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performance and we could conclude that the catchments are in a stationary state climatically; we could
therefore presume they were resilient under annual climate variability. Although not shown here due to space
limitations, tests showed that in some catchments spin-up in excess of 10 years was necessary, and hence 15
years spin-up was set for all catchments (Silberstein et al., 2010).
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Figure 1 (a) Locations of the stream gauges, (b) distribution of rainfall and (c¢) runoff coefficient across south-west
Western Australia used for this study

To develop the most robust model representation of the catchments, an ensemble approach was used. All five
models were calibrated on all 106 stream gauges and then daily NSE was calculated for all 31 simple linear
combination averages against the observed sequence. The average of Sacramento and IHACRES was
selected (Silberstein and Aryal, 2013) as the best, which was interesting as they were arguably the most
complicated and the simplest of the five models, respectively.

2.4. Detecting progression of hydrological regime and hydrological resilience

Annual total runoff from the calibrated models was compared to the observed annual totals from the gauges,
and examined for drift in model error. This was the signal used to determine stationarity, or lack of it, and
hence assess the resilience of these catchments to changes in rainfall regime.

3. RESULTS

The ensemble model gave excellent calibration of all 106 gauges in the study area with the minimum NSE of
0.6, a median of 0.83 (Figure 2), and average bias of less than 2% (Silberstein and Aryal, 2013; Silberstein et
al 2012). Note that there was no systematic geographic trend in the model efficiency, with the northern most
gauges (617058 and 617165) and two central gauges (611007 and 610003) (Figure 2) sharing the status of
being the only ones with NSE below 0.7. Example comparisons of modelled annual totals against observed
totals are shown in Figure 3 illustrating the excellent relationship between modelled and observed runoff.

However, the modelled errors are not uniformly distributed (Figure 4). For example, catchment 617165
shows a consistent positive error in the early part of the record and then from 1983 onwards a consistent
negative error, in other words the model was over estimating the flow in the early record and under
estimating in the latter years. Its neighbour, 617058, however, had the opposite behaviour, with under
estimation for the first 10 years and a slight over estimation from about 1985. Gauge 617003 recorded flow
downstream of both of these, with a substantial additional catchment area, and shows a period of persistent
under estimation from about 1985 to 1995, thereafter it performs well. These trends are clearer as cumulative
error trends (Figure 4b) as periods of persistent over-estimation or under estimation show as periods of rising
or falling trend, respectively, removing the inter-annual variability in the signal.

Results for two gauges further south are also shown, 613002 and 609002, with similar behaviour, with an
under estimation in the first half of the record and over-estimation in the second half. This behaviour was
noted in a number of other catchments. Because the model parameters have been optimised on the whole
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record they are necessarily selected to minimise the errors overall. If the models were well formulated for the
catchments and the system met the assumption of stationarity, the model errors would be uniformly
distributed about the mean (close to zero). We interpret the temporal drift as indicating a change of status in
the catchment, due either to land management changes or as a response to climate conditions.
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Figure 2. Daily Nash-Sutcliffe modelling efficiency for the 106 catchments (arranged in numerical order). The
numbers are the Australian Water Resources Council catchment numbers. The thick line shows the median value.
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Figure 3. Modelled annual runoff plotted against observed for selected catchments. The NSEs are for the annual
totals, hence are not the same is the daily values in Figure 2; r* are for regression forced through the origin.

4. DISCUSSION

The optimisations used, with objective score based on NSE and bias over the whole record, necessarily
attempt to minimise the simulation errors and to distribute the errors uniformly through the measured
calibration period. If the model structure captures the dominant processes and the system is stationary, then
error distribution will be random in time. The fact that there are measurable trends in error in the simulations
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of the catchments presented here indicates that either the model structure is inadequate to capture the
processes or some parts of the catchment system have changed, or both.
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Figure 4. (a) The annual error (simulated — observed) runoff and (b) cumulative error for selected catchment
gauges. Error bars indicated in (a) are the range from the composite models used in the ensemble

It is known that some changes in agriculture have occurred in the northern catchments, where the dominant
land use is irrigated horticulture, mainly citrus. These orchards are irrigated with groundwater in the summer,
and one element of their flow regime is that when irrigation ceases, after the crop is harvested, usually in
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February, river flow increases. This is because groundwater discharge is a significant component of the total
flow, and is part of the reason that the two catchments (617165 and 617058) have the poorest modelling
efficiency (as shown in Figure 2). The three northern catchments (617003, 617165 and 617058) have quite
different error trends, indicating systematic differences in conditions. It is our conjecture that the second two,
which are significantly smaller than 617003 (1370 km?®), are more influenced by local groundwater
management, and this is reflected in the lower NSE score (Figure 3).

