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Abstract

Our understanding of how wet‐dry tropical catchments process water and solutes remains
limited. In this study, we attempt to gain understanding of water and dissolved organic carbon (DOC)
transport, storage, and mixing in a 126 km2 catchment of northern Australia. We developed a coupled,
tracer‐aided, conceptual rainfall‐runoff model (SAVTAM) that simultaneously calculates water, isotope, and
DOC‐based processes at a daily time step. The semidistributed model can account for the marked
hydrological distinction between savanna woodlands and adjacent seasonal wetlands. Using the
calibrated model, we tracked the ﬂuxes and derived the age of water in ﬂuxes and storages. Model output
matched the seasonal variability, controlled by seasonal rainfall, which switched on and off water and carbon
ﬂow pathways from the savanna to seasonal wetlands and ultimately to the perennial river. Such
hydrological connectivity is modulated by the karst aquifer system that continuously contributes older waters
(decades to century old) to maintain relatively stable and older streamﬂow during the dry season (average
stream water age = 9.7 to 16.2 years). Such older waters occur despite a rapid, monsoon‐driven streamﬂow
response. The DOC ﬂuxes were largely sourced from the wetland and riparian forest that transported DOC in
the order of 1.9 t C km−2 year−1 to the stream, which was on average 90% of the total simulated DOC
exports of 2 t C·km−2·year−1. We conclude that coupled simulation of water and biogeochemistry is necessary
to generate a more complete picture of catchment functioning, particularly in the tropics.

1. Introduction
Catchments of the wet‐dry tropics are subject to extreme rainfall intensity and seasonality (Feng
et al., 2013), and as such, they receive and process considerable throughputs of water and carbon in relatively short periods of time (Petheram et al., 2008; Rohr et al., 2013). The dominant hydrological processes
regulating these catchments are likely to differ considerably from those of temperate, but also of other
(humid) tropical regions (Farrick & Branﬁreun, 2013). However, the scarcity of ﬁeld observations in
the wet‐dry tropics has hampered the development of robust conceptual frameworks of catchment functioning. In particular, it is still unclear how catchments operate under irregular yet intense rainfall events
followed by long dry seasons. In these landscapes often covered by savanna woodland and seasonal wetlands, the source, rate, and timing of carbon delivery to streams are another major unknown (Duvert,
Bossa, et al., 2019; Geeraert et al., 2017). Approaches that couple both hydrological and biogeochemical
dynamics are needed, even more so because rainfall regimes are projected to become more extreme in
the wet‐dry tropics (Feng et al., 2013), which could affect both water ﬂuxes and carbon cycling
and transport.
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Data limitations in the wet‐dry tropics also create inherent model uncertainties (Beven, 2012).
Fortunately, there are alternatives to alleviate some of the model uncertainty issues, and one way forward can be the incorporation of additional data into hydrological modeling such as conservative tracers
(Birkel & Soulsby, 2015). Such additional data, often in the form of water stable isotopes, proved useful

1 of 20

Water Resources Research

10.1029/2019WR026175

to help model conceptualization and evaluation (Fenicia et al., 2008). Water stable isotopes add another
dimension to the rainfall‐runoff process and allow to assess the time domain of a catchment toward a
more holistic understanding of catchment functioning (see early work by Turner et al., 1987). The time
domain usually refers to the time water needs to exit (ﬂux) a catchment (transit time) according to
McGuire and McDonnell (2006). The time water that resides (storage) in a catchment is usually referred
to as residence time. These are key hydrological processes that cannot be derived from hydrometric data
alone. The need to gain a more comprehensive understanding of water ﬂow paths and residence times
in catchments has been understood for decades (Hewlett & Hibbert, 1967) and is to date a signiﬁcant
knowledge gap in tropical catchments. Water stable isotopes coupled to a conceptual rainfall‐runoff
model enables tracking of water age without an a priori selected distribution function, similar to
Hrachowitz et al. (2013), and has recently revealed that global streamﬂow is younger than 3 months
(Jasechko et al., 2016). Such water age tracking allows deriving age distributions in water ﬂuxes and
storages, a necessary distinction to adequately constrain solute transport (Botter, 2012). Other
approaches such as storage age selection (SAS) functions of Benettin et al. (2015) represent an elegant
analytical solution to estimate water age distributions.
Both SAS and tracer‐aided models (TAMs) are mostly lumped catchment models, but recently, TAMs
were developed into spatially distributed models by van Huijgevoort et al. (2016) and Remondi et al. (2018).
The obvious advantage of a spatially distributed model is the more detailed spatial discretization of catchment processes, but the increased understanding obtained with spatially distributed models often comes
at the expense of increased computational cost. In this regard, a useful compromise can be the semidistributed representation of dominant landscape units within the model architecture. For instance, Dick
et al. (2015) successfully simulated streamﬂow and solute transport using a parsimonious model that distinguished between the riparian zone and hillslope areas. The use of different storages connected in parallel has also proved to be a feasible model alternative (e.g., Birkel et al., 2014). In the wet‐dry tropics,
where seasonal wetlands and savanna woodlands are likely to have very distinct hydrological and biogeochemical responses, we believe there is value in developing TAMs that incorporate these two dynamic
landscape units.
Another critical part for the comprehension of catchment functioning is the identiﬁcation and assessment
of the role of stream water sources, usually inferred from geochemical tracers (Christophersen &
Hooper, 1992). Here we enhance our knowledge of catchment functioning based on Hrachowitz
et al. (2016), who drew attention to incorporate water age and sources when assessing water quality in
catchments. Water quality assessments require an understanding of biogeochemical processing, which
to the best of our knowledge has not been previously incorporated into the class of TAMs. One pressing
issue from the perspective of climate change and safe drinking water is the dissolved organic carbon
(DOC) export from tropical catchments (Sánchez‐Murillo et al., 2019). Unlike conservative tracers such
as water stable isotopes (deuterium, oxygen‐18), organic carbon is a reactive tracer that is produced by
organic matter decay and is remineralized through microbial activity and photochemical reactions. To
date, there is no coupled ﬂow‐tracer‐DOC model developed. Accommodating these biogeochemical reactions into a model necessarily requires parameterization of the key transformation processes; however,
much can be gained from such an exercise in a fully coupled tracer‐aided model. We also see the need
for simpliﬁcation, particularly at the catchment scale, and put forward a rather simple approach to keep
our main goal of a relatively parsimonious model that is where possible supported by the data
(Jackson‐Blake et al., 2017).
Therefore, our main objective is to enhance understanding about tropical catchment functioning in terms
of water and carbon ﬂows, mixing, storages, and associated water ages. The latter is based on the development of a relatively simple, conceptual rainfall‐runoff model fully coupled to a conservative and reactive tracer routine to simultaneously simulate streamﬂow, water stable isotopes, and DOC in a mesoscale
catchment of the low‐relief, wet‐dry tropics in northern Australia. Building on previous experimental
work by Duvert et al. (2020), the speciﬁc objectives were to (1) develop a semidistributed, relatively parsimonious, conceptual model able to simultaneously simulate water, isotope, and DOC ﬂuxes in the
catchment; (2) derive detailed water and DOC source information and budgets from the simulated state
and ﬂux variables; and (3) assess water ages in modeled ﬂuxes and storages in relation to DOC of the
simulated system.

