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Abstract: A data-based method to distinguish climate and land use change impacts on streamflow
has been previously developed and needs further evaluation through a large sample study. This study
aims to apply the method to a large sample set of 472 catchments in the United States and Australia.
The method calculates the water and energy budget of a catchment which can be translated to climate
and land use induced changes in streamflow between two periods: a pre-change and post-change
period. Several geographical characteristics (e.g., aridity index, average catchment slope, historical
land use) were considered for the interpretation of the results. The results show that in general
as expected, an increase of the annual discharge is caused by deforestation and a wetter climate,
and a decrease of the annual discharge is caused by afforestation and a drier climate. In addition,
changes in streamflow of American catchments are likely caused by a wetter climate, while changes
in streamflow of Australian catchments are caused by a wetter or drier climate. It can be concluded
that the method performs reasonably well and that the results are best explained by the location of
the catchment, the aridity index and historical land use.

Keywords: climate change; land use change; discharge; attribution; data-based; Australia;
United States

1. Introduction

Climate change and land use change affect the hydrological regime by changing the rainfall
partitioning into actual evapotranspiration and runoff. Changes in rainfall intensity and extremes
have been found in numerous studies, which often indicated tendencies towards higher frequencies of
rainfall extremes (e.g., [1-5]). These changes are relevant for instance to water resources management,
agriculture and forestry. Climate and land-use changes operate at different temporal and spatial scales
and can act simultaneously enhancing or weakening their effects [6-8]. Hence, the attribution of
observed hydrological changes to climate change and/or land use change can be highly uncertain [9].
The attribution of hydrological changes, such as alterations in streamflow, is important to understand
effects of climate and land-use changes in the past and to estimate effects of climate and land-use
changes in the future. This attribution is relevant for water management of catchments, because it
separates the causes of hydrological changes enabling more focused approaches to mitigate and adapt
to impacts of future changes. A large sample study will provide more insight in the attribution of
streamflow changes and the potential and limitations of the attribution method.

Attribution methods can be divided into modelling and non-modelling approaches. An advantage
of modelling approaches is that the outcome generally is more reliable, however, the applicability of
the approaches is limited since the underlying processes must be clear, data demands are high, and
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models require calibration, which is time consuming [10]. A non-modelling approach is data driven,
enabling application to large samples, and generally gives reasonable results [11]. Therefore, in this
study a non-modelling approach will be used for the attribution of changes in streamflow to climate
change and land use change.

Non-modelling approaches can be classified into coupled water—energy budget approaches,
modified double mass curve approaches, and approaches employing trend analysis and change
detection methods [12]. The coupled water-energy budget approach is based on the Budyko hypothesis
to quantify the impact of climate change and land use change on mean annual streamflow. A shift in
the amount of unused water and energy over different periods, related to the climate conditions, will
indicate the driving factor(s): Climate change and/or land use change. Tomer and Schilling [13] applied
the coupled water—energy budget approach to four catchments in the United States. Their study gave
reasonable results and for example they found a rapid increase in soybean cultivation which was an
explanation for the results obtained with the attribution method. Other, recent studies which have used
the coupled water—energy budget approach are Zheng et al. [14], Wang and Hejazi [15], Renner et al. [9],
and Marhaento et al. [12]. The modified double mass curve approach makes use of the relation between
the accumulated annual streamflow and the accumulated annual effective precipitation (i.e., difference
between annual precipitation and annual evapotranspiration). The curve should produce a straight
line for periods without large land-use changes. Abrupt changes in the curve suggest a change in
annual streamflow caused by land-use changes. Wei and Zhang [16] used this method to remove
the effect of climatic variability on streamflow in order to estimate the impact of forest disturbance
on streamflow. The forest disturbances which had taken place in their study catchment were in line
with the results of the attribution method. Zhang et al. [10] used this approach to separate the effects
of forest harvesting and climatic variability on annual runoff for a large catchment in China. The
method employing trend analyses and change detection methods is a classical approach. For instance,
Rientjes et al. [17] used of this approach and could relate their results to an extension of agricultural
land at the expense of forest cover. Other studies which used this approach are Zhang et al. [18] and
Zhang et al. [19]. There are multiple differences between these three attribution methods. The coupled
water—energy budget approach will be used in this study, because of the possibilities to present the
results in a quantitative way, similarly to Renner et al. [9] and Marhaento et al. [12].

