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S1 Introduction

These Supporting Materials contain documentation for various parts of the MAR-
RMoT software. Section S2 contains model desciptions for the 46 conceptual models
included in MARRMoT. Section S3 shows how the constitutive functions of each model
are translated into Matlab code, and which models use which of the resulting flux
functions. Section S4 shows how 7 different Unit Hydrograph approaches are coded in
MARRMoT and which models use these. Section S5 shows an overview of generalized
parameter ranges for the 46 models.
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S2 Model descriptions

This section contains mathematical descriptions of all models that are included in
the Modular Assessment of Rainfall-Runoff Models Toolbox v1.0 (MARRMoT). All
descriptions follow the same layout (see the example model at the end of this section):

e Title: gives an informal name for the model structure followed by a unique ID;

e Introduction: gives a brief description of the model, including one or more origi-
nal reference(s), the number of stores and parameters, a list containing parameter
names and occasionally note-worthy deviations from the original model;

e Process list: a brief overview of the main processes the model is intended to
represent;

e Figure: a wiring diagram that shows the names of model stores and fluxes;

e Matlab name section: gives the name of the file that contains Matlab code for
this model,

e Model equations section: a mathematical description of the model. This uses
Ordinary Differential Equations (ODESs) to describe the changes in model stor-
age(s) and constitutive functions that detail how individual fluxes operate.

MARRMoT models intend to stay close to the original models they are based on
but differences are unavoidable. We strongly recommend users to read the original
paper cited for each model as well as our interpretation given in this document. In
many cases, more than one version of a model exists, but these are not always easily
distinguishable. There is a certain degree of model name equifinility, where a single
name is used to refer to various different version of the same base model. A good
example is TOPMODEL, of which many variants exist based around the initial concept
of topographic indices. MARRMoT models tend to be based on older rather than
newer publications for any given model (to stay close to the "intended" model by the
original author(s)) but our selection has been pragmatic to achieve greater variety
in the available fluxes and model structures in MARRMoT. The description of each
model lists the papers that form the basis of the MARRMOT version of that model.

MARRMOT is set up to work with arbitrary user-defined time step sizes for climate
input data. For consistency of parameter values across different time step sizes, the
internal dynamics of each model are specified using the base units [mm] and [d]. The
temporal resolution of climate data is converted to [mm/d] within each model, and
model output is converted back to the user-specified time step size. Internal fluxes in
each MARRMoT model use the base units and are in [mm/d] and parameter values
are specified in the base or derived units (e.g. [d~!] for time coefficients). These units
are kept throughout this document.

The computational implementation of constitutive functions is given in section S3
and Unit Hydrographs are specified in section S4. Generalized parameter ranges for
all models are given in section S5.
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Example model (model ID: nn)

The Example model (fig. S1) is used in the MARRMoT User Manual to show how to
create a new MARRMoT model from scratch (Knoben et al., 2018). It has 3 stores
and 7 parameters (UZy a4, Crates Prates Kiz, &, kg, d). The model aims to represent:

e Saturation excess from the upper zone;

e Two-way interaction between upper and lower zone through percolation and

capillary rise;

e A split between fast subsurface flow and groundwater recharge from the lower
zone;

e Slow runoff from the groundwater;

e Triangular routing of combined surface and subsurface flows.

File names

Model:

Parameter ranges:

Model equations

e} |p

m nn_ example 7p 3s
m nn_ example 7p 3s parameter ranges

Ose
uz
1
dc T4 9
Lz L di. Qs

Figure S1: Structure of the Example

model

AN

L

Q

—>

dUZ
W:P‘f‘qC—E—%e—Qp (1)
Uz
E=FE,x* Uz (2)
Uz
dc = Crate (1 - UZmax) (3)

P, tUZ =UZnax
se = 0, otherwise

dp = Prate (5)

Where UZ [mm)] is the current storage
in the upper zone, refilled by precipitation
P [mm/d] and capillary rise g. [mm/d] and
drained by evaporation E [mm/d], perco-
lation g, [mm/d] and saturation excess gse
[mm/d]. Evaporation occurs at the poten-
tial rate F, scaled by the current storage in
UZ compared to maximum storage U Z,,qz
[mm]. Capillary rise occurs at a maximum
rate Cpate [mm/d] if UZ = 0 and decreases
linearly if not. Saturation excess flow only
occurs when UZ is at maximum capacity.
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Percolation occurs at a constant rate prqie

[mm/d].
dLZ
W:qp_QC_qu (6)

Where LZ [mm)] is the current storage in the lower zone, refilled by percolation g,
[mm/d] and drained by capillary rise g. [mm/d] and outflow q;, [mm/d]. Outflow has
a linear relation with storage through time parameter k;, [d~!].

dG

E =49 —Qqs (9)
qg = *xqz (10)
ds = kg * G (11)

Where G [mm] is the current groundwater storage, refilled by recharge ¢, [mm/d]
and drained by slow flow ¢; [mm/d]. Recharge is a fraction « [-] of outflow from the
lower zone. Outflow has a linear relation with storage through time parameter k,
[d~1]. Saturation excess s, interflow g5 and slow flow ¢, are combined and routed
with a triangular Unit Hydrograph with time base d [d] to give outflow @ [mm/d].
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S2.1 Collie River Basin 1 (model ID: 01)

The Collie River Basin 1 model (fig. S2) is part of a top-down modelling exercise and
is originally applied at the annual scale (Jothityangkoon et al., 2001). This is a classic
bucket model. It has 1 store and 1 parameter (Spqz). The model aims to represent:

e Evaporation from soil moisture;
e Saturation excess surface runoff.

S2.1.1 File names

Model: m 01 colliel 1s 1p
Parameter ranges: m_01 colliel 1s 1p parameter ranges

S2.1.2 Model equations

E T lP
° Qse ﬁ:P_Ea_Qse (12)
—>

dt
Ea = Sjw x Ep (13)
Pa Zf S > Smax
se — 14
S @ {O, otherwise (14)

Figure S2: Structure of the
Collie River Basin 1 model

Where S [mm] is the current storage in the soil moisture and P the precipitation in-
put [mm/d]. Actual evaporation E, [mm/d] is estimated based on the current storage
S, the maximum soil moisture storage Sy,q. [mm], and the potential evapotranspira-
tion E, [mm/d]. Qse [mm/d] is saturation excess overland flow.
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S2.2 Wetland model (model ID: 02)

The Wetland model (fig. S3) is a conceptualization of the perceived dominant pro-
cesses in a typical Western European wetland (Savenije, 2010). It belongs to a 3-part
topography driven modelling exercise, together with a hillslope and plateau concep-
tualization. Each model is provided in isolation here, because they are well-suited
for isolating specific model structure choices. It has 1 store and 4 parameters (D,,,
Sw,maz, Pw and K, ). The model aims to represent:

Stylized interception by vegetation;

Evaporation;

Saturation excess runoff generated from a distribution of soil depths;

A linear relation between storage and slow runoff.

S2.2.1 File names

Model: m 02 wetland 4p 1s
Parameter ranges: m 02 wetland 4p 1s parameter ranges

S2.2.2 Model equations

P dSy,
E —i = Fe = Bu = Quisor = Quigu (15)
"t 1>, P, = maz(P - D,,0) (16)
Qw,sof
T -] E ’ f w
E, = v > >0 (17)
Q 0, otherwise
SW QW,gW o S B'w
_ _ _ w
Figure S3: Structure of Qu.sor = (1 (1 Swvm‘””> ) e 1
h 1 1
the Wetland mode Qu.gw = Kuw * Su (19)

Where S, is the current soil water storage [mm|. Incoming precipitation P [mm/d]
is reduced by interception D,, [mm/d]|, which is assumed to evaporate before the next
precipitation event. Evaporation from soil moisture E,, [mm/d] occurs at the potential
rate E, whenever possible. Saturation excess surface runoff Q. so; [mm/d]| depends on
the fraction of the catchment that is currently saturated, expressed through parameters
Sw.maz [mm] and B, [-]. Groundwater flow Q. g, [mm/d| depends linearly on current
storage S,, through parameter K,, [d~!]. Total flow:

Q = Qw,sof + Qw,gw (20)
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S2.3 Collie River Basin 2 (model ID: 03)

The Collie River Basin 2 model (fig. S4) is part of a top-down modelling exercise and
is originally applied at the monthly scale (Jothityangkoon et al., 2001). It has 1 store
and 4 parameters (Syqaz, Sfe, @, M). The model aims to represent:

e Separate bare soil and vegetation evaporation;
e Saturation excess surface runoff;
e Subsurface runoff.

S2.3.1 File names

Model: m_03 collie2 4p 2s
Parameter ranges: m_ 03 collie2 4p 2s parameter  ranges

S2.3.2 Model equations

E, E, ds

—:P—Eb—Ev—Qse_st (21)

p dt
TTl Qs Bb— 2 (1— M)xEp (22)
e

Smaw
M x E,, if S > S¢
Ev = v 23
v {SS * M * E,, otherwise (23)
fe
Pv Zf S > Sma:c
se — 24
@ {0, otherwise (24)
ax(S—Sfc), if S> S
st = { ( f ) f . ! (25)
Figure S4: Structure of the Col- 0, otherwise

lie River Basin 2 model

Where S [mm)] is the current storage in the soil moisture and P [mm/d] the precipi-
tation input. Actual evaporation is split between bare soil evaporation Ej, [mm/d] and
transpiration through vegetation E, [mm/d], controlled through the forest fraction
M [-]. The evaporation estimates are based on the current storage S, the potential
evapotranspiration E, [mm/d], maximum soil moisture storage Sy,q, [mm]| and field
capacity Sy [mm] respectively. Qs [mm/d] is saturation excess overland flow. Qg
[mm/d] is subsurface flow regulated by runoff coefficient a [d~!]. Total flow:

Q = Qse + Qss (26)

10
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S2.4 New Zealand model vl (model ID: 04)

The New Zealand model v1 (fig. S5) is part of a top-down modelling exercise that
focusses on several catchments in New Zealand (Atkinson et al., 2002). It has 1 store
and 6 parameters (Spqaz, Sre, M, a, b and t.pr). The model aims to represent:

Separate vegetation and bare soil evaporation;

Saturation excess overland flow;

Subsurface runoff when soil moisture exceeds field capacity;
e Baseflow.

S2.4.1 File names

Model: m_04 newzealandl 6p 1s
Parameter ranges: m 04 newzealandl 6p 1s parameter ranges

S2.4.2 Model equations

P Ey E Sy
bs veg — =P - Eveg - Ebs - Qse - QSS - Qbf

dt
*TT | Qe (27)
|_ o £y = {M*Ep, itS > Spe oo

% * M x I, otherwise
fe

Sm C
S
Qr| @ By = 5——(1- M)+ E, (29)
Figure S5: Structure of the New P, if S > Sy
Zealand model v1 Qse = . (30)
0, otherwise
O — (a% (S —Ss))", ifS> Sy
= 0, otherwise
(31)
Qbf = tc,bf * S (32)

Where S,,, [mm] is the current soil moisture storage which gets replenished through
precipitation P [mm/d]. Evaporation through vegetation E,., [mm/d] depens on
the forest fraction M [-] and field capacity Sy. [-]. Eps [mm/d] represents bare soil
evaporation. When S exceeds the maximum storage S,.q. [mm], water leaves the
model as saturation excess runoff Qs.. If S exceeds field capacity Sy, [mm]|, subsurface
runoff Q4 [mm/d] is generated controlled by time parameter a [d~!] and nonlinearity
parameter b [-]. Qp represents baseflow controlled by time scale parameter t. ¢ [d~1].
Total runoff Q; [mm/d] is:

Qt = Qse + Qss + Qs (33)

11
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S2.5 IHACRES (model ID: 05)

The THACRES model (fig. S6) as implemented here is a modification of the original
equations (Littlewood et al., 1997; Ye et al., 1997; Croke and Jakeman, 2004), which
explicitly account for the various fluxes in a step-wise order. Furthermore, IHACRES
usually uses temperature as a proxy for potential evapotranspiration (E,). Here it uses
estimated E,, directly to be consistent with other models. The equations for E, and
U are set up following Croke and Jakeman (2004), with the non-linearity in U based
on Ye et al. (1997). THis version thus uses a catchment moisture deficit formulation,
rather than a catchment wetness index. Littlewood et al. (1997) recommends the two
parallel routing functions. The model has 1 deficit store and 6 parameters (Ip, d, p,
a, Tq, Ts). The model aims to represent:

e Catchment deficit build-up
e Slow and fast routing of effective precipitation.

S2.5.1 File names

Model: m_05_ihacres 6p 1s
Parameter ranges: m 05 ihacres 6p 1s parameter ranges

S2.5.2 Model equations

£ 1 lp dCMD
0 G =P+ E. AU (34)
v B, = E, * min (17 62(1—Cz”i”)) (35)
p
U=P <1 — min (1, (CJ\jD> >) (36)
U,=axU (37)
Us=(1—-a)xU (38)

Figure S6: Structure of the

Where CM D is the current moisture deficit [mm)],
IHACRES model

P [mm/d] the incoming precipitation that reduces
the deficit, E, [mm/d] evaporation that increases
the deficit, and U [mm/d] the effective precipitation
that occurs when the deficit is below a threshold d
[mm)].

Evaporation occurs at the potential rate £, until the moisture deficit reaches wil-
iting point Ip [mm)], after which evaporation decreases exponentially with increasing
deficit. Effective precipitation U equals incoming precipitation P when the deficit
is zero, and decreases as a linear fraction of P until moisture deficit is larger than
a threshold d [mm)], after which precipitation does not contribute to streamflow any
longer. U is divided between fast and slow routing components based on fraction «

12
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[-]. Both routing schemes are exponentially decreasing over time with lags 7, [d] and
7s [d] respectively. Total flow:

Q = x4+ x4 (39)

13
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S2.6 Alpine model vl (model ID: 06)

The Alpine model vl model (fig. S7) is part of a top-down modelling exercise and
represents a monthly water balance model (Eder et al., 2003). It has 2 stores and 4
parameters (T3, ddf, Spmaz, te). The model aims to represent:

e Snow accumulation and melt;
e Saturation excess overland flow;
e Linear subsurface runoff.

S2.6.1 File names

Model: m_06_ alpinel 4p 2s
Parameter ranges: m_06 alpinel 4p 2s parameter ranges

S2.6.2 Model equations

Ps P

dsl = Ps - QN (40)
p dt
.
i <
L Psz{P’ e ()
Sn Qu £ 0, otherwise
a
J T _Jddf (T =Ty), ifT>T,
[ Qe On = {0, otherwise
S L )
m

Qss —g Where Sy is the current snow stor-

Figure S7: Structure of the Alpine model v1  28€ [mm], P the precipitation that
falls as snow [mm/d], Qn snow melt

[mm/d] based on a degree-day factor
(ddf, [mm/°C/d]) and threshold tem-
perature for snowfall and snowmelt (T3,

°CD).

14
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dSm,

W:PT—’—QN_EG_QSE_QSS (43)
P = P, lfT>.j_'f/ (44)
0, otherwise
E if
Ea = P! 5> O (45)
0, otherwise
PT ) 'f Sm Z Sma;v
Qse = + QN ' . (46)
0, otherwise
st =t * Sm (47)

Where S, [mm] is the current soil moisture storage, which is assumed to evaporate
at the potential rate E, [mm/d] when possible. When S, exceeds the maximum
storage Spa: [mm|, water leaves the model as saturation excess runoff Q.. Qss
represents subsurface flow controlled by time scale parameter ¢, [d~!]. Total runoff Q;
[mm/d] is:

Qt = Qse + st (48)

15
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S2.7 GRA4J (model ID: 07)

The GR4J model (fig. S8) is originally developed with an explicit (operator-splitting)
time-stepping scheme (Perrin et al., 2003). Recently a new version has been released
that works with an implicit time-stepping scheme (Santos et al., 2017). The imple-
mentation given here follows most of the equations from Santos et al. (2017), but uses
the original Unit Hydrographs for flood routing given by Perrin et al. (2003). It has 2
stores and 4 parameters (x1, T2, 3, £4). The model aims to represent:

e Implicit interception by vegetation, expressed as net precipitation or evaporation;

e Different time delays within the catchment expressed by two hydrographs;

e Water exchange with neighbouring catchments.

S2.7.1 File names

Model: m_07 grdj 4p 2s
Parameter ranges: m 07 grdj 4p 2s parameter ranges

S2.7.2 Model equations

«O
ol |ldh.

R -------- L Q(rll F(x2)

r Q
TFe)
Figure S8: Structure of the
GRA4J model

P—FEp, ifP>FEp
0

o
E, = E, (251 - (Z) ) (52)
{

Ep—P, ifEp>P

E, = . (53)
0, otherwise
—4 —4
4
Perc = % * (9> S° (54)

Where S is the current soil moisture storage
[mm], Ps [mm/d] is the fraction of net precipitation
P, [mm/d] redirected to soil moisture, Es [mm/d]
is the fraction of net evaporation E,, [mm/d] sub-
tracted from soil moisture, and perc [mm/d] is per-
colation to deeper soil layers. Parameter z; [mm]
is the maximum soil moisture storage.

16
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Percolation perc and excess precipitation P, — P, are divided into 90% groundwater
flow, routed through a triangular routing scheme with time base x4 [d], and 10% direct
runoff, routed through a triangular routing scheme with time base 2z4 [d].

dR

o = Qo Flz2) - Q, (55)
R 3.5
—4
X
Q=" R (57)

Where R [mm] is the current storage in the routing store, F'(z2) [mm/d] the catch-
ment groundwater exchange, depending on exchange coefficient x5 [mm/d] and the
maximum routing capacity x3 [mm], and Q, [mm/d] routed flow. Total runoff Q;
[rmm/d):

Qt = Qr + max(Ql + F(x2)v 0) (58)

17
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S2.8 United States model (model ID: 08)

The United States model (fig. S9) is part of a multi-model comparison study using
several catchments in the United States (Bai et al., 2009). It has 2 stores and 5
parameters (e, M, Smaz, f¢, ass). The model aims to represent:

e Interception as a percentage of precipitation;

Separate unsaturated and saturated zones;

Separate bare soil evaporation and vegetation transpiration;

Saturation excess overland flow;

Subsurface flow.

S2.8.1 File names

Model: m 08 usl 5p 2s
Parameter ranges: m_08 wusl 5p 2s parameter ranges

S2.8.2 Model equations

Eus,ei
* Eusveg Esatveq % =P — FEysei — Eusweg — Eusps — 79 (59)
Eus bs t Esat'bs Euys.ei = Qei x P (60)
Pl T ! o b {535 « M * By, . i Sus > Susre

| | T M * Ep * 5. otherwise
s ) ; (61)

Ui Tse R A
- e i P, if Sy > S "

—> , 1L Ous > Ousfe
Figure S9: Structure of the o {0, otherwise f (63)
United States model 5 _ {Sus — Susfer if Sus > Susfe (64)
0, otherwise

Susfe = fc* (Smaz — Ssat) (65)

Where S5 [mm] is the current storage in the unsaturated zone, Eys ¢; [mm/d] evap-
oration from interception, Eysveq [mm/d] transpiration through vegetation, Eys ps
[mm/d] bare soil evaporation and r, [mm/d] drainage to the saturated zone. Intercep-
tion evaporation relies on parameter ae; [-], representing the fraction of precipitation
P that is intercepted. The implicit assumption is that this evaporates before the next

18
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precipitation event. Transpiration uses forest fraction M [-], potential evapotranspira-
tion E, [mm/d] and the estimated field capacity Sys . through parameter fc [-|. Bare
soil evaporation relies also on the maximum soil moisture storage S,;q, [mm]|.

dSsat

di t = rg — Esatweg — Esat,ps — Qse — Qss (66)

Ssa
Eeatveg = —2L « M % E, (67)

Smaaz

Ssa

Esat,bs = S t * (1 - M) * EP (68)
Tg, if Sus > Smam

se — 69
@ {O, otherwise (69)
st = Qg * Ssat (70)

Where Sy, [mm]| is the current storage in the saturated zone, Egut peq [mm/d]
transpiration through vegetation, Eyu¢ps [mm/d] bare soil evaporation, Qs [mm/d]
saturation excess overland flow and Q45 [mm/d] subsurface flow. Subsurface flow uses
time parameter oy [d~!] Total flow:

Q = QSE + QSS (71)
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S2.9 Susannah Brook model v1-5 (model ID: 09)

The Susannah Brook model v1-5 (fig. S10) is part of a top-down modelling exercise
designed to use auxiliary data (Son and Sivapalan, 2007). It has 2 stores and 6 pa-
rameters (Sy, Syc, M, a, b and r). The model aims to represent:

e Evaporation from soil and transpiration from vegetation;
e Saturation excess and non-linear subsurface flow;
e Groundwater recharge and baseflow.

S2.9.1 File names

Model: m_09 susannahl 6p_ 2s
Parameter ranges: m_09 susannahl 6p 2s parameter  ranges

S2.9.2 Model equations

dSy:
—P— By, — 2
dt bs veg Qse st (7 )
EM—S — M)E, (73)

M * By, if §>5¢.
M * I, otherwise

Q%{ it S >5, 75)

otherwise
L st =
Sew Q [Q

Figure S10: Structure of the Su-
sannah Brook model v1-5

Eveg

S*L ,ﬁ5>&c

otherwise

Where S, is current storage in the upper zone [mm]|. P [mm/d] is the precipitation
input. Eps is bare soil evaporation [mm/d| based on soil depth S, [mm| and forest
fraction M [-]. Eyeq is transpiration from vegetation, using the wilting point Sy,
[mm] and forest fraction M. Q. is saturation excess flow [mm/d]. Qss is non-linear
subsurface flow, using the wilting point S, as a threshold for flow generation and two
flow parameters a [d] and b [-]. @, is groundwater recharge [mm/d].
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DSgw

dt =Qr — Qy (77)

Qr =71% Qs (78)
Rt

Qb - (aSgw> (79)

Where Sy, is the groundwater storage [mm|, and Q; the baseflow flux [mm/d].
Total flow [mm]:

Q = Qse + (st - Qr) + Qb (80)
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S2.10 Susannah Brook model v2 (model ID: 10)

The Susannah Brook model v2 model (fig. S11) is part of a top-down modelling exer-
cise designed to use auxiliary data (Son and Sivapalan, 2007). It has 2 stores and 6
parameters (Sp, ¢, fe, v, ¢, d). For consistency with other model formulations, Sy, is is
used as a parameter, instead of being broken down into its constitutive parts D and
¢. The model aims to represent:

e Separation of saturated zone and a variable-size unsaturated zone;
e Evaporation from unsaturated and saturated zones;
e Saturation excess and non-linear subsurface flow;

e Deep groundwater recharge.

S2.10.1 File names

Model: m 10 susannah2 6p 2s
Parameter ranges: m 10 susannah2 6p 2s parameter ranges

S2.10.2 Model equations

Esat Eus ds
us P_ Eus o ~ S, 1
A l P dt rg — 5, (81)
S’LLS
Qse Eus = Sb *E;D (82)
| Sy =D x ¢ (83)
SUS o= P7 Zf Sus > Susfc (84)
g
\L \L 0, otherwise
r Se
: S — {Sus - Susfca Zf Sus > Susfc (85)
¢ 0, otherwise
Ssat — Qs Q fc v
_l I > Susfc = (Sb - Ssat) * E (86)
lQr Where S, is the current storage in the unsatu-

rated store [mm], P the current precipitation [mm)],
Figure S11: Structure of the Su- Sy [mm| the maximum storage of the soil profile,
sannah Brook v2 model based on the soil depth D [mm| and the porosity
¢ [-]. 74 is drainage from the unsaturated store
to the saturated store [mm]|, based on the variable
field capacity Sysfe [mm]. Sysse is based on the
current storage on the saturated zone Ssq¢ [mm],
the maximum soil moisture storage S, [mm]|, the
field capacity fc |-|] and the porosity ¢ [-]. Se [mm]
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is the storage excess, resulting from a decrease of
Susfe that leads to more water being stored in the
unsaturated zone than should be possible.

dSsat

g e Eot — Qse — Qss — Qr (87)

Bur = 2244, (53)
Tg+ Se, if Sear > Sp

= 89

Usp {0, otherwise (89)

Qss = (1 — 1) xc* (Syar)* (90)

Qr=r=*cC* (Ssat)d (91)

Where Sy, is the current storage in the saturated zone [mm|, Es,¢ is the evapo-
ration from the saturated zone [mm], Qsg saturation excess runoff [mm] that occurs
when the saturated zone reaches maximum capacity S, [mm|, Qgg is subsurface flow
[mm] and Qg is recharge of deep groundwater [mm]. Both Qgs and Qg are based
on the dimensionless fraction r and subsurface flow constants ¢ [d~!] and d [-]. Total
runoff is the sum of Qgr and Qgs:

Q= Qsk +Qss (92)
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S2.11 Collie River Basin 3 (model ID: 11)

The Collie River Basin 3 model (fig. S12) is part of a top-down modelling exercise and
is originally applied at the daily scale (Jothityangkoon et al., 2001). It has 2 stores
and 6 parameters (Syqz, Sre, @, M, b, A). The model aims to represent:

e Separate bare soil and vegetation evaporation;
e Saturation excess surface runoff;
e Non-linear subsurface runoftf;

e Non-linear groundwater runoff.

S2.11.1 File names

Model: m 11 collie3 6p 2s
Parameter ranges: m_11 collie3 6p 2s parameter ranges

S2.11.2 Model equations

E, E, ds
TTlP E:P_Eb_E’U_QS(E_QSS (93)
Qse S
L Eb:S (1-M)=xEp (94)
L L e
I . 5. 2
Qs P, ifS>S8
L @se = {0, otherwise (96)
b
© m%[9 .- {éa*(s_sfc)) BN
, otherwise

Figure S12: Structure of the Col-
lie River Basin 3 model

Where S [mm)] is the current storage in the soil moisture and P the precipitation
input [mm/d]. Actual evaporation is split between bare soil evaporation Fj [mm/d]
and transpiration through vegetation E, [mm/d], controlled through the forest fraction
M. The evaporation estimates are based on the current storage S, the potential
evapotranspiration E, [mm/d] and the maximum soil moisture storage Sy, [mm],
and field capacity Sy. [mm| respectively. Q. [mm/d] is saturation excess overland
flow. Qg5 [mm/d) is non-linear subsurface flow regulated by runoff coefficients a [d~1]
and b [-].
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dG

o Qss — Qsg (98)
Q:s =A% st (99)
Qsg = (axG)’ (100)

Where G [mm]| is groundwater storage. Q*, mm/d] is the fraction of Qs directed
to groundwater. Q4 [mm/d] is non-linear groundwater flow that relies on the same
parameters as subsurface flow uses. Total runoff:

Q:Qse+(17/\)*st+ng (101)
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S2.12 Alpine model v2 (model ID: 12)

The Alpine model v2 (fig. S13) is part of a top-down modelling exercise and represents
a daily water balance model (Eder et al., 2003). It has 2 stores and 6 parameters (73,
ddf, Smazs Cre, teins tepr). The model aims to represent:

e Snow accumulation and melt;
e Saturation excess overland flow;
e Linear subsurface runoff.

S2.12.1 File names

Model: m_12 alpine2 6p 2s
Parameter ranges: m_12 alpine2 6p 2s parameter ranges

S2.12.2 Model equations

Ps P
dsl =P, —Qn (102)
p dt
.
1 <
L PSZ{P’ T < T (103)
Sn Qy E 0, otherwise
a
T ddf x (T —T,), ifT>T
v Qse Qn = Al 0, e K
I_ 0, otherwise
o = (104)
L Qus _Ci Where Sy is the current snow stor-

age [mm], Ps the precipitation that
Figure S13: Structure of the Alpine model v1 falls as snow [mm/d], @n snow melt
[mm/d] based on a degree-day factor
(ddf, [mm/°C/d]) and threshold tem-
perature for snowfall and snowmelt (T3,

°CD).
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ds

E:PT‘FQN_Ea_Qse_Qm_Qbf (105)
P, fT>TT
po={ HE= (106)
0, otherwise
E,, if
B, ={ B 5>0 (107)
0, otherwise
PT Pl 'f S Z Smaw
Qse = * QN ' . (108)
0, otherwise
tein* (S —S¢.), ifS>8;
Qin = in * { e i . ! (109)
0, otherwise
Qvf =tepr xS (110)

Where S [mm)] is the current soil moisture storage, which is assumed to evaporate
at the potential rate E, [mm/d] when possible. When S exceeds the maximum storage
Smae [mm], water leaves the model as saturation excess runoff Q.. If S exceeds field
capacity Sy. [mm|, interflow Q;, [mm/d] is generated controlled by time parameter
tein [d71]. Qpy represents baseflow controlled by time scale parameter t.ps [d71].
Total runoff Q; [mm/d] is:

Qt :Q36+Qin+Qbf (111)
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S2.13 Hillslope model (model ID: 13)

The Hillslope model (fig. S14) is a conceptualization of the perceived dominant pro-
cesses in a typical Western European hillslope (Savenije, 2010). It belongs to a 3-part
topography driven modelling exercise, together with a wetland and plateau concep-
tualization. Each model is provided in isolation here, because they are well-suited
for isolating specific model structure choices. It has 2 store and 7 parameters (D,,,
Sh.mazs Py @, Th, C and K}p). The model aims to represent:

e Stylized interception by vegetation;

e Evaporation;

e Separation between rapid subsurface flow and groundwater recharge;
e Capillary rise and linear relation runoff from groundwater.