BIRKEL ET AL.
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Figure 1. Howard River dry season catchment satellite image from Google Earth in (a) the regional context of northern
Australia and eastern Indonesia and (b) stream network features with the outlined seasonal maximum extent of the
ﬂoodplain wetlands and monitoring locations. The area outside the wetlands corresponds to low‐density urban sprawl
into the savanna woodlands. Also visible are road network features.

2. Study Site
The study area is the 126 km2 Howard River catchment that is located ~35 km southeast of Darwin,
Northern Territory in Australia, and drains into the Timor Sea (Figure 1). The altitudinal range varies
40 m between the headwaters and our sampling point at the outlet. The Howard River is a perennial river
sustained by deeper groundwater sources originating from a dolomite aquifer overlaid by sandstone (Cook
et al., 1998; Duvert et al., 2020). The tropical wet‐dry climate (Aw, Koeppen‐Geiger climate classiﬁcation)
is characterized by strong monsoonal rainfall events over a wet season that lasts from October/November
to April, often exceeding 200–300 mm of accumulated rain over a few days. The wet season is followed by
a ~6‐monthlong dry season (May–October) with virtually no rain (Cook & Heerdegen, 2001). The average
annual rainfall in the Howard catchment is 1,880 mm (1989–2018), with around 1,400 mm of actual evapotranspiration and 480 mm of annual runoff (Cook et al., 1998).
The low relief causes the riparian areas to ﬂood, either through direct runoff or the seepage of shallow ﬂow
paths, becoming ephemeral wetlands that superﬁcially drain water to the stream. This process occurs during
the wet season months and persists into the early dry season until the wetlands dry out (between May and
July depending on the magnitude of the highly variable wet season). After this phase, river ﬂow is exclusively
sustained by baseﬂow (Duvert, Bossa, et al., 2019). The ﬂooded and connected wetlands cover around
25–30% of the total catchment area (max 35 km2) and are clearly distinguished (darker green in Figure 1)
from the surrounding savanna woodland ecosystem (Figure 1). The Howard River catchment is characterized as semiurbanized; however, the urban development is of low density while maintaining much of its original vegetation features (Figure 1). The savanna area of the catchment was declared a water management
area where further development is not permitted. Soils are sandy loams and for Australian standards relatively shallow (2–3 m or less) and underlain by an extensive lateritic layer of 2–3 m depth that has shown
a likely preferential recharge connection to deeper water sources (Cook et al., 1998). This weathering layer
sits on top of a heterogeneous sandstone/claystone shallow aquifer (depth 10–40 m; Beraldo et al., 2011).
Below the bottom of the sandstone forms a layer of unconsolidated sand, which overlies a deep and highly
weathered dolostone aquifer used to supply water to the Darwin area (Doyle, 2001).
BIRKEL ET AL.
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Table 1
Elevation, Annual Water Balance, and Tracer Summary Statistics (Mean, Range, and Standard Deviation) Based on Measurements From the 3‐Year Study Period
1 June 2015 to 31 May 2018 at Howard River
2

Elevation
m.a.s.l.
Mean
Range
St. Dev.

12
40
—

Mean
annual
rainfall

Mean
annual
runoff

Mean
annual ET

mm

mm
a

2,133 (1,880)
1,557–2,564
519

mm
a

1,211 (1,400)
1,144–1,272
64

δ H daily
rainfall
(n = 463)

δ H weekly
streamﬂow
(n = 139)

δ H sporadic
dolomite
aquifer
(n = 12)

‰

‰

‰

mg/L

mg/L

−30.9
−111.4 – 22.2
11

−32.7
−32.4
5.8

−35.7
4.2
1.58

3.61
1.19–10.1
1.98

1.04
0.8–1.1
0.14

2

a

891 (480)
240–1,272
566

2

DOC
weekly
streamﬂow
(n = 76)

DOC sporadic
dolomite
aquifer
(n = 12)

Note All data available from Duvert, Alvarez, et al. (2019).
Calculated long‐term historic catchment averages for context using the same monitoring network (1989–2018).

a

3. Data and Methods
3.1. Hydro‐Meteorological and Tracer Data
The Howard River is gauged just upstream of any tidal inﬂuence by the Northern Territory government
(NTG) (gauging station G8150179; Figure 1), and daily streamﬂow data were used for modeling. Four rain
gauges of the Bureau of Meteorology (BoM) located across the upper catchment were used to derive a
catchment‐average daily rainfall time series from Thiessen polygons. Outliers were screened and a double
mass curve used to ensure consistency in the rainfall data. There were relatively few data gaps (<5%), and
missing data were linearly interpolated across all gauges where data were available to create a continuous
input series for modeling (at least two gauges with data were always available). Evapotranspiration was
obtained from the Howard Springs eddy covariance ﬂux tower (AU‐How), located within the catchment
and part of the OzFlux and FLUXNET international networks (Beringer et al., 2016; Hutley et al., 2011).
Groundwater level data were provided by the NTG (nt.gov.au/environment/water/water‐information‐systems/water‐data‐portal) from a borehole located in the vicinity of the gauging station that intercepts
the shallow sandstone aquifer (Figure 1).
Stream water samples were collected from January 2017 (1.5 years) on a weekly (wet season) to monthly
(dry season) basis next to the gauging station for further analysis of water stable isotopes and DOC, as
described by Duvert et al. (2020). Rainwater samples were collected from August 2015 (3 years) in
Darwin daily at 9 am (on days with >0.5 mm rainfall) for deuterium (δ2H) and oxygen‐18 (δ18O) analysis.
Water stable isotope data and in‐stream DOC concentration data were used as tracers for modeling.
Because the model requires a continuous input (rainfall) isotopic time series, the gaps (<5% with drizzle
below 0.5 mm) in daily rainfall data were simply set to the previous value. Table 1 summarizes the basic
catchment descriptors and data used in this study, and Figure 2 shows the time series used for modeling
from 1 June 2015 to 31 May 2018, corresponding to three full hydrological years.
3.2. Sample Collection and Laboratory Analyses
Rainwater was collected using a dip‐in rainfall sampler (PALMEX) designed to avoid evaporation
(Gröning et al., 2012). The sampler was emptied every morning in the event of rain, and samples were
sealed and kept refrigerated prior to analysis. Stream water was collected using 50 ml centrifuge tubes
for water stable isotope analysis and 40 ml borosilicate vials for DOC analysis. The borosilicate vials were
pre‐acidiﬁed with 85 μl of pure H2SO4, and waters were ﬁltered through 0.45 μm membrane ﬁlters in the
ﬁeld. They were kept on ice and refrigerated upon arrival to the laboratory. Similarly, groundwater samples (n = 12) were collected from screened boreholes into the dolomite aquifer using the same procedure
as for stream water. All waters were analyzed for water stable isotopes (δ18O and δ2H) at Charles Darwin
University using a cavity ring‐down spectrometer (Picarro L2130i) ﬁtted with a diffusion sampler
(Munksgaard et al., 2011). All isotopic compositions are expressed relative to the VSMOW standard (δ
notation), and the analytical precision (±σ) was ±0.1‰ for δ18O and ±0.5‰ for δ2H based on four
replicates of each of three standards in each run of 56 samples. Due to the similarity of both isotopes
(R2 = 0.92), we selected δ2H for modeling purposes. Samples for DOC were analyzed at Southern
BIRKEL ET AL.
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Figure 2. Time series of the hydro‐meteorological data used for modeling from 1 January 2015 to 31 May 2018:
(a) rainfall and streamﬂow, (b) actual evapotranspiration AET and groundwater level, (c) rainfall and streamﬂow
deuterium, and (d) stream DOC. The light gray shaded blocks highlight the dry seasons (data from Duvert, Alvarez,
et al., 2019).

