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Abstract

Synthetic data have long been employed in hydrology for model development
and testing. The objective of this study was to generate a synthetic dataset
of hydrologic response with higher spatial and temporal resolution than could
presently be obtained in the field, spanning a longer period than the typical
duration of monitoring campaigns in experimental catchments. The synthetic
dataset was generated for a rangeland catchment with the Integrated Hydrology
Model (InHM), and is presented for future use by the community. The InHM
boundary-value problem is based upon the previously reported hypothetical reality
of Tarrawarra-like hydrologic response. Whereas the emphasis in developing
the hypothetical reality was on parameterising InHM to reproduce observations
from the Tarrawarra catchment, the emphasis in generating the synthetic dataset
is on developing an internally valid hydrologic-response dataset that extends
well beyond the period of observations at Tarrawarra. The synthetic dataset
spans 11 years of continuous forcing and response data (e.g. integrated response,
distributed fluxes, state variable dynamics). The dataset should be useful for a
wide range of problems including evaluation of simple rainfall runoff modelling
techniques, design of measurement networks, development of data-assimilation
algorithms, and studies on information theory. The dataset is available at:
ftp://pangea.stanford.edu/pub/loague/. Copyright  2011 John Wiley & Sons, Ltd.

Introduction
There are well known problems associated with the observation and
measurement of hydrologic response. Any set of hydrologic observations will
face issues with measurement errors, gaps in records, resolution limitations,
and the small support volume of most instruments. Additionally, detailed
hydrologic datasets such as those described by Western and Grayson (1998),
Slaughter et al. (2001), Ebel et al. (2007a), and Heppner and Loague (2008)
require extensive, long-term field campaigns that are often prohibitively
expensive. As a result, catchment-scale hydrologic-response datasets with
high spatial and temporal resolution are rare, and continuous long-term
monitoring of distributed fluxes and state variable dynamics in experimental
catchments is uncommon. Synthetic data have been used in previous
studies to provide an additional source of hydrologic process information
(Table I). Synthetic datasets have proven useful for hypothesis testing
in situations where the necessary observations are scare or unavailable.
For example, Loague and Abrams (2001) employed synthetic data to
illustrate the dynamics of the Horton and Dunne overland flow mechanisms
for a hypothetical reality based on the R-5 catchment. Synthetic datasets
provide an immediate solution to certain shortcomings related to the current
practical restrictions on the resolution and duration of field observations in
experimental catchments.

Sophisticated numerical models of hydrologic response based on the
known physics of surface and subsurface flow require careful field mea-
surements to produce meaningful simulation results (Ebel and Loague,
2006). Our experiences with comprehensive physics-based simulation have
highlighted the importance of designing model boundary-value problems
using a foundation of continuous observational records (e.g. VanderKwaak
and Loague, 2001; Loague and VanderKwaak, 2004; Loague et al., 2005;
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Table I. Characteristics of selected synthetic datasets in
hydrology

Reference Model Application

Freeze (1972a,b) Deterministic Concept development
Wood (1976) Deterministic Parameter uncertainty
Freeze (1980) Stochastic Concept development
Smith and Hebbert

(1983)
Deterministic Concept development

Milly and Eagleson
(1988)

Deterministic Concept development

Gan and Burges
(1990)

Deterministic Model testing

Troch et al. (1993) Deterministic Model testing
Loague and

Abrams (2001)
Stochastic Concept development

Ebel and Loague, 2006,2008; Heppner et al., 2007; Ebel
et al., 2007b,2008,2010; Mirus et al., 2007,2009,2011;
Heppner and Loague, 2008). In cases when suffi-
cient observational details are available, a sophisticated
physics-based model provides a foundation for generat-
ing realistic, internally valid synthetic data for a range
of possible climatic forcing conditions. Unfortunately,
the extensive datasets of both integrated and distributed
hydrologic response required to support the parame-
terisation and rigorous evaluation of catchment-scale
boundary-value problems are rare.

The scarcity of distributed hydrologic-response data
limits the use of physics-based models for operational
hydrology. As a result, simpler rainfall-runoff models
offer the quantitative support for designing policy in the
decision management arena when few data are avail-
able. However, the dearth of distributed datasets at the
catchment scale has also limited the number and breadth
of unbiased tests that compare and evaluate simplified
rainfall-runoff modelling approaches. Further testing is
needed to determine which field measurements provide
the most useful information for improving model perfor-
mance and assessing the utility of different underlying
modelling techniques for given applications (e.g. Loague
and Freeze, 1985). Internally valid synthetic data gen-
erated using comprehensive physics-based models can
provide information needed for testing simpler models
outside their calibrated ranges, provided they span a
sufficient duration to cover a wide range of conditions.
Simulated hydrologic response can also be employed
to examine issues related to data worth and design of
more effective measurement networks (Ebel and Loague,
2008), develop algorithms for data assimilation (Dunne
and Entekhabi, 2005; Zhou et al., 2008), explore prob-
lems related to information theory (Mogheir et al., 2004),
and test techniques for upscaling and downscaling soil
moisture (Crow et al., 2000; Vereecken et al., 2007;
Kaheil et al., 2008).