S2.13.1 File names

Model: m 13 hillslope 7p 2s
Parameter ranges: m 13 hillslope 7p 2s parameter ranges

S2.13.2 Model equations

P dsS.,
7:Pe+c_(Et+Es)_Qse

- Ec+Es dt
€ Qse O\se,sL[j]_ QL,srf (112)

P, = max(P — Dy,0) (113)
C=c (114)
Qsce E,, ifS,>0

E E, = 115
'Ll et {0, otherwise (115)
Bh
L Qse:<1—<1—SSh ) )*Pe
Sh,gw Qh,gw Q h,mazx

(116)

Figure S14: Structure of the Hillslope model (117)

Where S,, is the current soil water
storage [mm]|. Incoming precipitation
P [mm/d] is reduced by interception

Dy, [mm/d|, which is
assumed to evaporate before the next precipitation event. C' is capillary rise from
groundwater [mm/d], given as a constant rate. Evaporation from soil moisture E; + Fj
[mm/d] occurs at the potential rate E,, whenever possible. Storage excess surface runoft
Qse [mm/d] depends on the fraction of the catchment that is currently saturated,

expressed through parameters Sp mqs [mm| and 5, [-].
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dSh. gw

% = Qse,g - C - Qh,gw (118)
Qseg = (1 —a) * Qse (119)
Qh,gw = Kh * Sh,gw (120)

Where S}, 40 is current groundwater storage [mm]. Qs 4 is the groundwater frac-
tion of storage excess flow Qg [mm/d|, with Qse s as its complementary part. a is
the parameter controlling this division [-]. Groundwater flow Qp, 4, [mm/d| depends
linearly on current storage Sp g, through parameter K [d~!]. Total flow Q; is the
sum of @, gw and Qp srr, the latter of which is Qs. s lagged over T}, days.
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S2.14 TOPMODEL (model ID: 14)

The TOPMODEL (fig. S15) is originally a semi-distributed model that relies on topo-
graphic information (Beven and Kirkby, 1979). The model(ling concept) has under-
gone many revisions and significant differences can be seen between various publica-
tions. The version presented here is mostly based on Beven et al. (1995), with several
necessary simplifications. Following Clark et al. (2008), the model is simplified to a
lumped model (removing the distributed routing component) and all parameters are
calibrated. This means the distribution of topographic index values that characterizes
TOPMODEL are estimated using a shifted 2-parameter gamma distribution instead
of being based on DEM data (Sivapalan et al., 1987; Clark et al., 2008). For sim-
plicity of the evaporation calculations, the root zone store and unsaturated zone store
are combined into a single threshold store with identical functionality to the original
2-store concept. The model has 2 stores and 7 parameters (Svz maz: St, Kd, qo, f, X,
®). The model aims to represent:

e Variable saturated area with direct runoff from the saturated part;
e Infiltration and saturation excess flow;
e Leakage to, and non-linear baseflow from, a deficit store.

S2.14.1 File names

Model: m 14 topmodel 7p 2s
Parameter ranges: m 14 topmodel 7p 2s parameter ranges

S2.14.2 Model equations

dsS,
d[t]Z = Ferp = Qea = B = Qo (121)
Pepp=P=Qop=P—AcxP (122)
P" ’ if S = Suz mazx
Qex = ef f ! Uz ] y (123)
0, otherwise
E, = Ep, if Suz > St * Suzmas
‘o % * E,, otherwise
— (124)

Figure S15: Structure of

S ,mam(l_s) ’
the TOPMODEL Qu v '

Suz—Si4S0 7 mas -
B kg=%Zototzmar i Gy > Sy % SU 2 ma
0, otherwise

(125)

Where Syz [mm] is the current storage in the combined unsaturated zone and
root zone, with S; [-] (fraction of Sy z mas) indicating the boundary between the two
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and being the threshold above which drainage to the saturated zone can occur. Pesy
[mm/d] is the fraction of precipitation that does not fall on the saturated area A. [-],
E, [mm/d] is evaporation that occurs at the potential rate for the unsaturated zone
and scaled linearly with storage in the root zone, Q., [mm/d] is overflow when the
bucket reaches maximum capacity Syz mas [mm|, and Q, [mm/d] is drainage to the
saturated zone, depending on time parameter k; [d~!] and the relative storage in the
unsaturated zone compared to the current deficit in the saturated zone.

ds
= Qe Qy (126)
Qb = qo x e~ /557 (127)

Where Sgz [mm] is the current storage deficit in the saturated zone store, which is
increased by baseflow @y, [mm/d] and decreased by drainage @Q,,. @} relies on saturated
flow rate go [mm/d], parameter f [mm~1] and current deficit Sgz. Total flow:

Q:Qof+Qe$+Qb (128)
Qo = Acx P (129)

The saturated area A. is calculated as follows. First, the within-catchment dis-
tribution of topographic index values is estimated with a shifted 2-parameter gamma
distribution (Sivapalan et al., 1987; Clark et al., 2008):

$—1
1 C—p _S—p ;
£(¢) = xF(¢>( X ) exp( X ) ife>p (130)
0, otherwise

Where I' is the gamma function and y, ¢ and p are parameters of the gamma
distribution. Following Clark et al. (2008), u is fixed at u = 3 and x and ¢ are
calibration parameters. ( represents the topographic index In(a/tanf) with mean
value A\ = x¢ + p. Saturated area A, is computed as the fraction of the catchment
that is above a deficit-dependent critical value (i

oo

A= - f(Qd¢ (131)

Ccrit = f * SSZ +A (132>
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S2.15 Plateau model (model ID: 15)

The Plateau model (fig. S16) is a conceptualization of the perceived dominant pro-
cesses in a typical Western European plateau (Savenije, 2010). It belongs to a 3-part
topography driven modelling exercise, together with a wetland and hillslope concep-
tualization. Each model is provided in isolation here, because they are well-suited for
isolating specific model structure choices. It has 2 stores and 8 parameters (Fiaq, Dp,
Su,magz, 0, », Tp, C and K,). The model aims to represent:

e Stylized interception by vegetation;

e Evaporation controlled by a wilting point and moisture constrained transpira-
tion;

e Separation between infiltration and infiltration excess flow;

e Capillary rise and linear relation runoff from groundwater.

S2.15.1 File names

Model: m 15 plateau 8p 2s
Parameter ranges: m_ 15 plateau 8p 2s parameter ranges

S2.15.2 Model equations

P ds
d—tu:Pi—&—C’—Et—R (133)
Pel P |1 Qoo P, = min(P., Fra) (134)
i = min (max(P — D,,0), Frnaz) (135)
EtT P; C=c (136)
Sy — Sw
E, = E, xmax (pp, O)
S Su,mam - Swp
! R (137)
Pi ) if u — Pu,mazx
CT_I n_ +C, ifS .S, (138)
0, otherwise
S, ew L Where S, is the current soil water stor-
Pg Qo gw O; age [mm]. Incoming precipitation P [mm/d]

P

is reduced by interception D, [mm/d], which
is assumed to evaporate before the next pre-
cipitation event. P, is further divided into
infiltration P; [mm/d] based on the maxi-
mum infiltration rate Fy,q, [mm/d] and in-
filtration excess P, = P, — P; [mm/d]. C
is capillary rise from ground water [mm/d],
given as a constant rate.

Figure S16: Structure of the Plateau
model
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Evaporation from soil moisture E; [mm/d| occurs at the potential rate E, when S, is
above the wilting point Sy, [mm]| (here defined as Sy, = Ip * Sy maz) and is further
constrained by coefficient p [-], which is between 0 and 1. Storage excess R [mm/d]
flows into the groundwater.

dS,. qw
% =R—-C—Qpguw (139)
Qp,gw = Kp * Sp guw (140)

Where S, g, is current groundwater storage [mm|. Groundwater flow @, g,y [mm/d]
depends linearly on current storage S, 4., through parameter K, [d~!|. Total flow Q;
is the sum of @p g and @pieo, the latter of which is P lagged over T}, days.
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S2.16 New Zealand model v2 (model ID: 16)

The New Zealand model v2 (fig. S17) is part of a top-down modelling exercise that
focusses on several catchments in New Zealand (Atkinson et al., 2002). It has 2 stores
and 8 parameters (Ipnaz, Smax, Sfe, M, a, band t.pr, d). The model aims to represent:

e Interception by vegetation;

Separate vegetation and bare soil evaporation;
Saturation excess overland flow;

Subsurface runoff when soil moisture exceeds field capacity;

e Baseflow;

Flow routing.

S2.16.1 File names

Model: m_ 16 newzealand2 8p 2s
Parameter ranges: m 16 newzealand2 8p 2s parameter ranges

S2.16.2 Model equations

P Ein'c
Si Ebs Eve Eint = Ep (142)
P if Sz > Imaa:
H Q.. Q=14 "= (143)
0, otherwise

Sm

L

Qs
C Where S; [mm] is the current inter-

Qur I_rﬂ_’_‘ B> ception storage which gets replenished through
Figure S17: Structure of the New Zealand ~daily precipitation P [mm/d]. Intercepted
model v1 water is assumed to evaporate (E;,; [mm/d])
at the potential rate E, [mm/d] when
possible. Q¢ [mm/d] represents through-
fall towards soil moisture.
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i = Qtf — Eyeg — Eps — Qse — Qss — Quy (144)
M x E,, if S > Sy,
Eveq = S " ' .f (145)
g M x E,, otherwise
S
Eys = 5 (1-M)*E, (146)
P, if S> Shaa
e = ’ = 147
@ {0, otherwise (147)
b
— fs>
st — (a’* (S SfC)) , 1 S = Sfc (148)
0, otherwise
Qv =teps xS (149)

Where S,,, [mm] is the current soil moisture storage which gets replenished through
daily precipitation P [mm/d]. Evaporation through vegetation E,., [mm/d] depens
on the forest fraction M |[-] and field capacity Sy. [-]. Eps [mm/d] represents bare
soil evaporation. When S exceeds the maximum storage Sp,q. [mm]|, water leaves the
model as saturation excess runoff Qs.. If S exceeds field capacity Sy, [mm], subsurface
runoff Q5 [mm/d] is generated controlled by time parameter a [d~!] and nonlinearity
parameter b [-]. Qs represents baseflow controlled by time scale parameter ¢, [d7'].
Total runoff Q; [mm/d] is:

Qt = Qse + st + Qbf (150)

Total flow is delayed by a triangular routing scheme controlled by time parameter
d [d].
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S2.17 Penman model (model ID: 17)

The Penman model (fig. S18) is based on the drying curve concept described in Penman
(1950) (Wagener et al., 2002). It has 3 stores and 4 parameters (Spmaz, ¢, @, k1). The
model aims to represent:

e Moisture accumulation and evaporation from the root zone;
e Bypass of excess moisture to the stream;
e Deficit-based groundwater accounting;

e Linear flow routing.

S2.17.1 File names

Model: m 17 penman 4p 3s
Parameter ranges: m_ 17 penman 4p 3s_parameter ranges

S2.17.2 Model equations

EaT lp

dS,
Qex ~ Ui iz —P—E,— Q.. (151)
E, ifS.,>0
R B, = B o (152)
0, otherwise
E: .
P f rz — Omax
T U, p.= it S ' S, (153)
1 0, otherwise
Sdef L Where S,., [mm] is the current storage in the root
Cres Q zone, refilled by precipitation P [mm/d] and drained

by evaporation F, [mm/d] and moisture excess ¢,
[mm/d]. E, occurs at the potential rate E, [mm/d]
whenever possible. ¢, occurs only when the store is
at maximum capacity Spq. [mm].

Figure S18: Structure of the
Penman model

dSge

dj L — B +us — qis (154)

E, ifS.,.=0
By = e B T (155)

0, otherwise

if Sger =0
up = qi2, 1 df' (156)
0, otherwise

q12 = (1 - ¢) * Qex (157)

Where Sger [mm] is the current moisture deficit, which is increased by evaporation
E; [mm/d] and reduced by inflow g1 [mm/d]. E; occurs only when the upper store
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Sy, is empty and at a fraction v [-] of E,. Inflow gi2 is the fraction (1 — ¢) [-] of ges
that does not bypass the lower soil layer. Saturation excess us [mm/d] occurs only
when there is zero deficit.

dC’I"ES
dt

=up +uy —Q (158)
Q = kl * Cres (159)
Where C..s [mm] is the current storage in the routing reservoir, increased by w4

and ug, and drained by runoff @ [mm/d]. @ has a linear relationship with storage
through time scale parameter k; [d—1].
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S2.18 SIMHYD (model ID: 18)

The SIMHYD model (fig. S19) is a simplified version of MODHYDROLOG, originally
developped for use in Australia (Chiew et al., 2002). It has 3 stores (I, SMS, GW)
and 7 parameters (INSC, COEFF, SQ, SMSC, SUB, CRAK, K). The model aims to
represent:

Interception by vegetation;

Infiltration and infiltration excess flow;

Preferential groundwater recharge, interflow and saturation excess flow;

Groundwater recharge resulting from filling up of soil moisture storage capacity;

Slow flow from groundwater.

S2.18.1 File names

Model: m_18 simhyd 7p 3s
Parameter ranges: m_18 simhyd 7p 3s parameter ranges

S2.18.2 Model equations

Eif lP

EXC~SRUN % —P_E, - EXC (160)
| INF E E, ifI>0 (161)

REC INT ' O, otherwise

GWE 0, otherwise

SMS Where I is the current interception storage [mm)],
v P precipitation [mm/d|, E; the evaporation from
the interception store [mm/d] and EXC the excess
GW Q rainfall [mm/d]). Evaporation is assumed to oc-
BAS > cur at the potential rate when possible. When I

exceeds the maximum interception capacity INSC
[mm]|, water is routed to the rest of the model as

Figure S19: Structure of the excess precipitation EXC
SIMHYD model
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dSMS

7 =SMF — Epr —GWF (163)
SMF =INF —INT — REC (164)
. —-SQ*SMS
INF = EFF ———— | ,EX 1
min (C’O *exp( SMSC ), C) (165)
SMS
INT—SUB*SMSC*INF (166)
SMS
. SMS
Er = min (10 * SMSO,PET) (168)
MF, if SMS=SM
CWF — S , if S S SMSC (169)
0, otherwise

Where SMS is the current storage in the soil moisture store [mm]. INF is total
infiltration [mm/d| from excess precipitation, based on maximum infiltration loss pa-
rameter COEFF [-], the infiltration loss exponent SQ [-] and the ratio between current
soil misture storage SMS and the maximum soil moisture capacity SMSC [mm]. INT
represents interflow and saturation excess flow [mm/d], using a constant of proportion-
ality SUB [-]. REC is preferential recharge of groundwater [mm/d] based on another
constant of proportionality CRAK [-]. SMF is flow into soil moisture storage [mm/d].
E1 evaporation from the soil moisture that occurs at the potential rate when possible
[mm/d], and GWF the flow to the groundwater store [mm/d]:

diTW = REC + GWF — BAS (170)

BAS = K« GW (171)
Where GW is the current storage [mm]| in the groundwater reservoir. Outflow

BAS [mm/d] from the reservoir has a linear relation with storage through the linear
recession parameter K [d~!]. Total outflow Q; [mm/d] is the sum of three parts:

Qi = SRUN + INT + BAS (172)
SRUN = EXC — INF (173)
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S2.19 Australia model (model ID: 19)

The Australia model (fig. S20) is part of a top-down modelling exercise designed to use
auxiliary data (Farmer et al., 2003). Some adjustments were made to the evaporation
equations: these were originally separated between vegetation and bare soil evapora-
tion, scaled between the unsaturated and saturated zone. This has been simplified
to separation between unsaturated and saturated evaporation only. The model has 3
stores and 8 parameters (Sy, ¢, fc, ass, Bss, Kdeep, @BF, BF). For consistency with
other model formulations, S; is is used as a parameter, instead of being broken down

into its constitutive parts D and ¢. The model aims to represent:

Separation of saturated zone and a variable-size unsaturated zone;

Evaporation from unsaturated and saturated zones;

Saturation excess and non-linear subsurface flow;

Deep groundwater recharge and baseflow.

S2.19.1 File names

Model: m 19 australia 8p 3s
Parameter ranges: m_ 19 australia_ 8p 3s parameter ranges

S2.19.2 Model equations

dSys
Esat Eus =P Eys—1g— 8¢ (174)
A l P dt
S?LS
e b
| Sy=Dx¢ (176)
P, if Sus > Susfe
Sus 9= {0 othe:vise o (77
$se I .
& Sus = S Sus > S
S = {Ous usfcy Z.]:h us .> usfc (178)
, otherwise
Seat L Qg fe
_l I_ Susfc = (Sb — Ssat) * E (179)
lQr Where S,s is the current storage in the un-
saturated store [mm], P the current precipitation
[mm/d], Sp [mm] the maximum storage of the soil
profile, based on the soil depth D [mm] and the
G porosity ¢ [-]. 74 [mm/d] is drainage from the un-
w Qbf Q saturated store to the saturated store, based on
>

the variable field capacity Sysf. [mm].

Figure S20: Structure of the

Australia model
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based on the current storage on the saturated zone
Ssat [mm], the maximum soil moisture storage Sy,
[mm)], the field capacity fc [-] and the porosity ¢
[-]- se [mm/d] is the storage excess, resulting from
a decrease of Sysf. that leads to more water be-
ing stored in the unsaturated zone than should be

possible.
dSsqa
dt i =Tg — Esat - QSE - QSS - QR (180)
Esat = ngat * EP (181)
b
Tg+ Se, if Ssar > Sp
_ 182
@se {0, otherwise (182)
Qss = ass * (Ssat)’* (183)
QR = Kdeep * Ssat (184)

Where S, is the current storage in the saturated zone [mm], E,,; is the evapora-
tion from the saturated zone [mm]|, Qsg saturation excess runoff [mm/d] that occurs
when the saturated zone reaches maximum capacity S, [mm|, Qgg is subsurface flow
[mm/d] and Qp is recharge of deep groundwater [mm/d]. Both Qgs and Qg are based
on the dimensionless fraction r and subsurface flow constants ¢ [d~!] and d [-].

o Qn—apr (155)
Qpr = app * (Gy)?"" (186)
(187)

Where G,, is the current groundwater storage [mm| and Qpr baseflow, dependent
on parameters agr [d~!] and Spr |-]. Total runoff is the sum of QSE, Qgs and Qpp:

Q=Qse+Qss +Qpr (188)
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S2.20 Generalized Surface inFiltration Baseflow model (model
ID: 20)

The GSFB model (fig. S21) is originally developed for use in Australian ephemeral
catchments (Nathan and McMahon, 1990; Ye et al., 1997). It has 3 stores and 8
parameters (C. NDC, Spaz, Emaz, Frates B, DPF, SDRy,4.). The model aims to
represent:

Saturation excess surface runoff;

Threshold-based infiltration;

Threshold-based baseflow;

e Deep percolation and water rise to meet evaporation demand.

S2.20.1 File names

Model: m_20 gsftb 8p 3s
Parameter ranges: m_20 gsfb 8p 3s parameter  ranges

S2.20.2 Model equations

E, P
T l Q. ds
E:P""er_Ea_Qs_F (189)
S .
S L F Qd :{C*DS*<1_1\/%)7 lfSSNDC*Smag;
........... I—] " , otherwise
_I, _l ....... (190)
L E,, it S > NDC * Spae
------- SS Q—b mm mmﬁsnm) , otherwise

(191)

D, 1
l { if S = Spman (192)

J 0, otherwise
Qur | ﬂ F

Figure S21: Structure of the
GSFB model

ratea if S > NDC x S',na/aj

0, otherwise

(193)

Where S [mm] is the current storage in the upper zone, refilled by precipitation
P [mm/d] and recharge from deep groundwater Qg [mmm/d]. The store is drained
by evaporation E, [mm/d], surface runoff Q [mm/d] and infiltration F' [mm/d]. E
occurs at the potential rate E, [mm/d] if the store is above a threshold capacity given
as the fraction NDC' [-] of maximum storage Spq, [mm|. Evaporation occurs at a
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reduced rate scaled by maximum evaporation rate E,,q. [mm/d] if the store is below
this threshold. Qg occurs only if the store is at maximum capacity Spq.. F occurs at
a constant rate Fi.q if the store is above threshold NDC % S,,.,. Recharge from deep
percolation only occurs if the store is below threshold capacity NDC' % S, and uses
time parameter C' [d~!] and current deep storage DS [mm).

ass

—=F-Qy—D 194
dt Qb P ( 9 )
B+« DPF % (55 —SDR,,4.), it SS>SDRax
Q- ( ) . (195)
0, otherwise
D,=(1-B)«*DPF«SS (196)

Where SS [mm] is the current storage in the subsurface store, refilled by infiltration
F and drained by baseflow @ [mm/d] and deep percolation D, [mm/d]. Outflow
from this store is given as a function of storage DS and time coefficient DPF [d~1].
A fraction 1 — B [] of this outflow is deep percolation D,. The remaining fraction B
[-] is baseflow Qp, provided the store is above threshold SDR,, 4, [mm].

dDS

. —Pr- Qar (197)

(198)

Where DS [mm] is the current storage in the deep store, refilled by a deep perco-
lation D), and drained by recharge to the upper store Qq,. Total flow:

Qi=Qs+ Qs (199)
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S2.21 Flex-B (model ID: 21)

The Flex-B model (fig. S22) is the basis of a model development study (Fenicia et al.,
2008). It has 3 stores and 9 parameters (URmaz, B, D, Percmax, Ly, Niag, s Niag,ss
Ky, K;). The model aims to represent:

e Infiltration and saturation excess flow based on a distribution of different soil
depths;

e A split between fast saturation excess flow and preferential recharge to a slow
store;

e Percolation from the unsaturated zone to a slow runoff store.

S2.21.1 File names

Model: m_ 21 flexb 9p 3s
Parameter ranges: m 21 flexb 9p 3s parameter ranges

S2.21.2 Model equations

d
R _ By - R, (200)

dt
R
f Lﬁﬂ Ry =(1—0C,) % Pegy (201)
—UR/UR a4z + 1/2)}—1

Cr = [1 + exp( 3
‘ FR L 202)
= UR

By =E,* min(l,

D URna

o
4 R, P; = Percpaz * 7UR

8

A

=S =
—~ e N

L URTYLCLQZ‘
SR Qs Q Where UR is the current storage
> in the unsaturated zone [mm]. R, [mm/d]
Figure S22: Structure of the Flex-B model  is the inflow into UR based on its cur-
rent storage compared to maximum
storage U R4, [mm] and a shape dis-
tribution parameter 3 [-].

E, the evaporation [mm/d] from UR which follows a linear relation between cur-
rent and maximum storage until a threshold L, [-] is exceeded. Py is the percolation
from UR to the slow reservoir SR [mm/d], based on a maximum percolation rate
Percpq, [mm], relative to the fraction of current storage and maximum storage. Pey ¢
is routed towards the unsaturated zone based on Cr, with the remainder being divided
into preferential recharge R, [mm/d] and fast runoff Ry [mm/d]:
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Ry = (Pefy — Ry)* D (205)
Ry =(P.fy —R,)*(1—-D) (206)

Where R, and R are the flows [mm/d] to the slow and fast runoff reservoir re-
spectively, based on runoff partitioning coefficient D [-]. Both are lagged by linearly
increasing triangular transformation functions with parameters Niqg o [d] and Niag,
[d] respectively. Percolation R, is added to R, before the transformation to R, ; occurs.

dFR
Tl Ry, —Qy (207)
Q= K;*FR (208)

Where FR is the current storage [mm]| in the fast flow reservoir. Outflow @ [mm/d]

from the reservoir has a linear relation with storage through time scale parameter K
[d~].

dSR
_— = sl — s 2
7 Ry —Q (209)

Qs = Ks* SR (210)
Where SR is the current storage [mm] in the slow flow reservoir. Outflow Q;

[mm/d] from the reservoir has a linear relation with storage through time scale pa-
rameter K, [d~!]. Total outflow Q [mm/d]:

Q=Qs+Qs (211)
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S2.22 Variable Infiltration Capacity (VIC) model (model ID:
22)

The VIC model (fig. S23) is originally developed for use with General Circulation
Models and uses latent and sensible heat fluxes to determine the rainfall-runoff rela-
tionship (Liang et al., 1994). For consistency with other models in this framework,
we use a conceptualized version based in part of the VIC implementation in Clark
et al. (2008). In addition, the original Leaf-Area-Index-based interception capacity is
replaced with a sinusoidal curve-based approximation of interception capacity. The
model has 3 stores and 10 parameters (I, I, I, Ssm,maz> 0, k1, ¢1, Sgw.maz, k2, €2).
The model aims to represent:

e Time-varying interception by vegetation;
e Variable infiltration and saturation excess flow;
e Interflow and baseflow from a deeper groundwater layer.

S2.22.1 File names

Model: m_ 22 vic_10p_3s
Parameter ranges: m_22 vic_10p_3s_ parameter ranges

S2.22.2 Model equations

E; P
T ‘l' Pesr+ | ds;
eff T Tex 7 =P —FE;—Pejy—Ien (212)
S Qe E; = ISi x B, (213)
EtlT inf Loz = I (1 + I5 % sin (27(t + 1)) (214)
Qexl .
------------- P, lf Sz = Imaz
P.ff= 215
11 {0, otherwise (215)
Sem — PC
. P Lo = maz (S — Tas) (216)
Et |
21 » Where S; [mm)] is the current interception storage, refilled by
precipitation P [mm/d] and drained by evaporation F; [mm/d]
S, and interception excess flows P.ys[mm/d] and I., [mm/d]. E;
¢ O‘“;_g decreases linearly with storage, based on maximum storage I,

[mm]. I,,q, is determined using the mean interception I [mm],
Figure S23: Struc- fractional seasonal interception change /5 [-] and time shift 7 [-].
ture of the VIC Itisimplicitly assumed that 1 sinusoidal period corresponds with
model a growing season of 1 year. F.ys is effective rainfall when the
store is at maximum capacity. I, is an auxiliary flux used when
a change in storage size result in current storage S5; exceeding

Imaw-
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df’l% = an - Etl - Qeml — pc (217)
an = (Peff + Ie:c) - Qie (218)
S b
Qle:(Peff+Iez)* (1_ (1_5’5771) ) (219)
Ssm

Ey = A * (Ep — Ey) (220)
i’rlf, if Sem = Ssm mazx

el = ° o 221

Qear {0, otherwise (221)

SS77L “
pc=kq * <Ssm,mam) (222)

Where Sg,, [mm] is the current soil moisture storage, refilled by infiltration inf
[mm/d], and drained by evapotranspiration Et; [mm/d], storage excess Qer1 [mm/d]
and percolation pc [mm/d]. inf relies on the value of infiltration excess @;e, which is
calculated using the maximum soil moisture storage Ssm maz [mm| and shape parame-
ter b [-]. Et; scales linearly with current storage. Q.1 equals inf when the store is at
maximum capacity. pc has a potentially non-linear relationship with current storage
through time parameter k; [d~!] and shape parameter c;.

dS g

o =P~ Bla = Qear = Q (223)
Sgw,maz
pc, if Sgw = Sgw max
ex2 = ’ 225
Qea2 {0, otherwise (225)
Sgw .
Qv = ko * (9 ) (226)
Sgw,max

Where S, [mm] is the current groundwater storage, refilled through percolation pc
[mm/d] and drained by evapotranspiration Ety [mm/d], excess flow Qezo [mm/d] and
baseflow Qp [mm/d]. Ets is scaled linearly with current storage based on maximum
storage Sguw,mae [Mm]. Qep2 equals pc when the store is at maximum capacity. Qp has
a potentially non-linear relationship with current storage through time parameter ks
and shape parameter co. Total outflow:

Qt = Qie + Qexl + Qex2 + Qb (227)
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S2.23 Large-scale catchment water and salt balance model el-
ement (model ID: 23)

The large-scale catchment water and salt balance model (LASCAM) (fig. S24) is part
of a study that investigates soil water and salt concentration before and after forest
clearing (Sivapalan et al., 1996). It is a semi-distributed model made up of individual
elements, such as described below. The model presented here simulates the water
balance only (salt is ignored). It has 3 stores and 24 parameters (as, 87, Bmaz, Fmaz
Qc, 607 Amin; Am.am» Qs 653» C, g, ﬁga Vs 5f7 tda Qp, ﬂb» Yas 5(17 Qq, 6(17 Vb, 6b) The
model aims to represent:

Stylized interception;
Saturation and infiltration excess surface runoff;

e An inner layout representing near-stream saturated storage, deep saturated stor-
age and medium-depth unsaturated storage;

Subsurface saturation and infiltration excess flow to the near-stream store;

Percolation to and capillary rise from groundwater.