Cross University on an organic carbon analyzer (Shimadzu TOC‐VCPH) using acidiﬁcation and
high‐temperature catalytic oxidation. Analytical precision (±σ) was ±0.49 mg L−1 according to replicate
measurements.
3.3. Model Development and Processes
The SAVTAM (SAVanna ecosystem Tracer‐Aided Model) model development was based on the conceptual understanding of catchment functioning by Duvert et al. (2020) and Cook et al. (1998). Rather than
using multiple model hypotheses (e.g., Hrachowitz et al., 2013), we settled on a single, a priori model
formed fully using the meteorological data, expert knowledge in combination with the tracer data.
The tracers informed water sources and the related model structure, and here we used a simple, parsimonious model that is supported by available data after Birkel et al. (2017). Our model attempts to
incorporate the dominant assumed hydrological processes based on previous work in the study
catchment:
1. dynamic landscape units representing riparian wetlands and savanna woodlands that temporally vary
the spatial extent according to the climatic seasonality (Hutley et al., 2011);
BIRKEL ET AL.
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Figure 3. Conceptual diagram of the developed model structure with calibrated hydrological parameters in red indicating the constitutive equations, the
calibrated isotope mixing volume (Sp) parameters inside the four reservoirs (in red) and the DOC components (in green). The model volumetrically separates
the riparian wetlands from the savanna areas using the time‐varying function dSAT, and also features a third deep groundwater reservoir.

2. associated to the dynamic landscape units is superﬁcial runoff generation from the riparian wetlands,
inﬁltration processes, and recharge in the savannas (empirical observations in the ﬁeld and Cook
et al., 1998);
3. the perennial character of the river can mostly be explained by a substantial deeper groundwater source
contributing to streamﬂow (Beraldo et al., 2011; Duvert et al., 2020;
4. preferential deeper recharge mechanism and also evaporative fractionation in the wetlands (based on a
double‐isotope plot not shown here).
The above assumptions were directly incorporated into SAVTAM (Figure 3), which consists of three modules: the rainfall‐runoff model, a coupled simultaneous isotope routine, and the DOC transport module.
Since the water stable isotope is a near‐conservative tracer, only few additional parameters to the
rainfall‐runoff model need to be included. In our case, we used parameters that represent additional mixing
volumes in each storage with water being available for mixing, but this water does not hydraulically contribute to streamﬂow (Birkel, Soulsby, et al., 2011). The reactive tracer DOC depends on a mass balance of carbon production and losses due to mineralization (Birkel et al., 2014; Dick et al., 2015).
The rainfall‐runoff model uses eight calibrated parameters, which are brieﬂy explained in Table 2 with the
water ﬂux equations indicated in Figure 3. The four storages (in line and in parallel) are directly connected
via water ﬂuxes that either recharge storage or generate runoff that contributes to streamﬂow. The upper storage (Sup) drains a fractional volume into the riparian wetland storage Srip via the parallel connection and
ﬂux Qup using a linear rate coefﬁcient a. The Sup also recharges the lower storage GW using the linear rate
BIRKEL ET AL.
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Table 2
Multistep Initial and Posterior Parameter Ranges and Performance Measures Shown as the 5th and 95th Percentiles of the
Resulting 500 Best Simulations for the Flow Only Model (Eight Parameters) and the Fully Coupled Flow, Isotope, and DOC
Model (19 Parameters)
Module
Rainfall‐runoff:

Isotope:

DOC:

Parameters
a
b1
b2
r1
r2
d
k
alpha
upSp
gwSp
ripSp
deepSp
SMDmax
kDOCup
kDOCrip
Ea
LQup
LQgw
LQrip
Performance
KGE_Q
LnKGE_Q
KGE_D
KGE_DOC

Unit
−1

day
−1
day
−1
day
−1
day
−1
day
−1
day
−1
d
—
mm
mm
mm
mm
mm
−1
day
−1
day
—
—
—
—
—
—
—
—

Initial ranges

Only ﬂow model

Fully coupled model

0, 1
0, 0.5
0, 0.5
0, 0.9
0, 0.9
0, 0.1
0, 0.9
0, 2
1, 1000
1, 1000
1, 500
1, 2500
−3000, −1
0.1, 10
0.1, 10
1, 5
0.01, 1
0.01, 1
0.01, 1

0.1, 0.89
0.05, 0.49
0.003, 0.47
0.01, 0.14
0.01, 0.67
0.002, 0.003
0.01, 0.33
0.21, 0.72
—
—
—
—
—
—
—
—
—
—
—

0.1, 0.2
0.1, 0.2
0.002, 0.02
0.03, 0.05
0.02, 0.5
0.0029, 0.0031
0.01, 0.03
0.5, 0.7
990, 999
5, 20
200, 365
11, 99
−2,501, −2,990
1.07, 1.2
0.03, 0.1
2.4, 3
0.05, 0.93
0.02, 0.49
0.02, 0.07

—
—
—
—

0.73, 0.95
0.4, 0.93
—
—

0.93, 0.98
0.45, 0.88
0.69, 0.84
0.22, 0.5

Note. The KGE performance measures can be found at the bottom in the gray‐shaded area.