Most previous studies investigated one catchment or one region consisting of a few catchments.
However, large sample studies are rare, one of the exceptions being the study of Wang and Hejazi [15].
They applied a coupled water—energy budget approach to more than 400 catchments in the United
States and used the Budyko curve itself instead of a simpler interpretation of this curve (as in e.g.,
Tomer and Schilling) to attribute the change in streamflow to climate change and land use change.
The Budyko curve can be calculated using different methods, where one or more parameters must be
calibrated. This contrasts with the approach of Tomer and Schilling [13], which is less time consuming
due to the absence of calibration parameters. Therefore, it would be interesting to extend the idea
of Tomer and Schilling, as Renner et al. [9] and Marhaento et al. [12] did, to a large sample set of
catchments. Large sample studies could better evaluate the performance of the attribution method
and could also give more insight in the results of the attribution method and their relations with
catchment characteristics.

The objective of this study is to apply the coupled water-energy budget approach of Tomer
and Schilling [13], to attribute changes in streamflow to climate change and land use change, to a
large sample set of catchments in Australia and the United States and to evaluate the used method.
Catchment characteristics such as catchment size and slope, which are assumed to influence the results
of the attribution method, will be used to interpret the results. The attribution method will be evaluated
based on documented land-use changes and the influence of two data-related factors, namely the length
of the measuring period and the possibility of using climatological potential evapotranspiration values.
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2. Materials and Methods

2.1. Selected Catchments

The catchments were selected based on several criteria. Firstly, the catchments should represent
different climatic conditions to enable a more general and reliable evaluation of the attribution method.
Second, different catchments in the same region will be included for further evaluation of the method.
Third, catchments with urbanisation are not excluded and catchments with (planned) dams are treated
with care, since dams might have a considerable influence on the annual water balance. Fourth, daily
data of precipitation and discharge and data to calculate potential evapotranspiration should be present
with a minimum length of ten years (two sequences of five hydrological years), in line with previous
attribution studies (e.g., [9,12,18]). Lastly, previous use of the datasets in peer reviewed studies is
preferred, since this increases the chance that the quality of a dataset has been checked.

Based on these criteria, two datasets were selected: The United States (US) MOPEX dataset [20]
and the Australian dataset [21]. The US dataset includes 431 catchments of which 265 are meeting the
criteria. The Australian dataset includes 331 catchments of which 207 are meeting the criteria. This
results in 472 catchments selected for this study and shown in Figure 1.

The catchments in the US MOPEX dataset are supposed to be unaffected by upstream regulation
and have surface areas between 150 and 10,000 km?. Daily precipitation, minimum and maximum
temperature, and discharge data are present in the MOPEX dataset. Missing values in the precipitation
dataset were completed by MOPEX using neighbouring stations. Minimum and maximum temperature
values for some time instants were switched to repair erroneous, mixed minimum and maximum
values. Other catchment characteristics present in the dataset are elevations of the measuring stations,
catchment boundaries, streams, soils (texture, hydraulic properties, etc.), vegetation (type, rooting
depth, phenology, etc.), geology, snow cover and climatological potential evapotranspiration values.
The potential evapotranspiration (PET) is determined using the Hargreaves equation [22] with the
minimum and maximum temperature as input. These PET values are corrected using the monthly
climatological PET values from the MOPEX dataset.

The catchments in the Australian dataset are unaffected by upstream regulation or diversion
and have surface areas between 50 and 2000 km?. Gridded monthly precipitation was derived by
interpolation of over 6000 daily precipitation stations in Australia. These data were converted to daily
precipitation by using the daily precipitation distribution from the nearest station. The catchment
average daily precipitation was estimated by averaging over the grid cells within the catchment [21].
Only monthly climatological potential evapotranspiration values for each catchment are available.
However, the interannual variability of the monthly potential evapotranspiration is small, since the
coefficient of variation of monthly values is smaller than 0.05 [21]. In the MOPEX dataset, only
seven catchments have a coefficient of variation higher than 0.05 (maximum 0.055) and hence the
interannual variability of monthly potential evapotranspiration values is similar for the Australian
and US catchments. The influence of the interannual variability will be assessed by comparing the
results of the attribution method for the US using temporally varying and climatological potential
evapotranspiration values. Discharge data are present in the Australian dataset for at least 10 years, in
line with one of the criteria in this study. Other catchment characteristics present in the dataset are
catchment surface areas, catchment boundaries, and mean annual precipitation and discharge.
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Figure 1. Maps of (a) the United States and (b) Australia with catchments included in this study, partly

based on information from [20,21].
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2.2. Attribution of Changes in Streamflow