The objective of this work is to establish and distribute
an internally valid, long-duration hydrologic-response

dataset with greater spatial and temporal resolution than
current field measurement capabilities allow. The syn-
thetic dataset, heretofore referred to as the Synthetic
Rangeland 1 (SR-1) dataset, was generated using the
physics-based InHM (VanderKwaak, 1999). Parameteri-
sation of InHM herein employs the Tarrawarra-like hypo-
thetical reality (Mirus et al., 2009) as a foundation. The
SR-1 dataset extends the six-month hypothetical reality to
more than a decade of comprehensive, continuous hydro-
logic response with high spatial and temporal resolution.

Approach
InHM was developed to simulate fully coupled 3D
variably saturated subsurface flow and 2D surface flow.
InHM was selected to generate this SR-1 dataset because
it represents the known hydrologic-response mechanisms
with no a priori specification. InHM has been applied
at the catchment scale to simulate observed hydrologic
response for a range of environmental conditions from
steep forested catchments (Ebel et al., 2007b; Mirus
et al., 2007) to gently sloping rangeland catchments
(Heppner et al., 2007; Mirus et al., 2009). The equations
and numerical methods employed by InHM are described
by VanderKwaak (1999).

The gently sloping 10Ð5 hectare rangeland catchment,
known as Tarrawarra, is located in southeastern Australia
(Western and Grayson, 1998). The Tarrawarra catchment
was selected as the foundation for developing the hypo-
thetical reality and SR-1 dataset because of the extensive
distributed measurements of hydrologic state variables
and relatively long record of continuous forcing data.
For the hypothetical reality, InHM was parameterized to
capture the observed record of surface runoff, soil-water
content, and subsurface pressure head dynamics available
for Tarrawarra during the Austral winter of a relatively
wet year (1996). The SR-1 dataset is distinguished from
the Tarrawarra-like hypothetical reality by including the
seasonal wetting and drying of the catchment for a range
of wet and dry years where no field observations are
available. The observations at Tarrawarra and the best-
fit InHM parameterisation are provided by Western and
Grayson (1998), and Mirus et al. (2009), respectively.

The SR-1 dataset relies upon the physics repre-
sented by InHM, the observed hydrologic response at
Tarrawarra, and the continuous climatic records in the
region to both fill in missing data and extend the
hydrologic-response data further. Collected during the
period between September 1995 and November 1997,
the record of observations at Tarrawarra is sporadic. The
SR-1 dataset spans 1 January 1996 through 31 December
2006 and comprises spatially and temporally dense infor-
mation. For example, between 1995 and 1997, 13 surveys
of soil moisture patterns are reported for Tarrawarra,
each based on roughly 600 soil-water content measure-
ments taken over the course of one day. In contrast, the
SR-1 dataset includes snapshots of surface water depths at
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1,335 locations and pressure head/volumetric water con-
tent at 73,425 locations every half hour for individual
storms. The emphasis in generating the SR-1 dataset is on
providing realistic catchment-scale hydrologic-response
data with higher spatial and temporal resolution than
could be obtained with current field measurement sys-
tems.

Continuous precipitation and meteorological measure-
ments from the 11-year period were used to drive the
continuous InHM simulation. Precipitation intensities
at 30-min intervals were taken from locally observed
records (Australian Bureau of Meterology, 2007). Poten-
tial evapotranspiration was calculated using the
Penman-Monteith equation (Shuttleworth WJ. 1993) with
measurements of relative humidity, wind speed, and net
radiation taken from climate records at Tarrawarra for
1996 through 1999 (Andrew Western, personal commu-
nication, 2007) and a nearby weather station for 2000
through 2006 (Australian Bureau of Meteorology, 2007).
Negative evapotranspiration estimates were set equal to
zero. Gaps in the meteorological records (between three
and nine hours) were interpolated linearly between the
measurements immediately before and after the missing
periods.