coefﬁcient r1 from where another ﬂux recharges (r2) the deeper dolomite aquifer deepGW. The storage
variable Sgw drains a fraction of water via the linear rate coefﬁcient b1 into Srip. Apart from the deeper
groundwater contribution Qdeep (which is not connected to Srip), all waters contributing to streamﬂow
are generated via Srip using a nonlinear power function for Qrip with parameters k and alpha and a
linear groundwater discharge Qgw. Figure 3 provides a conceptual overview of these processes.
The parallel reservoir storages reﬂect the spatial distinction of the riparian wetlands and adjacent savanna
woodlands, which are delineated using soil mapping by NTG and a composite cloud‐free Landsat satellite
image during the peak wet season. The maximum extent of the riparian wetland connectivity to the stream
was determined at 35 km2 or 30% of total catchment area between February and March and the minimum
between May and June (0.1% total catchment area). The latter wetting and drying cycle was represented with
a 7‐day exponential antecedent wetness‐type function (f (AW)) estimating the spatial extent of the riparian
wetland dSAT depending on rainfall amounts and evapotranspiration similar to Birkel et al. (2010). This
function is shown in the inlet graph of Figure 3. Such a temporally dynamic model structure reﬂects the
basic hydrologic understanding of the dominant runoff generation processes.
The isotope module is coupled with a mixing‐cell approach to the dynamic water storage and transport of the
rainfall‐runoff model that consists of four additional calibrated mixing volumes (upSp, gwSp, deepSp, and
ripSp) for each of the four storage volumes (Sup, GW, deepGW, and Srip) calculating the isotope storage,
complete mixing, and transport without affecting the water storage and transport:
dðcSÞ
¼ ∑j cI;j I j − ∑k cO;k Ok ;
dt

(1)

with c being the isotope composition of storage components (‰) in j storage inﬂows Ij (e.g., Pup and Prip, Q1
and Q2, and Re1 and Re2) and k outﬂow Ok components (e.g., Eact, Qgw, Qdeep, and Qrip), which characterize the catchment storage S dynamics (sum of dynamic and additional storage available for mixing) and
BIRKEL ET AL.
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associated isotope composition c. Dynamic storage (Sd) was calculated as the sum of the four internal model
storage units (Sup, Srip, GW, and deepGW). The calibrated upSp and ripSp mixing parameters are converted
into dynamic mixing volumes (MV) according to the seasonal volumetric expansion and contraction of the
ﬂooded riparian area (using dSAT) reﬂecting the nature of the ﬂat terrain (Figure 3):
MVrip ¼ ripSp dSAT;

(2)

MVup ¼ upSpð1 − dSAT Þ:

(3)

Such a dynamic and nonlinear parameterization allows alleviating the complete mixing assumption of the
tracers in storage (equation 1) toward a partial mixing assumption without introducing additional model
parameters. Here, we assume that with greater wetness (equation 2), the riparian area expands providing
more potential for mixing (MVrip). To the contrary, expanded ﬂooding and wetter riparian area causes
the upper savanna area and storage volume to contract resulting in less potential for mixing (MVup in
equation 3). Kinetic isotopic fractionation due to evaporation of standing superﬁcial waterbodies was
implemented in the savanna Sup and wetland Srip reservoirs according to Birkel, Tetzlaff, et al. (2011) based
on the Craig‐Gordon model (Craig & Gordon, 1965). The latter allows simulating progressive isotope
enrichment of slow‐moving surface waters.
The simple DOC mass balance requires seven additional calibrated parameters to simulate DOC production
(four parameters) and losses (three parameters) for each corresponding model reservoir (equation 4)
of Figure 3:
dðDOC Þ
¼ DOC production − DOC loss :
dt

(4)

DOC is produced according to an Arrhenius‐type, nonlinear function relating air temperature (AT and the
mean annual air temperature T in °C) to simulated storage content (SM) in mm as a surrogate for soil temperature and soil moisture (Birkel et al., 2014) within the rainfall‐runoff routine. The higher the temperatures and the wetter the soils (SM > 0), the more DOC is produced (equation 5):
DOC production ¼ kDOC

SMDmax − SM ðAT−T Þ
Ea
:
SMDmax

(5)

Dried out soils for SM = 0, do not produce DOC anymore depending on the maximum soil moisture deﬁcit
parameter SMDmax, the activation energy parameter Ea, and the rate coefﬁcients kDOCup and kDOCrip for
each of the uppermost storages. Three of the four storages (the deep reservoir is excluded here) ﬁx DOC
using a simple loss parameter LQ (one for each reservoir). The model was initiated for soil carbon concentrations and isotope signatures with mostly measured average concentrations of soil and groundwater stable
isotopes and DOC (Table 1).
3.4. Model Calibration and Evaluation
SAVTAM was calibrated using a multiobjective optimization procedure. The optimization used the NSGA2
algorithm of Deb et al. (2002). Achieving a balanced rainfall‐runoff model requires simulation of peak as
well as low ﬂows. Therefore, we used a total of four calibration objectives; the KGE Kling‐Gupta
Efﬁciency criterion, after Kling et al. (2012), applied to evaluate streamﬂow, streamﬂow isotopes, and stream
DOC concentration and additionally a logarithmic version of the KGE to calibrate the lower streamﬂows (6):
KGE ¼ 1 −

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1−r Þ2 þ ð1−γ Þ2 þ ð1−βÞ2 :

(6)

The KGE is a three‐dimensional representation of the Nash‐Sutcliffe criterion balancing dynamics (correlation coefﬁcient r), variability (γ), and bias (β). Calibration was undertaken sequentially by minimizing the
KGE criteria by ﬁrst calibrating the rainfall‐runoff model using only eight parameters and wide uninformative parameter intervals based on model tests and previous applications with KGE and logKGE. The constrained rainfall‐runoff model parameters were in a second step used to calibrate the fully coupled model
(19 parameters) with four KGE objectives.
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We then ran 500 parameter populations over 2,000 generations with a total of 1,000,000 iterations in each
step for reproducibility after Deb et al. (2002). The best 500 parameter combinations after optimization were
retained for simulation envelopes, as indicators of parameter uncertainty, water and tracer budgets, and
water ages. The parameter distributions from these calibration steps were compared to assess parameter sensitivity and colinearity (R Development Core Team, 2018).
3.5. Water Age Flux Tracking
Flux tracking requires each incoming rain to be tagged with a time stamp. Depending on the mixing and
ﬂow processes, water can stay longer in storage before contribution to streamﬂow as a ﬂux, thereby increasing its age. We only calculated and analyzed the matrix of all ﬂux and storage ages for the calibration period
(2015 to 2018) using the best 500 parameter sets. The resulting matrix was used to derive transit time distributions, which equate to the ﬂux water age. This ﬂux tracking approach was implemented according to
Hrachowitz et al. (2013) and Birkel and Soulsby (2015):
 



 Qn t j
N
 ;
PF;Q t j − t i ; t j ¼ ∑n¼1 PF;Qn t j − t i ; t j
Q tj

(7)

with PF,Q representing the distribution of water age of all contributing ﬂuxes Qn to the total discharge Q with
tj being the time of exit at the catchment outlet and ti the time of entry with P. The 3‐yearlong input series
were looped 30 times (total time series length of 90 years) to account for potentially decade‐old waters.