The attribution of changes in streamflow comprises four steps. First, the trends in annual discharge
series will be analysed. Second, the time series will be split into two parts for application of the
attribution method. Third, the attribution method will be applied and fourth, the results will be
evaluated based on the significance of the outcomes and considering different catchment characteristics.

The Mann-Kendall test [23,24] will be used for trend detection. If this test detects a trend in the
annual discharge series, the attribution method can be used to determine whether this change has
been caused by climate and/or land-use changes. If no trend is present, it is still possible that climate
and land-use changes had (probably compensating) effects on the discharge. Sen’s slope estimator [25]
will be used to determine the slope and direction of a trend.

The discharge time series is split into two parts, one at the beginning and one at the end of the
measuring period representing a pre-change and post-change period, respectively. Only these two
periods will be considered, independent of the total length of the time series. The length of the periods
is the same for each catchment and at least five years and mostly ten years.

The attribution method of Tomer and Schilling [13] is used, which separates the effects of land
use and climate change on streamflow by making use of changes in the proportion of excess water
relative to changes in the proportion of excess energy on an annual scale. Excess water is calculated
by subtracting the actual evapotranspiration (ET) from the precipitation (P) within a catchment. The
actual evapotranspiration is determined from the difference between precipitation and discharge for
a hydrological year to minimize the influence of fluctuations in water storage on the water balance.
Excess water divided by the available water (P) gives the dimensionless value P,,. Excess energy is
calculated by subtracting the actual evapotranspiration from the potential evapotranspiration (PET).
Excess energy divided by the available energy (PET) gives the dimensionless value E.x. The values of
Py and E,y vary between 0 and 1 representing no excess water or energy in the system and maximum
excess water or energy in the system, respectively.

The indicators for proportions of excess water and energy are sensitive to climate change and land
use change, which is an important assumption for this method. Changes in vegetation will directly
affect ET, but not P and PET, which result in increasing or decreasing P,y and E,y, both in the same
direction. Therefore, changes in land use, related to vegetation, will affect P,y and E.y in the same
direction (increasing or decreasing). However, the influence of climate change on these parameters is
different. Changes in climate are considered to affect p and PET, but not ET at a regional scale. This
leads to increased P, and decreased E,y in case of an increased P/PET ratio with time, or to decreased
Py and increased E,y in case of a decreased P/PET ratio with time. The shift in time of the parameters
Py and E,y is visualized in Figure 2. The direction of change indicates the driving force of the change
in discharge. The direction of change is relative to the aridity index as Renner et al. [9] added to
the attribution method of Tomer and Schilling [13] to enable the application of the method to all
climatic conditions. Without this addition the method only is applicable to regions where precipitation
demands equal evaporative demands. The aridity index is the ratio between the long-term average
PET and P. A shift parallel to the aridity index indicates land use change as the driving force of the
changing discharge, because this indicates only ET has changed. A shift perpendicular to the aridity
index indicates climate change as the driving force of the changing discharge, because this means only
the ratio of PET and P has changed. A shift parallel to the aridity index to higher P,y and E,, values
indicates an increased ET, which is the case when an increased amount of vegetation is present. A shift
to lower P, and E,, values indicates a decreased ET, which is the case when a decreased amount of
vegetation is present.
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Figure 2. Adapted Tomer and Schilling [13] framework illustrating how the fractions of excess water
and excess energy respond to climate and land-use changes. The points M; and M, are the fractions of
excess water and energy of the pre-change period (Pey1, Eex1) and the post-change period (Pex, Eexp),
respectively. The resultant length (R) is the magnitude of the combined influence of land use and
climate changes.

The contributions of climate change (CC) and land use change (LUC) can be determined from
Figure 2 through geometric calculations [12]. The calculation of CC and LUC is slightly adapted to
incorporate the direction of the shift in order to enable application to a large number of catchments. A
shift in the afforestation (deforestation) direction of Figure 2 will be indicated with a negative (positive)
value for the contribution of land use change. A shift in the P/PET increase (P/PET decrease) direction
of Figure 2 will be indicated with a negative (positive) value for the contribution of climate change.