S2.23.1 File names

Model: m 23 lascam 24p 3s
Parameter ranges: m 23 lascam 24p 3s parameter ranges

S2.23.2 Model equations
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dF

E:fa—Ef—rf (228)
: 1- ¢ss %
fo=min | P.xmaz | 1, - Jfas ] (229)
. B F s
fss = Qyf <]— - Bma$> (Fmaw> (230)
ﬁc
A—Apin : 4
d)c = Qe (Amam_Amin) ’ lf A > Amln (231)
0, otherwise
Bss
.................. |_ Q Dss = Qss (%) ;M A> Apin
Foll. A.. % | 5 0, otherwise
1 (232)
Elerf qul ra Pe = min (Py = gse, f5) (233)
fi=c (234)
Jse = Qe * Pg (235)
£ P, = max (ag + By * P,0) (236)
a5
Figure S24: Structure of the B, — E ( ) 237
.

LASCAM model P77\ Fras (27)
ry=1tgx F (238)

Where F' [mm]| is the current storage in the unsaturated infiltration store, which
controls the amount of subsurface runoff generated on the boundary of a more per-
meable top layer (store A) with a less permeable bottom layer (store F). F is refilled
by actual infiltration f, [mm/d|, and drained by recharge ry [mm/d] and evapora-
tion Ep [mm/d]. f, depends on the actual infiltration rate P. [mm/d], the fraction
saturated catchment area ¢4 [-], the fraction variable area contributing to overland
flow ¢. [-] and a catchment-scale infiltration capacity fX, [mm/d]. fX, depends on a
scaling parameter oy [mm/d], the relative storage in groundwater B/B,,qq, the rela-
tive infiltration volume in the catchment F'/F,,,, and non-linearity parameter S; [-].
Biae [mm] and F,,, [mm| are storage scaling parameters [-]. ¢. uses the minimum
contributing area A,,;, [mm|, maximum contributing area A,,q, [mm] and shape pa-
rameters a. [-] and f; [-] to control the shape of this distribution. ¢ss takes a similar
shape as ¢, using parameters ags [-] and Bss [-]. P. is the lesser of throughfall rate
P, [mm/d] minus saturation excess gs. [mm/d], and the catchment infiltration capac-
ity f¥ [mm/d]. fI is assumed to have a constant rate ¢ [mm/d]. ¢s. is determined
as that part of throughfall P, that falls on the variable contributing catchment area
given by ¢.. Py is determined as a fixed interception rate a4 [mm/d] and a fractional
interception S, [-]. Evaporation E; uses the potential rate E, [mm/d] scaled by the
relative storage in F' and two shape parameters vs [-] and d¢ [-]. Recharge vy [mm/d]
has a linear relation with storage through time parameter t4 [d~!].
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dA
E = (sse + Qsie + qy — Ea —(qq —Tq (239)
¢ss - d)c
sse — 7Pc 240
Tooe =0 (240)
1- S8
(sie = MAT <Pc * _ic —fx, O> (241)
B
aw =P (exp (abB ) - 1) (242)
A\
E, = ¢C*Ep+’7a*Ep (A) (243)
a(;t&mffa it A> A
Go = “ \Amas=Amin ) 7 mn (244)
0, otherwise
Tq = ¢ss * f:s (245)

Where A [mm)] is the current storage in the more permeable upper zone (above
less permeable lower zone F'), refilled by sub-surface saturation excess gsse [mm/d],
sub-surface infiltration excess ¢y [mm/d] and discharge from groundwater g, [mm/d].
The store is drained by evaporation E,, subsurface stormflow ¢, [mm/d] and recharge
rq [mm/d]. Flow from store B, ¢,, decreases exponentially as the store dries out,
controlled by parameters 3, and . Evaporation F, occurs at the potential rate £,
from the variable saturated area ¢. and additionally at a rate scaled by the relative
storage in A and two shape parameters v, [-] and delta, [-]/ Recharge r, is a function
of the saturated subsurface area ¢, and the subsurface infiltration rate fJ.

dB
g T B (246)
5
B b
By =y % B, (B > (247)
max

Where B [mm] is the current storage in the deep layers, refilled by recharge from
stores A (r,) and F (ry), and drained by evaporation E, and groundwater discharge
gv- Ep uses the potential rate E, scaled by the relative storage in B and two shape
parameters 7, [-] and d [-]. Total flow:

Qt = Gse + Gic + qa (248)
qie:Pg_QSe_Pc (249)

Where g;. [mm/d] is infiltration excess on the surface.
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S2.24 MOPEX-1 (model ID: 24)

The MOPEX-1 model (fig. S25) is part of a model improvement study that investigates
the relationship between dominant processes and model structures for 197 catchments
in the MOPEX database (Ye et al., 2012). It has 4 stores and 5 parameters (Sp1, ty,
tu, Se, t.). The model aims to represent:

e Saturation excess flow;
e Infiltration to deeper soil layers;
e A split between fast and slow runoff.

S2.24.1 File names

Model: m 24 mopexl 5p 4s
Parameter ranges: m_24 mopexl 5p 4s parameter ranges

S2.24.2 Model equations

dsS:

—l E = P — ET1 - Qlf - Qw (250)
S
ETy = =X « Ep (251)
L Sb1

Se1 Q P, if S1 > Sy
f = 252
] s 0, otherwise (252)
Qw = oy * Sl (253)
Where S; [mm]| is the current storage in soil
1 moisture and P precipitation [mm/d]. Evapora-
tion ETy [mm/d] depends linearly on current soil
S L moisture, maximum soil moisture Sp; [mm] and po-
@ &_9 tential evapotransporation E, [mm/d]. Saturation

excess flow Q15 [mm/d] occurs when the soil mois-
ture bucket exceeds its maximum capacity. Infiltra-
tion to deeper groundwater Q,, [mm/d] depends on
current soil moisture and time parameter t,, [d~].

Figure S25: Structure of the
MOPEX-1 model

dS

7; = Qw - ET2 - Q2u (254)
ET; = % * Ep (255)
Q2u =ty * 5o (256)

Where S [mm] is the current groundwater storage, refilled by infiltration from
S1. Evaporation ET» [mm/d] depends linearly on current groundwater and root zone
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storage capacity S. [mm]|. Leakage to the slow runoff store Q2, [mm/d] depends on
current groundwater level and time parameter t,, [d~1].

dScl
= —_ 2
g @@ (257)
Qf =t * S (258)

Where S¢; [mm] is current storage in the fast flow routing reservoir, refilled by
Q17. Routed flow Q¢ depends on the mean residence time parameter t. [d~1].

dSc2 o
Qu =1c* Sc2 (260)

Where S.o [mm] is current storage in the slow flow routing reservoir, refilled by
Q2. Routed flow @, depends on the mean residence time parameter t. [d~']. Total
simulated flow Q; [mm/d]:

Q= Qy + Qu (261)
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S2.25 Thames Catchment Model (model ID: 25)

The Thames Catchment Model (TCM) model (fig. S26) is originally intended to be
used in zones with similar surface characteristics, rather than catchments as a whole
(Moore and Bell, 2001). It has 4 stores and 6 parameters (¢, rc, v, ki1, ¢q, k2). The
model aims to represent:

e Effective rainfall before infiltration;
e Preferential recharge;
e Catchment drying through prolonged soil moisture depletion;

Groundwater abstraction;
e Non-linear groundwater flow.

S2.25.1 File names

Model: m_ 25 tcm_ 6p_ 4s
Parameter ranges: m_25 tcm 6p 4s parameter ranges

S2.25.2 Model equations

En
dSk.
P df = Pzn - Ea — (Gex1 (262)
Py
Hye- P =(1-0)+P, (263)
a .
" Qent P, = maz(P — E,,0) (264)
E, ifS,..>0
S,, B,={ 7 Dore (265)
0, otherwise
E¢ 1 P, ifS,.,>rc
exl = ’ 266
ez feal {O, otherwise (266)
Sdef L Where S,., [mm] is the current storage in the
Sus Qurs 3 root zone, refilled by infiltrated precipitation P;,
—12 [mm/d], and drained by evaporation E, [mm/d]

and storage excess flow ger1 [mm/d]. Py, is the

L fraction (1 — ¢) [-] of net precipitation P, [mm/d]

S, Q that is not preferential recharge. P, is the differ-

""""""""" [ —™ ence between precipitation P [mm/d] and poten-

tial evapotranspiration E, [mm/d] per time step.

FE, occurs at the net potential rate whenever possi-

ble. @1 occurs only when the store is at maximum
capacity rc [mm].

Figure S26: Structure of the
TCM model
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dSge
didf = Et + Gex2 — Gexl (267)
t
B, = v * By, 1fSrZ:.O (268)
0, otherwise
Gexl, if Sdef =0
ex2 — 269
feaz {0, otherwise (269)

Where Sge s [mm] is the current storage in the soil moisture deficit store. The deficit
is increased by evaporation E; [mm/d] and percolation ge,o [mm/d]. The deficit is
decreased by overflow from the upper store g.;1. E only occurs when the upper zone
is empty and at a fraction v [-] of E,. ges2 only occurs when the deficit is zero.

dSy:
dt = Pby + Gex2 — Quz (270)
Quz = ky * Suz (272)

Where S, is the current storage in the unsaturated zone, refilled by preferential
recharge Py, [mm/d] and percolation ge,o [mm/d], and drained by groundwater flow
Quz [mm/d]. Py, is a fraction ¢ [-] of P,. ¢, has a linear relation with storage through
time parameter k; [d~1].

dSs:
o 2
g~ due—a-Q (273)
a=cq (274)
2 .
Q- ko x S7,, ifSs, >.O (275)
0, otherwise

Where S, [mm] is the current storage in the saturated zone, refilled by groundwater
flow ¢y, [mm/d] and drained by abstractions a [mm/d] and outflow @ [mm/d]. a
occurs at a constant rate ¢, [mm/d]. Abstractions can draw down the aquifer below
the runoff generating threshold. @ has a quadratic relation with storage through
parameter kg [mm~td~1].
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S2.26 Flex-I (model ID: 26)

The Flex-I model (fig. S27) is the part of a model development exercise (Fenicia et al.,
2008). It has 4 stores and 10 parameters (Imaz, URmaz, 5, D, Percmaz, Lp,Niag. ¢,
Niag,s, K5, Ks). The model aims to represent:

e Interception by vegetation;

e Infiltration and saturation excess flow based on a distribution of different soil
depths;

e A split between fast saturation excess flow and preferential recharge to a slow
store;

e Percolation from the unsaturated zone to a slow runoff store.

S2.26.1 File names

Model: m 26 flexi 10p 4s
Parameter ranges: m_ 26 flexi 10p_4s parameter ranges

S2.26.2 Model equations

dl
S =P—Ei-Py (276)

Pest Ei_{Ep ,it I >0

i (277)
0 , otherwise

P i 1> Lpas
R IRy Peff{ = (278)

0 , otherwise
‘ FR L Where I is the current intercep-

tion storage [mm], P [mm/d] incom-

ing precipitation, F; [mm/d] evapo-

m ration from the interception store and
Qs P, ;s [mm/d] interception excess routed

to soil moisture. Evaporation occurs

L at the potential rate £, [mm/d] when-

SR Q Q ever possible. Interception excess oc-

> curs when the interception store ex-
ceeds its maximum capacity lyq, [mm)].

“l’ Rs,l

Figure S27: Structure of the Flex-I model
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dUR

dt - Ru - Eur - Rp (279)
RU = (1 - CT) * Peff (280)
B —UR/URpqz +1/2\71
C, = [1 + emp( 3 )} (281)
) UR 1
Bur = B, * mm(l, mz) (282)
-UR

P, = Percpas % ——— 283
erc * 0B (283)

Where UR is the current storage in the unsaturated zone [mm|. R, [mm/d] is the
inflow into UR based on its current storage compared to maximum storage U R4z
[mm] and a shape distribution parameter 3 [-]. E,, the evaporation [mm/d] from UR
which follows a linear relation between current and maximum storage until a threshold
L, [] is exceeded. P; is the percolation from UR to the slow reservoir SR [mm/d],
based on a maximum percolation rate Perc,., [mm], relative to the fraction of current
storage and maximum storage. P.s; is routed towards the unsaturated zone based on
C'r, with the remainder being divided into preferential recharge Rs [mm/d] and fast
runoff Ry [mm/d]:

RS = (Peff — Ru) x D (284)
Ry =(Pefy —R,)*(1—D) (285)

Where R, and R are the flows [mm/d] to the slow and fast runoff reservoir re-
spectively, based on runoff partitioning coefficient D [-]. Both are lagged by linearly
increasing triangular transformation functions with parameters Niqg s [d] and Niag,s
[d] respectively, that give the number of days over which R, and Ry need to be trans-
formed. Percolation R, is added to R, before the transformation to R,; occurs.

dFR
g = By (286)

Q;=K;+FR (287)

Where FR is the current storage [mm]| in the fast flow reservoir. Outflow @ [mm/d]
from the reservoir has a linear relation with storage through time scale parameter K

[d~1].

dSR

P R, -0, 2
7 R, — Q. (288)
Qs = K;*SR (289)
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Where SR is the current storage [mm] in the slow flow reservoir. Outflow @,
[mm/d] from the reservoir has a linear relation with storage through time scale pa-
rameter K, [d~!]. Total outflow Q [mm/d]:

Q=0Qs+Q; (290)
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S2.27 Tank model (model ID: 27)

The Tank Model (fig. S28) is originally developed for use constantly saturated soils in
Japan (Sugawara, 1995). It has 4 stores and 12 parameters (Ao, A1, Aa, t1, ta, Bo,
By, t3, Cy, C1, tg, D1). The model aims to represent:

e Runoff on increasing time scales with depth.

S2.27.1 File names

Model: m 27 tank 12p 4s
Parameter ranges: m_ 27 tank 12p 4s parameter ranges

S2.27.2 Model equations

‘S4L£_Q>

Figure S28: Structure of
the Tank Model

ds
T;ZP—E1—F12—Y2—Y1 (291)
E if S >0
By =P o> (292)
0, otherwise
F12 = AO * Sl (293)
A — if
Y, = 9 * (Sl tQ), if Sy >.t2 (294)
0, otherwise

v {A1 « (S —t1), ifS >t (205)

0, otherwise

Where S; [mm] is the current storage in the upper
zone, refilled by precipitation P [mm/d] and drained by
evaporation Ey [mm/d], drainage F1o [mm/d] and surface
runoff Yy [mm/d] and Y [mm/d]. E; occurs at the poten-
tial rate E, [mm/d] if water is available. Drainage to the
intermediate layer has a linear relationship with storage
through time scale parameter Ag [d~!]. Surface runoff Y5
and Y7 occur when S; is above thresholds t5 [mm] and #;
[mm)| respectively. Both are linear relationships through
time parameters Ay [d~!] and A; [d~1] respectively.
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ds:
cTtQ =Fi—Ey—Fy3— Y3 (296)
E if S1 =
Ey = p, if Sy 0 & Sy >0 (297)
0, otherwise
F23 = BO * SQ (298)
B So — 1t if So > ts
yy = | D (2= ta) A0 52 > s (299)
0, otherwise

Where S5 [mm] is the current storage in the intermediate zone, refilled by drainage
F5 from the upper zone and drained by evaporation Ey [mm/d], drainage Foz [mm/d]
and intermediate discharge Y3 [mm/d]. E2 occurs at the potential rate E, if water is
available and the upper zone is empty. Drainage to the third layer Fy3 has a linear
relationship with storage through time scale parameter By [d~!]. Intermediate runoff
Y3 occurs when S; is above threshold ¢3 [mm| and has a linear relationship with storage
through time scale parameter By [d~!].

dSs

W = Fgg — E3 — F34 — Y4 (300)
Ep, if S1=0& 5, =0& S3>0
By = D, 1Moy ' 2 3> (301)
0, otherwise
F34 = Co % S3 (302)
Cyx(S3—t if S3 >t
Y, = 1* (83 —tg), if S3 >. 4 (303)
0, otherwise

Where S3 [mm)] is the current storage in the sub-base zone, refilled by drainage
Fy3 from the intermediate zone and drained by evaporation E5 [mm/d], drainage Fz4
[mm/d] and sub-base discharge Yy [mm/d]. E3 occurs at the potential rate E, if
water is available and the upper zones are empty. Drainage to the fourth layer F3, has
a linear relationship with storage through time scale parameter Cy [d~!]. Sub-base
runoff Yy occurs when Ss is above threshold ¢4 [mm] and has a linear relationship with
storage through time scale parameter C; [d71].

dSy
i _F, V- A
7 F34—E4— Y5 (304)
E if S1 = = =
B, = p, if Sy 0 & S 0& S3=0& S5 >0 (305)
0, otherwise
Y5 = Dy x5y (306)

Where Sy [mm] is the current storage in the base layer, refilled by drainage F34 from
the sub-base zone and drained by evaporation Ey [mm/d] and baseflow Y; [mm/d].
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E, occurs at the potential rate I, if water is available and the upper zones are empty.
Baseflow Y5 has a linear relationship with storage through time scale parameter D1
[d~1]. Total runoff:

Qi=Y1+Yo+Y3+Y,+Y5 (307)
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S2.28 Xinanjiang model (model ID: 28)

The Xinanjiang model (fig. S29) is originally intended for use in humid or semi-humid
regions in China (Zhao, 1992). The model uses a variable contributing area to simulate
runoff. The version presented here uses a double parabolic curve to simulate tension
water capacities within the catchment (Jayawardena and Zhou, 2000), instead of the
original single parabolic curve. The model has 4 stores and 12 parameters (A;,, a, b,
Winaz, LM, ¢, Smaz, Ex, k1, ka, c1, ¢cg). The model aims to represent:

e Runoff from impervious areas;

e Variable distribution of tension water storage capacities in the catchment;
e Variable contributing area of free water storages;

e Direct surface runoff from the contributing free area;

Delayed interflow and baseflow from the contributing free area.

S2.28.1 File names

Model: m_ 28 xinanjiang 12p 4s
Parameter ranges: m 28 xinanjiang 12p 4s parameter ranges

S2.28.2 Model equations

aw
Y _p_Eg_
— =P, R (308)
Po=(1— i) % P (309)
b
Prx |(0.5—a)l= (W‘i’) ] , if W <05-a
R = b
Py |1—(05+a)t™? (1 - WW“) ] , otherwise
(310)
E,  ifW>LM
E={WE, ifcxLM>W <LM
cx E,, otherwise
Q (311)

>

Figure S29: Structure of the Xinanjiang
model

Where W [mm)| is the current tension water storage, refilled by a infiltration P;
[mm/d] and drained by evaporation E [mm/d] and runoff R [mm/d]. P; is the fraction
of precipitation P [mm/d] that does not fall on impervious area A;, [-]. Runoff
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generation R uses a double parabolic curve to determine the fraction of catchment area
that is at full tension storage and thus can contribute to runoff generation. This curve
relies on shape parameters a [-] and b [-|, and maximum tension water storage Wi,q4
[mm]|. Evaporation rate E declines as tension water storage decreases. Evaporation
occurs at the potential rate E, [mm/d] if storage W is above threshold LM [mm],
and reduces linearly below that up to a second threshold ¢« LM [-]*[mm]. Below this
threshold evaporation occurs at a constant rate c x E,.

%:R—RS—RI—RG (312)

S Ex
RS_R*<1(IS ) ) (313)
S Ex
RI:kI*S*<1—<1—S ) ) (314)
S Ex
RG:kg*S*<1—(1—S ) ) (315)

Where S [mm)] is the current storage of free water, refilled by runoff R from filled
tension water areas, and drained by surface runoff Rg [mm/d|, interflow R; [mm/d|
and baseflow Rg [mm/d]. All runoff components rely on a parabolic equation to
simulate variable contributing areas of the catchment, dependent on maximum free
water storage Spq. [mm] and shape parameter Ez [-]. Ry also uses a time coeficient
kr [d7Y]. Rg uses a time coeficient kg [d1].

dSy

_ = — 1
o =R Qr (316)
Qr=cr*Sy (317)

Where S; [mm]| is the current storage in the interflow routing reservoir, filled by
interflow from free water Ry and drained by delayed interflow Qr [mm/d]. Qr uses a
time coefficient ¢; [d~1].

dSe
o Rg — Qg (318)
Qe = cc *Sa (319)

Where S¢ [mm)] is the current storage in the baseflow routing reservoir, filled by
baseflow from free water Rg and drained by delayed baseflow Q¢ [mm/d]. Q¢ uses a
time coefficient cg [d~1]. Total flow depends on four separate runoff components:
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Qi =0Qs + Q1+ Qc (320)
Qs =Rs + Rp (321)
Rp = Aip % P (322)

Where Rp [mm/d] is direct rainoff generated by precipitation P [mm/d] on the
fraction impervious area A;p, [-]
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S2.29 HyMOD (model ID: 29)

The HyMOD model (fig. S30) combines a PDM-like soil moisture routine (e.g. Moore
(2007)) with a Nash cascade of three linear reservoirs that simulates fast flow and
a single linear reservoir intended to simulate slow flow (Wagener et al., 2001; Boyle,
2001). Although the model was originally intended as a flexible structure where the
user defines which processes to include, this study includes only a single version that is
commonly used. It has 5 parameters (Spmaz, b, @, ky and k,) and 5 stores. The model
aims to represent:

e Different soil depths throughout the catchment;
e Separation of flow into fast and slow flow.

S2.29.1 File names

Model: m 29 hymod 5p 5s
Parameter ranges: m_29 hymod 5p bs parameter ranges

S2.29.2 Model equations

E P
-t P_Q_” Pr aSm _p_g,_p (323)
dt - a €
Ps L Sm
E,= " xE, (324)
F1 Qf,l Sma:z:
' P, <1 <1 5 >b> P
= — — *
L ¢ Sma:r
2 Laq,
1 (325)
J L Where Sm is the current storage
L F3 Qs3 in Sm [mm], Sye [mm] is the max-
S Q. —| Q imum storage in Sm, E, and E, the

actual and potential evapotranspira-

tion respectively [mm/d] and b is the
Figure S30: Structure of the HyMOD model  soil depth distribution parameter [-].

P [mm/d] is the precipitation input.

dFy

— = Py — 326
7t = Qra (326)
P;=axP. (327)

Qf,l = ]ff * Sf’l (328)

Where F; is the current storage in store F; [mm]|, a the fraction of P, that flows into
the fast stores and ky the runoff coefficient of the fast stores. Stores I, and Fj take
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the outflow of the previous store as input (@71 and (s respectively) and generate
outflow analogous to the equations above.

dsS
E = Ps - Qs (329)
P,=(1—a)*P. (330)

Where S is the current storage in store S [mm|, 1 — a [-] the fraction of P. that flows
into the slow store and k, the runoff coefficient of the slow store. Total outflow:

Qt=Qs +Qrs (332)
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S2.30 MOPEX-2 (model ID: 30)

The MOPEX-2 model (fig. S31) is part of a model improvement study that investigates
the relationship between dominant processes and model structures for 197 catchments
in the MOPEX database (Ye et al., 2012). It has 5 stores and 7 parameters (T,
ddf, Sp1, tw, tu, Se, tc). The model aims to represent:

e Snow accumulation and melt;
Saturation excess flow;

Infiltration to deeper soil layers;

S2.30.1 File names

A split between fast and slow runoff.

Model: m_30_ mopex2 T7p_5s
Parameter ranges: m_30 mopex2 7p 5s_parameter ranges

S2.30.2 Model equations

S L Q| Q

—>

Figure S31: Structure of the MOPEX-2
model

s,
— =P, - Q, 333
= Q (333)
P, ifT <T.;
py={ 7 BT = et (334)
0, otherwise
Q _ ddf * (T — Tcrit)a if T > Tcrit
" 0, otherwise
(335)

Where S,, [mm)] is the current snow pack.
Precipitation occurs as snowfall Py [mm/d]
when current temperature T [°C] is below
threshold T,.;; [°C]. Snowmelt Qn [mm/d]
occurs when the temperature rises above the
threshold temperature and relies in the degree-
day factor dd [mm/°C/d).
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dS
dTl =P —ET — Q15— Qun  (336)
P, T >T,.,,
po={ B e (337)
0, otherwise
S1
ETy = —=xFEp (338)
Sp1
P, if S1 > Sy
= 339
Qs {0, otherwise (339)
Qw =ty * Sl (340)

Where S; [mm] is the current storage in soil moisture and P, precipitation as rain
[mm/d]. Evaporation ET; [mm/d] depends linearly on current soil moisture, maxi-
mum soil moisture Sy; [mm| and potential evapotranspiration E, [mm/d]. Saturation
excess flow Qqy [mm/d] occurs when the soil moisture bucket exceeds its maximum
capacity. Infiltration to deeper groundwater Q,, [mm/d] depends on current soil mois-
ture and time parameter t,, [d~1].

dSs

2 —Q, — ET, — 41
dt Qw 2 Q?u (3 )
ET, = % « Ep (342)
QZU =y * SQ (343)

Where S [mm] is the current groundwater storage, refilled by infiltration from
S1. Evaporation ETy [mm/d] depends linearly on current groundwater and root zone
storage capacity S, [mm]|. Leakage to the slow runoff store Q2, [mm/d] depends on
current groundwater level and time parameter ¢, [d~1].

dScl
= Qi - Qs (344)

Qf =t.* S (345)

Where S¢; [mm)] is current storage in the fast flow routing reservoir, refilled by
Q17. Routed flow Q; depends on the mean residence time parameter t. [d1].

dScQ _

Qu = to* Seo (347)

Where Seo [mm] is current storage in the slow flow routing reservoir, refilled by
Q2. Routed flow Q,, depends on the mean residence time parameter t. [d~!]. Total
simulated flow @Q; [mm/d]:
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S2.31 MOPEX-3 (model ID: 31)

The MOPEX-3 model (fig. S32) is part of a model improvement study that investigates
the relationship between dominant processes and model structures for 197 catchments
in the MOPEX database (Ye et al., 2012). It has 5 stores and 8 parameters (T,
ddf, Sp1, tw, Se2, tu, Se, te). The model aims to represent:

e Snow accumulation and melt;
Saturation excess flow;

Infiltration to deeper soil layers;
Subsurface-influenced fast flow;

A split between fast and slow runoff.

S2.31.1 File names

Model: m_31 mopex3 8p_ 5s
Parameter ranges: m_31 mopex3 8p 5s_parameter ranges

S2.31.2 Model equations

Ps: {P» ifTSTcm't

] (350)
0, otherwise

Q _ ddf * (T - Tcrit)7 lf T > Tcrit
" 0, otherwise
(351)

Where S,, [mm)] is the current snow pack.
Precipitation occurs as snowfall Py [mm/d]
when current temperature T [°C] is below
threshold T,.;; [°C]. Snowmelt Qn [mm/d]
occurs when the temperature rises above the
threshold temperature and relies in the degree-
day factor dd [mm/°C/d].