4. Results
4.1. Hydro‐Meteorological and Tracer Dynamics
The study period from June 2015 to May 2018 was characterized by fairly average rainfall and runoff
(Figure 2). The 3‐year precipitation average of around 2,100 mm per year fell slightly higher compared to
the long‐term (1989–2018) average of 1,880 mm (Table 1). The hydrological year 2015–2016, however, was
a drier year with 1,557 mm of rainfall and only 240 mm of runoff. Actual evapotranspiration remained relatively constant at around 1,200 mm per year, similar to the 15‐year (2001–2016) average of
1,135 ± 350.2 mm year−1 (Beringer et al., 2016). The regular dry‐wet seasonality of the study site is immediately visible from Figure 2a, with low but constant dry season baseﬂow from as early as April until the ﬁrst
rains in November. The latter dynamics are mirrored by the actual evapotranspiration, which immediately
increases with the ﬁrst incoming rainfall events up to peak values over the wet season (Figure 2b). Similarly,
the groundwater level (Figure 2b) reﬂects the climatic seasonality with a recharge dominated by the monsoonal rains. The peak runoff events frequently correspond to high‐magnitude monsoonal events as in the
case of the maximum event registered during the study period on 23 January 2018 (207 m3 s−1, estimated
8‐year return period). Also, a typical feature of the tropical climate is the almost constant average air temperature of 27 °C and a relative humidity dry‐wet cycling averaging out annually at 65.7%.
The Howard River showed a relatively quick isotope response to rain inputs and the daily unweighted rain
isotope average of −30.9‰ for δ2H was close to the measured weekly stream signature of −32.7‰ (Table 1).
The variability of rainfall isotopes was larger (st.dev = 11‰) compared to the streamﬂow variability (st.
dev = 5.8‰), indicating a catchment ﬁltering effect that averages out the incoming isotope variability into
a more stable streamﬂow signal. Averaged δ2H groundwater isotope values were more depleted at
−35.7‰ (st.dev = 5.8‰) when compared to the deeper dolomite aquifer. Average stream DOC concentrations were 3.6 ± 2 mg/L with maximum concentrations observed during the highest ﬂows of the wet season
of up to 10 mg/L. The lowest DOC concentrations were measured during the late dry season ~1 mg/L, similar
to the low concentrations of the deep aquifer (Table 1, suggesting baseﬂow‐dominated ﬂow at this time of
the year) with little or no DOC production in the deeper substrate.
4.2. Model Simulations, Performance and Uncertainty
The model simulations matched the observations relatively well, with KGE values above 0.9 for simulated
streamﬂow, above 0.7 for stream isotopes and above 0.3 for stream DOC concentrations (Table 2 shows
the inverse KGE due to minimization). The 95th percentiles of simulated variables from the calibrated model
bracketed almost all of the observations (Figure 4). Importantly, seasonal streamﬂow dynamics were well
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Figure 4. (a) Hydrometeorological and tracer time series used to drive the simulated 5th and 95th percentile envelopes of
the best 500 parameter sets of (b) discharge (on a logarithmic scale), (c) streamﬂow isotopes (deuterium), and
(d) stream DOC concentrations over the 3‐year study period from June 2015 to June 2018.

captured by the models, except for the overestimated 2017/2018 dry season streamﬂow (Figure 4b). The
transition from the dry into the wet season, a hydrological process typically difﬁcult to simulate with
rainfall‐runoff models (Birkel, Tetzlaff, et al., 2011), was also matched by the simulations. The stream
isotope simulations reproduced the isotope spikes after more positive or negative isotope input with
rainfalls during the wet season and a swift recovery to close to average signatures (Figure 4c). However,
model performance for simulating the progressive isotopic enrichment over the dry season was poor
(Figure 4c), despite a fractionation algorithm implemented in the model reservoirs. The ﬂush of DOC
during the wet season 2017/2018 with receding concentrations over the streamﬂow recession period was
well modeled (Figure 4d; Table 2). The model simulated the highest concentrations for the driest year
(2015/2016), but unfortunately, this period falls outside our stream water measurement campaign and
model performance cannot be evaluated.
BIRKEL ET AL.

10 of 20

Water Resources Research

10.1029/2019WR026175

Table 3
Correlation Matrix (Spearman Rank Correlation Coefﬁcient) of Flow Only (Lower Left Panel) Versus Fully Coupled Model
(Upper Right, Gray‐Shaded Panel) Calibration for the Eight Rainfall‐Runoff Parameters for Comparison Purposes
a

0.4

−0.31

*

b1

0.37

*

0.42

**

0.12

0.31

0.33

0.37

*

0.250

0.08

0.34

0.35

*
**

*

0.11

b2

0.37

0.007

0.27

0.51

***

−0.08
0.15

0.24
0.22

r1
0.17

0.13
r2

0.4
0.09

**

0.29
0.09

**

−0.24

0.2

0.7

0.2

d

0.34

0.62
0.05
0.51

**

−0.49
0.19

**

0.45
−0.23

−0.18
*
−0.35

**

***
**

−0.52
*
0.35

0.05
−0.005

−0.49
*
0.33

0.35
**

0.44

**

0.34

*

0.13
0.14
0.13

*

k
**
−0.48

0.15
0.06
alpha

Note. Statistical signiﬁcance levels are indicated with asterisks.
*90%. **95%. ***99%.