Synthetic Dataset
The SR-1 dataset comprises the forcing data (precipita-
tion and potential evapotranspiration) and the InHM sim-
ulated output, which includes both the integrated response
(discharge hydrograph) and distributed response (internal
state variables and fluxes). The discharge hydrograph is at
the catchment outlet (Figure 1). The distributed response
is in the form of (i) snapshots of internal state variables
and fluxes throughout the entire domain at selected output
times, and (ii) continuous time series of state variables
and fluxes at 11 selected locations throughout the domain
(Figure 1). Vertical profiles at each of the 11 locations
include the surface node and subsurface nodes at approx-
imately 0Ð02, 0Ð1, 0Ð5, and 1 m depths. The state variables
given in the SR-1 dataset are water depths on the sur-
face and pressure heads and volumetric water contents
in the subsurface. The fluxes given are surface water
and groundwater velocity vectors, surface–subsurface
exchanges, and boundary fluxes. The dataset includes
periods with shorter output time intervals to highlight the
hydrologic response during the 11 storms summarized in
Table II. These 11 storms represent a range from shorter
to longer duration and lower to higher peak rainfall inten-
sities. Output times during the selected storms are at
30-min intervals. Between the selected storms the out-
put times for the continuous simulations were based on
the adaptive time-step employed by InHM. Table III pro-
vides a summary of the hydrologic forcing and response
data. While the InHM simulation was continuous for the
entire 11-year period, the output time series have been
broken up into periods of 3-month duration as well as

by individual storms to limit the file size and facilitate
manipulation of the data. The files are provided in tab-
delimited text format (.dat) and are openly available via
the ftp site: ftp://pangea.stanford.edu/pub/loague/.

Discussion
The work presented here differs from previous synthetic
datasets in that it uses a comprehensive physics-based
numerical model to produce a continuous record of
hydrologic response at the catchment scale (Table I).
The hydrologic realism of the SR-1 dataset relies on the
physics upon which InHM rests, the hydrologic-response
observations from Tarrawarra, the resulting best-fit, time-
invariant parameterisation of InHM, and the observed
climate records in the region. The SR-1 dataset employs
effective hydraulic properties for each hydrogeologic
unit to represent the average impact of heterogeneity,
hysteresis, preferential flow, and evapotranspiration on
catchment-scale hydrologic response. As a result, the
SR-1 data should be used with the understanding that
it is influenced by these assumptions regarding the flow
physics and hydraulic properties.

We are not aware of any hydrologic-response dataset,
synthetic or real, with comparable resolution, duration,
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Figure 1. The boundary-value problem for the SR-1 dataset, showing
the topography, locations of the observation node profiles, and the
down-gradient subsurface/surface outflow boundary for the otherwise

closed catchment

Table II. Characteristics of the selected storms

Start date
(mm/dd/yyyy)

Total
depth
(mm)

Storm
duration

(h)

Maximum
intensity

(mm h�1)

Time to
maximum

intensity (h)

04/11/1996 135 444 12 179
06/23/1996 49 48 13 34
09/03/1996 30 108 6 57
06/25/1998 49 99 5 92
07/29/1998 29 135 4 21
02/28/1999 48 62 27 49
08/27/1999 34 103 5 12
07/26/2003 107 239 6 39
11/13/2004 53 64 9 33
09/12/2005 60 185 8 140
09/29/2005 22 52 21 7
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Table III. Summary of the SR-1 dataset

Characteristic Units Type of data a Temporal Measurements resolution Comments per output time

Precipitation m s�1 U, FD 0Ð5 hour 1 Observed, Tarrawarra
Evapotranspiration b m s�1 U, FD 0Ð5 hour 1 Estimated, Penman-Monteith
Volumetric-water content m3 m�3 D, SV variable 73,425 InHM output
Pressure head m D, SV variable 73,425 InHM output
Surface water depth m D, SV variable 1,335 InHM output
Subsurface velocities m s�1 D, FV variable 73,425 InHM output
Surface water velocities m s�1 D, FV variable 1,335 InHM output
Surface/subsurface exchange — D, FV variable 1,335 InHM output
Boundary fluxesc

Subsurface, base d L s�1 D, FV variable 1,335 InHM output
Subsurface, down gradient d L s�1 D, FV variable 1,026 InHM output
Surface outflow e L s�1 I, FV variable 1 InHM output

a U—uniform; I—integrated; D—distributed; SV—state variable; FD—Forcing data; FV—Flux vector.
b Saturation-limited, depth-distributed potential evapotranspiration over top 0Ð40 m.
c Closed catchment, with fluxes out the base and down-gradient boundary.
d Radiation flux boundary condition, calculates fluxes according to upstream hydraulic head gradient.
e Critical depth boundary condition, discharge value is summed over 19 boundary nodes.

and breadth to the one described here. Employed as a
surrogate for real information, the SR-1 dataset can
be sampled from to calibrate simpler models, optimize
measurement networks, and develop data-intensive algo-
rithms for upscaling, downscaling, and data assimila-
tion. The SR-1 dataset provides a unique opportunity for
testing simpler models against spatially and temporally
dense information. The SR-1 dataset includes sufficient
information to test empirical models such as regres-
sions and unit hydrographs, conceptual models based on
topographic indices or bucket assumptions, and physical
approximations such as kinematic wave approaches for
routing surface or subsurface flow.
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