The results of the attribution method will be particularly interesting when there is a significant
change between the pre-change period (M; in Figure 2) and the post-change period (Mj). The values
of M; and M are averages of 5 to 10 points (the number of years in the two considered periods) and
are described by two variables (P.y, E.x). A method to test whether one group of two-dimensional
observations is different from another group of two-dimensional observations is the Fasano and
Franceschini test [26]. This test is an extension of the Kolmogorov-Smirnov test and is applicable to any
kind of unknown distribution. The level of significance used is 95% in line with earlier statistical tests.

The catchments will be classified based on available catchment characteristics to present and
evaluate the results of the attribution analysis. The first characteristic is the catchment size, since it is
known that relations between land-use changes and streamflow changes are harder to find for large
catchments [6]. The second characteristic is historical land use, because of its relationship with land use
change. For instance, deforestation will likely not take place in desert areas. The third characteristic is
the average catchment slope, since it influences the residence time of water in a catchment and hence
the vulnerability of streamflow to changes in climate and land use. The fourth characteristic is the
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climate, which will be described by means of the updated K&ppen classification [27] and the aridity
index, which is also used to calculate CC and LUC.

2.3. Evaluation of Attribution Method

The attribution method will be evaluated by using observed trends in documented land-use
changes and determining the influence of the length of the data series on the results.

Documented land-use changes [28-33] will be compared with results of the attribution method.
This will be done for the catchments with the five highest and five lowest significant values for LUC.
This procedure will also be applied for the five catchments with LUC values closest to zero, where
according to the attribution method no land-use changes should have occurred.

The catchments will be classified based on the length of the data series to assess whether a longer
measuring period results in larger LUC and CC values.

In addition, the influence of the interannual variability of monthly potential evapotranspiration
will be assessed by comparing the results of the attribution method for the US using temporally varying
and climatological potential evapotranspiration values (see Section 2.1).

3. Results

3.1. Attribution of Changes in Streamflow

The Mann—Kendall test showed for 81 American and 86 Australian catchments a significant trend
in the annual discharge. Most of the discharge trends in American catchments are positive (74 out of
81), while most trends in Australian catchments are negative (85 out of 86). The presence of a trend
will be used to make a distinction between catchments in subsequent analyses.

The results of the attribution method are presented in Figures 3 and 4. Figure 3 shows the results
for all catchments and Figure 4 shows the results classified by country, trend in discharge (positive,
negative or not significant) and (non-)significance of LUC and/or CC values based on the Fasano and
Franceschini test. This latter test shows that 61 out of the 81 American catchments and 21 out of the
86 Australian catchments have significant LUC and/or CC values.

A Increasing trend discharge
02| w Decreasing trend discharge
® No significant trend
A
0.1+ AY
.
. )
v * L]
(3 o
Q °
o ° e e
v
v
.
.
01F
v
02+
1 1 1 1 J
0.4 0.3 0.2 0.1 0 0.1 02

Luc

Figure 3. Contribution of land use change (x-axis) and climate change (y-axis) for the American (blue)
and Australian (red) catchments. Filled symbols indicate a significant value of (LUC) and/or climate
change (CC) and open symbols indicate a non-significant value.
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Figure 4. Contribution of land use change (x-axis) and climate change (y-axis) for the American (blue)
and Australian (red) catchments. The first and third (second and fourth) rows include catchments with
(without) significant LUC and/or CC values.

The difference between the two countries is the most obvious one. The American catchments
hardly have negative values for CC, while many Australian catchments have CC values between —0.2
and 0. This indicates that the ratio P/PET for nearly all catchments in the US is increasing, while in
Australia it is increasing and decreasing. The second observation is the trend in the discharge. A
positive discharge trend (Figure 4a,d,g,j) is shown for catchments with higher values for CC than
catchments with a negative discharge trend (Figure 4b,e,h k). Catchments without a significant
discharge trend (Figure 4c,f,il) have CC and LUC values in a wider range: close to the origin as well as
further away and in all directions. Furthermore, catchments with significant CC and/or LUC values
(Figure 4a—c,g—i) are located further from the origin than catchments without significant CC and/or
LUC values (Figure 4d—£,j-1).

