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Introduction

The supplement consists of 6 text files, 10 figures and 3 tables. The individual sections contain an overview of the different
modeling scenarios (Table S1), the precipitation time series created for testing the influence of the sequence of events (Fig.
S1) and the table containing all distributions metrics for those 15 scenarios (Table S3), the tracer mass in storage, the
cumulative tracer mass of the outflux and the cumulative mass balance errors for the 36 scenarios (Fig. S2), methods for the
computation of TTD metrics (Text S1, Fig. S3), methods for and results from the determination of young water fractions
(Text S2, Fig. S4, Table S2), TTD smoothing (Text S3, Fig. S5), the derivation of TTDs from tracer breakthrough curves
(Fig. S6), the analysis of spatial tracer distribution over the catchment and in its profile (Text S4, Fig. S7), outflow
probability distributions plotted against cumulative outflow (Fig. S8), a method to add power law tails to AD or Gamma
probability distributions (Text S5, Fig. S9) as well as an example of using TTDs for reactive solute transport applications
(Text S6, Fig. S10).
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Text S1.

1) The first quartile (Q,) was determined via the cumulative TTD. It is the transit time when 25 % of the applied tracer mass
has left the system.
2) The median (Q.) was derived similarly (when 50 % of the applied tracer mass has left the system).

3) The mean transit time (mTT) was calculated according to Eq. S1:
mTT = Y(J2o™ = At * t). (S1)

4) The third quartile (Q3) was again determined with the help of the cumulative TTD (when 75 % of the applied tracer mass
has left the system).
5) The standard deviation (o) is a measure describing the dispersion of a distribution, with a small standard deviation

pointing towards the data point cloud being clustered closely around the mean. It was calculated according to Eq. S2:

o =JXUX™ % At * t?) — mTT? . (S2)

6) The skewness (v) is a measure that informs about how much a distribution leans to one side of its mean. A negative skew
means that the distribution leans towards the right (the highest concentration follows after the mean), a positive skew
indicates that the distribution leans towards the left (the highest concentration is reached before the mean). It was calculated

according to Eq. S3:

_ YUSa ™ At+t3)—(3¥mTT*02)—mTT3

v = (S3)
7) The excess kurtosis (y) was calculated according to Eq. S4:

NOTM syt 4
y = XUout *Atx(t—mTT)™) 3. (84)

ps
A positive excess kurtosis means that a distribution produces more extreme outliers than the Gaussian normal distribution, so
this measure is related predominantly to the tail of the distribution — and only to a lesser extent to its peak. For positive
values of the excess kurtosis, the tail of the distribution approaches zero more slowly than a normal distribution while the
peak is higher (leptokurtic). For negative values of the excess kurtosis, the tail approaches zero faster than a normal
distribution while the peak is lower (platykurtic). There is no unanimous consent on the mathematical definition of what
constitutes a “heavy” or “light” tail. According to some sources heavy tails are those tails that have more weight than an
exponential tail — a definition which corresponds to heavy-tailed distributions being defined as possessing an increasing
hazard (rate) function (Kellison and London, 2011). This definition would place Gamma distributions with shape parameters
o < 1 clearly in the category of heavy-tailed distributions and Gamma distributions with shape parameters a > 1 in the
category of light-tailed distributions. Other sources, however, attribute heavy tails only to distributions with infinite moment
generating functions (Rolski et al, 2009). Therefore we are not using the (absolute) terms heavy-tailed or light-tailed to

describe the TTDs but rather just refer to “heavier” and “lighter” tails.
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Text S2.

We calculated young water fractions for the best-fit Gamma distributions to see how they are influenced by catchment and
event properties. The young water fraction (Fy,,) constitutes the fraction of water in discharge with an age below 2.3 months
(Jasechko et al., 2016; Kirchner, 2016).

Modeled Fy,, from the best-fit Gamma distributions ranged from 4 % to 100 % (Table S2). We also determined F,, directly
from the modeled TTDs. They ranged from 0 % to 61 %. The F,, derived from the best-fit Gamma distributions and directly
from the modeled TTDs differed considerably, especially for the scenarios with larger Fy,,. The Fy,, derived directly from the
modeled TTDs were almost always smaller than the ones derived from the best-fit Gamma distributions.

In general, Fy, increases with increasing Py, dan, Ks and with decreasing Dy (Fig. S3). The highest Fy,, was observed for
scenarios with shallow Dy, Wet 0, and large Py, Young water fractions increase with increasing 6., because on the one
hand, catchment soil storage is already filled and hydraulic conductivity of the soil is already high (close to saturation) so
that the incoming event water can immediately flow laterally towards the outlet while only a smaller fraction stays in the soil
storage or enters the low-conductivity bedrock. In catchments with higher Ks, Fy,, also increases since the conductivity
contrast between the bedrock and the soil increases and more of the incoming event water flows laterally towards the outlet
with a higher velocity. Shallow soils increase F,, too due to the fact that less soil storage is available where event water can
be stored before lateral flow is initiated. Finally, larger P, increases Fy,, as well, which can be associated with the “flushing
effect” where more flow in the more fully saturated soil layer equals a larger flux through the soil layer and hence a larger
fraction of young water in the discharge.