All 500 best parameter sets retained after calibration are visualized as histograms in Figure S1 in the supporting information, showing constrained ranges and clear maxima indicating parameter sensitivity. SAVTAM
was independently evaluated against measured state variables such as groundwater isotope signatures and
groundwater levels. Figure S2 shows the median water level in mm of the best 500 simulations for the riparian reservoir Srip and the deep groundwater reservoir Sdeep compared to measured groundwater levels for a
borehole intersecting the sandstone close to the Howard springs (Figure 1). The comparison of measured
groundwater levels in meters below surface and simulated storage content in mm is only of a qualitative nature to assess groundwater dynamics. However, the qualitative evaluation provides some clues about the timing of modeled groundwater responses. The model simulated a quicker response in the riparian wetland
reservoir with respect to the observations and a delayed deeper groundwater dynamic due to a slower
recharge (Figure S2a). Both simulations enclosed the measurements from the sandstone aquifer in terms
of timing and magnitude of the response, with an R2 of 0.6. The average deeper groundwater isotope signatures were also matched by the model, with a deeper recharge pulse from the January 2018 extreme
event (Figure S2b).
Despite a rather informal parameter uncertainty and sensitivity assessment, the two‐step calibration procedure resulted in a constrained parameter range indicating parameter sensitivity (Table 2). All results are
given as the 95th percentiles of the retained 500 best performing parameter sets after multiobjective calibration as an indication of parameter uncertainty. Interestingly, the fully coupled model calibration exerted a
positive effect on the rainfall‐runoff parameters and further constrained their range (Table 2). The latter is
emphasized by lower colinearity among the eight rainfall‐runoff parameters before and after calibration
using all four objectives (Table 3). The statistically signiﬁcant (95%) parameter colinearity decreased from
eight to ﬁve with overall lower coefﬁcients of correlation.
4.3. Water Age of Fluxes in Relation to DOC
Flux tracking was used to derive water age distributions of water ﬂuxes (Figure 5). Visualized water ﬂux age
time series showed the dynamic changes from younger water dominating peak ﬂows and older waters driving baseﬂows (Figure 5a). The average stream water age ranged from 9.7 to 16.2 years and was effectively a
combination of the constant decades‐old deeper groundwater ﬂux and the seasonal months to few years old
riparian wetland ﬂux ages. The constant contribution of older groundwaters to streamﬂow shifted the
stream water age distribution toward older water (Figure 5b), which is emphasized in the shift of the cumulative stream water age distribution function toward the deep groundwater function (Figure 5g). The youngest instantaneous water ﬂuxes were the simulated evapotranspiration (AET) losses from the savanna
woodland area during the wet season (Figure 5a), with a median age of 210 days (Figures 5e).
Intermittent water ages as visible in Figure 5a were the result of the seasonality in the two AET ﬂuxes.
The youngest water ﬂuxes resulted from the largest hydrological ﬂuxes during the wettest year 2017–2018
(Table 4). Streamﬂow age was on average 5.6 years, the riparian wetland ﬂux age around 2 years, the deeper
groundwater ﬂux around 20 years, and the savanna AET around 0.5 years. Average stream water ages
increased up to 18 years for years with lower annual precipitation and streamﬂow (Figures 5a and S3).
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Figure 5. Simulated (a) water ﬂux age time series in days, (b–f) water ﬂux ages visualized as histograms with gray line indicating mean transit times, and (g) the
empirical cumulative distribution functions of previously plotted water ﬂux ages for direct comparison. Same color code is maintained throughout. Note the
different x‐ and y‐axis scales.

Figure S3 also indicates a potential memory effect of stream water ages after drought periods, such as in
2015/2016.
The simulated DOC ﬂuxes resulted from the combination of DOC source contributions of wetlands and
groundwaters (Figure 6a). Almost 90% of the total stream DOC load was generated from the seasonal wetlands with much less DOC production and ﬂux from groundwaters (Figure 6b). Total annual average stream
DOC load was 2 t C·km−2·year−1, with a signiﬁcant load being contributed from the savanna woodlands to
BIRKEL ET AL.
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Table 4
Summary of Modeled Average Water Flux (P, Qobs, and Qsim), DOC Exports and Water Ages in Streamﬂow Q, Deeper Groundwater Flux Qdeep, Riparian Runoff
Qrip, and Upper and Riparian AET

Year
2015–
16
2016–
17
2017–
18
AVG

P
(mm)

Qobs
(mm)

Qsim
(mm)

DOC_Q
−2
(t C·km ·
−1
year )

DOC_Qup
−2
(t C·km ·
−1
year )

DOC_Qrip
−2
(t C·km ·
−1
year )

DOC_Qdeep
−2
(t C·km ·
−1
year )

Q (years)

Qrip
(years)

Qdeep
(years)

AETup
(years)

AETrip
(years)

1557

241

223–250

1.2–1.6

0.3–0.9

0.9–1.5

0.008–0.035

14.2–18.0

3.8–7.2

35–70

0.8–2.1

2.3–5.4

2446

1274

2.1–3.0

0.7–1.2

2.0–2.9

0.04–0.1

10.0–12.4

1.1–4.2

27–57

0.2–0.8

0.8–1.5

2127

1158

1,246–
1,307
1,093–
1,174
849–921

1.8–2.4

0.6–1.0

1.7–2.3

0.02–0.09

5.0–6.2

1.0–2.9

11–32

0.2–0.7

0.9–1.4

1.9–2.3

0.7–1.1

1.8–2.2

0.01–0.07

9.7–16.2

1.4–3.6

24–46

0.3–0.9

0.9–2.4

a

1880

a

891

Note. Values are given as the simulated 5th and 95th percentiles from the best 500 parameter sets after calibration (otherwise: observations).
a
Longer‐term average from 1989 to 2018 for context.

the seasonal wetlands of 0.8 t C·km−2·year−1 (Table 4). The driest hydrological year 2015–2016 exported less
DOC albeit the highest concentrations (Figure 4d), but the intermediate year 2016–2017 exported the most
DOC (Figure 6b). The simulated DOC loads showed a good agreement with measured weekly stream loads
(Figure 6b) as an additional means of model evaluation.
The nonlinear relationship between stream water age and catchment DOC export (Figure 7) exempliﬁes
the older water dominance, even at the highest daily DOC exports, driven by monsoon or cyclone activity
in the wet season. The peak DOC ﬂux equals the youngest waters, but the youngest water is still several
years old. Therefore, single events can account for up to 10% of the total annual DOC export with a
stream water age of few years. The latter can be explained by the—albeit small in terms of ﬂux—contribution of decades old deeper groundwater and that the wetlands despite
superﬁcially drying out retain water in storage available for mixing.
From Figure 7, it is clear that the DOC is overwhelmingly transported
from the seasonal wetlands connected to the stream over the wet season. The latter ﬂux progressively decreases until it reduces to near zero
around June (Figure 6). Figure S3 shows the mean monthly streamﬂow,
DOC load, wetland contribution to streamﬂow and stream water age to
further emphasize the wet‐dry seasonal cycle of the system.
Additionally, to the daily DOC export dynamics, Figure 8 combines the
annual water balance and DOC ﬂuxes with hydraulically active total
(sum of model reservoirs) storage S volumes (total S) at around
1,000 mm and total additional mixing volumes (MV) at around
1,200 mm. The average total catchment storage was estimated at
around 2,400 mm with a range of ±300 mm over the three water years
of this study. Figure 8 illustrates an annual shallow recharge ﬂux of
around 150 mm and a deeper recharge that approximates on average
80 mm per year. The larger savanna woodlands (80% catchment area)
contribute on average 500 mm of water to the wetlands with a relatively large amount of stored water and a DOC export of
0.8 t C·km−2·year−1, which was almost half of the annual average
stream DOC load.