In Figure 4a, mostly positive LUC and CC values are present, which means a positive discharge
trend is the result of deforestation (positive LUC values) and a wetter climate (positive CC values).
In Figure 4b,h, mostly negative LUC and CC values are shown. This means that a negative discharge
trend is the result of afforestation (negative LUC values) and a drier climate (negative CC values). For
the Australian catchments the changing climate is a more important factor for the negative discharge
trend than for the American catchments.

In Figure 4b,h, some catchments are located very close to origin, meaning neither CC nor LUC are
influencing the streamflow while a (negative) discharge trend is present. However, Figure 5 shows
that the slope of the discharge trend, estimated with Sen’s slope estimator, is smaller than 1 mm/y. The
trend still is significant, because the variation is relatively small and the length relatively long. This
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makes it easier to detect a trend, despite its small slope. In Figure 4h also some positive values for CC
and LUC are shown, which is not expected. The corresponding decreasing discharge trends also have
a smaller slope than 1 mm/year.
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Figure 5. Contribution of land use change (x-axis) and climate change (y-axis) for (a) the American and
(b) Australian catchments with a significant trend in discharge and significant LUC and/or CC values.
The magnitude of the discharge trend (estimated with Sen’s slope estimator) is shown in mm y~1.

In Figure 4c two catchments are located relatively far from the origin, while there is no significant
discharge trend. This is a result of the very large variation of the annual discharge making it hard to
detect a trend, although the slope is relatively large. This is also the case for the Australian catchment
shown in Figure 4i, located relatively far from the origin as well. Besides the large variability in the
annual discharge, the length of the measuring period of this catchment is only 11 years. This low
number of points makes it even harder to detect a trend in the discharge.

Figure 5 shows the American and Australian catchments with a significant discharge trend and
the corresponding magnitude of the trend. American catchments with a discharge trend larger than
3 mm y~! or lower than —3 mm y~! are further from the origin than catchments with a smaller
discharge trend. Furthermore, negative slopes tend to have negative values for LUC meaning that
afforestation played an important role in decreasing the discharge. Australian catchments with a
discharge trend smaller than —2 mm y~! are further away from the origin than catchments with a
smaller discharge trend.

Figure 6 shows the spatial distribution of LUC and CC values of the American catchments.
The catchments with the lowest LUC values are located in the northwest while the highest values
particularly are located in the mid-north part of the United States. For the CC values a horizontal
pattern is present. From the west to the middle the CC values increase and further to the east the
values decrease again. The spatial distribution of LUC and CC values of the Australian catchments
(not shown here) did not reveal any particular pattern.
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Figure 6. Spatial distribution of LUC (a) and CC (b) values of the American catchments.

3.2. Influence of Catchment Characteristics

Relations between catchments characteristics and LUC and CC values are analysed to further
explore and verify land-use changes, climate changes and discharge trends. Figure 7 shows the
American and Australian catchments with a significant discharge trend and the corresponding surface
area. Larger American catchments seem to have a relatively more significant discharge trend and
significant LUC and/or CC values than smaller catchments, while this is not the case for the Australian
catchments. However, a relation between the size of the catchments and the LUC and/or CC values is
hard to find. An analysis of 37 nested catchments in the United States and 12 nested catchments in
Australia only supported the hypothesis of increasing LUC values with decreasing catchment size for
the Australian catchments. For the American catchments, this hypothesis was not supported probably
due to other (local) factors.