Figure S32: Structure of the MOPEX-3
model
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dsS
=P -ET-Quy-Qu (352
P AT >T,,
po={ B e (353)
0, otherwise
S1
ET, = —=xEp (354)
Sp1
P, if 51 > S
= 355
@iy {0, otherwise (855)
Qu =tw * 51 (356)

Where S7 [mm] is the current storage in soil moisture and P, precipitation as rain
[mm/d]. Evaporation ETy [mm/d] depends linearly on current soil moisture, maxi-
mum soil moisture Sp; [mm| and potential evapotranspiration E, [mm/d]. Saturation
excess flow Q17 [mm/d] occurs when the soil moisture bucket exceeds its maximum
capacity. Infiltration to deeper groundwater Q,, [mm/d] depends on current soil mois-
ture and time parameter t,, [d~1].

s,

i Qu — ET5 — Qay — Qay (357)
BT, — % v Ep (358)
Q2u = tu * SZ (359)

Qu, if S3 > Sy
= 360
Q2 {0, otherwise (360)

Where Sy [mm)] is the current groundwater storage, refilled by infiltration from
S1. Evaporation ET» [mm/d] depends linearly on current groundwater and root zone
storage capacity S. [mm]|. Leakage to the slow runoff store Q2, [mm/d] depends on
current groundwater level and time parameter t, [d~!]. When the store reaches max-
imum capacity Spz [mm], excess flow Q2 [mm/d] is routed towards the fast response
routing store.

as.
=@t Q- (361)
Qf =t * Scl (362)

Where S¢; [mm] is current storage in the fast flow routing reservoir, refilled by Q1
and Q2. Routed flow Q; depends on the mean residence time parameter t. [d~1].
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S

Qu =tc* Seo (364)
Where S.o [mm] is current storage in the slow flow routing reservoir, refilled by

Q2,. Routed flow @, depends on the mean residence time parameter . [d~']. Total
simulated flow @, [mm/d]:

Q= Qy + Qu (365)
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S2.32 MOPEX-4 (model ID: 32)

The MOPEX-4 model (fig. S33) is part of a model improvement study that investigates
the relationship between dominant processes and model structures for 197 catchments
in the MOPEX database (Ye et al., 2012). It has 5 stores and 10 parameters (T,
ddf, Sp1, tw, Lo, Is, Sp2, tu, Se, tc). The original model relies on observations of Leaf
Area Index and a calibrated interception fraction. Liang et al. (1994) show typical
Leaf Area Index time series, and a sinusoidal function is a reasonable approximation
of this. Therefore, the model is slightly modified to use a calibrated sinusoidal function,
so that the data input requirements for MOPEX-4 are consistent with other models.
The model aims to represent:

e Snow accumulation and melt;
e Time-varying interception;

Saturation excess flow;
e Infiltration to deeper soil layers;
e A split between fast and slow runoff.

S2.32.1 File names

Model: m_ 32 mopex4 10p b5s
Parameter ranges: m_32 mopex4 10p bHs parameter ranges

S2.32.2 Model equations

Ps - Qn <366)

Ps: {P7 ingTcm’t

. (367)
0, otherwise

ddf * (T — Tcm't)7 if T > Tm‘it
Qn = .
0, otherwise

l (368)
L Where S,, [mm)] is the current snow pack.
Se1 Qs Precipitation occurs as snowfall Py [mm/d]
Quf

when current temperature T [°C] is below

threshold T,.;; [°C]. Snowmelt Qn [mm/d]

occurs when the temperature rises above the

threshold temperature and relies in the degree-
1 day factor dd [mm/°C/d].

S L Q| Q

—>

Figure S33: Structure of the MOPEX-4
model 79
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as
=P BT —1- Qi — Qu (369)
P, T >T.,
po= ' L= et (370)
0, otherwise
S1
ETy = —=«Ep (371)
Sp1
t— 1,
I =max (0, Io+ (1 —14)cos (27r )) * P, (372)
P, if §1 > Sp
= 373
@y {0, otherwise (373)
Qu = tw *x 51 (374)

Where S; [mm)] is the current storage in soil moisture and P, precipitation as rain
[mm/d]. Evaporation ETy [mm/d] depends linearly on current soil moisture, maxi-
mum soil moisture Sy; [mm] and potential evapotranspiration E, [mm/d]. Interception
I [mm/d] depends on the mean intercepted fraction I, [-], the maximum Leaf Area
Index timing I, [d] and the length of the seasonal cycle ¢4, [d] (usually set at 365
days). Saturation excess flow Q1 [mm/d] occurs when the soil moisture bucket ex-
ceeds its maximum capacity. Infiltration to deeper groundwater @Q,, [mm/d] depends
on current soil moisture and time parameter t,, [d~].

dS
7; =Qu — ET> — Qay — Q2y (375)
ET, = % ) (376)
Q2u = tu * SZ (377)
Qu, if S2 > Spo
= 378
Qe {0, otherwise (378)

Where S; [mm] is the current groundwater storage, refilled by infiltration from
Sy. Evaporation ETy [mm/d] depends linearly on current groundwater and root zone
storage capacity S. [mm]|. Leakage to the slow runoff store Q2, [mm/d] depends on
current groundwater level and time parameter ¢, [d~!]. When the store reaches max-
imum capacity Spz [mm], excess flow Q2 [mm/d] is routed towards the fast response
routing store.

dS.
= Qi+ Qap — Qg (379)
Qf =tc* Se1 (380)
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Where S¢q [mm] is current storage in the fast flow routing reservoir, refilled by Q1 ¢
and Q25. Routed flow Q¢ depends on the mean residence time parameter ¢. [d~1].

dScQ
— — 1
Qu =1 * SCQ (382)

Where Sco [mm] is current storage in the slow flow routing reservoir, refilled by
Q2. Routed flow @, depends on the mean residence time parameter t. [d~']. Total
simulated flow @, [mm/d]:

Qi =Qr +Qu (383)
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S2.33 SACRAMENTO model (model ID: 33)

The SACRAMENTO model (fig. S34) is part of an ongoing model development project
by the National Weather Service, which started several decades ago (Burnash, 1995;
National Weather Service, 2005). The documentation mentions a specific order of
flux computations. For consistency with other models, here all fluxes are computed
simultaneously. It has 5 stores and 13 parameters (PCTIM, UZTWM, UZFW M,
kuz, PBASE, ZPERC, REXP, LZTWM, LZEFWPM, LZFWSM, PFREE, k.,
ki.s). The model also uses several coeflicients derived from the calibration parameters
(Koren et al., 2000): PBASE and ZPERC. The model aims to represent:

e Impervious and direct runoff;

Multiple baseflow processes.

S2.33.1 File names

Model:
Parameter ranges:

S2.33.2 Model equations

P
Qdir
, Eusz
14 Quur
Janl

TWex,lp

: PCfW D

Pwa,] L
LZFWP Qus
P

—~—

Rip
R.s J LZFWS L

Qurs

Within soil division of water storage between tension and free water;
Surface runoff, interflow and percolation to deeper soil layers;

m_ 33 sacramento_ 1lp 5s
m_33 sacramento 11lp 5s parameter ranges

dauzTw
—; — Leff + Ry — Euztw — TWez
dt '
(384)
P.p; = (1— PCTIM) % P (385)

UZITWM «UZFW —UZFWM «UZTW

UZTWM T]UZFWM ’
R, = " ZTW < UZFW
UZTWM  UZFWM
0, otherwise
(386)
vzrTw
Euztw - UZTW M * Ep (387)

T Pegr, HUZTW =UZTWM
Weg,u =
’ 0, otherwise
(388)

Where UZTW [mm)] is upper zone ten-
sion water, refilled by effective precipitation

Q

Figure S34: Structure of the SACRA-

MENTO model
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P.ss [mm/d] and redistribution of free wa-
ter R, [mm/d], and is drained by evapora-
tion Fy.t [mm/d] and tension water ex-
cess TWeq,y [mm/d]. Pesy is the fraction
(1-PCTIM) [-] of precipitation P that does
not fall on impervious fraction PCTIM [-].
R, is only active when the relative deficit in
tension water is greater than that in free wa-
ter, and rebalances the available water in the
upper zone. This uses the current storages,
UZTW and UZFW, and maximum stor-
ages, UZTW M [mm| and UZFW M [mm],
of tension and free water stores respectively.
Evaporation is determined with a linear rela-
tion between available, maximum upper zone
tension storage and potential evapotranspi-
ration E, [mm/d|. Twey,,, occurs only when
the store is at maximum capacity.

dUZFW
T = Twea:,u - Euzfu) - qur - Qint — Pc— Ru (389)
E,— FEytw, ifUZF E Eoztw
Eusz = P ! ity W >0k P - i (390)
0, otherwise
Twegn, HUZFW =UZFWM
qur = ' . (391)
0, otherwise
UZFW
Pc=P -
c Cdemand * UZEW M (393)
L7 1+REXP
Pegemand = PBASE x [ 1+ ZPERC * (M) (394)
Z Lanpacity
LZgepiciency = [LZTWM — LZTW] + [LZFWPM — LZWFP] + [LZFWSM — LZFW S|
(395)
LZcopacity = LZTWM + LZFWPM + LZFWSM (396)

Where UZFW [mm]| is upper zone free water, refilled by excess water Twe ,, that
can not be stored as tension water, and drained by evaporation E,. ., [mm/d], surface
runoff Qgy,r [mm/d], interflow Q;n: [mm/d], and percolation to deeper groundwater
Pc [mm/d]. Evaporative demand unmet by the upper tension water store is taken
from upper free water storage at the potential rate. sy, occurs only when the store
is at maximum capacity UZFWM [mm]. Q;n; uses time coefficient k,. [d7!] to
simulate interflow. Percolation Pc is calculated as a balance between the fraction water
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availability in upper zone free storage, and demand from the lower zone Pcgemand- The
demand can be between a base percolation rate PBASE [mm/d] and an upper limit
of ZPERC [-] times PBASE. This demand is scaled by the relative size of lower zone
moisture deficiencies, expressed as the ratio between total deficiency and maximum
lower zone storage. LZTW M [mm|, LZFW P [mm|, LZFW S [mm] are the maximum
capacity of the lower zone tension store, primary free water store and supplemental free
water store respectively. The lower zone percolation demand is potentially non-linear
through exponent REGX |[-|. PBASE is calculated as ki, * LZFWPM + K. *
LZFWSM.

dLZTW
T = Pctw + Rl,p + Rl,s - Elztw - Twe:v,l (397>
Pey = (1 — PFREE) % Pe (398)

LZFWPM

—LZTW(LZFWPM + LZFWSM)+ LZTWM(LZWFP + LZWFS)

if

(LZFWPM + LZFWSM)(LZTWM + LZFWPM + LZFW SM)
R, = LZTW LZFWP+ LZFWS

)

0, otherwise
(399)

LZFW SM x

—LZTW(LZFWPM + LZFWSM) + LZTWM(LZWFP + LZWFS)

if

(LZFWPM + LZFWSM)(LZTWM + LZFW PM + LZFW SM)
R, = . LZTW LZFWP + LZFW S

LZTWM ~ LZFEWPM + LZFW SM

b

0, otherwise

(400)
B = Bo = Bustw = Buzpu) * Tl s i LZTW >0 & Ep > (Bustw + Buspu)
i 0, otherwise
(401)
Ty, | = Pcyy,, if LZTW =LZTWM (402)
' 0, otherwise

Where LZTW [mm)] is lower zone tension water, refilled by percolation Pcy,
[mm/d] and drained by evaporation Ej.i, [mm/d] and tension water excess Twey,
[mm/d]. Evaporative demand unmet b the upper zone can be satisfied from the lower
zone tension water store, scaled by the current lower zone storage relative to total
tension zone storage. Both R;, and R;, are only active when the relative deficit in
tension water is greater than that in free water, and rebalances the available water in
the lower zone. This uses the current storages, LZTW, LZFW P and LZFW S, and
maximum storages, LZTW M [mm|, LZFW PM [mm] and LZFW SM [mm], of the
tension and free water stores respectively. Pcy, is the fraction (1 — PFREEFE) [-] of
percolation Pc that does not go into free storage. T'we,,; occurs only when the store
is at maximum capacity LZTW M [mm].

7
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ALZFW P
T = Pcfw,p + Twer,lp - Qbfp (403)
[ LZFWPM — LZFW P ]
Pcpyp = [ZFWPN—LZFWP | LzFwsii—tzrwsy | * PFREE « Pc)
_LZFWPM ( LZFW PM + LZFWSM )
(404)
. [ LZFWPM — LZFW P ] 7
wew,lp = LZFWPM—-LZFW P LZFWSM—LZFWS wez,l
_LZFWPM ( LZFW PM + LZFWSM )
(405)
Qvsp = kizp * LZEW P (406)

Where LZFW P [mm)] is current storage in the primary lower zone free water store,
refilled by excess tension water TWe, 1, [mm/d] and percolation Pcy,,, [mm/d] and
drained by primary baseflow Qpr, [mm/d]. Refilling of both lower zone free water
stores (primary and supplemental) is divided between the two based on their relative,
scaled moisture deficiency. Percolation from the upper zone Pcy,, , is scaled according
to the relative current moisture deficit £4L£ Wf;‘g ’efF WP compared to the total rel-

W
ative deficit in the lower free water stores (LZFVZZ%;ﬁJ\ZfWP + LZFlivzsgvgéﬁFWS

TWes,1p is a similarly scaled part of T'wez1. Qufp uses time parameter Kj,, [d~1] to
estimate primary baseflow.

dLZFW S

dt = Pcfw,s + Twez,ls - Qbfs (407>

LZFWSM — LZFW S
Pegu,s = LZFWSM (FZEWPN_LZEWE | LZFWSMfLZFWS) * (PFREE x Pc)

LZFW PM LZFWSM
(408)
Tu [ LZFWSM — LZFW S ] T
ew,ls = LZFWPM—-LZFW P LZFWSM—-LZFWS ex,l
_LZFWSM ( LZFW PM + LZFWSM )
(409)
Quvfs = kizs x LZFW S (410)

Where LZFW S [mm)] is current storage in the supplemental free water lower zone
store, refilled by excess tension water TWe, ;s [mm/d] and percolation Pcy,, s [mm/d],
and drained by supplemental baseflow Qprs [mm/d]. Pcjsy s is determined based on
relative deficits in the lower zone free stores, as is TWey 5. Qvfs Uses time parameter
Ki.s [d™1] to estimate supplementary baseflow. Total simulated outflow:

Qt = Qdir + qur + Qint + Qbfp + Qbfs (411)
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S2.34 FLEX-IS (model ID: 34)

The FLEX-IS model (fig. S35) is a combination of the FLEX-B model expanded with
an interception (I) routine (Fenicia et al., 2008) and a snow (S) module (Nijzink et al.,
2016). It has 5 stores and 12 parameters (T'T, ddf, Imaz, URmaz, B, Lp, Percmaz, D,
Niag. 7> Niag,s, K5, Ks). The model aims to represent:

e Snow accumulation and melt;

e Interception by vegetation;

e Infiltration and saturation excess flow based on a distribution of different soil
depths;

e A split between fast saturation excess flow and preferential recharge to a slow
store;

e Percolation from the unsaturated zone to a slow runoff store.

S2.34.1 File names

Model: m_34 flexis 12p bs
Parameter ranges: m 34 flexis 12p 5s parameter ranges

S2.34.2 Model equations

s
dt
p_ {P, T <TT

0, otherwise

=P, - M (412)

(413)

M{ddf*(T—TTL if T >TT

Pes 0, otherwise
(414)
Re, Lot ]
R Where S [mm)] is the current snow
s LR storage, Ps the precipitation that falls
as snow [mm/d], M the snowmelt [mm/d]
UR FR based on a degree-day factor (ddf, [mm/°C/d])
Rp H — and threshold temperature for snow-
Qs fall and snowmelt (TT, [°C]).
‘l’ Rs,l
SR L Q Q

>

Figure S35: Structure of the FLEX-IS model
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dl

pr =Pr+M— E;r — Peyy (415)
P, T >TT

p={ BT (416)
0, otherwise
E,, ifI

g =P >0 (417)
0, otherwise

P, ifI=1
P — 3 max 418

ot {O, otherwise (418)
Where P; [mm/d] is the incoming precipitation, I is the current interception storage
[mm]|, which is assumed to evaporate (E; [mm/d]) at the potential rate E, [mm/d]
when possible. When I exceeds the maximum interception storage I,;,q. [mm], water
is routed to the rest of the model as P.sy [mm/d].

LY R N 8 (419)
R,=(1- [1+exp(_UR/URﬂmaw+l/2)}1)*Peff (420)
Eu = E, * min(l, U}UEZILIP) (421)
R, = Percpmay * U_R[{n]jz (422)

Where UR is the current storage in the unsaturated zone [mm|. R, [mm/d] is the
inflow into UR based on its current storage compared to maximum storage U R qz
[mm] and a shape distribution parameter 3 [-]. E,, the evaporation [mm/d] from UR
which follows a linear relation between current and maximum storage until a threshold
L, [] is exceeded. R, [mm/d] is the percolation from UR to the slow reservoir SR
[mm]|, based on a maximum percolation rate Perc,q, [mm/d], relative to the fraction
of current storage and maximum storage.

RS = (Peff — Ru) * D (423)
Ry = (Peyy — Ru)*(1-D) (424)

Where R; and Ry are the flows [mm/d] to the slow and fast runoff reservoir re-
spectively, based on runoff partitioning coefficient D [-]. Both are lagged by linearly
increasing triangular transformation functions with parameters Nj,q s and Njgg, ¢ Te-
spectively, that give the number of time steps over which R, and Ry need to be
transformed. R, is added to R, before the transformation occurs.
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dF R
Tl Ry, —Qy (425)

Q;=K;+FR (426)

Where FR is the current storage [mm]| in the fast flow reservoir. Outflow Qs [mm/d]
from the reservoir has a linear relation with storage through time scale parameter K

[d~1].

dSR
5 = R —Qs (427)
Qs = Ks;* SR (428)

Where SR is the current storage [mm] in the slow flow reservoir. Outflow @,
[mm/d] from the reservoir has a linear relation with storage through time scale pa-
rameter K, [d~!].

Q=Q5+ Qs (429)

Where Q [mm/d] is the total simulated flow as the sum of @, and Q.
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S2.35 MOPEX-5 (model ID: 35)

The MOPEX-5 model (fig. S36) is part of a model improvement study that investigates
the relationship between dominant processes and model structures for 197 catchments
in the MOPEX database (Ye et al., 2012). It has 5 stores and 12 parameters (T, ddf ,
So1s tws Loy Lsy Tonins Tonazs Sb2s tuy Se, te). The original model relies on observations of
Leaf Area Index and a calibrated interception fraction. Liang et al. (1994) show typical
Leaf Area Index time series, and a sinusoidal function is a reasonable approximation of
this. Therefore, the model is slightly modified to use a calibrated sinusoidal function,
so that the data input requirements for MOPEX-5 are consistent with other models.
The model aims to represent:

e Snow accumulation and melt;

e Time-varying interception and the impact of phenology on transpiration;

Saturation excess flow;
e Infiltration to deeper soil layers;
e A split between fast and slow runoff.

S2.35.1 File names

Model: m_ 35 mopexd 12p b5s
Parameter ranges: m_35 mopexb 12p bs parameter ranges

S2.35.2 Model equations

Ps - Qn <430)

Ps: {P7 ingTcm’t

. (431)
0, otherwise

ddf * (T — Tcm't)7 if T > Tm‘it
Qn = .
0, otherwise

—l (432)
L Where S,, [mm)] is the current snow pack.
Se1 Qs Precipitation occurs as snowfall Py [mm/d]

Quf

when current temperature T [°C] is below

threshold T,.;; [°C]. Snowmelt Qn [mm/d]

occurs when the temperature rises above the

threshold temperature and relies in the degree-
1 day factor dd [mm/°C/d].

S L Q| Q

—>

Figure S36: Structure of the MOPEX-5
model ]9
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dsS
=P ETi—1-Qi; —Qu (433)
Pr _ P, 1fT>,:Tcrit (434)
0, otherwise
51
ET., = — % Ep, (435)
Sp1
t+ I
I = maz (0,1,1 + (1= 1)sin <2”36+5/d)> (436)
P, if 51 > Sn
_ 437
Qs {O, otherwise (437)
Qu = tw * 51 (438)

Where S; [mm)] is the current storage in soil moisture and P, precipitation as rain
[mm/d]. Evaporation ET; [mm/d] depends linearly on current soil moisture, maxi-
mum soil moisture Sp; [mm] and phenology-corrected potential evapotranspiration:

Ep. = EpxGSI (439)
GSI = %7 if Tmin Z T < T"Lfmf (440)
17 if T Z Tma:v

Where GSI is a growing season index based on parameters Ty, [°C| and Tiax
[°C]. Interception I [mm/d] depends on the mean intercepted fraction I, [-] and the
maximum Leaf Area Index timing I, [d]. Saturation excess flow Qqf [mm/d] occurs
when the soil moisture bucket exceeds its maximum capacity. Infiltration to deeper
groundwater @Q,, [mm/d] depends on current soil moisture and time parameter t,,

[d=1].

dS.
—7 = Qu—ETy ~ Quu — Qzy (441)
ET,, = % « Ep, (442)
Q2 = ty * 59 (443)
Qu, if 52> Spo
= 444
Qo {O, otherwise (444)

Where Sy [mm)] is the current groundwater storage, refilled by infiltration from
S1. Evaporation ETy [mm/d] depends linearly on current groundwater and root zone
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storage capacity S. [mm]|. Leakage to the slow runoff store Q2, [mm/d] depends on
current groundwater level and time parameter ¢, [d~!]. When the store reaches max-
imum capacity Spe [mm], excess flow Q25 [mm/d] is routed towards the fast response
routing store.

dS.
dtl =Qif +Q2r — Qf (445)
Qf =tc*Se (446)

Where S¢q [mm] is current storage in the fast flow routing reservoir, refilled by Q1 ¢
and Q27. Routed flow Q¢ depends on the mean residence time parameter ¢. [d1].

S

Qu =t * Sc2 (448)
Where Sco [mm] is current storage in the slow flow routing reservoir, refilled by

Q2. Routed flow @, depends on the mean residence time parameter t. [d~']. Total
simulated flow @, [mm/d]:
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S2.36 MODHYDROLOG (model ID: 36)

The MODHYDROLOG model (fig. S37) is an elaborate groundwater recharge model,
originally created for use in Australia (Chiew, 1990; Chiew and McMahon, 1994). It
has 5 stores (I, D, SMS, GW and CH) and 15 parameters (INSC, COEFF, SQ, SMSC,
SUB, CRAK, EM, DSC, ADS, MD, VCOND, DLEV, ki, ko and k3). It originally
includes a routing scheme that allows linking sub-basins together, which has been
removed here. The model aims to represent:

e Interception by vegetation;

e Infiltration and infiltration excess flow;

e Depression storage and delayed infiltration;

e Preferential groundwater recharge, interflow and saturation excess flow;

e Groundwater recharge resulting from filling up of soil moisture storage capacity;
e Water exchange between shallow and deep aquifers;

e Water exchange between aquifer and river channel.

S2.36.1 File names

Model:
Parameter ranges:

m_36_ modhydrolog 15p b5s
m_ 36 _modhydrolog 15p b5s parameter  ranges

S2.36.2 Model equations

Ei T lP
EXC—~ RUN,~ SRUN % _P—E,—EXC  (450)
Ny
INF TRAP :
I By =B H1>0 (451)
E 0, otherwise
REC A\ INT T d
N P, itI=IN
SMF v Bxc=14"" NSO 459
------------------ 0, otherwise
E J D Where I [mm] is the current in-
T T K rer— terception storage, P the rainfall [mm/d],
GWF ¥~ DINF FE; the evaporation from the intercep-
tion store [mm/d] and EXC' the ex-
v cess rainfall [mm/d]). Evaporation is
assumed to occur at the potential rate

E, |[mm/d] when possible. When I ex-
ceeds the maximum interception ca-
pacity INSC, water is ruted to the
rest of the model as excess precipita-
tion FXC. The soil moisture store

—

L SMS !
GW FLOW L
CH Q

—
] seep
Figure S37: Structure of the
DROLOG model

MODHY-
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SMS is instrumental in dividing runoff
between infiltration and surface flow:

dSMS

7 =SMF+ DINF — Er —GWF (453)
SMF =INF —INT — REC (454)
o —SQ*xSMS
SMS
INT—SUB*SMSC*INF (456)
SMS
SMS
Er=min| EM x ———, PET 4
. mm( . NS ) (458)
MF, if SMS=S5M
Gwr = | SME 1ESMS = SMSC (459)
0, otherwise

Where SMS is the current storage in the soil moisture store [mm|. SMF [mm/d]
and DINF [mm/d] are the infiltration and delayed infiltration respectively. INF is
total infiltration [mm/d] from excess precipitation, based on maximum infiltration
loss parameter COEFF [-], the infiltration loss exponent SQ and the ratio between
current soil misture storage SMS [mm| and the maximum soil moisture capacity SMSC
[mm]. INT represents interflow and saturation excess flow [mm/d], using a constant of
proportionality SUB [-]. REC is preferential recharge of groundwater [mm/d] based on
another constant of proportionality CRAK [-]. SMF is flow into soil moisture storage
[mm/d]. Ep evaporation from the soil moisture that occurs at the potential rate when
possible [mm/d], based on the maximum plant-controlled rate EM [mm/d]. GWF is
the flow to the groundwater store [mm/d]:
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dD

T =TRAP - Ep — DINF (460)
D
RUN = EXC - INF (462)
Ep— ADS x Ey, 1fD>.0 (463)
0, otherwise
DINF:{ADS*RATE, if D >0 (464)
, otherwise
RATE = COEFF xex —SQ% —INF —INT — REC (465)
- P SMSC

Where TRAP [mm/d] is the part of overland flow captured in the depression store
(equation taken from Porter and McMahon (1971)), Ep the evaporation from the de-
pression store [mm/d|, and DINF delayed infiltration to soil moisture [mm/d]. TRAP
uses DSC as the maximum depression store capacity [mm], ADS as the fraction of land
functioning as depression storage [-] and MD a depression storage parameter [-]. Ep
relies on the potential evapotranspiration £,. The grundwater store has no defined
upper and lower boundary and instead fluctuates around a datum DLEV:

di—tW — REC + GWF — SEEP — FLOW (466)
SEEP = VCOND % (GW — DLEV) (467)
_ _ i >
FLOW — k1 % |GW | + ko % (1 — exp(—ks * |GW])), ?f GW >0 (468)
— (k1 % |GW| 4 ko % (1 — exp(—ks x |GW]))), L GW <0

Where SEEP [mm/d] is the exchange with a deeper aquifer (can be negative or pos-
itive) and FLOW [mm/d] the exchange with the channel (can be negative or positive).
VCOND is a leakage coefficient, DLEV a datum around which the groundwater level
can fluctuate, and k1, k2 and ks are runoff coefficients. The channel store aggregates
incoming fluxes and produces the total runoff Q; [mm/d]:

dCH

SRUN = RUN — TRAP (470)
CH, ifCH>0

= ’ 471

@ {0, otherwise (471)
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S2.37 HBV-96 (model ID: 37)

The HBV-96 model (fig. S38) was originally developed for use in Sweden, but has been
widely applied beyond its original region (Lindstrém et al., 1997). It can account for
different land types (forest, open ground, lakes) but that distinction has been removed
here. It has 5 stores and 15 parameters (TT, TTI, CFR, CFMAX, TTM, WHC,
CFLUX, FC, LP, 8, Ky, «a, ¢, K1, MAXBAS) parameters. The model aims to

represent:

e Snow accumulation, melt and refreezing;

S2.37.1 File names

Model:
Parameter ranges:

S2.37.2 Model equations

Structure of the

Figure S38:
HBV-96 model

Infiltration and capillary flow to, and evaporation from, soil moisture;
A non-linear storage-runoff relationship from the upper runoff-generating zone;
A linear storage-runoff relationship from the lower runoff-generating zone.

m_37 hbv_15p 5s
m 37 hbv 15p 5s parameter ranges

dSP
7. =sf+refr —melt (472)
P, if T <TT—LTTI
sf=4qPx %, otherwise
0, iftT>TT+ %TTI
(473)
7 CFR«CFMAX x(TTM —-T), T <TTM
refr =
0, otherwise
(474)
,_ [CFMAX « (T —TTM), T >TTM
melt =
, otherwise
(475)

Where SP is the current snow storage [mm)].
sf is precipitation that occurs as snowfall [mm/d]
based on daily precipitation P [mm/d], threshold
temperature for snowfall TT [°C]| and the snowfall
threshold interval length TTI [°C]. refr [mm/d]
is the refreezing of liquid snow if the current tem-
perature T is below the melting threshold TTM
[°C], using a coeflicient of refreezing CFR [-] and a
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degree-day factor CFMAX [mm/d/°C]. melt repre-
sents snowmelt if the current temperature T is be-
low the melting threshold TTM, using the degree-
day factor CFMAX.

d
%C =rf4+melt —refr —in — Sepcess (476)
0, ifT<TT-iTTI
rf=1< Px %, otherwise (477)
P, if T>TT+iTTI
It, if >WH P
in = rf+melt, i WCfW CxS (478)
0, otherwise

sez{WC WHC « SP, it WC > WHC % SP (479)

0, otherwise

Where WC is the current liquid water content in the snow pack [mm], rf is the
precipitation occurring as rain [mm/d| based on temperature threshold parameters TT
and TTI, refr is the refreezing flux, and in the infiltration to soil moisture [mm/d]
that occurs when the water holding capacity of snow gets exceeded. Sepcess [mm/d]
represents excess stored water that is freed when the total possible storage of liquid
water in the snow pack is reduced.

