o {Ssoil - Ssat—soil Ssoil - Ssat—soil >0
4sor = o
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where Syqi—soi 18 soil water content at saturation (mm) and S and soil water content

at time step ¢ (mm).

1.8. Percolation/Capillary rise
Vertical flux ¢, (mm A¢™1):

{ Coat/ha) "—(h/h) ", <
v =

15 (/ha) "+ (7—1) (2eat [ha) "
Zsat ha)in

1+ (n—1)(zsat/ha)™™

(S56)

Zgw > 10
where 2, is the depth of groundwater table (m). For ¢, < 0 soil water moves in downward
direction and for with ¢, > 0 soil water moves in upward direction.

Percolation gpee (mm At 1):

ks Zsat > 0
Qperc = qv * <_1) qy < O&Zsat =0 (857)
0 Gv > 0& 250t =0

where z4,; is saturation water level at the soil-bedrock interface (mm).

Percolation might be limited by permeability of bedrock (ky, mm A1), if g, exceeds
ky.

Saturation water level zg,; (mm) rises while saturation from top is connected to the

bedrock interface:

Slp—ss Slp—ss >
Z Znom
Zsat = Oac Sgga_css P (858)
Zsat " Oue < Znomp

with thickness without macropores 2,om, (mm):

Znomp = { 0 Zsoil — lmpv — Zgat < 0 (859)

Zsoil — lmp'v — Zsat Rsoil — lmpv — Zsat > 0
where Sj,_,s is soil water content in large pores of subsoil (mm). 24, is reduced by
percolation gperec-

Capillary rise g (mm At™!):

_J0 G <0
Gewr = { Gv Qv Z O&Zsat =0 (860)
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2. RoGeR - Monte Carlo analysis and Sensitivity analysis

Dotty plots of hydrologic Monte Carlo simulations are shown in Figure S3. Since best
parameter values are not close to the parameter boundaries, the Monte Carlo approach
provides a robust and hydrologically coherent estimation of the parameters. Sobol’ indices
of hydrologic Monte Carlo simulations are shown in Figure S8.

In addition to the single-parameter power law distribution function (see equation (7)),
we implemented SAS with a dual-parameter distribution function (Figure S6) using the

Kumaraswamy distribution function (Kumaraswamy, 1980):

QQ(T> t) =1- (1 - (Ps(T> t)a)b) (861)

with two parameters a and b, the Kumaraswamy distribution function provides a greater

flexibility than a power law distribution function.

3. RoGeR - Model evaluation per hydrologic year
For further evaluation, we cumulated values for each year and compared hydrologic

observations with best 100 hydrologic simulations. The results are shown in Figures S11,

S12 and S13.

4. HYDRUS-1D - Model setup and dotty plots of Monte Carlo simulations

We use HYDRUS-1D with dual-porosity domain for which transfer is proportional to the
effective saturation (Simtnek et al., 2016). The model setup is summarized by Table S3.
The soil is represented by a single layer. Input data comes with a daily temporal resolution.
We modified precipitation input with the snow and interception routine of RoGeR. The

partition of potential evapotranspiration in potential transpiration and potential soil evap-
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oration is based on ground cover root depth (i.e. same values is for RoGeR). The potential
root water uptake distribution is calculates as proposed by Hoffman and Van Genuchten
(1983). Initial conditions for §'0 of soil water are derived by a warmup period of 2 years
(1997-1998). Initial soil water potentials are set to 100 hPa. Galerkin Finite Element
method (Az=2 cm) was used for the spatial discretization and Crank-Nicholson approach
(At=0.01 day) was used for the temporal discretization. Convergence criteria is an ab-
solute volumetric water tolerance of 0.001 for the unsaturated nodes and a pressure head
tolerance of 1 cm for the saturated nodes.

In order to calculate forward travel time distributions and residence time distributions,
we followed the approach described in Brinkmann et al. (2018). Since forward travel time
distributions and backward travel time distributions relate to each other (Benettin et al.,
2015), we calculate from forward travel time distributions the corresponding backward
travel time distributions to enable a comparison with RoGeR. In order to avoid truncated
travel time distributions, we skipped the first 1000 days to estimate backward travel time
distributions.

We run 30 000 Monte Carlo simulations with HYDRUS-1D to derive a well performing
parameter set which is used for benchmark simulations (see Table S3). Dotty plots of
Monte Carlo simulations with HYDRUS-1D are exhibited in Figure S14. From the Monte
Carlo simulations, we selected the best performing parameter set according to equation

(10). This procedures provides robust and realistic parameter set (see Figure S14).
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5. HYDRUS-1D - Soil water, 6'80 of soil water and mean residence time of

soil water

The temporal evolution of soil water content (Figure S15) and §'%0 (Figure S16) in
soil water simulated with HYDRUS-1D reveals that events with little precipitation stuck

within the upper soil (< 40 cm).

References

Benettin, P., Rinaldo, A., & Botter, G. (2015). Tracking residence times in hydrological
systems: forward and backward formulations. Hydrological Processes, 29(25), 5203-
5213. Retrieved from https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp
.10513 doi: https://doi.org/10.1002/hyp.10513

Brinkmann, N., Seeger, S., Weiler, M., Buchmann, N., Eugster, W., & Kahmen, A.
(2018). Employing stable isotopes to determine the residence times of soil water
and the temporal origin of water taken up by fagus sylvatica and picea abies in a
temperate forest. New Phytologist, 219(4), 1300-1313. Retrieved from https://nph
.onlinelibrary.wiley.com/doi/abs/10.1111/nph.15255 doi: https://doi.org/
10.1111/nph.15255

Brooks, R. H., & Corey, A. T. (1966). Properties of porous media affecting fluid flow.
Journal of the Irrigation and Drainage Division, 92, 61-90.