Figure 6. Simulated median (a) water source ﬂuxes and (b) DOC source
ﬂuxes. The total median simulated DOC ﬂux can be compared to the
observed DOC load (rectangles calculated as the DOC mass ﬂux) as an
additional means of model evaluation. Both y axes are shown on a
logarithmic scale due to the disproportionately lower loads in the deep
groundwater.
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5. Discussion
5.1. DOC Source and Flux Estimation With a Simple
Coupled Model
Simultaneously modeling catchment functioning beyond the simple
rainfall‐runoff response allowed us to capture most of the data
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Figure 7. Daily simulated stream water age—DOC export bivariate plot with dots ordered by color according to the
fraction of wetland contribution to total streamﬂow. The dot size indicates the daily % of the total DOC export. Scatter
plot data have been binned and plotted as a histogram (outer axis) to highlight the contrasting distribution of DOC
export and water age.

features in terms of low and high ﬂows, recessions, and wetting‐up periods, as well as the stream isotope
spikes and mean values, and the DOC ﬂushing with subsequent recession (Figure 4). The model
architecture allowed the use of DOC as tracer in streamﬂow to derive and decompose DOC sources

Figure 8. Conceptual model (identical color coding to Figure 3) showing simulated annual water ﬂuxes for the savanna
and riparian wetland landscape (except for the long‐term observed Q). Simulated ﬂuxes shown are the 5th and 95th
percentile of accepted simulations. Similarly, annual simulated storage (S) state variables (black arrows) are shown
together with the additional mixing volumes (MV) (red arrows) below the hydraulically active storages. The median
−2
annual simulated DOC exports are given in light green as tons C km .
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and their links to landscape elements with particular dominant hydrological processes (Ågren et al., 2014;
Laudon et al., 2011). Such source information is rare in the tropics. Sánchez‐Murillo et al. (2019) showed
the connectivity of different landscape units over different seasons in a forested catchment of the humid
tropics in Costa Rica. In temperate catchments, this approach is more common (e.g., Dick et al., 2015). A
crucial difference in the tropics compared to temperate and boreal regions is the lack of organic matter
supply limitation. Unlike in northern temperate and boreal catchments, where productivity is directly
linked to radiation, air and soil temperatures (Laudon et al., 2013; Tunaley et al., 2016), decomposition,
and DOC production is less seasonal in the tropics given the relatively constant temperature of around
27 °C. With temperature variability as a driver of DOC production greatly reduced, water availability
and the ﬂow paths delivering DOC to streams become the major driving mechanisms (e.g., Raymond
et al., 2016).
Therefore, low‐relief, wet‐dry tropical catchments seem to be mostly biogeochemically transport limited
(with respect to boreal and temperate climates), with DOC ﬂux from riparian wetlands only connected
to the stream in the wet season and via the most intense rainfall events (Figure 6) similar to the
ﬂood‐prone lowland river system in tropical Kenya studied by Geeraert et al. (2017). Riparian areas have
previously been identiﬁed as an important source to streamﬂow DOC (Bishop et al., 1994; Fiebig
et al., 1990). The dominance of DOC ﬂow paths to the stream via the riparian area is remarkably similar
across different climatic and geomorphic provinces (see Vidon et al., 2019, for a general overview of riparian zone research; Ledesma et al., 2018, for a detailed riparian zone conceptualization; and Musolff
et al., 2018, for a comparative study across German catchments), as also further corroborated by water
stable isotope tracers (Lessels et al., 2016). The role of riparian zones in delivering water and solutes to
streams can be successfully simulated by using model structures that route water and solutes through
two parallel reservoirs, as described in this study and elsewhere (Birkel et al., 2010, for a study in upland
Scotland; Fenicia et al., 2008, as a reference for the Mediterranean HJ Andrews experimental forest in
Oregon, USA, and Zhang et al., 2019, for a subtropical Karst region in China, among others). The fact that
this riparian‐stream landscape connection occurs across a range of climates suggests a more generalizable
conceptual model application, where our coupled water‐isotope‐DOC approach could be easily transferred
to other regions. However, there are exceptions to the riparian‐stream connection, for example, in
high‐elevation tropical paramo systems. There, DOC is mainly produced and transported to the stream
via lateral soil ﬂuxes (Pesántez et al., 2018), a process we assumed may have dominated DOC ﬂuxes from
the savanna landscape to the riparian zone.
Our mean annual DOC export estimation of around 2 t C·km−2·year−1 is similar to previous estimates
from the tropics (see Sánchez‐Murillo et al., 2019, for a recent review) and slightly higher when compared
to temperate regions (e.g., Birkel et al., 2017). Even though we assumed that the DOC model parameters
are transferable from temperate climates to tropical systems, the model calibration exercise based on
simulated soil moisture and observed temperature regimes resulted in signiﬁcant posterior model parameter differences. In direct comparison to temperate climate applications in Scotland and Germany by,
for example, Birkel et al. (2014, 2017) and Dick et al. (2015), the tropical conceptual DOC production
(kDOC) rate coefﬁcients and maximum soil moisture deﬁcit (SMDmax) parameters were lower, with
slightly increased DOC loss parameters (LQ). The latter could be physically related to a constantly high
DOC production due to the high temperatures and soil moisture availability, but also to higher DOC
mineralization rates (e.g., Rohr et al., 2013). In the wet‐dry tropics, DOC export was extremely seasonal,
with almost 90% of the total annual DOC ﬂux occurring during the 3‐ to 4‐month monsoonal season.
Similar seasonal and extreme rainfall event‐induced DOC export was shown for a subtropical catchment
in Taiwan by Shih et al. (2018) and such behavior can be related to the recently coined “pulse‐shunt concept” of Raymond et al. (2016) whereby a few major hydrological events account for the bulk of terrestrial
DOC ﬂux to rivers. In the Howard River catchment, DOC mostly originated from the seasonal wetlands,
and the savanna woodlands contributed around 40% (0.8 t C·km−2·year−1) to the annual load, a contribution that transited through the wetlands before being transported to the stream. Given this pulse‐driven
process, in a climate change context with more frequent extreme rainfall events (Feng et al., 2013), the
implications for carbon budgets might result in higher DOC exports. Using our modeling approach,
DOC export scenarios could be evaluated using the latest and most accurate precipitation and temperature projections for north Australia (Petheram et al., 2012).
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5.2. Model‐Inferred DOC and Water Age Relationship
Few studies have directly linked DOC transport to the water ages of ﬂuxes and storages, with an exception of
Tunaley et al. (2016), although these authors used a delivery model to estimate water ages. Chaplot and
Ribolzi (2014) used hydrograph separation to assess event versus pre‐event water and DOC transport. An
example of a directly linked calculation of water age and water quality parameters was Benettin et al. (2015)
using a SAS approach and geogenic tracers. The SAS approach has its origins in early biogeochemical
catchment‐scale transport work by Rinaldo and Marani (1987) and Botter et al. (2006). The SAS approach
was recently discussed as a comprehensive framework for biogeochemical transport by Rinaldo et al. (2015).
In our conceptual model with ﬂux tracking (Hrachowitz et al., 2013), we found an overall older water dominance (years to decades) despite that the riparian wetland contribution to streamﬂow over the wet season
transported the bulk of water and DOC (almost 90%). However, even the younger water from the wetlands