M
% = (in + Segcess) + ¢f — Eq — 1 (480)
SM
i >
B, = By, o if SM._LP*FC' (482)
Ey * 18.pc» otherwise

(483)

SM?
FC

r= (Z’Il + Semcess) * <
Where SM is the current storage in soil moisture [mm], én the infiltration from
the surface, cf the capillary rise [mm/d| from the unsaturated zone, E, evaporation
[mm/d] and r the flow to the upper zone [mm/d|. Capillary rise depends on the max-
imum rate CFLUX [mm/d], scaled by the available storage in soil moisture, expressed
as the ration between current storage SM and maximum storage FC [mm]. Evapora-
tion F, occurs at the potential rate E, when current soil moisture is above the wilting
point LP [mm]|, and is scaled linearly below that. Runoff r to the upper zone has a
potentially non-linear relationship with infiltration in through parameter 3 [-].
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auvz

W:r—cf—Qo—perc (484)
Qo = Ko+ UZUT) (485)
perc = c. (486)

Where UZ is the current storage [mm] in the upper zone. Outflow Qg [mm/d] from
the reservoir has a non-linear relation with storage through time scale parameter K
[d=1] and and « |-]. Percolation perc [mm/d] to the lower zone is given as a constant
rate ¢ [mm/d]S.

dLZ
—g = bere— Q1 (487)

Q1=K *LZ (488)

Where LZ is the current storage [mm)] in the lower zone. Outflow @)1 [mm/d] from
the reservoir has a linear relation with storage through time scale parameter K; [d}].
Total outflow is generated by summing )y and 1 and applying a triangular transform
based on lag parameter MAXBAS [d].
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S2.38 Tank Model - SMA (model ID: 38)

The Tank Model (fig. S39) is originally developed for use in constantly saturated soils
in Japan. This alternative Tank model - SMA (soil moisture accounting) version was
developed for regions that are not continuously saturated (Sugawara, 1995). This
model is identical to the original tank model, but has an increased depth in the first
store to represent primary soil moisture, and adds a new store to represent secondary
soil moisture. It has 5 stores and 16 parameters (smq, sma, k1, ka, Ao, A1, Aa, t1, to,
By, By, ts, Co, C1, t4, D1). The model aims to represent:

e Runoff on increasing time scales with depth;
e Soil moisture storage;

e capillary rise to replenish soil moisture.

S2.38.1 File names
Model: m 38 tank2 16p 5s

Parameter ranges: m_38 tank2 16p bs parameter ranges
S2.38.2 Model equations
ds
S =PAT T B - Fp - Y, -1
(489)
T =k (1 — ) if S1 < smy (490)
smy
X
Ty — ko (mm Sy, smy) X ) (491)
Sy
E if
_ p, if Sy >0 (492)
0, otherwise
. AO * Sl — Sml) if S > smy
B 0, otherwise
(493)
A — if
_ 2 >|< Sl tQ if S >-t2 (494)
0, otherwise
Ay x (51—t if S1 >t
Y, = 1% (St 1), 1 1>'1 (495)
0, otherwise
S4 L v.la Where S; [mm] is the current storage in
L2 EN the upper zone, refilled by precipitation P
Figure S39: Structure of the Tank
Model - SMA
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[mm/d] and drained by evaporation Ey [mm/d],

drainage Fio [mm/d] and surface runoff Y;
[mm/d] and Yz [mm/d]. If Sy is below the
soil moisture threshold smy [mm]|, capillary
rise Ty [mm/d] from store Sy can occur. Cap-
illary rise has a base rate k1 [mm/d] and
decreases linearly as soil moisture S; nears
smy. This store is connected to the sec-
ondary soil moisture store X through trans-
fer flux
T, [mm/d]. This flux can work in either direction, based on a base rate ko [mm/d],
the current storages S; [mm] and X [mm] and the maximum soil moistures storages
smy [mm]| and smo [mm|. Evaporation E; occurs at the potential rate E, [mm/d] if
water is available. Drainage to the intermediate layer has a linear relationship with
storage through time scale parameter Ay [d~!]. Surface runoff Y5 and Y; occur when
Sy is above thresholds ¢o [mm] and ¢; [mm)| respectively. Both are linear relationships
through time parameters Az [d~!] and A; [d~!] respectively.

dX,
dt

=T (496)

Where X [mm]| is the current storage in the secondary soil moisture zone. This
zone has a maximum capacity smo [mm], used in the calculation of T». T3 can be both
positive and negative.

ds.
d—;:Fu—Ez—Tl—FQg—}g (497)
E if S1 =
By = p, if Sy O&SQ>O (498)
0, otherwise
F23 = BO * SQ (499)
B —t if ts
Y, = 1 x (52 3), if S2 >' 3 (500)
0, otherwise

Where S5 [mm]| is the current storage in the intermediate zone, refilled by drainage
Fi5 from the upper zone and drained by evaporation Ey [mm/d], drainage Foz [mm/d]
and intermediate discharge Y3 [mm/d]. E2 occurs at the potential rate E, if water is
available and the upper zone is empty. Drainage to the third layer F53 has a linear
relationship with storage through time scale parameter By [d~!]. Intermediate runoff
Y3 occurs when Ss is above threshold ¢3 [mm| and has a linear relationship with storage
through time scale parameter By [d~!].
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g P Bs s (501)
By — Ep, if S :O& Sy=0& S3>0 (502)
0, otherwise
F34 = CO * Sg (503)
Cy1x(S3—1t if S3 >t
Y4{ 1% (93 —t4), i 3>.4 (504)
0, otherwise

Where S3 [mm)] is the current storage in the sub-base zone, refilled by drainage
Fy3 from the intermediate zone and drained by evaporation E3 [mm/d], drainage F34
[mm/d] and sub-base discharge Y, [mm/d]. E3 occurs at the potential rate E, if
water is available and the upper zones are empty. Drainage to the fourth layer F34 has
a linear relationship with storage through time scale parameter Cy [d~!]. Sub-base
runoff Yy occurs when Sj is above threshold ¢4 [mm] and has a linear relationship with
storage through time scale parameter C; [d~1].

— =F3y—E,—Y;
o 34— By — Y5 (505)
E .f = = =
E, = P, 1 S1 .O & S 0& S3 0& Sy >0 (506)
0, otherwise
Y5 = D1 x5, (507)

Where S4 [mm] is the current storage in the base layer, refilled by drainage Fs4 from
the sub-base zone and drained by evaporation F4 [mm/d] and baseflow Y5 [mm/d].
E, occurs at the potential rate E), if water is available and the upper zones are empty.
Baseflow Y5 has a linear relationship with storage through time scale parameter D
[d~1]. Total runoff:

Qi=Y1+Yo+Ys+Y,+Y5 (508)
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S2.39 Midlands Catchment Runoff Model (model ID: 39)

The Midlands Catchment Runoff model (fig. S40) is intended to be used in a flood-
forecasting setting (Moore and Bell, 2001). To reduce the number of free parameters,
the original evaporation routines and routing are somewhat simplified here. The model
has 5 stores and 16 parameters (Smaz, Cmazs €0, €1, Ce, Dsurps kds Vdy Gpmaz, Kgs T,
Svfs kers Yers Kor Yor). The model aims to represent:

e Interception by vegetation;

e Direct runoff from a variable contributing area;

A deficit-based approach to soil moisture accounting and interflow and percola-
tion;

Baseflow from groundwater;

Uniform flood flood wave distribution in time;
In-channel and out-of-channel flood routing.

S2.39.1 File names

Model: m_ 39 mcrm_16p 5s
Parameter ranges: m_39 mcrm 16p 5s_parameter  ranges

S2.39.2 Model equations

ECT J'P Ot ﬁ
dt

E, ifS>0
> E.={ 7 1220 (510)
0, otherwise

E,
b {P, S = Span
qr =

0, otherwise

—P-E.—q (509)

(511)

Where S [mm] is the current interception stor-
________________ 9p age, refilled by precipitation P [mm/d] and drained

r by evaporation E. [mm/d] and throughfall ¢; [mm/d).
E. occurs at the potential rate whenever possible.
L q: occurs only when the store is at maximum ca-
q pacity Spmaz [mm].

Uib
J{ Uob
‘ Soc |_ Joc
| Sic |_ Tic ]a
- 94
Figure S40: Structure of the
MCR model
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dD
— =q,— F, —qq— 512
dat q qd — 49p ( )
qn = 4t — qr (513)
gr = min (cmm, co + coech) * (514)
1
E, = pp—— x (E, — E.) (515)
k Dsur -D "/d’ ifD>Dsur
ga = a (Dsurp = D) TSP (516)
0, otherwise
dp,mazx, if D Z Dsurp
I %qu,mam, if 0 <D < Dgyrp (517)
0, otherwise

Where D [mm] is the current storage in soil moisture, refilled by net infiltration
gn [mm/d] and drained by evaporation E, [mm/d], direct runoff ¢4 [mm/d] and per-
colation ¢, [mm/d]. Negative D-values are possible and indicate a moisture deficit.
Net inflow ¢, is calculated as the difference between throughfall ¢; and rapid runoff
gr [mm/d]. g, varies depending on the current degree of saturation in the catchment,
with a maximum fraction of the catchment area contributing to rapid runoff called
Cmaz ], @ minimum contributing area of ¢y [-] and an exponential increase with in-
creasing soil moisture storage, controlled through shape parameter ¢; [-], in between.
FE,. fulfils any remaining evaporation demand but decreases with increasing moisture
deficit (negative D values). This relation is controlled through shape parameter co. gq
has a non-linear relation with storage above a threshold Dy [mm] through time scale
parameter k, [d~1] and non-linearity parameter 4 |-]. Percolation g, has a maximum
rate of gp maz if D is above threshold Dy, and decreases linearly between D = D,y
and D = 0.

ds,
— o — 518
dt qP qb ( )
@ = kg xS0 (519)

Where S, [mm]| is the current groundwater storage, refilled by percolation ¢, and
drained by baseflow q, [mm/d]. g, uses time parameter k; [d~!] and a fixed non-
linearity coefficient of 1.5. Next, ¢, ¢4 and g, are summed together and distributed
uniformly over timespan 7 [d], giving delayed flow wu;, [mm/d].
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dS’ic
g = b~ Uob — dic (520)
oy = Uy, if Sic = Spy (521)
0, otherwise

522
38, otherwise (522)

B {k £ ST, if g < 38
Qic =
4

Where S;. [mm] is the current in-channel storage, refilled by u;. and drained by
in-channel flow ¢;. [mm/d] and out-of-bank flow wu,, [mm/d]. . only occurs when
the store is at maximum capacity Sys [mm]. g;. uses time parameter ke, [d’l] and
non-linearity parameter v, [-].

dSoc
= Upp — Goc 523
o = U — 4 (523)
kor * S;yc"", if Goc < §Soc
Goc = {35 . 4 (524)
5S¢ otherwise

Where S, [mm] is the current out-of-channel storage, refilled by wu,, and drained
by out-of-channel flow go. [mm/d]. qoc uses time parameter k,, [d~'] and non-linearity
parameter 7, [-]. Total flow:

Qt = Goc + Gic (525)
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S2.40 SMAR (model ID: 40)

The SMAR model (fig. S41) is the result of a series of modifications to the original
'layers-model” (O’Connell et al., 1970) and summarized by Tan and O’Connor (1996).
The model uses an arbitrary number of soil moistures stores connected in series, with
each store having a depth of 25mm. The number of stores is an optimization parameter.
The current storage in the upper 5 stores features in various equations. For consistency
within this framework, the process is reversed: the model uses a fixed number of 5 soil
moisture stores, but the depth of each store is variable and given as Sy, maz = Smaz/5-
It has 6 stores and 8 parameters (H, Y, Spaz, C, G, Kg, N, K). The model aims to
represent:

Saturation excess overland flow;

Infiltration excess overland flow;

e Gradual infiltration into soil moisture and declining evaporation potential when
water is sourced from further underground;

e Groundwater flow;

Routing of non-groundwater flow.

S2.40.1 File names

Model: m_40 smar 8p_ 6s
Parameter ranges: m_40 smar 8p 6s parameter ranges

S2.40.2 Model equations

*

p
Ry L (526)
R,
Y, if P - R, >Y
E4 T, =" P - B2 (527)
d1 P* — Ry, otherwise
S1 11 P-E, ifP>E
E P = P P 528
%2 2 0, otherwise (528)
JIRE £,
a3 Ry =P« Hx S (529)
S3 11 E, Ry=(P*"—Ry)-1 (530)
G4 E, =Y« Ep (531)
ESTf S E,— P, itE,>P
* Er=("" ’ P 532
Ri R P 0, otherwise (532)
Ss Re
P* — Ry — if S > Smas
LD]::._ o= Ry = Ry, 50 =75 (533)
0, otherwise
Gw Q
Q [Q
Figure S41: Structure of the 97

SMAR model



Knoben et al, 2018

Where S; [mm] is the current storage in the
upper soil layer, I [mm/d] infiltration into the soil,
P* the effective precipitation [mm/d], Ry [mm/d]
is direct runoff, Ry [mm/d] is infiltration excess
runoff, Fy [mm/d] evaporation and ¢; [mm/d] flow
towards deeper soil layers. I uses a constant infil-
tration rate Y [mm/d]. Direct runoff R; relies on
distribution parameter H [-] and is scaled by the
current soil moisture storage in all layers compared
to the maximum soil moisture storage Sy, 4. [mm] of
all layers. Evaporation from this soil layer occurs at
the effect potential rate E7. Runoff to deeper lay-
ers ¢ only occurs when the current storage exceeds
the store’s maximum capacity.

So=q —Ex—q (534)

B — {0(2_1) *Ep, ifS1=0

. (535)
0, otherwise

1, if Sy > Smas
qz:{q’ iS5 = =5 (536)

0, otherwise

Where S2 [mm| is the current storage in the second soil layer, Ey [mm/d] the
evaporation scaled by parameter C [-], and ¢ [mm/d] overflow into the next layer.
Evaporation is assumed to occur only when the storage in the upper layers has been
exhausted.

S3=¢q»—FE3—q3 (537)

CB-V % Ep, ifSy=0
Es = rEp B (538)
0, otherwise

2 'fS > Smaz
qu{q’ Eos= (539)

0, otherwise

Where S5 [mm] is the current storage in the second soil layer, E3 [mm/d] the
evaporation scaled by parameter C? ||, and g3 [mm/d] overflow into the next layer.
Evaporation is assumed to occur only when the storage in the upper layers has been
exhausted.
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Si=qg—Fi—q (540)

CU=D % Fp, if S3=0
Ey= rEp Ees (541)

0, otherwise

3 'fS > Smaz
q4:{q’ Bor= s (542)

0, otherwise

Where Sy [mm] is the current storage in the second soil layer, E; [mm/d] the
evaporation scaled by parameter C3 ||, and g4 [mm/d] overflow into the next layer.
Evaporation is assumed to occur only when the storage in the upper layers has been
exhausted.

S5 =q4— Es — R (543)

B {c<51> «Ep, ifSi=0

. (544)
0, otherwise

4, if S5 > Smas
Rgz{q’ D= s (545)

0, otherwise

Where S5 [mm)] is the current storage in the second soil layer, E5 [mm/d] the
evaporation scaled by parameter C* [-], and Rz [mm/d] overflow towards groundwater.
Evaporation is assumed to occur only when the storage in the upper layers has been
exhausted.

dGy,
Ry =G+ R3 (547)
Qg = K¢ x Gy (548)

Where G,, [mm] is the current groundwater storage, refilled by fraction G [-] of
R3 [mm/d] and drained as a linear reservoir with time parameter Kg [d~!]. This
groundwater flow Q4 [mm/d] contributes directly to simulated streamflow Q. The
fraction R = (1 — G) * R3 that does not reach the groundwater reservoir is combined
with R; and R, and routed with a gamma function with parameters NV and K. The
routing function approximates a Nash-cascade consisting of N reservoirs with storage
coefficient K:

1 N-1
h = (t) e tE (549)
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Integration over the time step length d provides the fraction of flow routed per time
step @, [mm/d]. Total flow:

Qt=0Qr+Q (550)
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S2.41 NAM model (model ID: 41)

The NAM model (fig. S42) is originally developed for use in Denmark (Nielsen and
Hansen, 1973). Here a small modification is made by replacing runoff routing equations
of the form %e‘t/ k with the linear reservoirs these equations represent. The model
has 6 stores and 10 parameters (Cs, Ciy, L*, Cp1, U, Coy, Cr2, Ko, K1, K3 ). The
model aims to represent:

e Snow accumulation and melt;

e Interflow when total soil moisture exceeds a threshold;

Separation of saturation excess flow into overland flow and infiltration;

Baseflow from groundwater-.;

S2.41.1 File names

Model: m 41 nam 10p 6s
Parameter ranges: m_ 41 nam 10p_ 6s_parameter  ranges

S2.41.2 Model equations

p
ds
— =P, - M 551
Pr dt S ( )
P, fT<0
p={ =0 (552)
0, otherwise

CexT, ifT >0
M| [T g M= R (553)
T u 0, otherwise
P, ~ Of
Inf l Where S is the current snow storage [mm)],
U r P, [mm/d] the precipitation that falls as snow
and M the snowmelt [mm/d] based on a degree-
ELT DI l 0 Q day factor (cs, [mm/°C/d|). The freezing
point of 0° [C] is used as a threshold for
Gw | | |_ Q snowfall and melt.
|
L
lela o

Figure S42: Structure of the NAM
model
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dU
P, ifT>0

p={0 tE (555)
0, otherwise
E, ifU>0

Ey={"7 "1 _ (556)
0, otherwise

1= G HLzCuy, if L/L* > Cpy
0, otherwise

(557)

P.+M), ifU=U*

R (5589)
0, otherwise

Where U [mm] is the current storage in the upper zone, refilled by precipitation as
rain P. [mm/d] and snowmelt M, and drained by evaporation Ey [mm/d], interflow
If [mm/d] and net precipitation P, [mm/d]. P, occurs only when the current tem-
perature exceeds the threshold of 0°C. Ey occurs at the potential rate E, whenever
possible. If occurs only if the fractional storage in the lower zone L/L* (L is current
lower zone storage, L* is lower zone maximum storage) exceeds a threshold Cp [-].
If is further scaled current deficit in the lower zone and a second scaling coeflicient

Cit [-]- Pn occurs only when the upper zone exceeds its maximum storage capacity
U* [mm)].
dL
— =DI-F 559
= t (559)
L
Dl = (P, — Of) (1 — L*> (560)
L/L*—C . .
0f Cof*ﬁmm*P”’ lfL/L.>CL2 (561)
0, otherwise
L .
=F fU =
g =)z E HU=0 (562)
0, otherwise

Where L [mm] is the current storage in the lower zone, refilled by a fraction of
infiltration DI [mm/d] and drained by evaporation E; [mm/d]. DI is calculated as a
fraction of infiltration P, — Of, dependent on the current deficit in the lower zone.
Note that with the current formulation DI might be larger than the lower zone deficit
L* — L and a constraint of the form DI < L* — L is needed. Overland flow Of [mm/d]
is a fraction of P, determined using the relative storage in the lower zone L/L* and
two coefficients Cys [-] and Cprs [-]. E; occurs only when the upper zone is empty, and
at a reduced rate that uses the relative storage in the lower zone.
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doO
C=0f-Q, (563)

Qo =Ko O (564)

Where O [mm)] is the current storage in the overland flow routing store. @, is the
routed overland flow, using time coefficient Ky [d~1].

dI
pri If—Q; (565)
Qi =Ky +1 (566)

Where I [mm] is the current storage in the interflow routing store. @; is the routed
interflow, using time coefficient K [d~1].

(ilf? = Gw — Qb (567)
Gw = (P, — Of) <5> (568)
Qp= K+ O (569)

Where G [mm] is the current storage in the overland flow routing store, refilled by
groundwater flow Gw [mm/d]. @ is the routed baseflow, using time coefficient K
[d~1]. Total flow:

RQ=0Q,+Qi+ Qs (570)
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S2.42 HYCYMODEL (model ID: 42)

The HYCYMODEL (fig. S43) is originally developed for use in heavily forested catch-
ments in Japan (Fukushima, 1988). The original model specifies evaporation from the
Sp store as Ep = e,(1) * Qp/Qpe, if Sy < 0 & Sy < Spe, with Qpe = f(Sie). However,
no further details are given and Sp. is not listed as a parameter. We assume that Sp,
[mm] is a threshold parameter and that evaporation potential declines linearly to zero
when the store drops under this threshold. The model has 6 stores and 12 parameters
(C, It mazs @ I2mazs Kins Dso, D16y Sves kb, Db, kn, ke). The model aims to represent:

e Split between channel and ground precipitation;

Interception by canopy and stems/trunks;

Overland flow from a variable contributing area;
e Non-linear channel flow, hillslope flow and baseflow;

Channel evaporation.

S2.42.1 File names

Model: m 42 hycymodel 12p 6s
Parameter ranges: m_42 hycymodel 12p 6s parameter ranges

S2.42.2 Model equations

= Rg — Eic — (e (571)
Qie Qis Rg = (1 - C)P (572)

B, — 1-C)xE,, iflI.>0
- 0, otherwise
(573)

Rgv if I. =11 jmax
e = ’ 574
die { 0, otherwise (574)

Where I, [mm] is the current canopy
storage, refilled by rainfall on ground
R, [mm/d] and drained by evapora-
Est tion E;. [mm/d] and canopy intercep-
E. tion excess Qe [mm/d]. R, is the
L fraction (1-C) [mm] of rainfall P [mm/d]
Sb Qp é_g

that falls on ground (and not in the
channel). This fraction appears sev-
Figure S43: Structure of the HYCYMODEL  eral times in the model to scale evap-

oration values according to surface area.
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E;. occurs at the potential rate F,
[mm/d] when possible. g;. only occurs
when the canopy store is at maximum
capacity I1 maq [mm].

dl
= {is — Eis - Rs 975
ik’ (575)
Gis = O * Qe (576>
1-— FE if I,
B, = (L= C)x By, AL > .O (577)
0, otherwise
iS5 if Is =1 max
Ry= e B = (578)
0, otherwise

Where I, [mm] is the current stem and trunk storage, refilled by a fraction of canopy
excess ¢;s [mm/d] and drained by evaporation E;s [mm/d] and stem flow R, [mm/d].
gis is the fraction « [-] of canopy excess g;.. The remainder (1 — «) is throughfall R,
[mm/d]. E;s occurs at the potential rate E, when possible. Ry occurs only when the
store is at maximum capacity I mas-

dSy

U R _Re—E. —O,
dt Rn Re su an (579)
R, = R, + Ry (580)
Re=m=x* R, (581)

B 13 1 52
m = /_inf Eexp (—2) d& (582)
log (Su/Dso)

= 583
: log (Dso/D1g) (583)
1_ .
B, — (1-C)xE,, if E, > 0 (584)
0, otherwise
Qin = kin * Su (585)

Where S, [mm] is the current storage in the upper zone, refilled by net precipitation
R, [mm/d] and drained by effective rainfall R, [mm/d], evaporation Ey, [mm/d] and
infiltration Q;, [mm/d]. R, is the sum of throughfall R; and stem flow R;. R. is
a fraction m [-] of R., determined from a variable contributing area concept. m is
calculated is an integral from a regular normal distribution, scaled by the current
storage S, compared to two parameters Dsg [mm| and Djg [mm]. These parameters
represent the effective soil depths at which respectively 50% and 16% of the catchment
area contribute to R.. Ej, occurs at the potential rate F, when possible. Q;, has a
linear relation with storage through time parameter k;, [d~!].
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ds,

dt = an — By — Qb (586)
1-C)%E,,  ifS,=0&Sy> Spe

o &= (587)
(1-C)*E,g-, otherwise

Qb= Ky x S} (588)

Where S}, [mm] is the current storage in the lower zone, refilled by infiltration @Q;y,
and drained by evaporation Eg, [mm/d] and baseflow @ [mm/d]. Eg, occurs at the
potential rate when the store is above a threshold S, [mm]|, and declines linearly below
that. @, has a potentially non-linear relation with storage through time parameter k;
[d~!] and scale parameter py, [-].

dS,
g = Be—@n (589)
Qn = kp * Sp" (590)

Where S;, [mm] is the current storage in the hillslope routing store, refilled by
effective rainfall R, and drained by hillslope runoff @J,. @ has a potentially non-
linear relation with storage through time parameter k;, [d~'] and scale parameter pj,
[-]- pr is a fixed parameter in the original model with value 5/3.

dS.
o~ Re—Qe (591)
Qe = ke x S (592)

Where S, [mm] is the current storage in the channel routing store, refilled by
rainfall on the channel R, and drained by channel runoff Q.. Q. has a potentially
non-linear relation with storage through time parameter k. [d~!] and scale parameter

Pe [-]- pe is a fixed parameter in the original model with value 5/3.
Qi =Qc+Qn+Qp— E; (593)
E.=CxE, (594)

Where Q; [mm/d] is the total flow as sum of the three individual flow fluxes minus
channel evaporation E. [mm/d].
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S2.43 GSM-SOCONT model (model ID: 43)

The Glacier and SnowMelt - SOil CONTribution model (GSM-SOCONT') model (fig. S44)
is a model developed for alpine, partly glaciated catchments (Schaefli et al., 2005). For
consistency with other models in this framework, several simplifications are used. The
model does not use different elevation bands nor DEM data to estimate certain pa-
rameters, and does not calculate an annual glacier mass balance. The model has 6
stores and 12 parameters (fice, T0s Gsnows Lm; ks, Qice, kiy A, T, Y, ks, §). The model

aims to represent:

e Snow accumulation and melt;

Glacier melt;

S2.43.1 File names
Model:

Parameter ranges:

m_43 gsmsocont 12p 6s

S2.43.2 Model equations

Er 4
sni,s L Qg

|\/Ii,i

Yolal
| s L | _iSi'S Qss

Q

»
>

Figure S44: Structure of the GSM-SOCONT

model
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Separate treatment of glacier and non-glacier catchment area;

Soil moisture accounting in the non-glacier catchment area.

m_43 gsmsocont 12p 6s parameter ranges

dH;
d;,s = Pice,s - Mi,s (595)
]Dices: Picm lfTSTO
’ 0, otherwise
(596)
Piee = fice * P (597)
M . — Asnow (T - Tm)a itT >1T,
e 0, otherwise
(598)

Where H; ; [mm]| is the current
storage in the snow pack, refilled
by precipitation-as-snow Pic. s [mm/d]
and depleted by melt M; s [mm/d].
Pice,s occurs only when the tem-
perature T' [°C] is below a thresh-
old temperature for snowfall T, [°C].
P, is the fraction f;.. [-] of precip-
itation P [mm/d] that falls on the
ice-covered part of the catchment.
M; 5 uses a degree-day-factor aspow
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[mm/°C/d] to estimate snow melt
if temperature is above a threshold
for snow melt T [°C].

dS; s
g = Mist+ Pirs, — Qis (599)
Pi,r,s = Pice,'m if Hi,s >0 (600)
Pice, T >
Pie = oo (601)
0, otherwise
Qis = ks * Si,s (602)

Where S; s [mm] is the current storage in the snow-water routing reservoir, refilled
by snow melt M; s [mm/d] and rain-on-snow P s [mm/d], and drained by runoff Q;s.
P, » s occurs only if the current snow pack storage is above zero. P, is precipitation-
as-rain that occurs only if the temperature is above a snowfall threshold Ty. @Q;s has
a linear relation with storage through time parameter ks [d~1].

ds. .
d;’z = M;; + P ri, — Qu (603)
IDi,r,i = Pice,m if Hi,s =0 (604)
ice T*Tm ) if T Tm H1 s —
My — el ) HT>Tn & His =0 (605)
0, otherwise
Qi = ki * Si; (606)

Where S, ; [mm] is the current storage in the ice-water routing reservoir, refilled
by glacier melt M, ; [mm/d] and rain-on-ice Pic.; [mm/d], and drained by runoff Q;
[mm/d]. Both M, ; and Pj.; are assumed to only occur once the snow pack H; s is
depleted. M, ; uses a degree-day-factor aic. [mm/°C/d] to estimate glacier melt. Ice
storage in the glacier is assumed to be infinite. Pj. ,; is equal to P, if H; s = 0.
Qi; has a linear relation with storage through time parameter k; [d~1].

d ni,s
=P, My s (607)
Pron— ices if T < T,
Pris = s =0 (608)
otherwise
Pnon ice — 1 - fzce) * P (609)
snow T— Tm ) if T Tm
Mni s = “ ( ) ' - . (610)
0, otherwise

Where H,; , [mm] is the current snow pack storage on the non-ice covered frac-
tion 1 — fice [-] of the catchment, which increases through snowfall P,; s [mm/d] and
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decreases through snow melt M,,; s [mm/d]. Both fluxes are calculated in the same
manner as those on the ice-covered part of the catchment (fluxes Pice s and Mice s).

dSni s
Dris _ p B —Q, 611
dt § = Br = Qu (611)
Pinf:Peq_Peff (612)
fyf:R:‘%“ ’ (613)

T\ A
Peq = Mm’,s + Pni,?“ (614)
Sni,s ’

ET:%<A4> (615)
Qsl = kslsni,s (616)

Where S,; s [mm] is the current storage in soil moisture, refilled by infiltrated
precipitation Py, [mm/d] and drained by evapotranspiration Ep [mm/d] and slow
flow Qs [mm/d]. Pj,; depends on the effective precipitation Pess. P4 is the total
of snow melt M,,; s and precipitation-as-rain P,; , [mm/d]. P,;, is calculated in the
same manner as P, , (equation 7). Ep is a fraction potential evapotranspiration E,
[mm/d], calculated using A and non-linearity parameter y [-]. Q4 has a linear relation
with storage through time parameter kg [d~!].

dSy;,
7dt a = Pef_f - Qqu (617)
Qqu = BS)2 (618)

Where Sy;,q [mm] is the current storage in the direct runoff reservoir, refilled by
effective precipitation P.y; [mm/d] and by quick flow Qg, [mm/d]. Qg has a non-
linear relation with storage through time parameter 8 [mm*/3/d] and the factor 5/3.
Total flow:

Q= Qqu + Qs + Qis + Qii (619)
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S2.44 ECHO model (model ID: 44)

The ECHO model (fig. S45) is a single element from the Spatially Explicit Hydrologic
Response (SEHR-ECHO) model (Schaefli et al., 2014). Because the model is used as
a lumped model here, the "SEHR" prefix was dropped intentionally. For consistency
with other models, soil moisture storage S is given here in absolute terms [mm)], rather
than fractional terms that are used in the original reference. Rain- and snowfall equa-
tions are taken from Schaefli et al. (2005). The model has 6 stores and 16 parameters
(p, Ts, T, as, af, Grmaz, 0, &, Smaz, Sw, sm, Kgat, ¢, Limaa, kf, ks). The model aims
to represent:

e Interception by vegetation;

Snowfall, snowmelt, ground-heat flux and storage and refreezing of liquid snow;

Infiltration, infiltration excess and saturation excess;
Fast and slow runoff.