Figure 8 shows the LUC values on top of the historical land use distribution in the United States
in 1950 [34]. The spatial distribution of LUC is to some extent related to the pattern as shown in the
historical land use map. In the forests the LUC values are negative and in cropland the values are positive.
This indicates that in the forests, afforestation has taken place, and in the croplands, deforestation.
Afforestation might also include increased forages and conservation cover, and deforestation might also
include conservation tillage and removal of perennials. In the middle part of the United States where
grassland is present, the LUC values are close to zero, indicating that land use did not change. These
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observations indicate forests have become denser and cropland has become less dense. In particular
the latter observation is hard to understand, because most farming activities have increased. However,
this increase could have taken place in combination with deforestation although evidence is not present
for this explanation. For Australia (not shown), LUC values can hardly be related to the historical land
use distribution, because the LUC pattern is less clear and the resolution of the historical land use
map [35] is coarse compared to the map of the United States.
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Figure 7. Contribution of land use change (x-axis) and climate change (y-axis) for (a) the American and
(b) Australian catchments with a significant trend in discharge and significant LUC and/or CC values.
The surface area of the catchments is indicated by the symbol sizes and shown in km?.
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Figure 8. Spatial distribution of LUC values of the American catchments on top of the historical land
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It is generally believed that catchments with a relatively small water storage capacity are more
sensitive to changes than catchments with a large storage capacity. The water storage capacity is related
to the average catchment slope, i.e., capacities will be smaller for steeper catchments. This means
that catchments with large slopes should be more sensitive to changes than catchment with small
slopes [36]. Since water storage data were not available for the American and Australian catchments in
this study, the slopes were used as a proxy to analyse the sensitivity of catchments to land use and
climate changes in relation to the water storage capacity. The slope analysis was only done for the
American catchments, because of the availability of high-resolution slope data (1 arc-second) for this
part of the world from the U.S. Geological Survey [37]. For some catchments (15 out of 61) the dataset
was incomplete, so the average catchment slope could not be calculated. The sensitivity of a catchment
to land use and/or climate changes is quantified by the ratio of the magnitude of the discharge trends
estimated by Sen’s slope estimator (S) and the LUC, CC, and resultant length (R) values. The R value
represent the combined influence of land use and climate changes, see Figure 2.

Figure 9 shows the relation between the average catchment slope and the combined sensitivity
(S/R). The separate sensitivities to land-use changes and climate changes are not shown, because these
relations did not provide any complementary information. Figure 9 does not show a clear trend, but a
weak decreasing trend might be detected rather than an expected increasing trend. This might be the
result of only including relatively flat catchments (mostly slopes less than 4 degrees).
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Figure 9. Ratio of Sen’s slope estimator (S) and the resultant length (R) in mm yr~! as a function of
average catchment slope in degrees for the American catchments with a significant trend in discharge
and significant LUC and/or CC values.

The last characteristic is the climate, which has been described by means of the updated Képpen
classification and the aridity index. The CC values did not show any relation with the Képpen
classification for the American and Australian catchments. The relation between the aridity index
(AI) and the combined sensitivity (S/R) is shown in Figure 10. The relations for CC (and LUC) did not
provide additional insight and therefore are not shown here. The relation between the aridity index
and the combined sensitivity is clearer for the American catchments than the Australian catchments
with a decreasing sensitivity with increasing aridity index. In wet catchments (low aridity indices)
there is more room for changes, whereas in dry catchments less water is available limiting the room for
possible changes.
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Figure 10. Ratio of Sen’s slope estimator (S) and the resultant length (R) in mm yr‘1 as a function of
the aridity index (AI) for (a) American catchments and (b) Australian catchments. Red points indicate
catchments with a significant trend in discharge and significant LUC and/or CC values and green points
are the other catchments. The black trend line for the American catchments is based on the red points

and the corresponding coefficient of determination (R?) is shown.
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3.3. Evaluation of Attribution Method

Evaluation of the attribution method has been carried out using documented land-use changes,
analysing the influence of the measuring period on the results and determining the difference between
results using climatological and variable potential evapotranspiration values.

Documented land-use changes for 15 catchments subdivided into three categories were
used [28-33]. The first category includes the catchments with the lowest (negative) LUC values,
which means that afforestation should have taken place. Three out of five investigated catchments
show documented land-use changes, however this mostly concerns logging activities and forest fires.
For two of these three catchments, regeneration of forest is reported over the measuring period. The
second category includes the catchments with the highest (positive) LUC values. This means that
deforestation should have taken place. Documented information is available for three out of five
catchments and these sources show that in two catchments the crop production has increased during
the measuring period without mentioning a possible relation with deforestation. In the third catchment
logging activities took place starting in 1800, but this refers to a larger region than the single catchment.
The last category includes the catchments with the lowest absolute LUC values. This means that land
use change should not have taken place. Documented land-use changes do not mention anything
about land-use changes for all five catchments. Although information on historic land-use changes is
incomplete, it can be concluded that documented land-use changes are not always as expected given
the results of the attribution method.