Hoffman, G. J., & Van Genuchten, M. T. (1983). Soil properties and efficient water use:
Water management for salinity control. Limitations to Efficient Water Use in Crop
Production, 73-85.

Kumaraswamy, P. (1980). A generalized probability density function for double-bounded

random processes. Journal of Hydrology, 46(1), 79-88. Retrieved from https://

February 22, 2023, 4:12pm



X-15

www.sciencedirect.com/science/article/pii/0022169480900360 doi: https://
doi.org/10.1016/0022-1694(80)90036-0

Makkink, G. F. (1957). Testing the penman formula by means of lysimeters. Journal of
the Institution of Water Engineers, 11, 277-288.

Or, D., Lehmann, P.; Shahraeeni, E., & Shokri, N. (2013). Advances in soil
evaporation physics—a review. Vadose Zone Journal, 12(4), vzj2012.0163.
Retrieved from https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/
vzj2012.0163 doi: https://doi.org/10.2136/vzj2012.0163

Salvucci, G. D. (1993). An approximate solution for steady vertical flux of moisture
through an unsaturated homogeneous soil. Water Resources Research, 29(11), 3749-
3753. Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/10
.1029/93WR02068 doi: https://doi.org/10.1029/93WR02068

Steinbrich, A., Leistert, H., & Weiler, M. (2016, Nov 02). Model-based quantification of
runoff generation processes at high spatial and temporal resolution. Enwvironmental
FEarth Sciences, 75(21), 1423. Retrieved from https://doi.org/10.1007/s12665
-016-6234-9 doi: https://doi.org/10.1007/s12665-016-6234-9

Weiler, M. (2005). An infiltration model based on flow variability in macropores: devel-
opment, sensitivity analysis and applications. Journal of Hydrology, 310(1), 294-
315. Retrieved from https://www.sciencedirect.com/science/article/pii/
S0022169405000132 doi: https://doi.org/10.1016/j.jhydrol.2005.01.010

Simtnek, J., van Genuchten, M. T., & Sejna, M. (2016). Recent developments and
applications of the hydrus computer software packages. Vadose Zone Journal, 15(7),

vzj2016.04.0033. Retrieved from https://acsess.onlinelibrary.wiley.com/doi/

February 22, 2023, 4:12pm



X-16

abs/10.2136/vzj2016.04.0033 doi: https://doi.org/10.2136/vzj2016.04.0033

February 22, 2023, 4:12pm



6]

1997 1998 1999 2000 2001

Figure S1.

moisture conditions.

Table S1.

2002 2003 2004 2005 2006

Time [year]

2007

Moving average (5 days) of observed soil water content to define antecedent soil

Surface parameters and root depth of RoGeR for land use class grass (1u_id=S8)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
fground—cover |-] 0.51 0.51 0.66 0.76 0.83 0.83 0.83 0.83 0.83 0.66 0.59 0.51
LAT [] 2 2 3 4 5 5 5 5 5 3 25 2
Simt—tower—tor nm] 0.4 04 06 08 1 1 1 1 1 06 05 04
Zroot (10N 400 400 400 400 400 400 400 400 400 400 400 400
Table S2. Constant model parameters of RoGeR
Constant parameters Unit Value
Degree-day factor Sf - 3
Threshold air temperature of freeze/melt tagm degC 0
Retention capacity of liquid water in snow cover T'max % 30
Threshold duration of no rainfall/snow melt tend—ecvent h 5
Threshold for classification of heavy rainfall event hpi mm 10 min~* D
Radius of macropores Tmp mm 2.5
Maximum length of shrinkage cracks lse mm m~2 10000
Parameter for Brooks-Corey Ape - 2
Parameter for Brooks-Corey bpe - 2
Fraction for plant water stress fpwt - 0.75
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Figure S2.

10 11 12 01 02 03 04 05 06 07 08 09
Time [month]

1999
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2002

1T 1 11T 1 1 11 17
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2005

=\ AN

.
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11 12 01 02 03 04 05 06 07 08 09

Time [month]

PREC

PREC (corrected)

AET + PERC

dS from fluxes

dS from fluxes (corrected)
dS from weight

Cumulated values per hydrologic year of measured precipitation, evapotranspira-

tion, storage change and lysimeter seepage at Rietholzbach lysimeter from 1997 to 2007.
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Dotty plots of hydrologic model parameters for Monte Carlo 680 simulations with

RoGeR. Red dot indicates best simulations according to KGFE.
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Figure S5. Dotty plots of SAS parameters for Monte Carlo §'80 simulations with RoGeR.

The red dot indicates best simulations according to KGFE.
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values with HYDRUS-1D (grey) in year 2007. Simulated values are shown for best parameter
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otranspiration (red) shown for best 100 simulations according to E,,.u;. Values are cumulated

for each hydrologic year. The grey line indicates the benchmark simulation with HYDRUS-1D.
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Figure

S12.

Comparison of cumulated storage change (blue) and simulated storage change

(red) shown for best 100 simulations according to E,,.;;;. Values are camulated for each hydrologic

year. The grey line indicates the benchmark simulation with HYDRUS-1D. From 1997 to 1999

no observations on storage change were available.
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Figure S13.  Comparison of cumulated percolation (blue) and simulated percolation (red)
shown for best 100 simulations according to E,,.;. Values are cumulated for each hydrologic

year. The grey line indicates the benchmark simulation with HYDRUS-1D.
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