S2.44.1 File names

Model: m 44 echo 16p 6s
Parameter ranges: m_44 echo 16p 6s parameter ranges

S2.44.2 Model equations

E; P
T l p dI
n E:P—Ei—Pn (620)
| E,, ifI>0
Ei=¢ " 621
P LPs {0, otherwise (621)
L :
P, if I =
Mo ~ J P, = { B (622)
M 0, otherwise
Hy, L — Hs
TS) | Where I [mm] is the current interception stor-
G, age, refilled by precipitation P [mm/d] and drained
S Ry by evaporation E; [mm/d] and net precipitation P,
E: T %F- [mm/d]. E; occurs at the potential rate E, [mm/d]
! Ro when possible. P, only occurs when the store is at
L maximum capacity p [mm].
S L ~L
L v

N

—>

Figure S45: Structure of the
ECHO model 110
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dH

d—ts:Ps—i—FS—MS—GS (623)
P,, ifT<T;
po=4 " BE= (624)
0, otherwise
(T —T, if T'>T,,, H
MS — a’é( m)7 1 > ] mo S > O <625)
0, otherwise

b {afas(:rm —T), T <Tp Hy>0

0, otherwise
(626)
Gmaz, if Hs>0
G, = ! . (627)
0, otherwise

Where H, [mm] is the current storage in the snow pack, refilled by precipitation-as-
snow Py [mm/d] and refreezing of melted snow Fy [mm/d], and drained by snowmelt
M, [mm/d] and the ground-heat flux G, [mm/d]. Ps is calculated as all effective
rainfall after interception, provided the temperature is below a threshold Ty [°C]. Mj
uses a degree-day factor ags [mm/°C/d] and threshold temperature for snowmelt T,
[°C]. Fs occurs if the current temperature is below T, and the degree-day rate reduced

by factor ay [-]. G5 occurs at a constant rate Gqe, [mm/d].
H
dd—tw:Pr—i—Ms—Fs—Mw (628)
P, ifT>T,
P = ' ) (629)
0, otherwise
P.+ M, ifH,=0xH,
M, = e e =0 (630)
0, otherwise

Where H,, [mm] is the current storage of liquid water in the snow pack, refilled by
precipitation-as-rain P, [mm/d] and snowmelt M, [mm/d], and drained by refreezing
Fs [mm/d] and outflow of melt water M,, [mm/d]. P, is calculated as all effective
rainfall after interception, provided the temperature is above a threshold Ty [°C]. M,
occurs only if the store is at maximum capacity, which is a fraction 0 [-] of the current
snow pack height Hy [mm)].
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dsS
E:FifRDfEth (631)
F;=P.,— Ry (632)
Py =M, + G (633)
PP - % 9 f mazx
Ry — max(Peq — ¢,0), if S <,.S' (634)
0, otherwise
P, if S =25,
Rp = eqy 1 - mazx (635)
0, otherwise
. S — sw
E, =min | maz | 0, Bt por—— | , Bt pot (636)
sm — sw
Et,pot = Ep - Ez (637)
L = Ky S°¢ (638)

Where S [mm] is the current storage in the soil moisture zone, refilled by infiltration
F; [mm/d] and drained by Dunne-type runoff Rp [mm/d], evapotranspiration E;
[mm/d] and leakage L [mm/d]. F; is calculated as equivalent precipitation P, minus
Horton-type runoff Ry. P, is the sum of melt water M, and the ground-heat flux G.
Ry occurs at fixed rate ¢ [mm/d] and only if the soil moisture is not saturated. Rp
is equal to equivalent precipitation P, but occurs only when the store is at maximum
capacity Smar [mm]. E; fulfils any leftover evaporation demand after interception. E;
occurs at the potential rate until the plant stress point sm [mm], decreases linearly
until the wilting point sw [mm] and is zero for any lower storage values. L has a
non-linear relationship with storage through time parameter K4 [d~!] and coefficient

c [

Sfast

= Lp— Ry (639)
Ly=L-1L, (640)
Ly =min(L, Lyaz) (641)
Ry = kf * Sfast (642)

Where Sfqs [mm] is the current storage in the fast runoff reservoir, refilled by
leakage-to-fast-flow L; [mm/d] and drained by fast runoff Ry [mm/d]. L; depends on
leakage L from soil moisture and the leakage-to-slow-flow L,. L is calculated from a
maximum leakage rate Ly,q, [mm/d]. Ry has a linear relation with storage through
time parameter k; [mm/d].

dSslow
dt
Rs = ks * Sslow (644)

=L, — R; (643)
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Where Sgjo [mm] is the current storage in the slow runoff reservoir, refilled by
leakage-to-slow-flow L, [mm/d] and drained by slow runoftf R, [mm/d]. R, has a
linear relation with storage through time parameter ks [mm/d]. Total flow:

Q =Ry +Rp+ Rr+ Rs (645)
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S2.45 Precipitation-Runoff Modelling System (PRMS) (model
ID: 45)

The PRMS model (fig. S46) is a modelling system that, in its most recent version,
allows the user to specify a wide variety of catchment processes and flux equations
(Markstrom et al., 2015). The version presented here is a simplified version of the
original PRMS model (Leavesley et al., 1983). Simplifications involve the use of PET
time series instead of within-model estimates based on temperature, and simpler in-
terception and snow routines. The model has 7 stores and 18 parameters (77, ddf, «,
B8, STOR, RETIP, SCN, SCX, REMX, SMAX, cgw, RESMAX, ky, ko, ks, ka,
ks, kg). The model aims to represent:

e Snow accumulation and melt;
e Interception by vegetation;

Depression storage and impervious surface areas;
e Direct runoff based on catchment saturation;
Infiltration into soil moisture and connection with deeper groundwater;

Potentially non-linear interflow, baseflow and groundwater sink.

S2.45.1 File names

Model: m 45 prms 18p 7s
Parameter ranges: m_45 prms_ 18p 7s parameter ranges

S2.45.2 Model equations

)
P /L P, Py dSn _
[ oy a ~ oM (646)
“O-P P, T <TT
b Po=g b= (647)
L’Sn’J EinT Pin 0, otherwise
P M ddf « (T —=TT), fT>TT
M XIN o, otherwise
" i 648
M 1 T Eim ( )
- SAS Where S is the current snow storage [mm],

- P, the rain that falls as snow [mm|, M the
SRO snowmelt [mm] based on a degree-day fac-
E, T % tor (ddf, [mm/°C/d|) and threshold temper-

PC INF ature for snowfall and snowmelt (TT, [°C]).
b=
— _QRES
EXCS T N
SMAV J |_
sep [cap— RES |
I RAS 114
GVV|— BAS Q
| >
§ SNK

Figure S46: Structure of the PRMS
model
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dXIN

=P, — E;, — P, 649
i tf (649)
P, = ax Py, (650)
Py, =B% P, (651)
P, ifT>TT
p={"" ) (652)
0, otherwise
E, if XIN >0
Ein = 6 o . (653)
0, otherwise
P;,, if XIN =STOR
Py={m . (654)
0, otherwise

Where XIN [mm] is the current storage in the interception reservoir, recharged by
intercepted rainfall P, [mm/d] and drained by evaporation E; [mm/d] and throughfall
P,y [mm/d]. Pi, [mm/d] is the fraction « [-] of rainfall on non-impervious area Ps,,
[mm/d] that does not bypass the interception reservoir. P, [mm/d] is the fraction
B [-] of rainfall P, [mm/d] that does not fall on impervious area. Rainfall is given as
all precipitation P [mm/d] that occurs when temperature T' [°C] is above a threshold
TT [°C]|. E; [mm/d] occurs at the potential rate E,,, corrected for the fraction of the
catchment where interception can occur. Throughfall P, is all rainfall that reaches
the interception reservoir when it is at maximum capacity STOR [mm)].

dRSTOR

o = Py, + My, — Eijpy — SAS (655)
My, =1 =08)«M (657)
B {(1 = B)* By, if RSTOR >0 (658)

0, otherwise

. (659)
0, otherwise

Gug— {le + Mip, if RSTOR = RETIP

Where RSTOR [mm]| is current depression storage, refilled by rainfall and snowmelt

on impervious area, P, [mm/d] and M, [mm/d] respectively, and drained by evapo-

ration E;,, [mm/d] and surface runoff SAS [mm/d]. Pj,, is given as the fraction 1—

of rainfall P.. M;,, is given as the fraction 1 — 3 of snowmelt M. E;,, occurs at the

potential rate E,, corrected for the fraction of the catchment where impervious areas

can occur. SAS occurs when the depression store is at maximum capacity RETIP
[mm)].
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dRECHR

i =INF —-FE,— PC (660)
INF = Mgy, + Py + Py — SRO (661)
Mgy, =8« M (662)

Py = (1 — a) % Py, (663)
RECHR
RECHR
E, = REMX * (Ep — By — Eiy) (665)
INF, it RECHR=REMX
po = {INE I RECHR =R (666)
0, otherwise

Where RECHR [mm] is the current storage in the upper soil moisture zone,
recharged by infiltration INF [mm/d] and drained by evaporation E, [mm/d] and
percolation PC [mm/d]. INF is the difference between incoming snowmelt M,
[mm/d], throughfall P,; [mm/d] and interception bypass Py, [mm/d], and surface
runoff from saturated area SRO [mm/d]. S, is snowmelt from the fraction 8 [-]
of the catchment that is not impervious. P, is the fraction 1 — « of rainfall over
non-impervious area Pj,, that bypasses the interception store. SRO has a linear re-
lation between minimum contributing area SCN [-] and maximum contributing area
SCX [-] based on current storage RECH R and maximum storage REM X [mm]. E,
uses a similar linear relationship and accounts for already fulfilled evaporation demand
by interception and impervious areas. PC occurs when the store reaches maximum
capacity.

mj# — PC— E,— EXCS (667)
B, - SMAY «(Ep — By — By — E,), if RECHR < (Ep — Eip, — Eiy)
0, otherwise
(668)
EXCS — PC, 1fSMf'1V:SMAX—REMX (669)
0, otherwise

Where SM AV [mm] is the current storage in the lower soil moisture zone, recharged
by percolation from the upper zone PC [mm/d] and drained by transpiration E;
[mm/d] and soil moisture excess EXCS [mm/d]. E; is corrected for already fulfilled
evaporation demand and only occurs if the upper zone can not satisfy this demand.
FE; uses a linear relationship between current storage and the maximum storage in the
lower zone SMAX — REMX [mm]. EXCS only occurs when the store has reached
maximum capacity SMAX — REMX.
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dRES

i = QRES — GAD — RAS (670)

QRES = min(EXCS — SEP,0) (671)
RES \"

GAD =k (RESMAX) (672)

RAS = ks« RES + ky « RES? (673)

(674)

Where RES [mm]| is the current storage in the runoff reservoir, filled by the differ-
ence between soil moisture excess EXC'S [mm/d] and constant groundwater recharge
SEP [mm/d], and drained by groundwater drainage GAD [mm/d] and interflow com-
ponent RAS [mm/d]. GAD is potentially non-linear using time coefficient k; [d™1]
and non-linearity coefficient ko [-], and is also scaled by the maximum reservoir capac-
ity RESMAX [mm|. RAS is non-linear interflow based on coefficients k3 [d~!] and
ky [mm~—1td=1].

d
% = SEP + GAD — BAS — SNK (675)
SEP = min(cgy, EXCS) (676)
BAS = ks x GW (677)
SNK = kg« GW (678)

Where GW [mm] is the current groundwater storage, refilled by groundwater
recharge from soil moisture SFE P and recharge from runoff reservoir GAD and drained
by baseflow BAS [mm/d] and flow to deeper groundwater SNK [mm/d]. SEP oc-
curs at the maximum rate cg,, [mm/d] if possible. BAS is a linear reservoir with time
coefficient ks [d71]. SNK is a linear reservoir with time coefficient kg [d~!]. Total
flow Q; [mm/d]:

Qi = SAS + SRO + RAS + BAS (679)
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S2.46 Climate and Land-use Scenario Simulation in Catch-

The

ments model (model ID: 46)
CLASSIC model (fig. S47) is developed as a modular semi-distributed grid-based

rainfall runoff model (Crooks and Naden, 2007). For comparability with other models
the grid-based routing component is not included here, nor is the arable soil element
because input data for this soil type is not supported. The model represents runoff

from

three different soil categories: permeable, semi-permeable and impermeable. It

has 8 stores and 12 parameters (fop, fap, dp, ¢q, d1, fass fas, ds, d2, Czg, Cas, cu). The
model aims to represent:

S2.4

Division into permeable, semi-permeable and impermeable areas;
Infiltration into permeable soils and deficit-based soil moisture accounting;

Infiltration into semi-permeable soils and direct runoff from semi-permeable soils
(bypassing the moisture accounting);

Fixed interception on impermeable soils;
Linear flow routing from permeable soils;
Fast and slow routing from semi-permeable soils;

Linear flow routing from impermeable soils.

6.1 File names

Model: m_ 46 classic_12p 8s
Parameter ranges: m_46 classic 12p 8s parameter ranges

S2.4

6.2 Model equations
P dP,
fl\ dt‘ =P, — E,; — P,, (680)
P P E; P;
P Py 1_0 Py = fup* P (681)
. Eox Psi B fap * By, if Py >0
=5 = pe 0, otherwise
Px Bsy | sx (682)
P, ifP,=fg,*d
e e p,=4" x p * dp
PE P_59 Pie b { 0, otherwise
683
Py 5y (683)
Where P, [mm] is the cur-
Psq |_ rent storage in the upper per-
| I u_ meable layer, refilled by precip-
Pss itation P, [mm/d] and drained
| sq |_ Xq by evaporation E,, [mm/d] and
| P |— q | > % - Q

Figure S47: Structure of the CLASSIC model
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excess flow P,, [mm/d]. P, is
the fraction of precipitation P
[mm/d] that falls on permeable
area fup [-]. Eps occurs at the
potential rate E, [mm/d] when-
ever possible, adjusted for the
fraction of area that is perme-
able soil. P,; only occurs when
the store is at maximum capac-
ity fap*d,, where d, is the total
soil depth (sum of depths X and
Y) in the permeable area and
fap the fraction of this depth
that is store X.

d‘Py —

—i = ~Pou + Epy + Ppe (684)
—0.6523 * (P, d
Epy = 1.9 % exp { ;d( j::ir o+ &) * (fap * Ep — Epa) (685)
p * dp
P,., if P,=0
Ppe =4 P77 VT (686)
0, otherwise

Where P, [mm)] is the current deficit, which is increased by evaporation E,, [mm/d]
and decreased by inflow P,, [mm/d]. Effective precipitation P,. [mm/d] is only gen-
erated when the deficit is 0. E,, decreases exponentially with increasing deficit.

dP
e =Pu—a (687)

gq=cqg*xP (688)

Where P [mm] is the current storage in the permeable soil routing store, refilled
by effective rainfall on permeable soil P, [mm/d] and drained by baseflow ¢ [mm/d].
q has a linear relation with storage through time scale parameter ¢, [d~!].

dSy,
:Psi_Esa:_Psx 689
o (689)
Psi = dl * PS (690)
Py = fosx P (691)
ws * By, if S, >0
By = {Jos B 105> (692)
0, otherwise

Psa if z — Jds ds
Pm{ 5 = Jaox (693)

0, otherwise
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Where S, [mm] is the current storage in the upper semi-permeable layer, refilled by
infiltration Py; [mm/d] and drained by evaporation Es, [mm/d] and excess flow Py,
[mm/d]. Pg; is the fraction d; [mm] of precipitation on semi-permeable area P; that
infiltrates into the soil. The complementary fraction 1 — d; of Py bypasses the soil and
directly becomes effective rainfall as Pyq. P; is the fraction of precipitation P [mm/d]
that falls on semi-permeable area f,s [-] . Es; occurs at the potential rate E, [mm/d]
whenever possible, adjusted for the fraction of area that is semi-permeable soil. P;,
only occurs when the store is at maximum capacity fys * ds, where dy is the total soil
depth (sum of depths X and Y) in the semi-permeable area and fy5 the fraction of this
depth that is store X.

ds
4dty = _Psz + Esy + Pse (694>
—0.6523 % (.S, s *dg
Egy =19 x%exp * (S + Jas + ds) * (fas * Ep — Egz) (695)
fds * ds

P, ifS,=0

P, = by (696)
0, otherwise

Where Sy, [mm] is the current deficit, which is increased by evaporation E, [mm/d]
and decreased by inflow P, [mumn/d]. Effective precipitation Ps. [mm/d] is only gen-
erated when the deficit is 0. F, decreases exponentially with increasing deficit.

ds,

ath =Py — 14 (697)

Psq = d2 * (Pse + Psd) (698)
Tq = Cgq * Yy (699)

Where S; [mm]| is the current storage in the semi-permeable quick soil routing
store, refilled by a fraction of effective rainfall on semi-permeable soil P, [mm/d] and
drained by quick flow z, [mm/d]. Ps, is the fraction ds [-] of (Pse + Psq4) that is quick
flow. z, has a linear relation with storage through time scale parameter c,, [d~'].

dSs
= Pss — ds
— x (700)
Pys = (1 — da) % (Pse + Psq) (701)
Ts = Cgps * Ss (702)

Where S [mm] is the current storage in the semi-permeable quick soil routing
store, refilled by a fraction of effective rainfall on semi-permeable soil Pss [mm/d] and
drained by slow flow x5 [mm/d]. P is the fraction 1 — dy [-] of (Pse + Psq) that is
slow flow. x, has a linear relation with storage through time scale parameter c,s [d~1].
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I p (703)
Pie =P, — E; (704)
P=P-P,—P, (705)

U= cCy*xI (706)

Where I [mm] is the current storage in the impermeable soil routing store, refilled
by effective rainfall on impermeable soil P;. [mm/d] and drained by baseflow u [mm/d].
P, is the remained of precipitation on impermeable soils P; [mm/d], after a constant
evaporation E; has been extracted. F; is fixed at 0.5 [mm/d]. z, has a linear relation
with storage through time scale parameter c,s [d~1]. Total flow:

Q=q+rs+z,+u (707)
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S3 Flux equations

Section S2 gives descriptions of each model and provides both Ordinary Differential
Equations and the constitutive functions that describe each model’s fluxes. These
constitutive functions and any relevant constraints are implemented in MARRMoT
as individual flux files. Each flur file contains computer code that combines the
consitituve function and constraints (if needed). Fluz files are located in the folder
7. /MARRMoT /Models/Flux files/”. The User Manual contains details on understand-
ing, modifying and creating new fluz files. Table S1 shows a complete overview of fluxes
currently implemented in MARRMoT.

Table S1: Equations from model descriptions and their implementation in MARRMoT
(Table starts on following page)
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Abstraction | Groundwater abstraction_1 flux,y: = 6, None, taken fluxy,y: = 64 25
abstraction at a from a store
constant rate with possible
negative depth
Baseflow Linear reservoir baseflow_1 fluxgye = 61 %S flux,,; = 601 %S 2,4, 6,
8,9, 12,
13, 15,
16, 17,
18, 20,
21, 24,
25, 26,
217, 28,
29, 30,
31, 32,
33, 34,
35, 36,
37, 38,
40, 41,
43, 44,
45, 46
Non-linear outﬂow baseflow_2 1 9—12 Fluy,, < S (s /1 eiz 9,11
from a reservoir flux,,: = (—S) At flux,,; = min| —, (—max(S, O))
61 To prevent At \ 6,
complex
numbers,
S = [0,00>
Empirical baseflow_3 e Empirical e 7
exponential fluxoue = 4 s° equation, so fluxoue = 4 s®
outflow from a interwoven with
reservoir other equations
that no
constraints are
needed. Also
implicitly
assumes time
stepdt =1
Exponential baseflow_4 fluxy,, = 6,e7925 Flux g, = 0,925 14
outflow from a
deficit store
Non-linear outflow | baseflow_5 S \% 61 22
scaled by current fluxoue = 64 (S ) flXour < At fluxoye = min (%' 61 (W) )
relative storage max To prevent max
complex
numbers,
S =[0,00>
] x S2 1 S
gszld;zzs;;ﬂ;f)z baseflow_6 flux,y: = {g'l 5% oltj;lesrv>viiz fluxgy,: < s flux,y,: = min (6‘1 xS Z'E) % [1 — logisticSmoother_S(S, 6,)] 25
storage threshold
1s exceeded
1 _ 6, S
ggg 1:1;:;]; ;)\171530W baseflow_7 fluxyye = 64S Fluxy,s < . Fluxy,, = min (E 0, max(0, S)gz) 39, 42
To prevent
complex
numbers,
S =[0,00>
continued ...
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Exponential scaled | baseflow_8 _ 6,5 S$<S smi S 23
outpﬂow from a - flwxour = 6, (e omax 1) S >n6ax fluxoye = 64 (e - mm(l'max(o’ /s m“")) - 1)
deficit store
Linear outflow baseflow_9 Flux, ;= {91 (§—0y), if $> 0, flux,y: = 6, * max(0,S — 65) 20
from a reservoir if ou 0, otherwise
a storage threshold
is exceeded
Capillary Capillary rise capillary_1 S1 S Si S, 37
rise scaled by relative fluxoue = 011 Sy max fluxous < At flwxoyr = min | 6,1 S1max| At
deficit in receiving ' '
store
Capillary rise at a | capillary_2 _ { 01, if$=0 S (S 13,15
constant rate Jioue = 0, otherwise JluXour < At Jluxou, = min (E 81)
Capillary rise if the | capillary_3 S ] Sz (52 S1 . 38
recI;iVing store is P y Fluxy,, = 0, (1 — 9—1> , ifS1 <6 fluxyy: < i flux,y,: = min (E' 0, (1 — 9—2> * logisticSmoother_S(S;, 92))
out = 2
below a storage 0, otherwise
threshold
Depression | Exponential inflow | depression_1 _ [ ] flux,y: . ( [ S ] Smax — S ) 36
storage rate into surface JiXoue = By * exp| =6, Smax —SI7 J i Smax ~ J ko, = min |6y * exp | =0, max(Spax — S, 0)] Jhixe, =
depressions - At
S < Spmax
Evaporation | Evaporation at the | evap_1 {Ep, if$=0 S ) ( S ) 2,6, 12
. - E, = < — — _ s s ’
potential rate % 0, otherwise Ea = At Eq =min E”'At 13, 16,
17, 18,
23, 25,
26, 27,
33, 34,
36, 38,
39, 41,
42, 44,
45, 46
Evaporation at evap_2 E =g S E, < E, E = min (9 S E i) 18, 36
scaled plant- el £ < S @ L Smax’ P At
controlled rate @7 At
Evaporation scaled | evap_3 S . E, < Ep . ( S S ) 3,11,
by relative storage E,= Ep 01Smax i S < O1Smax E < S Eq =min (£, Hlsmax'Ep'At 14, 21,
below a wilting E,, otherwise = At 26, 34,
point and at the 37, 42
potential rate
above wilting point
i §—6,S S S—6,S S
Sealed eva}poratlon evap_4 E, = E, * max (0' 0, 29max ) E, <~ E, = min (E . max (0’ 0, 29max )’_) 15
if storage is above p Smax — 02Smax At p Smax — 02Smax’ At
the wilting point,
constrained by a
limitation
parameter
Evaporation from | evap_5 _ S E, <E, S S 4,8, 9,
bare soil, scaled by Fa=(1=60) Smax Ep £ < S E,=min| (1 - el)S_Ep'E 16
relative storage a= A max
continued ...

124




continued ...