However, most of these catchments are covered in native forest, managed for timber and water resources.
There is some mining and rehabilitation in nearby catchments but this does not affect the catchments
discussed here. These catchments are known to have a relatively low runoff coefficient on a world scale,
attributed to the deep regolith, deep rooting character and perennial vegetation (Schofield et al., 1989).
However, the continued decline in runoff generation over the last few decades is unprecedented and appears
to persist in many catchments in the region (Petrone et al., 2010). Timber harvesting, when it occurs, could
have a significant impact on catchment water balance, and this has been proposed as a major influence on
changes in hydrologic behaviour. Indeed, the study of catchment thinning and changes to streamflow
generation is mature, although still contentious (Hewlett and Hibbert, 1967; Bosch and Hewlett, 1982;
Hornbeck et al., 1993; Ruprecht and Stoneman, 1993; Bari and Ruprecht, 2003).

Some of these catchments have undergone significant vegetation changes, particularly in the southern
regions, with development of agroforestry and environmental plantings in the higher rainfall zones during the
1990s. In these catchments it may be expected that rapidly growing trees would use more water, and this
could account for over-estimation of streamflow by models which do not include these influences, later to be
replaced with under estimation as the tree water use plateaus. In contrast, the hydrological trends that have
led to the fall in streamflow have been discussed by several authors (Petrone et al., 2010; Hughes et al.,
2012). Whether the declining rainfall is responsible directly or indirectly through rainfall influence on other
components of the hydrologic system is considered by these authors. They show that there is a direct link
between the declining groundwater storage within the catchments and the change in runoff coefficient and it
is this process that is likely to produce the trend in model errors. Hughes et al. (2013) discuss improvements
to an existing rainfall—runoff model to include better representation of deep groundwater systems, hitherto
often ignored in surface water modelling as deemed unresponsive and of little influence in surface water
processes. This concept is now under significant question (Petrone et al., 2010; Hughes et al., 2012; 2013).

5. CONCLUSIONS

The temporal trends in model errors presented above indicate changes in state within the catchments, and
show that these forested catchments are not resilient against the changes they are undergoing, primarily
climate changes, as runoff characteristics are not being maintained. In the context of this paper, non-
stationarity in catchment response is a reflection that either the catchments are undergoing some state
changes that are not represented in the models or that the models used may not adequately represent physical
processes in the catchment. Given the application of models of different structures all reproduce the same
features, we conclude that there are state changes underway in these catchments, irrespective of the possible
incompleteness of model structures. Runoff generation has not fundamentally changed but the balance of
different processes, particularly the proportion of rainfall that evaporates, may have. This would lead to
changes in runoff quantity and runoff coefficient, and hence the runoff-rainfall non-stationarity. This has
occurred in catchments without a land-use change. For cases in which land use changes have occurred,
namely clearing or reafforestation, these are superimposed on climate driven changes. In these cases the lack
of stationarity may be temporary and the catchments may retain a resilience that our datasets are insufficient
to demonstrate; longer datasets are required to confirm this. To be definitive on the causes of model error
drift requires both more data and a more complete analysis of models structures. Both of these have been
beyond the scope of the work described, but both are the subject of ongoing investigation. The models used
in this study are all in common use in research and industry. Improvement starts with recognition there is an
issue, and that is our key conclusion. The fact that it affects all of these models does not mean that all models
would be subject to the same limitations, however a model capturing the drift in proportion of rainfall that
becomes runoff must capture the changes in water balance partitioning, either explicitly with appropriate
process representation, or serendipitously with internal compensating errors. The former is clearly the aim of
hydrology, the latter likely to be an unfortunate distraction from real progress (Silberstein, 2006).
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