Figure 11 shows the length of the measuring periods for the American and Australian catchments
with a significant discharge trend and significant LUC and/or CC values. The figures do not show a
clear pattern, which is partly because nearly all catchments have measuring periods of 50 to 59 years
and 10 to 19 years for the American and Australian catchments, respectively. The hypothesis is that
a longer measuring period generally will result in larger changes, but this can be hardly confirmed
based on the patterns in Figure 11.
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Figure 11. Contribution of land use change (x-axis) and climate change (y-axis) for (a) the American
and (b) Australian catchments with a significant trend in discharge and significant LUC and/or CC
values. The length of the total measuring period is indicated by the symbol sizes and shown in years.
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Figure 12 shows the differences between the results of the attribution method using climatological
and variable potential evapotranspiration (PET) values for all American catchments. The LUC and
CC values calculated using variable PET are subtracted from the LUC and CC values calculated using
climatological PET values. Most catchments have a negative difference for CC and a positive difference
for LUC. This means that when using constant PET values lower CC values and higher LUC values
are obtained, i.e., that there is less deforestation and less decrease in P/PET ratio than estimated with
variable PET values. The differences are relatively small, only up to 0.04 for both LUC and CC values.
The Cfa climate of the Kdppen climate classification is used to compare the American catchments with
the Australian ones so that the climatic conditions are more comparable, because in both countries quite
a lot of catchments are present in this climate class. The differences for this climate are comparable to
differences for other climates, so it seems that the climate conditions do not influence the differences
between results using variable and climatological PET values. In conclusion, although there are small
differences in results using variable and constant PET values, attribution results are similar and useful
as long as the coefficient of variation of PET is relatively small (i.e., smaller than 0.05).
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Figure 12. Differences in contribution of land use change (x-axis) and climate change (y-axis) between
calculating with variable and constant potential evapotranspiration values for all American catchments.
Green crosses indicate a Cfa climate and blue crosses indicate other climates.

4. Discussion

4.1. Comparison with Previous Studies

The results of this study are compared with the large sample study of Wang and Hejazi [15] for
the United States, since that study also used the MOPEX dataset (totally 431 catchments). The spatial
patterns of the results for the United States and the influence of the aridity index on the results are
compared. In addition, the results are compared with other relevant studies.

The spatial patterns are compared through the spatial distributions of the contribution of climate
change (CC) and land use change (LUC). The higher (positive) values of CC are located in both studies
in the middle part of the US, while negative values are particularly located in the north-western part.
The highest (positive) LUC values are located in the middle north in both studies. However, the lowest
(negative) values are located in the middle part of the US according to Wang and Hejazi [15] and in the
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north-western part according to this study. Differences may be attributed to differences in methods
in both studies. First, the sample sets of catchments are different due to different selection criteria.
Second, the methods of splitting the time series are different, where Wang and Hejazi [15] used a single
year as change point resulting in long pre-change and post-change periods. However, the change
point seems to be rather arbitrary and two long, connected periods might prevent identification of the
main hydrological changes. Third, the applications of the attribution method are different. Wang and
Hejazi used equations to determine the Budyko curve, where a single parameter was calibrated on the
pre-change period. The method of Tomer and Schilling used in this study did not require calibration.

The influence of the aridity index on the results of both studies might further explain differences
between spatial patterns. Wang and Hejazi [15] show clear relations between climate and human
induced streamflow changes and the aridity index, where streamflow changes increase with an
increasing aridity index. Based on these findings, they conclude that arid regions are more vulnerable
for climate and land use change induced changes in streamflow than wet regions. In this study we
found an opposite relation, but this can be related to the different approaches used to determine
the sensitivity. Wang and Hejazi used absolute values to quantify the change in discharge and
corresponding sensitivities, where we used relative values.

The main findings of this study for the United States and Australia, i.e., a positive (negative)
trend in annual discharge is caused by deforestation (afforestation) and a wetter (drier) climate,
are in line with results of many studies in other parts of the world. For instance, Benito et al. [38]
observed increases in runoff with deforestation for small sites in Spain, Coe et al. [39] found increases
in streamflow with deforestation for a large basin in East-Central Brazil and Levy et al. [40] reported
an increase in dry season low flow with deforestation for 324 river basins in Brazil. For afforestation,
Garcia-Ruiz and Lana-Renault [41] found decreases in runoff for most of Europe and Keesstra [42]
and Cerda et al. [43] came to similar conclusions for catchments in Slovenia and Spain, respectively.
Numerous studies have shown that a wetter (drier) climate leads to increases (decreases) in runoff,
for example for west Africa [44], 24 major river basins in the world [45] and the upstream part of the
Yellow River basin [14].