Process

Details

Function name

Constitutive function

Constraints

MARRMOoT Code

Model

Transpiration from
vegetation at the
potential rate if
storage is above a
wilting point and
scaled by relative
storage if not

evap_6

01 % Ep, If S> 07 % Spax

E, =
A E

p» Otherwise

Q -
10, max

< 6,E,

E < S
@~ At

E, = min(

S
0,E —,915,—)
TP 0,8 e P AL

4,9, 16

Evaporation scaled
by relative storage

evap_7

. S S
E, = min (—E —)

Smax T At

1, 3, 10,
11, 19,
22, 24,
29, 30,
31, 32,
33, 35,
45

Transpiration from
vegetation, at
potential rate if
soil moisture is
above the wilting
point, and linearly
decreasing if not.
Also scaled by
relative storage
across all stores

evap_8

S1
BT
Ea= { S, S
— *  —

91 pr lfSl >92

91Ep, otherwise

E, = max (min (

S1 6. E Sl S1 St g Sl) 0)
S +S, Yo, s v s, Yar)

Evaporation from
bare soil scaled by
relative storage
and by relative
water availability
across all stores

evap_9

S1
(1= ) ——=F,

max - SZ

E
a 51+S2

mm th
v IA
NP

E, = max (min (

(1-6)5 i 1) 0)
* — — —
S+ ! Smax — S2 P at)’

Evaporation from
bare soil, scaled by
relative storage

evap_10

e
IA

e
IA

E,

S S
= min (01 s — Ep'At)

Evaporation
quadratically
related to current
soil moisture

evap_11

o | vl

53]
Q
v

w0252 ~(52) )#)
=max\|V, -
¢ Smax Smax P

Evaporation from
deficit store, with
exponential decline
as deficit goes
below a threshold

evap_12

Eq

= min (1, 62(1—95—1)> E,

Exponentially
scaled evaporation

evap_13

E, = 6/2E,

S
E, = min (0 ZEP’E)

40

Exponentially
scaled evaporation
that only activates
if another store
goes below a
certain threshold

evap_14

6 .
Ey= {leEp' if $2 < S2min
0, otherwise

6,

Sp
E, = min (91 Ep,A

) * logisticSmoother_ 5(52,52 mm)

40

Scaled evaporation
if another store is
below a threshold

evap_15

L E, ifS,<6,

0, otherwise

E, =mi St
o =min| g

1,max

* B, x logisticSmoother_S(S,,6,),—— )

41, 45
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
] 0.E,, ifS,<@0 S S
i amothor stome i | Fo={o " Dorerwice FaSg o = min (6, + B, = logisticsmoother_S(5;,6,), 7 e
below a threshold
Scaled evaporation | evap_17 E = 1 E None, because E o= 1 E 39
from a store that @7 14 01x57P the store is @ 14 0xSTP
allows negative allowed to go
values negative
Exponentiall evap_18 =0, =0,8 46
defhnmg y P- E, = 0.e % E, Eq=6:¢ % E,
evaporation from
deficit store
Non-linear scaled evap_19 S %2 E, < E, _ S %2 S 23, 43
evaporation Ea = 91 <%) Ep Ea < % Ea =min (91 * max <0, %) Ep’Ep’E)
Evaporation evap_20 . E,<E . S S 20
limited by a g, =005 YS <025ma o < ip Ea = min (91 HZSmax'Ep'A_t)
maximum E,, otherwise ¢ 7 At
evaporation rate
and scaled below a
wilting point
Threshold-based evap_21 [ E, if S>0, E < S ] /S S 28
evaporation with S ¢ = At Eq = min{ max{ 6;,min (9_1’ 1) * E”'A_t
constant minimum Eq = g_lEp’ if 6,0, 2526,
rate 6, E, otherwise
Threshold-based evap_22 Ep, if §$>6, E < S g (s 5 0 S—0, g ) 44
. 7 < - il s 1
evaporation rate E, = §—-6, E, if 0,0, 25> 6, At a = Mmin At,mm( p,max< e >
0, —0,
0 otherwise
Exchange Water exchange exchange_1 S B B S . { No constraint S S 36

between aquifer Fliy,, = 01 AEJ + 62 (1 exp[ O3+ Ag”) if$=0 fluxoye < fluxiy, fluxpye = max [61 i |E| 0z * (1 — P [_93 * EH)]
nd channel - [91 i E| 02 (1 — e [_93 * E”)] » if $ <0 | The “channel” *sign{S), = fhut,

store in this

model has 0

time delay, so

the incoming

flux to the

channel is the

maximum

channel-to-

groundwater

flux size.

Groundwater

has infinite

depth
Water exchange exchange_2 S S, S1 S, 38
based on relative fhuxour = 61 (Sl,max - SZ,max) fhuxour = 61 (Sl,max - SZ,max)
storages
Water exchange exchange_3 flux,y: = 61 % (S —06,) flux,y: = 61 % (S —06,) 36
with infinite size
store based on
threshold

continued ...
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Process

Details

Function name

Constitutive function

Constraints

MARRMOoT Code

Model

Infiltration

Infiltration as
exponentially
declining based on
relative storage
(taken from a flux)

infiltration_1

S
flux,yr = 64 *exp [—92 ]

Sm ax

fluxoy < fluxiy

S

flux,ye = min (91 * exp [—92 ], flux;, )

Smax

18, 36,
44

Delayed
infiltration as
exponentially
declining based on
relative storage
(taken from a
store)

infiltration_2

Sy

fluxgy = 61 x exp [_92 ] — fluxyseq

1,max

2
0 < fluxyy: < I

S S
flux,y; = max| min|( 6; * exp |—06, LI flux,seq, = ,0
Sl,max At

36

Infiltration to soil
moisture of liquid
water stored in
snow pack

infiltration_3

fluxin, if S = Smax
0, otherwise

fluxout = {

fluxyy: = fluxin[l — logisticSmoother_S(S, Smax)]

37

Constant
infiltration rate

infiltration_4

fluxoye = 64

fluxyy: < flux,

fluxyye = min(fluxy,, 6;)

15, 23,
40, 44

Maximum
infiltration rate
non-linearly based
on relative deficit
and storage

infiltration_5

fl 6 <1 5 )( 52 )_92
UX gyt = -
out ! Sl,max Sz,max

To prevent
complex
numbers, S =
[0,00>

To prevent
numerical
issues with a
theoretical
infinite
infiltration rate,
fluxoeut < 1079

51 >max <O 52 >_92
Sl,max ' Sz,max

flux,,; = min (109, 6, (1 —

23

Infiltration rate
non-linearly scaled
by relative storage

infiltration_6

62

) Fluxy,

S
fluxpy: = 60, (

Sm ax

fluxout < fluxin

62

flux,y = min (01 * Max (0, fluxp,, f luxl-n)

Smax)

43

Interception

Interception excess
when maximum
capacity is reached

interception_1

fluxin, if S = Smax

flwxoue = { 0, otherwise

flux,ye = fluxl-n[l — logisticSmoother_S(S, Smax)]

16, 18,
22, 26,
34, 36,
39, 42,
44, 45

Interception excess
after a constant
amount is
intercepted

interception_2

— 0,4, if flux;,;, =0

— fluxin
fluxoye = { 0, otherwise

fluxyy: =0

flux,,: = max(flux;, — 064,0)

2,13,
15

Interception excess
after a fraction is
intercepted

interception_3

fluxoye = 64

fluxoy: = 604

Interception excess
after a time-
varying fraction is
Intercepted

interception_4

t*At—0,
flux,,: = (91 + (1 —6,) *cos (27r—)> * flux;y,

max

flux,y: =0

txAt—06,
flux,,: = max (O, 0, + (1—6,) *cos (27‘[—)) * flux;,

tm ax

32, 35

Interception excess
after a combined
absolute amount
and fraction are
intercepted

interception_5

0,1 * flux;, — 05, if flux;,, =0
0, otherwise

fluxout = {

flux,ye =0

fluxyye = max (6, * flux;, — 0,,0)

23
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Interflow Interflow as a interflow_1 18, 36
scaled fraction of flwxour = 61 * fluXin flwxour = 6, * fluxin
max max
an incoming flux
Non-linear interflow_2 fluxy, = 6,51+02) S . 140 S 37
interflow fluxoye < it fluxgy,e = min | 6;max(S, 0)192) max (E' 0)
To prevent
complex
numbers, S =
[O,oo>
Non-linear interflow_3 fluxyy, = 6,5% S S 10, 19
R . —_— < - _ . 6 _ ) b
interflow (variant) fluXour < At fluxoue = min{ 6;max(S,0)%, max (At'o) 42, 43
To prevent
complex
numbers, S =
[O,oo>
Combined linear interflow_4 fluxyye = 6,5 + 6,52 S 45
< — = i 2 —_
and scaled fluxoys < T flux,ye = min| 6;max(S,0) + 6,max(S, 0)* max (At'o)
quadratic interflow To prevent
complex
numbers, S =
[0,00>
Linear interflow interflow_5 fluxyye = 61 %S fluxyye = 61 %S 28, 33,
41
Scsleffli lin%ar interflow_6 Sz/S2 —0, ¢ S, <1 min (1’52/5 ) —0, 41
interflow if a _ _fTzmax  r 92 S - — 2max
l =160, %S, * , 0 >0 2, l =|0,%*S
storage in the JiXoue e 1-6, 4 S2.max 2 " Shuout Lot 1-6,
receiving store 0, otherwise s
exceeds a threshold * [1 — logisticSmoother_S <—2 , 92>]
Sz,max
Non-linear interflow_7 1 flux 1 9
: : - S — 01Smax\? out S —0:S. 0,5 —6;S g
interflow if storage Fluxy,, = (%) 3 L if S > 0,80 < S —01Smax Flux gy, = min| max (0’ 1 max)’ <max( 1 max)) 3
exceeds a threshold 2 - At 4t 0
0, otherwise
To prevent
complex
numbers, S-
0:Smax = [0,00>
Linear interflow if | interflow_8 Flux,,, = {91 (S—6y), if $>0, flux oy, = max(0,6,(S — 6,)) 3, 12,
storage exceeds a out 0, otherwise 27, 38
threshold
Non-linear interflow_9 _ bs S—0; _(S—0; 6 4,11,
interflow if storage flux,y: = {(91(5 92)) , IfS$>0, fluxgy: < I fluxgy: = mm( T ,(01 *max (0,5 — 92)) 3) 16. 39
0, otherwise ’
exceeds a threshold
(variant) To prevent
complex
numbers, S-02 =
[O,oo>
Scaled linear interflow_10 -6, | max(0,S — 6,) 14
interflow if storage fluxyy: = 01 0; if $>0, fluxoy: = 64 e,
Constant interflow | interflow_11 _ {91, ifS$>0, S—06, . S—0, . 20
if storage exceeds a fluxoy: = 0, otherwise fluxpy: < T fluxyy,s = min (91, " ) *[1 — logisticSmoother_S(S, 6,)]
threshold
continued ...
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Misc Auxiliary function | area_1 S—Smn 12 A<1 _ S —Smin 1% o 23
to find contributing A=1{0 [m] » If §> Smin A =min (1' 6 [m} ) * [1 = logisticSmoother_S(S, Sminl
area 0, otherwise
General effective effective_1 Fluxyy, = {f luxin — fluxipz, if fluxipq, > fluxg,, fluxoye = max(0, fluxin, — fluxin,z) 22, 23,
flow (returns flux out 0, otherwise 25, 39,
[mm/d]) 40, 42,
43, 44,
45, 46
S-S > S-S
?Vt}?;iii::eczlszse excess_1 fluxout — Z]n:x,new fluxout =0 fluxout = max ( Z‘L;lx,new ) 0) ;(2): ;g:
changes (returns 44
flux [mm/d])
Phenology-based phenology_1 ( 0,ifT(t) < 6, . T(t) — 6, 35
correction factor . ! T(t) — 0, _ Ep = min| 1, max <O'ﬁ> *Ep
for potential Ep = 0,— 0, * By, if 6, <T(t) <6, 2
evapotranspiration l E, if T(t) = 6,
(returns flux P
[mm/d])
Phenology-based phenology_2 _ t* At — 05 Assumes _ tx At — 6, 22
maximum Smax = 01| 1+ 60,sin (Zﬂt—) 0<6,<1to Smax = 01| 1+ 6,sin <27T t—)
interception max guarantee max
capacity (returns Smax =0
store size [mm])
Split flow (returns | split_1 flux,, = 61 * flux;, flux,,e = 61 * flux;, 5, 11,
flux [mm/d]) 13, 17,
21, 25,
26, 28,
29, 33,
34, 40,
41, 42,
43, 45,
46
Percolation | Percolation at a ercolation_1 _ (0, ifS5=0 (S 37
constant rate Y S Xour = {0, otherwise fluXou: < At fluXou; = min (A_t 61)
Percolation scaled | percolation_2 S (S S 21, 26,
by current relative fluXour = 01 Simax fluXour < At fluXour = min (E' %1 Smax) 34
storage
Non-linear ercolation_3 S4  4TH S-4  r4TH 7
percolation ’ fluzou = (5) 57 fluzou =% (5) 5°
empirica
Demand-based percolation_4 S Y deficiencies\® I <2 S max(S,0) 33
ercolation scaled fluxgye = 011+ 02 | = fluXour < At T
P . Smax Y. capacities At’ Spax
by available fluxyye = max | 0,min RN 2
moisture To avoid erratic 0.11+ 6 Y. deficiencies
numerical \ ! 2\ Y capacities /
behaviour,
flux,y,; =20
Non-linear percolation_5 S \% 62 22
percolation fluxoue = 64 (5 ) fluXour < At fluxoye = min (%' 0, <w> )
max To prevent max
complex
numbers, S =
[0,00>
continued ...
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Thresho‘ld-based percolation_6 01, if S=0, Fluxyy, <~ Fluxyy, = min i 0 min [1 max(0, S)] 39
percolation from a fluxgy =4 6,—, if 0<5<0 At out At T o,
store that can out Lo, 2
reach negative 0, otherwise
values
Recharge E-Zili,];gifas scaled | recharge_1 Fluxyy = 0 — ¥ Fluxy, fluxyy, = 6, — ¥ Fluxy, 18, 36
incoming flux
Recharge as non- | recharge_2 s \& To prevent max(0,5)\%* 7, 317,
linear scaling of fluxour = (5 ) * fluxip complex fluxgye = <5—> * fluxiy, 45
incoming flux max numbers, S = max
[0,00>
Linear recharge recharge_3 fluxgy: = 61 %S fluxyye = 61 %S 19, 23,
24, 27,
30, 31,
32, 35,
38, 42
Constant recharge | recharge_4 _ (0, ifS=0 (S 23, 44
from a store © ¢ flxous = {0, otherwise fluxou: < At fluXous = min (A_t’ 91)
Recharge to fulfil recharge_5 S ) S 20
evaporetion ge- i, = 1655 (1- 9—2) if S, <6, Flaxgue = 0,5, [1 = min (1, 9—2)]
demand if the 0, otherwise
receiving store 1s
below a threshold
KT _ 0,
II.\Ie(ZI}ll;;rglgar recharge 6 fluxoye = 615 flux,,: < T flux,y,, = min <Hlmax(5, 0)%, max (%, 0)) 44
To prevent
complex
numbers, S =
[0,00>
Constant recharge | recharge_7 flux,,: = 64 fluxyy: < flux;, fluxyy: = min(flux,, 61) 45
from a flux
1 - 1 02 S S
e o = i (a5 07,3) "
Saturation Saturation excess saturation_1 Flux,y, = {f luxin, if S = Smax fluxpue = f luxl-n[l — logisticSmoother_S(S, Smax)] 1, 3, 4,
excess from a store that out 0, otherwise 6,8, 9,
has reached 10, 11,
maximum capacity 12, 14,
15, 16,
17, 18,
19, 20,
22, 24,
25, 30,
31, 32,
33, 35,
36, 39,
40, 41,
44, 45,
46
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Process

Details

Function name

Constitutive function

Constraints

MARRMOoT Code

Model

Saturation excess
from a store with
different degrees of
saturation

saturation_2

NG
fluxpgye = |1 - (1 — ) * flux;,
Smax

To prevent
complex
numbers,
S/Smax = [0,00>

fluxgye = | 1= min| 1, max (O, (1 -

61

lux:
Smax) *fuxm

2,13,
22, 28,
29

Saturation excess
from a store with
different degrees of
saturation
(exponential
variant)

saturation_3

./
flux,y: = | 1-—
\

| S~

|
(
|

21, 26,
34

Saturation excess
from a store with
different degrees of
saturation
(quadratic variant)

saturation_4

0 < fluxyy:

S 2
flux,y,: = max <0, (1 — ( ) ) * fluxin>
Smax

Deficit store:
exponential
saturation excess
based on current
storage and a
threshold
parameter

saturation_b

To prevent
complex
numbers, S =
[0,00>

6
max(S,0)\ 2
flux,y: = 1 —min (1, (%) ) * flux;y,

Saturation excess
from a store with
different degrees of
saturation (linear
variant)

saturation_6

fluxoue = 04 * fluxin

max

fluxou: = 64 * fluxin

max

40

Saturation excess
from a store with
different degrees of
saturation (gamma
function variant)

saturation_7

fluxoye

x=00 1 x — 93 6,—1 (_x—93)

e\ 91/ x>0

= flux f 0,7 (0,)\ 6, ) 3
x=95*5+94

0

To prevent
numerical
problems, S =
[0,00>

flux,,; = flux;, * integral k

/ 1 max(x — 05,0\ 7! \
. elr(02)< 0, ) "o

. (_1*max(z1— 93,0)),)

05 * max(S,0) + 6,,

14

Saturation excess
flow from a store
with different
degrees of
saturation (min-
max linear variant)

saturation_8

fluxgy: = [91 + (62 — 61) ] * fluxy,

Smax

fluxout < fluxin

S
fluxgy: = [91 + (0, — 01) ] * fluxy,

Sm ax

45

Deficit store:
saturation excess
from a store that
has reached
maximum capacity

saturation_9

flux;,, if S=0
0, otherwise

fluxgy: = {

fluxyy: = flux;, * logisticSmoother_S(S, 0)

17, 25,
43, 46

Saturation excess
flow from a store
with different
degrees of
saturation (min-
max exponential
variant)

saturation_ 10

fluxyy = min(0y, 0, + 0,e%5) = flux;,

flux,ye = min(60y, 0, + 0,€%5) * flux;,

39
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Saturation excess | saturation_11 S—S,... 1% flux,ye < flux;, S—5 . 1% 23
flow from a store flux oy = <91 [ﬁ] >fluxin, if §$> Smin fluxoye = min <1; 61 [S _ﬂ‘;m, >fluxin * [1 = logisticSmoother_S(S, Smin)]

. . max min max min
with different 0, otherwise
degrees of
saturation (min
exponential
variant)
Saturation excess saturation_12 _0,-6, fluxyy: =0 _ 0, — 0, 23
flow from a store fluxgy: = 10, fluxy, fluxyy, = max (0, 10, ) fluxy,
with different
degrees of
saturation (min-
max linear variant)
Saturation excess | saturation_13 § . ¢ Fluxy. = flux,,  normedf log(max(0,S)/6,) 42
flow from a store Flux,y, = fluxp, * f—exP [_ _] d&, with & out = in 109 (6./6,)
with different ot ") Vo 2
degrees of ( log(§/6,)
saturation (normal ~Toa(6 /0
distribution 9(6:/62)
variant)
Saturation excess saturation_14 fluxyy: oo S \% 28
flow from a store ( i ( S b (0.5 —6;)"""2max (O'S ) *
with different (0.5-6,) " ( ) ,if <05-6, max
Smax Smax S
degrees of = flux, 05 <S <05-— 91) +
saturation (tWO' 1—(0.5—06,)1% (1 - ) ,otherwise fluxyy: = max ¢ 10 * flux,
part exf)’onen“al e (1 — (0.5 + 8,)®2max (0,1 - ) ) "
variant Smax
>05—-6
Smax !
Snow Snowfall based on | snowfall 1 Fluxy,, = {f luxin, if T < Tenreshola fluxoy: = fluxy, * [logisticSmoother_T (T, Tenreshotal 6, 12,
temperature out 0, otherwise 30, 31,
threshold 32, 34,
35, 41,
43, 44,
45

Snowfall based on | snowfall_2 flux,,: 0. + 1 0. _T 37

a temperature . 1 I 17272~

. <, —_ lux,,; = min| flux;,, max| 0, flux;,, x —=——
threshold interval fluxin, T <6, 2 02 J o fluxin fluin 0,
1
= 61 + 7 62 —-T ) 1 1
fluxi +—2——  if0,—=0,<T <6, +=6,
0, 2 2
1
\ 0, if T 26, +-6;

Rainfall based on | rainfall 1 Fluxg,s = {f luxin, if T > Tenreshola fluxoyr = fluxy, = [1 — logisticSmoother T (T, Tenreshotal 6, 12,

temperature out 0, otherwise 30, 31,

threshold 32, 34,
35, 41,
43, 44,
45
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Process Details Function name | Constitutive function Constraints MARRMOoT Code Model
Snowfall based on | rainfall_2 fluxpy: T ( 0 1 0 ) 37
a temperature . 1 o ~\"17 272
<@, —= lux,,; = min| flux;,, max| 0, flux;, *
threshold interval 0, T <6, 2 02 Jiou: fluxin fluxin 0,
_, 01+ 50, T 1 1
) fluxj, x———, if 0, — =60, <T <0, +2-0,
0, 2 2
1
L flux;,, if T 291+§92
Refreezing of refreeze_1 {91 * 03 % (Tenresnota — 1), Uf T < Tinreshota S 37, 44
— l o < - _ . - _ b
stored melted snow fluXour 0, otherwise fluXour < At flwxoy; = min At’ max(0,01 % 0 * (Tenreshota = 1))
Snowmelt from melt_1 _ (01 % (T — Tenresnoa)s if T = Tenreshota (S 6, 12,
degree-day-factor fluxoy, = { 6,esootherwise resto fluxoy: < i fluxgye = min E,max(O, 01 * (T — Tenreshotd)) 30, 31,
32, 34,
35, 37,
43, 44,
45
Snowmelt at a melt_2 _ { 01, if$=0 S (S 44
constant rate fluxous = 0, otherwise fluXoue < At fluXoy, = min (E' 91)
Glacier melt melt_3 _ (61 % (T = Ttnresnota)» if T = Tenresnota » S2 = 0 S1 . (51 43
provided no snow fluXour = { ’ 0, otherwise ’ fluxour < At fluxoye = min g max (0,6; * 65 * (Tenresnota = T))
1s stored on the ice * logisticSmoother_S(S,, 0)
layer
Soi'1 Water rebglance to | soilmoisture 1 S251 max — S1S2.max if A1 < S, Flux,,, = S5281 max — S152,max « logisticSmoother S Sy S 33
moisture equal relative fluxout = Sl,max + Sz,max ’ Sl,max Sz,max out Sl,max + Sz,max - Sl,max ' SZ,max
storage (2 stores) 0, otherwise
Water rebalance to | soilmoisture_2 S1(Szmax + S3max) + Stmax(S2 + S3) 33

equal relative
storage (3 stores)

)

2 (Sz,max + S3,max)(51,max + Sz,max + SB,max)

fluxout = lf Sl SZ + S3
I Sl,max Sz,max + S3,max
k 0, otherwise

Sl(SZ,max + S3,max) + 51.max(S2 + S3) >

max + S3,max)(51,max + SZ,max + S3,max)
S1 S, +53

fluxgy: = (SZ (52

* logisticSmoother_S( ,
Sl,max Sz,max + SS,max

)
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S4 Unit Hydrographs

This section provides details on the implementation of various Unit Hydrographs.
An overview of the 7 UHs is given in Table S2. Computational implementation of
each UH is given in sections S4.1 to S4.7. Unit Hydrograph files can be found in
”./MARRMoT /Models/Unit Hydrograph files/”.

Table S2: Overview of Unit Hydrograph schemes implemented in MARRMoT

File name Inputs Diagram Description In model ...
uh 1 half 1: amount to be routed ] Exponentially 7
2: time base increasing
3: At _|—r scheme
uh_ 2 full 1: amount to be routed [ ] Exponential 7
2: time base (time is triangular scheme
doubled inside the func- _]_I_ j_|_|
tion)
3: At
uh 3 half 1: amount to be routed Triangular scheme: 13, 15, 21, 26
2: time base linearly increasing 34
3: At
uh 4 full 1: amount to be routed Triangular scheme: 0 (template),
2: time base _‘—rh_‘ linearly increasing 16, 37,
3: At and decreasing nn (example)
uh 5 half 1: amount to be routed Exponentially 5
2: time base decreasing
3: At scheme
uh 6 gamma 1: amount to be routed Gamma function- 40
2: gamma parameter [-] based
3: time for flow to re- _|_|_>_‘_l
duce by factor e [d]
4: length of time series
uh 7 uniform 1: amount to be routed Uniform 39
2: time base distribution
3: At
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S4.1 Code: uh 1 half

This section provides the computational implementation of a unit hydrograph with
an increasing exponential distribution of flows.

File location ./MARRMoT/Models/Unit Hydrograph files/uh_1 half
References E.g. GR4J Perrin et al. (2003)

function [ out,UH ] = uh_1_half( in, d_base, delta_t )

%uh_1_half Unit Hydrograph [days] with half a bell curve.
GR4J-based

YA

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details

h

% Inputs

yA in - volume to be routed

yA d_base - time base of routing delay [d]

yA delta_t - time step size [d]

b

yA Unit hydrograph spreads the input volume over a time
period x4.

yA Percentage of input returned only increases.

yA I.e. d_base = 3.8 [days], delta_t = 1:

% UH(1) = 0.04 [% of inflow]
% UH(2) = 0.17

% UH (3) 0.35

yA UH(4) = 0.45

%% INPUTS

if any(size(in)) > 1; error('UH input should be a single
value.'); end

%%HTIME STEP SIZE
delay = d_base/delta_t;
if delay == 0; delay = 1; end % any value below t = 1
means no delay,
% but zero leads to
problems
tt = l:ceil(delay); % Time series for which
we need UH
% ordinates [days]
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%HHEMPTIES
SH = zeros(l,length(tt)+1); SH(1) = O0;
UH zeros (1,length(tt));

%%UNIT HYDROGRAPH
for t = tt

if t < delay; SH(t+1) = (t./delay)."~(5./2);
elseif t >= delay; SH(t+1) = 1;
end

UH(t) = SH(t+1)-SH(t);
end

%%DISPERSE VOLUME
out = in.*xUH;

end

S4.2 Code: uh 2 full

This section provides the computational implementation of a unit hydrograph with
an exponential triangular distribution of flows.

File location ./MARRMoT/Models/Unit Hydrograph files/uh 2 full
References E.g. GRA4J Perrin et al. (2003)

function [ out, UH ] = uh_2_full( in,d_base,delta_t )
%uh_2_full Unit Hydrograph [days] with a full bell curve.
GR4J -based

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details

YA

pA Inputs

yA in - volume to be routed

yA d_base - time base of routing delay [d]

yA delta_t - time step size [d]

YA

pA Unit hydrograph spreads the input volume over a time

period 2%xx4.
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yA Percentage of input returned goes up (till x4), then
down again.
% I.e. d_base = 3.8 [days], delta_t = 1:

% UH(1) = 0.02 [% of inflow]
pA UH(2) = 0.08

yA UH(3) = 0.18

pA UH(4) = 0.29

pA UH(5) = 0.24

pA UH(6) = 0.14

yA UH(7) = 0.05

yA UH(8) = 0.00

%%hINPUTS

if any(size(in)) > 1; error('UH input should be a single
value.'); end

%“%TIME STEP SIZE

delay = d_base/delta_t;

tt = 1:2*%ceil(delay); % time series for which we need UH
ordinates [days]

%HEMPTIES
SH = zeros(1l,length(tt)+1); SH(1) = 0;
UH zeros (1,length(tt));

%%UNIT HYDROGRAPH
for t = tt
if (t <= delay)
SH(t+1) = 0.5%x(t./delay)."~(5./2);
elseif (t > delay) && (t < 2*delay);
SH(t+1) = 1-0.5%(2-t./delay).~(5./2);
elseif (t >= 2xdelay);
SH(t+1) = 1;
end

UH(t) = SH(t+1)-SH(t);
end

%%DISPERSE VOLUME
out = in.*UH;

end
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S4.3 Code: uh 3 half

This section provides the computational implementation of a unit hydrograph with
an linearly increasing distribution of flows.

File location ./MARRMoT /Models/Unit Hydrograph files/uh 3 half
References E.g. FLEX-Topo Savenije (2010)

function [ out,UH ] = uh_3_half( in, d_base, delta_t )

%uh_3_half Unit Hydrograph [days] with half a triangle (
linear)

YA

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details

h

% Inputs

yA in - volume to be routed

yA d_base - time base of routing delay [d]

yA delta_t - time step size [d]

b

yA Unit hydrograph spreads the input volume over a time
period delay.

yA Percentage of input returned only increases.

yA I.e. d_base = 3.8 [days], delta_t = 1:

% UH(1) = 0.04 [% of inflow]
% UH(2) = 0.17

% UH (3) 0.35

yA UH(4) = 0.45

%% INPUTS

if any(size(in)) > 1; error('UH input should be a single
value.'); end

%%HTIME STEP SIZE
delay = d_base/delta_t;
if delay == 0; delay = 1; end % any value below t = 1
means no delay,
% but zero leads to
problems
tt = l:ceil(delay); % time series for which we
need UH
% ordinates [days]
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%%UNIT HYDROGRAPH

% The area under the unit hydrograph by definition sums to
1. Thus the area

% is S(t=0 to t = delay) t*[ff: fraction of flow to move
per time step] dt

% Analytical solution is [1/2 * t°2 + c]*xff, with ¢ = 0.
Thus the fraction

% of flow step size is:

ff = 1/(0.5%delay~2);

%HhEMPTIES
UH = zeros(l,length(tt));

%%UNIT HYDROGRAPH
for t = 1:length(tt)
if t <= delay
UH(t) = ff.*x(0.5%t"2 - 0.5%x(t-1)"2);
else
UH(t) = ff.*(0.5xdelay~2 - 0.5*%x(t-1)"2);
end
end

%%DISPERSE VOLUME
out = in.*xUH;

end

S4.4 Code: uh 4 full

This section provides the computational implementation of a unit hydrograph with
an linear triangular distribution of flows.