Text S3.

The modeled TTDs where smoothed just for the purpose of better visual comparison — all the calculations and the fitting
were performed on the unsmoothed data (see Fig. S4 for an example of a smoothed TTD). We smoothed the TTDs by using

moving window averaging with increasing window size towards longer transit times according to Eq. S5 and S6:

_ N, if (Int)®<0

Niege(8) = {[N(t) —0.5(Int)3], if (Int)*>0 (S5)
_ N, if Int)®<0

Nrigne (£) = {[N(t) +(nt)®], if (Int)®>0 (S6)

with Ny being the model time step number at the left corner of the window, Nyg, the model time step number at the right
corner of the window and N the model time step number at a given transit time t. We increased the window size with
increasing transit time since we plotted the TTDs on a double-log scale so that the older parts of the TTDs were compressed
and also because the variation in the initial shape of the TTD is higher and influenced less by the series of subsequent

precipitation events.

Text S4.

Comparing the evolution of tracer concentrations throughout the model domain can explain the differences of the resulting

TTDs for the various model scenarios. Figure S6 demonstrates this by showing tracer concentrations at the soil surface and
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in a depth profile close to the center of the catchment for two very different scenarios (FHWB with the shortest median and
mean transit time and TLDS with the longest median and mean transit time). The fast arrival of the tracer in the FHWB
scenario is possible since the tracer quickly infiltrates the entire soil column and is transported laterally towards the outlet. In
the TLDS scenario it takes much longer for the entire soil column to act as a pathway for lateral flow which is partly due to
the fact that 6, is low (more pore space can be filled up until saturated hydraulic conductivity is reached and more pore
space is available to be filled up before water will be diverted downslope at the bedrock—soil interface). Both TTDs peak
after the entire soil column is filled with tracer and starts acting as a lateral flow path and some tracer has entered the
bedrock. This happens almost instantly in the FHWB scenario and only after approximately 100 days in the TLDS scenario.
The amount of tracer infiltrating into the bedrock is higher for the TLDS scenario. This is due to the fact that the contact time
between tracer in the soil and the bedrock surface is longer. In the FHWB scenario the tracer is flushed out of the soil a lot
faster (higher Kg and more Pgy), therefore less tracer can infiltrate into the bedrock. The soil in the FHWB scenario is
virtually free of tracer much sooner than the soil in the TLDS scenario, therefore the power law tail of the TTD (deriving
from the bedrock tracer outflux) starts earlier than for the TLDS scenario (around 1000 days vs. around 5000 days). The

power law tails are heavier for TLDS since more tracer had the chance to infiltrate into the bedrock at late times.

Text S5.

Adding power law tails to Gamma or AD distributions can be done via a simple approach that replaces the tail of the
respective distribution with a power law tail as soon as the probability density of the model distribution falls below that one

of a power law with a constant a of 0.2 and an exponent k of 1.6 (Eg. S7 and Fig. S8):

(n s .
a-1_¢ i a-1_¢ -k
, if tT ——=Z>at™" Vit<af
AT (a) eI (a)
f@) = ¢ : (S7)
B
| at™%, if t‘HBZTw) <at™® At>ap

In order to preserve the mass balance, the combined distribution has to be re-normalized (accounting for the added mass
from the power law tail, Eq. S8 and S9):

w=[Z f©. (S8)
TTD(t) = % (S9)

From a mass balance perspective, however, generally it is not necessary to add these power law tails since they only account
for a very small fraction of the total injected mass. Yet they can alter the mTT significantly (while the median remains

largely unaffected).

Text S6.

Modification of TTDs to incorporate reactive solute transport into the concept can be achieved, e.g., by multiplication of the

TTD with a decay function. In this example an exponential decay function is used (Eq. S10):
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TTDyeqce(t) = TTD() * e‘t/f1/z,

(S10)

where TTD(t) is the probability density at transit time t and ty, is the half-life of the solute. Note that the cumulative TTD eaq

does not add up to a value of 1 anymore. It rather reflects the fraction of solute that will eventually be discharged out of the
catchment (Fig. S9).