was always mixed and months to years old, well above the global water stable isotope‐based young water
threshold of 2 to 3 months (Jasechko et al., 2016). Combined with a constant deep groundwater ﬂux of decades old water, both contributions resulted in stream water ages between 5 and 18 years (Table 4).
It is now well established that water ages beyond 4 years cannot usually be detected by input‐output water
stable isotope relationships (Stewart et al., 2010). This age dating limitation with stable isotopes using, for
example, lumped convolution integral models can be circumvented with our TAM ﬂux tracking approach.
The ﬂux tracking tags every incoming rainfall at each model time step and routes the water through the
model cascade according to the implemented mixing assumptions (eq 1) and without any a priori deﬁnition
of a distribution function (Birkel et al., 2015). Using multiple looped time series as input and the available
isotope data purely for calibration and evaluation allows the estimation of, in our case, decades old water.
Surely, our simple, slightly alleviated complete mixing assumption exerts an inﬂuence on the water ages,
but the implementation of complex partial mixing with additional model parameters (Hrachowitz
et al., 2013) would have required additional source water tracer data (i.e., mobile and immobile soil waters
over time; Sprenger et al. 2019).
Independent tritium measurements and analysis of Duvert et al. (2020) showed that groundwaters in the
Howard River are likely older than 100 years, and earlier CFC age estimates of Cook et al. (1998) were in
the range of 40–60 years. All these values are consistent with our age modeling estimates from ﬂux tracking.
Furthermore, our results complement the water balance from Cook et al. (1998), who were unable to separate wet and dry season recharge but used groundwater age proﬁles to estimate an annual groundwater
recharge of 200 mm year−1. Our approach adds to their initial work and provides novel insight into the temporal and spatial dynamics of storage, ﬂux, and sourcing of water in the Howard River catchment. Overall,
we believe that the identiﬁed DOC source and age dynamics are likely to be a generic feature of wet‐dry
tropical catchments characterized by low‐relief, extensive ﬂoodplain and wetland areas; highly seasonal
rainfall; and an underlying, deeper aquifer that maintains a perennial river.
5.3. Using Tracer Information in Tracer‐Aided Hydrological Models
The quest for parsimonious models that adequately represent the catchment system while avoiding overparameterization is still a much sought‐after research topic (Kirchner, 2006). The scientiﬁc community mostly
agrees that more than ﬁve calibrated parameters of a rainfall‐runoff model cannot be supported by the
hydrograph alone used for calibration (e.g., Haraldson & Sverdrup, 2004; Jakeman & Hornberger, 1993).
Our specialist rainfall‐runoff module used eight parameters comparable to other generalist conceptual
rainfall‐runoff models, for example, HBV‐light in its simplest version (Seibert & Vis, 2012). Previous tests
with simpler model structures ﬁxing the groundwater rate coefﬁcients and recharge parameters were, however, not successfully reproducing the most important features of the hydrograph such as the streamﬂow
recession over the prolonged dry season without completely drying up the river. Nonetheless, the groundwater rate coefﬁcients resulted in a constrained range implying sensitivity (Table 2 and Figure S1).
Furthermore, SAVTAM was developed to represent the known catchment characteristics of the dynamic
riparian area (wetlands) and the deeper dolomite aquifer. Adding model components to represent hydrological processes of runoff generation generally requires additional parameters, and care has to be taken in the
light of equiﬁnality issues (Beven & Binley, 1992). Despite our simple approach to quantify parameter uncertainty and sensitivity, we think that the model could be reasonably constrained to reﬂect the dominant
hydrological processes of runoff generation, in line with the preliminary conceptual understanding of the
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study catchment. The latter was independently evaluated against groundwater levels and groundwater isotopes as an additional model test (Figure S2) similar to model tests of a complex eco‐hydrology model by
Kuppel et al. (2018). The latter model tests by Kuppel et al. (2018) assessed the information content in different data and tracer series for calibration and found that certain model parameters can be more efﬁciently
constrained by different types of data such as soil moisture and soil isotopes rather than the hydrograph.
In general, more tracer data in form of time series that can be used for calibration likely justiﬁes more complex models with a higher number of parameters needed to conceptualize, for example, biogeochemical processes in water quality models. Here, the DOC module added seven parameters to a total of 19 calibrated
parameters in SAVTAM. The 19 SAVTAM parameters calibrated against three different types of data series
can still be considered a fairly parsimonious model compared to, for example, the more complex INCA‐C
model (Futter et al., 2007). Additionally, the fully coupled SAVTAM does not require any delivery models
supplying hydrological or any other biogeochemical simulations to resolve the C mass balance (Birkel
et al., 2014). Jackson‐Blake et al. (2017) found that simpler models with a lower number of calibrated parameters performed almost equally well compared to many more calibrated parameters and concluded that
water quality simulations do not always require (depending on the purpose) a complex model. Our novel
simultaneous calibration of all parameters using the three sources of information (water, isotopes, and
DOC) together with four objectives for evaluation increased the parameter sensitivity, since all parameter
ranges were signiﬁcantly constrained compared to the wide initial parameter intervals (Figure S1).
Additionally, the parameter colinearity of rainfall‐runoff parameters decreased likely due to some interaction of isotope and DOC parameters on the rainfall‐runoff process (Table 3). Such coupled water, conservative, and reactive tracer modeling is narrowing the gap between water quantity and quality assessments
(Hrachowitz et al., 2016).
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6. Conclusions
We believe we have presented the ﬁrst conceptual rainfall‐runoff model with coupled water stable isotope
transport and a DOC mass balance of production and loss to simultaneously generate simulations of streamﬂow, isotopes, and DOC. The coupled model was also combined with a ﬂux tracking module to estimate
water ages in ﬂuxes and storages. SAVTAM was developed based on an exhaustive hydrometric and tracer
database and water source analysis of Duvert et al. (2020) attempting to reproduce the observed and perceived catchment functioning. We summarize our main ﬁndings here:
1. The extreme climatic seasonality of the tropical monsoon study catchment can be reasonably well predicted with a conceptual model.
2. The study system's response is driven by evapotranspiration dynamics and the connectivity of riparian
saturation areas (wetlands) and deeper groundwaters to the stream.
3. Simultaneous simulation of water, isotope, and DOC ﬂuxes is feasible and resulted in a justiﬁable model
complexity as long as supported by data for calibration.
4. The developed coupled, tracer‐aided model can be used to track water ages in storage and ﬂuxes.
5. Despite a tropical monsoon climate, the Howard River is on average 9.7–16.2 years old.
6. The overwhelming riparian wetland source contribution to stream DOC is driven by seasonal connectivity to the savanna uplands and their high DOC productivity.
7. The Howard River system is biogeochemically transport limited and, despite the large and quick monsoonal water ﬂuxes, dominated by older waters.
The combination of conceptual modeling together with conservative and reactive tracers allowed to establish a complete timeline of water and solute transport, bridging the gap between water quantity and quality
that could be used to assess future impacts on water resources caused by environmental change.
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