4.2. Potential of Attribution Method

The potential of the attribution method of Tomer and Schilling [13] clearly is its applicability to large
sample sets of catchments. In addition to the adaptations by Renner et al. [9] and Marhaento et al. [12],
three extensions of the method were introduced to enable large scale application. First, a distinction
was made between catchments with and without a significant discharge trend using the Mann-Kendall
test and the magnitude of the change in discharge was assessed using Sen’s slope estimator. Second,
the actual values of LUC and CC are calculated instead of relative contributions of climate and land use
change as Marhaento et al. [12] did. This avoids the loss of information on the direction of change and
enable a better comparison between catchments. Third, a distinction was made between catchments
with and without a significant difference in excess water and energy between the pre-change and
post-change period using the Fasano and Franceschini test. This revealed significant contributions of
land use and/or climate change to changes in discharge.

The attribution method has been applied to American catchments using time-varying potential
evapotranspiration (PET) values and to Australian catchments using climatological values. In order to
assess the effect of using climatological vs. time-varying PET values, we compared the results of the
attribution method for American catchments using both types of PET values. Results were similar
and useful as long as the coefficient of variation of PET is smaller than 0.05. This means that the
attribution method could also be used in other regions where time-varying PET data are scarce and the
interannual variability of PET is low.
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4.3. Limitations of Attribution Method

Two basic assumptions of the attribution method can influence the results. First, it is assumed that
land-use changes will affect the actual evaporation and climate change will affect precipitation
and/or potential evapotranspiration. This might not always be correct, since climate change
might affect actual evapotranspiration to some extent as well, in particular for larger catchments.
Renner et al. [12] applied the attribution method in Germany and found some land use related
hydrological changes in sub-catchments where no deforestation or other land-use changes were
detected. Hence, this assumption might lead to an overestimation of the contribution of land use
change and an underestimation of the contribution of climate change. Second, it is assumed that
changes in water storage can be neglected in the calculation of the annual water balance. Although the
water balance is determined for hydrological years, there might be catchments where these changes
are relatively large, in particular small catchments with relatively large groundwater systems and
contributions from groundwater.

4.4. Generalisation

The attribution method is applicable to each catchment as long as time series of precipitation,
potential evapotranspiration and discharge are available for a period of at least 10 years. Furthermore,
a change point or trend in the time series of the annual discharge is needed to attribute changes in land
use and/or climate to changes in streamflow. It is recommended to check whether changes in water
storage over the years are relevant in a catchment by using for instance remote sensing products such
GRACE data [46]. This might lead to more accurate actual evapotranspiration values and an increased
reliability of the results.

It is expected that similar catchments will provide similar results. The similarity of catchments
depends on the location, the aridity and the historical land use, but also on the water storage capacity of
the catchment. It is expected that the higher the water storage capacity the less sensitive the catchment
is to changes, however this statement should be validated with more in-depth studies for a small
number of catchments.

5. Conclusions

The objective of this study was to apply a coupled water—energy budget approach, to attribute
changes in streamflow to climate change and land use change, to a large sample set of catchments in
Australia and the United States and to evaluate the used method based on catchment characteristics
and using historical land use. It can be concluded that if a positive (negative) significant trend in annual
discharge is present and the contribution of land use change and/or climate change is significant, this
is caused by deforestation (afforestation) and a wetter (drier) climate in most cases. These results are
as expected and partly confirm the applicability of the attribution method to a large sample set of
catchments. When no significant trend in annual discharge is present, the results are spread over a
wider range. Catchments without a significant contribution of land use change and/or climate change
have smaller values for both LUC and CC.

Drier catchments are less sensitive to changes in streamflow due to climate and land-use changes
than wetter catchments. Historical land use is an important indicator for the contribution of land use
change. Deforestation is the main driver for changes in streamflow when agricultural activities took
place during the starting period of the measurements. Afforestation is the main driver when forest was
the main land use in the past in the United States.

The attribution method was evaluated based on documented land-use changes, which are in
particular found for catchments of which the LUC values are high or low. For catchments with LUC
values close to zero no documented land-use changes were present.
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