Other functions that can modify TTDs to make them suitable predictors of reactive solute transport include specific

retardation or removal functions for certain transit time ranges associated with flow paths through different catchment

compartments (e.g., groundwater flow, soil matrix flow, macropore flow).
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Figure S1: 15 different precipitation time series with similar exponential distributions of precipitation event amounts and
interarrival times. The y-axes all range from 0 to 40 mm. The time series were created to test the influence of event sequence on
the shape of TTDs.
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Figure S5: Unsmoothed (orange) and smoothed (black) version of one TTD.
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Figure S8: Similar to Fig. 7 except for the fact that outflow probability is plotted against cumulative outflow instead of transit
time. Distributions are grouped by soil depth (upper panels a and b = deep (thick); lower panels ¢ and d = shallow (flat)) and
saturated hydraulic conductivity (left panels a and ¢ = high; right panels b and d = low). Yellow colors indicate dry, green
intermediate and blue wet antecedent moisture conditions. Thick lines indicate large, mid-sized lines medium and thin lines small
amounts of subsequent precipitation amounts. Insets show cumulative outflow probability distributions. Dashed black lines divide
TTDs into four parts, each part controlled by different properties. Note the log-log axes.
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decay (with half-lives t;,, of 10, 100 and 1000 days). The fraction of mass eventually leaving the system (%)) can differ greatly: for
a half-life of 100 days, the FHWB TTD still delivers 59 % of the original input to discharge while the TLDS TTD only delivers
165 2 %.
Do DEEP (THICK)
Ks HIGH LOW
B0t DRY INT WET DRY INT WET
Py SMALL MED BIG |SMALL MED BIG |SMALL MED BIG |SMALL MED BIG |SMALL MED BIG |SMALL MED BIG
Name THDS |THDM | THDB | THIs | THiM | THiB | THWS [THwm|THWB] Tios Tiom [ ToB | Tus  Tum  TuB [ TLWs TLWM | TLWB
Porosity: Name THDM THIM THWM
Porosity Small [Normal| Large | Small Normall Large | Small [Normal| Large
Bedrock Conductivity: Viow = Low MLlow MHigh High VHigh
Decay of Name THDB THWB TLDB TLWB
Hydraulic Conductivity: Decayl No l Yes l No ] Yes No I Yes I No l Yes
Precipitation Frequency: Arid [ THDM Humid
Water Name THDS THDB THWS THWB TLDS TLDB TLWS TLWB
Retention Curve: WRC Silt Sand Silt Sand | Silt Sand Silt Sand | Silt Sand Silt Sand | Silt Sand  Silt  Sand
Extreme Precipitation Ks HIGH LOW
after Full Saturation: Name THWB THSB THSB' THSB™

TLWB TLSB TLSB" TLSB™*
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Table S1: Information on which of the base-case scenarios (upper table) the other six scenarios (porosity — blue; bedrock
conductivity — orange; decay in hydraulic conductivity — red; precipitation frequency — green; soil water retention curve — purple;
170 extreme precipitation after full saturation — yellow) are based upon.

Doy DEEP (THICK)
K HIGH Low
B0 DRY INT WET DRY INT WET

SMALL MED BIG [SMALL MED BIG
TUS TUM  TLB | TLWS TLWM TLWB

Posb SMALL MED BIG [SMALL MED BIG [SMALL MED BIG |SMALL MED BIG

Name THDS THDM THDB | THIS THIM THIB | THWS THWM THWB| TLDS TLDM TLDB

Fyw ouai 011 029 014 030 [ 077 | 019 032 063 0.15 010 0.15 | 008 013 018 -:
_ Fyumes  WOOTT0037 011 | 005 011 026 | 018 025 040 01 0.08 003 012 | 005 012 020

Dyoit SHALLOW (FLAT) Young Water Threshold

Name  FHDS FHDM FHDB| FHIS FHIM FHIB | FHWS FHWM FHwB| FLDS FLDM FLDB | FUs FuM  FUB | FLWS FLWM FLWB short long

FywGam 028 074 030 060 086 (009 017 023|011 017 024 | 014 019 025 Young Water Fraction

F w Mod 010 025 051 | 025 039 061 005 0.20 h 010 023 | 009 017 025 small large

Table S2. Young water fractions (F,) for the 36 different base-case scenarios. The young water fractions are determined from the
best-fit Gamma distributions (Fy,, gam) and from the modeled TTDs themselves (Fyy, mod)-

175

Name THDM 1 2 3 4 5 6 7 8 9 10 11 12 13

14 15 n
24

Median 07 | 220 208 245 241 227 250 251 239 246 207 244 236 242 4 204 234 16 short long

Mean 280 | 277 280 286 291 280 306 300 300 302 262 296 285 298 296 265 288 13
295 1297 2998 297 299 298 2.5 wider narrower

Stand Dev | 298 | 299 |

Skewness | 14.8 15.6 § 15.4 @568 15.5 15.5 154 0.16 more skewed  less skewed
Exc Kurtosis| 407 432 432 433 421 433 424 429 422 429 6.5 more peaked flatter
Table S3. Distribution metrics for the 15 TTDs resulting from different precipitation event sequences. For comparison we also
show the metrics for the THDM scenario which uses an actually measured time series of precipitation and has a slightly different

distribution of precipitation event amounts and interarrival times but otherwise similar catchment and climate properties. The
180 means (p) and standard deviations (o) of the metrics of the 15 scenarios are also shown.
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