File location ./ MARRMoT /Models/Unit Hydrograph files/uh 4 full
References E.g. HBV-96
citeLindstrom1997

function [ out,UH ] = uh_4_full( in, d_base, delta_t )

%uh_4_half Unit Hydrograph [days] with a triangle (linear)

YA

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details
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8% Inputs

9 1% in - volume to be routed

10 % d_base - time base of routing delay [d]

11 % delta_t - time step size [d]

12 1%

[3 % Unit hydrograph spreads the input volume over a time
period delay.

4 1% Percentage runoff goes up, peaks, and goes down again.

15 | % I.e. d_base = 3.8 [days], delta_t = 1:
16 | % UH (1) 0.14 [% of inflow]

17 % UH(2) = 0.41

18 % UH(3) = 0.36

19 1% UH (4) 0.09

N DN

1 | %%INPUTS
2 |if any(size(in)) > 1; error ('UH input should be a single
value.'); end

[\]

23

24 |%%ATIME STEP SIZE

25 |delay = d_base/delta_t;

20 |if delay == 0; delay = 1; end % any value below t = 1
means no delay,

27 % but zero leads to

problems

28 |tt = 1l:ceil (delay) ; % time series for which
we need UH

29 % ordinates [days]

30

31 |%%UNIT HYDROGRAPH

32 |% The area under the unit hydrograph by definition sums to

1. Thus the area

33 |% is S(t=0 to t = delay) tx[ff: fraction of flow to move

per time step] dt

34 |% Analytical solution is [1/2 * t~2 + cl*ff, with ¢ = 0.

35 |% Here, we use two half triangles t make one big one, so
the area of half a

36 |% triangle is 0.5. Thus the fraction of flow step size is:

37 |ff = 0.5/(0.5%(0.5*delay) ~2);

35 |db0 = 0.b*delay;

39

10 | %%TRIANGLE FUNCTION

A1 Jtri = @(t) max(ff.*(t-d50) .*xsign(d50-t)+£ff.*d50,0);

42

13 | A%HEMPTIES
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UH = zeros(1l,length(tt));

%%UNIT HYDROGRAPH
for t = 1:length(tt)

UH(t) = integral(tri,t-1,t);
end

%»HENSURE UH SUMS TO 1

tmp_diff = 1-sum (UH) ;
tmp_weight = UH./sum(UH);
UH = UH + tmp_weight .*xtmp_diff;

%%DISPERSE VOLUME
out = in.*UH;

end

S4.5 Code: uh_5 half

This section provides the computational implementation of a unit hydrograph with
an decreasing exponential distribution of flows.

File location ./MARRMoT/Models/Unit Hydrograph files/uh_5 half
References E.g. IHACRES Littlewood et al. (1997); Croke and Jakeman (2004)

function [ out,UH ] = uh_1_half( in, d_base, delta_t )
%uh_1_half Unit Hydrograph [days] with half a bell curve.
GR4J -based

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details

b

yA Inputs

yA in - volume to be routed

pA d_base - time base of routing delay [d]

yA delta_t - time step size [d]

b

yA Unit hydrograph spreads the input volume over a time
period x4.

pA Percentage of input returned only increases.

yA I.e. d_base = 3.8 [days], delta_t = 1:
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yA UH(1) = 0.04 [} of inflowl]
% UH(2) = 0.17

% UH(3) = 0.35

pA UH(4) = 0.45

%%INPUTS

if any(size(in)) > 1; error('UH input should be a single
value.'); end

%%TIME STEP SIZE
delay = d_base/delta_t;
if delay == 0; delay = 1; end % any value below t = 1
means no delay,
% but zero leads to
problems
tt = 1l:ceil(delay); % Time series for which
we need UH
% ordinates [days]

%HEMPTIES
SH = zeros(1l,length(tt)+1); SH(1)
UH = zeros(1l,length(tt));

1]
o

%%UNIT HYDROGRAPH
for t = tt

if t < delay; SH(t+1) = (t./delay).~(5./2);
elseif t >= delay; SH(t+1) = 1;
end

UH(t) = SH(t+1)-SH(t);
end

%%DISPERSE VOLUME
out = in.*xUH;

end

S4.6 Code: uh 6 gamma

This section provides the computational implementation of a unit hydrograph with a
gamma distribution of flows.

File location ./MARRMoT /Models/Unit Hydrograph files/uh 6 gamma
References E.g. SMAR O’Connell et al. (1970); Tan and O’Connor (1996)
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function [ out,UH,frac_routing_beyond_time_series ] =

uh_6_gamma( in,n,k,
t_end,delta_t )

%uh_6_gamma Unit Hydrograph [days] from gamma function.

pA

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and

distributed WITHOUT ANY
% WARRANTY. See <https://www.gnu.org/licenses/> for details

% Inputs

% n = shape parameter [-]

% k = time delay for flow reduction by a factor e [
dl]

yA t_end = length of time series [d]

A delta_t

time step size [d]

% Unit hydrograph spreads the input volume over a time
period delay.
yA Percentage of input returned only decreases.

% I.e. n =1, k = 3.8 [days], delta_t = 1:

% UH(1) = 0.928 [% of inflow]
% UH(2) = 0.067

yA UH(3) = 0.005

yA UH(4) = 0.000

%% INPUTS

if any(size(in)) > 1; error('UH input should be a single
value.'); end

%%ATIME STEP SIZE

tmax t_end/delta_t;

tt = 1:tmax; % time series for which we need UH
ordinates [days]

% hEMPTIES
UH_full = zeros(l,length(tt));
frac_routing_beyond_time_series = 0;

%%UNIT HYDROGRAPH

% The Unit Hydrograph follows a gamma distribution. For a
given

% delay time, the fraction of flow per time step is thus
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the integral of
% t-1 to t of the gamma distrubtion. The curve has range
[0,Inf>.
% We need to choose a point at which to cap the integration
, but this
% depends on the parameters n & k, and the total time step.
We choose the
% cutoff point at the time step where less than 0.1% of the
peak flow
% is still on route.

%%Unit hydrograph
for t = 1:length(tt)
UH_full(t) = integral (@(x) 1./(k.*gamma(n)).*(x./k).~(n
-1) %
exp(-1.*%x./k),(t-1)*
delta_t ,t*xdelta_t);
end

%%Find cutoff point where less than 0.1% of the peak flow
is being routed

[max_val ,max_here] = max(UH_full);
end_here = find(UH_full (max_here:end)./max_val<0.001,1) +
max_here;

%%Take action depending on whether the distribution
function exceeds the

%htime limit or not

if “isempty(end_here)
%%hConstruct the Unit Hydrograph
UH = UH_full(l:end_here);

%%hAccount for the truncated part of the full UH.

% find probability mass to the right of the cut-off
point

tmp_excess = 1-sum(UH);

% find relative size of each time step
tmp_weight = UH_full(l:end_here)./sum(UH_full(1l:
end_here)) ;

% distribute truncated probability mass proportionally
to all elements

% of the routing vector

UH = UH+tmp_weight .*tmp_excess;
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else
%%Construct the Unit Hydrograph
UH = UH_full;

%%The UH is longer than the provided time series length
Track the
%hpercentage of flow that is routed beyond the
simulation duration
frac_routing_beyond_time_series = 1-sum(UH);

end

%%DISPERSE VOLUME
out = in.*xUH;

end

S4.7 Code: uh 7 uniform

This section provides the computational implementation of a unit hydrograph with a
uniform distribution of flows.

File location ./MARRMoT /Models/Unit Hydrograph files/uh 7 uniform
References E.g. MCRM ?Moore and Bell (2001)

function [ out,UH ] = uh_7_uniform( in, d_base, delta_t )

%uh_7_uniform Unit Hydrograph [days] with uniform spread

YA

% Copyright (C) 2018 W. Knoben

% This program is free software (GNU GPL v3) and
distributed WITHOUT ANY

% WARRANTY. See <https://www.gnu.org/licenses/> for details

h

yA Inputs

yA in - volume to be routed

pA d_base - time base of routing delay [d]

yA delta_t - time step size [d]

h

yA Unit hydrograph spreads the input volume over a time

period delay.
pA I.e. d_base = 3.8 [days], delta_t = 1:
pA UH(1) = 0.26 [% of inflow]
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yA UH(2) = 0.26
% UH(3) = 0.26
% UH(4) = 0.22
%%INPUTS

if any(size(in)) > 1; error ('UH input should be a single
value.'); end

%%TIME STEP SIZE

delay = d_base/delta_t;

tt = l:ceil(delay); % time series for which we need UH
ordinates [days]

%AEMPTIES
UH = NaN.*zeros(1l,length(tt));

%%FRACTION FLOW
ff = 1/delay; % fraction of flow per time step

%%UNIT HYDROGRAPH
for t=1:ceil(delay)
if t < delay

UH(t) = £ff;
else
UH(t)
end
end

mod (delay ,t-1)*ff;

%%DISPERSE VOLUME
out = in.x*xUH;

end
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S5 Parameter ranges

Each model function in MARRMOoT is accompanied by a file that specifies suitable
sampling ranges for each parameter used in the model, that could be applied if the
user chooses to pair MARRMoT with a calibration or parameter sampling procedure.
This section gives the reasoning behind our choices of parameter ranges used within
MARRMOoT.

S5.1 Model-specific ranges versus generalised process-specific
ranges

There are two different approaches to determining parameter ranges for model cali-
bration or parameter sampling studies: (1) make a choice for appropriate parameter
ranges per model, based on previous applications of the model, or (2) try to make
consistent choices for all models based on literature (e.g. ensure that all ’slow’ linear
reservoirs, regardless of which model they are part of, have the same limits for the
drainage time scale parameter). Generalization of parameter ranges across models is
difficult because models use different flux formulations and thus different parameter
values might be appropriate, even if the fluxes are intended to represent the same hy-
drologic process. On the other hand, using model-specific parameter ranges based on
earlier studies might limit a model’s potential. Especially if the model has only been
applied to a small number of places, published ’appropriate’ parameter ranges might
also reflect the climate or catchment characteristics of the few study catchments the
model has been applied to. MARRMoT is intended as a model comparison framework.
We thus attempt to generalize parameter ranges across all models in the framework,
to facilitate fair comparison of different models. We try to err on the side of caution
and intentionally set these ranges wide. Table S3 shows the parameter ranges used in
MARRMOoT and specifies in which model(s) each parameter range is used.
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Table S3: Parameter ranges used in MARRMoT

Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Snow
Threshold temperature Table Table S4 -3 5 Kienzle (2008); Kollat et al. 6,12, 30, 31, 32, 34, 35,
for snowfall (and melt, if S4 (2012) 37,43, 44, 45
not specified otherwise)
[°C]
Threshold interval width 0 7 0 17 Kienzle (2008) 0 is a physical limit 37
for snowfall [°C]
Threshold  temperature -3 3 Not easy to find any interval. 37, 43, 44
for melt [°C] Temperature for melt tends
be treated as constant at 0
Degree-day-factor 0 Table S5 0 20 0 is a physical limit 6, 12, 30, 31, 32, 34, 35,
for snow or ice melt 37, 41, 43, 44, 45
[mm/°C/d]
Water holding content of 0 0.8 0 1 Kollat et al. (2012) [0,1] are physical limits 37, 44
snow pack [-]
Refreezing factor of re- 0 1 0 1 [0,1] are physical limits 37, 44 (given as frac-
tained liquid water [-] tion [0,1] of degree-
day-factor)
Maximum  melt rate 0 2 0 2 Schaefli et al. (2014) 44

due to ground-heat flux
[mm/d]
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...continued

Description

Min(lit) Max(lit) Min(used) Max(used) Reference(s)

Notes

Model

Interception
Maximum store depth
[mm]

Maximum intercepted
fraction of precipitation

[-

Seasonal variation in LAI
as fraction of mean [-]
Timing of maximum Leaf
Area Index [d]

Surface depression
Maximum surface area
contributing to store [-]
Maximum store depth
[mm]

0 Table S6
0 0.42

0 1

0 Table S7

365

50

Chiew and McMahon (1994);
Gerrits (2010)

Gerrits (2010)

Chiew and McMahon (1994)

0 is a physical limit. Ger-
rits (2010) (table 1.1) reports
3.8mm as maximum value
used out of 15 studies. Chiew
and McMahon (1994) (table
3) report 5.6mm as a maxi-
mum value for 28 catchments
[0,1] are physical limits. Ger-
rits (2010) (table 1.1) reports
42% as maximum intercepted
fraction out of 15 studies

0 is a physical limit

Refers to days in a normal cal-
endar year

[0,1] are physical limits

0 is physical limit. 50 is

recommended in Chiew and
McMahon (1994)

2,13, 15, 16, 18, 22, 23,
26, 34, 36, 39, 42, 44

45

8, 23, 32, 35, 45

22

22, 32, 35

36, 45

36, 45
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Description Min(lit) Max(lit) Min(used) Max(used) Reference(s)

Notes

Model

Filling parameter [-] 1 1

Infiltration
Maximum loss [mm]| 0 400

Loss exponent [-] 0 12

Maximum infiltration Table Table S8
rate [mm/d| S8

0.99 1

0 600

0 200

Chiew (1990); Porter
McMahon (1971)

Chiew et al. (2002)

Chiew et al. (2002)

and

Controls the shape of the de-
pression store inflow flux but
is usually set at 1 because no
studies are (were?) available
about how a depression store
fills

Fig 11.11a shows calibrated
parameter values for 339
catchments. Pattern indi-
cates that limit was set at
400

Fig 11.11a shows calibrated
parameter values for 339
catchments. Pattern indi-
cates that limit was set at
10

Infiltration rates can be very
high. However, to have a
practical effect on modelling,
(i.e. generate infiltration ex-
cess flow), Inf rate < P(t).
In the context of a follow-up
study, Inf rate is capped at
200mm/d because the maxi-
mum daily P in the study area
is 200mm /d.

36

18, 36

18, 36

15, 20, 23, 40, 44
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Description

Min(lit) Max(lit) Min(used) Max(used) Reference(s)

Notes

Model

Infiltration decline non-
linearity parameter [-]

Evaporation
Plant-controlled maxi-
mum rate [mm/d]

Wilting point as fraction
of Soil moisture capacity

[

Moisture constrained rate
parameter |[-|

Forest fraction for sepa-
rate soil/vegetation evap

[-

Phenology: minimum
temperature where tran-
spiration stops [°C]

0

0.05

0.05

Sivapalan et al. (1996)

Chiew and McMahon (1994)

Son and Sivapalan (2007)

Ye et al. (2012)

Very difficult to find informa-
tion for (original paper men-
tions nothing)

Although the study reports an
upper value of 24.5, the rec-
ommended range is capped at
20 (paper appendix)

0 is a physical limit but
can break model equations
through "divide-by-zero" er-
rors. 1 is a physical limit
[0,1] are physical limits

[0,1] are physical limits, but
using these limits can result
in divide-by-zero-errors in cer-
tain fluxes

23, 43

20, 36

3, 4, 8, 9, 10, 12, 14,
15, 16, 19, 20, 21, 26,
31, 32, 34, 35, 37, 44
15

3,4,8, 16

35
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...continued

Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Phenology: maximum 10 10 1 20 Ye et al. (2012) The setup of minimum and 35
temperature above which maximum temperature used
transpiration fully utilizes in Ye et al. (2012) is here
Ep [°C] changed to a minimum tem-

perature + temperature range

(Tmax = Tmin + Trange)

to avoid overlap in parameter

values
Evaporation  reduction 0.083 1 0 1 Penman (1950); Tan and [0,1] are physical limits 17, 23, 25, 40
with depth coefficient [-| O’Connor (1996)
Shape parameter for 0 1 Moore and Bell (2001) This uses a sigmoid function 39
evaporation reduction in to determine a fraction of Ep
a deficit store [-] to evaporate. Values >1 make

the transition very steep
Evaporation non-linearity 0 10 Sivapalan et al. (1996) Very difficult to find informa- 23, 43
coefficient [-] tion for. Assumption made

to be in line with other non-

linearity coefficients.
Soil moisture
Maximum store depth 1 Table S9 1 2000 0 is a physical limit 1,2,3,4,5,6,7,8,9,

[mm]

10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21,
22, 23, 24, 26, 27, 28
29, 30, 31, 32, 33, 34
35, 36, 37, 38, 39, 40
41, 42, 43, 44, 45, 46
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...continued

Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Capillary rise [mm/d] 0 Table 0 4 0 is a physical limit 13, 15, 37, 38
S10
SMHI gives a default value of
1 mm/d for use with HBV. We
use a wider range here
Percolation rate [mm/d] 0 Table 0 20 Bethune et al. (2008) Some modelling studies report 21, 26, 34, 37, 39, 44,
S11 very large percolation rates 45
(100 mm/d). Bethune et al.
(2008) report 1lmm/d from
field observations.
Percolation fraction [-] 0.013 0.533 0 1 Ye et al. (2012) (Table 1) [0,1] are physical limits 14, 22, 23, 24, 27, 30,
31, 32, 35, 45
Recharge nonlinearity [-] 0 7 0 10 Kollat et al. (2012) Also seen as a soil depth dis- 5, 22, 33, 37
tribution
Soil depth distribution |[-| 0 Table 0 10 For cases where the soil depth 2, 13, 15, 21, 22, 26, 28,
S12 is not considered constant. 29, 34
Most studies limit this to 0-
2.5 but this seems based on a
single source (Wagener et al.,
2004) which is UK only. Thus
we use a wider range here
Porosity [-] 0.35 0.5 0.05 0.95 Son and Sivapalan (2007) [0,1] are theoretical physical 10, 19

limits, but no (0) porosity and
full (1) porosity are not sen-
sible: there would be no soil
moisture or soil respectively
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...continued

Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model

Gamma distribution for 0.4 3.5 0.1 5 Clark et al. (2008) 14

topographic indices - phi

[l

Gamma distribution for 2 5 1 7.5 Clark et al. (2008) 14

topographic indices - chi

[-

Fraction area with perme- 0 1 Crooks and Naden (2007) [0,1] are physical limits 46

able soils [-]

Fraction area with semi- 0 1 Crooks and Naden (2007) [0,1] are physical limits 46

permeable soils [-]

Fraction area with imper- 0 1 Crooks and Naden (2007) [0,1] are physical limits 46

meable soils [-]

Variable contributing 0 5 Sivapalan et al. (1996) Very difficult to find informa- 23

area scaling [-] tion about this. Assumption
made

Variable contributing Sivapalan et al. (1996) See: Soil depth distribu- 23

area non-linearity [-] tion above

Fraction of D50 that is 0.01 0.99 Note: re-writing of D16 pa- 42

D16 [] rameter in Fukushima (1988)

Variable contributing -0.5 0.5 -0.5 0.5 Jayawardena and Zhou (2000) 28

area equation inflection

point [-]

Groundwater

Leakage coefficient [-] 0.07 0.13 0 0.5 Chiew and McMahon (1994) 0 is physical limit. 0.5 is rec- 36

Leakage rate [mm/d]

ommended in the paper’s ap-
pendix
See: Percolation rate above
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Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Level compared to chan- -2.8 3.9 -10 10 Chiew and McMahon (1994)  Range recommended in ap- 36
nel level [mm] pendix of the paper
Base flow rate at no 0 201.6 0.1 200 Beven (1997) Based on Table 2 (Beven, 14, 23
deficit [mm/d] 1997)
Baseflow deficit scaling 0 1 [0,1] are physical limits 14, 23
parameter |[-]
Flow distribution
Interflow and saturation 0 1 0 1 [0,1] are physical limits 18, 36
excess [-|
Preferential recharge [-] 0 2 0 1 Chiew and McMahon (1994) 0 is a physical limit. Later pa- 18, 25, 36, 46
per sets max limit to 1
Surface/groundwater di- 0 1 [0,1] are physical limits 13,17, 33
vision [-]
Fast and slow flow [-] 0 1 0 1 [0,1] are physical limits 21, 26, 29, 34, 46
Groundwater  recharge 0.05 0.3 0 1 Son and Sivapalan (2007) [0,1] are physical limits 10, 11, 20, 40
and interflow [-]
Infiltration and direct  0.161 0.422 0 1 Tan and O’Connor (1996) [0,1] are physical limits 40
runoff [-]
Impervious and infiltra- 0 1 [0,1] are physical limits 28, 33, 45
tion area [-]
Contributing area to over- 0 1 [0,1] are physical limits 39, 45
land flow [-]
Tension water and free 0 1 [0,1] are physical limits 33
water [-]
Threshold for overland 0 <1 0 0.99 Nielsen and Hansen (1973) [0,1] are physical limits 41
flow generation [-]
continued ...
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Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model

Threshold for overland 0 <1 0 0.99 Nielsen and Hansen (1973) [0,1] are physical limits 41

flow generation [-]

Channel and land division 0 1 [0,1] are physical limits 42

-]

Throughfall /stem flow di- 0 1 [0,1] are physical limits 42

vision [-]

Glacier /non-glacier pre- 0 1 [0,1] are physical limits 43

cipitation [-]

Flow time scale and

shape

Fast reservoir time scale 0.05 Table 0 1 0 is a physical limit 12, 21, 24, 26, 28, 29,

[d-1] S13 30, 31, 32, 33, 34, 35,
37, 39, 41, 42, 43, 44,
46

Slow reservoir time scale 0.01 Table 0 1 0 is a physical limit 2,3, 4, 6,8, 10, 13, 15,

[d-1] S14 16, 17, 18, 19, 20, 21,
922, 24, 25, 26, 28, 29,
30, 31, 32, 33, 34, 35,
37, 39, 40, 41, 42, 43,
44, 46

Flow non-linearity S% [-] 0 Table 1 5 4,9, 10, 11, 16, 19, 22,

S15 923, 37, 39, 42, 44, 45

Flow reduction (S/X) 5 40 1 50 Son and Sivapalan (2007) 9

[mm)]

Exponential shape pa- 0 2 Moore and Bell (2001) Very difficult to find docu- 39

rameter [mm-1]

mentation for
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Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Routing
Routing delay to fast flow 0 1 5 Fenicia et al. (2008) 5,21, 26, 34
B
Routing delay to slow flow 0 8 15 5, 7,21, 26, 34
|d]
Routing delay [d] 1 Table 120 Kollat et al. (2012) 1 is the limit (water should- 13, 15, 16, 21, 37, 39,
S16 naAZt speed up). 120 because 40
it seems very high
Routing store depth [mm)] 1 300 300 Perrin et al. (2003) 7, 20, 39, 45
Gamma function, number 0.75 9.79 10 ? 0 would mean no routing, so 40
of Nash cascade reservoirs slightly above that
[l
Water exchange pa-
rameters
Coefficient 1 [] 0.005 0.54 1 Chiew and McMahon (1994)  Although the study only re- 36
ports values up to 0.54, an up-
per range of 1 is recommended
in the studyaAZs appendix
Coefficient 2 [-] 0.01 0.29 1 Chiew and McMahon (1994)  Although the study only re- 36
ports values up to 0.29, an up-
per range of 1 is recommended
in the studyaAZs appendix
Coefficient 3 [] 0 13 100 Chiew and McMahon (1994)  Although the study only re- 36

ports values up to 13, an up-
per range of 100 is recom-
mended in the studyaAZs ap-
pendix
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Description Min(lit) Max(lit) Min(used) Max(used) Reference(s) Notes Model
Water exchange coeffi- -10 14 -10 15 Perrin et al. (2003); Santos Parameter x2 in GR4J model 7
cient [mm/d] et al. (2017)
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Table S4: Literature-based ranges for snowmelt parameter "threshold temperature for
snowfall”

Threshold temperature for snowfall [°C] Min Max
Table 2 in Seibert (1997) -2.5 2.5
Table 1 in Kollat et al. (2012) -3 3
Table 2 in Kienzle (2008) Note: always coupled with a snow interval [10,17] 1.1 4.5
Table A3 in Seibert and Vis (2012) -1.5 2.5

Table S5: Literature-based ranges for snowmelt parameter “degree-day-factor”

Degree-day factor for snowmelt [mm/C/d] Min Max

Table 2 in Seibert (1997) 1 10
Table 1 in Kollat et al. (2012) 0 20
Table A3 in Seibert and Vis (2012) 1 10

Table S6: Literature-based ranges for interception parameter "maximum interception
capacity”

Interception bucket [mm] Min Max
Figure 11.11a in Chiew et al. (2002) 0 5
Table 3 in Chiew and McMahon (1994) 0.5 5.6
Table 1.1 in Gerrits (2010) 0 3.8
Table 2 in Son and Sivapalan (2007) 0.4
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Table S7: Literature-based ranges for depression parameter “maximum depression ca-
pacity”

Depression bucket [mm] Min Max
Table 3 in Chiew and McMahon (1994) 1 100
Table 1 in Amoah et al. (2013) 5 110

Table S8: Literature-based ranges for infiltration parameter "maximum infiltration
rate”

Infiltration rate Min Max
Figure 2 in Assouline (2013) [mm/d] 40 100
Table 3.3 in Jones (1997) [mm /h] 6 76
Table 3 in Cerda (1996) [mm/h] 50 770

Table S9: Literature-based ranges for soil moisture parameter "maximum soil moisture
capacity”

Soil moisture bucket [mml] Min Max
Figure 11.11b in Chiew et al. (2002) 0 500
Table 3 in Chiew and McMahon (1994) 65 400
Table 2 in Seibert (1997) 50 500
Table 1 in Rusli et al. (2015) 100 800
Table 1 in Kollat et al. (2012) 0 2000
Table A3 in Seibert and Vis (2012) 50 500
Table 3 in Sun et al. (2015) 1 500

Table S10: Literature-based ranges for capillary rise parameter "maximum capillary
rise rate”

Capillary rise [mm/d] Min Max
Table 1 in Rusli et al. (2015) 0.1 1
Default value in SMHI (2004) 1 1
Figure 3 in Bethune et al. (2008) 0 0.06
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Table S11: Literature-based ranges for percolation parameter "maximum percolation
rate”

Percolation rate [mm/d] Min Max
Table 2 in Seibert (1997) 0 6
Table 1 in Rusli et al. (2015) 0.1 5
Table 1 in Kollat et al. (2012) 0 100
Figure 3 in Bethune et al. (2008) 0 104
Table A3 in Seibert and Vis (2012) 0 3

Table S12: Literature-based ranges for soil moisture parameter ”soil depth distribution
non-linearity”

Soil depth distribution [-] Min Max

Table 3 in Sun et al. (2015) 0 2
Figure 9 in Lamb (1999) 0 2.5
Table 4 in Bulygina et al. (2009) 0 2.5
Figure 4.12 in Wagener et al. (2004) 0 2
Page 700 in Sivapalan and Woods (1995) 4.03
Figure 4 in Huang et al. (2003) Note: estimated values, 97% < 6 0 115

Table S13: Literature-based ranges for flow parameter “fast flow time scale”

Fast flow time scale [d~!] Min Max
Table 2 in Seibert (1997) 0.05 0.5
Table 1 in Rusli et al. (2015) 0.05 0.8
Table 1 in Kollat et al. (2012) 0.01 1
Table A3 in Seibert and Vis (2012)  0.01 0.4
Table 3 in Sun et al. (2015) 0.5 1.2

Table S14: Literature-based ranges for flow parameter "slow flow time scale”

Slow flow time scale [d~}] Min Max
Figure 11.11b in Chiew et al. (2002) 0 0.3
Table 2 in Son and Sivapalan (2007) 2.40E-05 0.1
Table 2 in Seibert (1997) 0.001 0.1
Table 1 in Rusli et al. (2015) 0.0005 0.1
Table 1 in Kollat et al. (2012) 0.00005  0.05
Table A3 in Seibert and Vis (2012) 0.001  0.15
Table 3 in Sun et al. (2015) 0.001 0.5
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Table S15: Literature-based ranges for flow parameter "flow non-linearity

Flow non-linearity Min Max
Table 3 in Lidén and Harlin (2000) 4AS non-linearity shape = §+ver 0 3
Table 1 in Son and Sivapalan (2007) 4AS non-linearity shape = S1/v%"  0.45 0.5
Table 3 in Jothityangkoon et al. (2001) 0.5 0.5
Table S16: Literature-based ranges for routing parameter "routing delay”

Routing delay [d] Min Max
Table 2 in Seibert (1997) 1 5
Table 1 in Kollat et al. (2012) 24 120
Table 3 in Lidén and Harlin (2000) 1 4
Table 1 in Perrin et al. (2003) 0.5 4
Table A3 in Seibert and Vis (2012) 1 7
Table 2 in Atkinson et al. (2003) Note: converted from a flow speed <1
of 0.5m/s and catchment area of 47km?

Table 3 in Goswami and O’Connor (2010) 12 36
Table 2 in Vinogradov et al. (2011) Note: approximated from flow  0.01 4

velocities and catchment sizes
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