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Abstract. The Hydrologic Reference Stations is a network of 467 high quality streamflow gauging stations 

across Australia, developed and maintained by Bureau of Meteorology, as part of ongoing responsibility under 

the Water Act 2007. Main objectives of the service are to observe and detect climate-driven changes in observed 

streamflow and to provide a quality controlled dataset for research.  We investigate linear and step changes in 

streamflow across Australia in data from all 467 streamflow gauging stations. Data from 30 to 69 years duration 15 

ending in February 2019 was examined. We analysed data in terms of water year totals and for the four seasons. 

The commencement of water year varies across the country – mainly from February-March in the south to 

September-October in the north. We summarised our findings for each of the 12 Drainage Divisions defined by 

Australian Geospatial Fabric (Geofabric), and continental Australia as a whole. We used statistical tests to detect 

and analyse linear and step changes in seasonal and annual streamflow. Linear trends were detected by Mann-20 

Kendall – Variance Correction Approach (MK3), Block Bootstrap Approach (MK3bs) and Long Term 

Persistence (Mk4) tests. The Nonparametric Pettitt test was used for step change detection and identification. 

Regional significance of these changes at the drainage division scale was analysed and synthesised using the 

Walker test. The Murray Darling Basin, with Australia’s largest river system, showed statistically significant 

decreasing trends for the region in annual total and all four seasons. Drainage Divisions in New South Wales, 25 

Victoria and Tasmania showed significant annual and seasonal decreasing trends. Similar results were found in 

south-west Western Australia, South Australia and north-east Queensland. There was no significant spatial 

pattern observed in Central and mid-west Australia, one possibility being the sparse density of streamflow 

stations and or length of data. Only the Timor Sea drainage division in northern Australia showed increasing 

trends and step changes in annual and seasonal streamflow and were regionally significant. Most of the step 30 

changes occurred during 1970-99. In the south-eastern part of Australia, majority of the step changes occurred 

in the 1990s, before the onset of the millennium drought. Long term linear trends in observed streamflow and its 

regional significance are consistent with observed changes in climate experienced across Australia. Findings 

from this study will assist water managers for long term infrastructure planning and management of water 

resources under climate variability and change across Australia. 35 
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1 Introduction 

Australia is the driest inhabited continent on Earth, receiving only 450mm/yr of rainfall on average (CSIRO and 

BOM, 2020). Rainfall amounts vary significantly across the country, with approximately 70 percent of the 

landmass being arid or semi-arid receiving less than 350mm/yr. The distribution and amount of rainfall across 

the country has influenced patterns of human settlement for more than 60,000 years (Williams, 2013). The 40 

continent also has unique topographic and geologic features. The central region is mostly arid or semi-arid, 

south-east and south-west corners having temperate, and the north having tropical climate (Stern et al., 2000) . 

The east and south-east coastal regions have mountain ranges.  Rainfall is higher and more reliable in coastal 

regions, except mid-west coastal regions of Western Australia. Elevation is another factor that has an important 

influence on rainfall, with mountainous areas such as northeast Queensland, southeast Australia and western 45 

Tasmania receiving higher rainfall (Holper, 2011). Rainfall is highly variable in both space and time compared 

to other continents. Together with unique topographic and geological features and distribution of rainfall result 

in the greatest interannual variability in streamflow (Nicholls et al., 1997; Poff et al., 2006), floods and droughts. 

The ‘Millennium Drought’ between 1997 and 2009 is described as the worst drought on record for southeast 

Australia (Van Dijk et al., 2013). During 2001-2009, southeast Australia suffered the driest period since 1900 – 50 

the longest uninterrupted series of years with below median rainfall (Bureau of Meteorology data; 

http://www.bom.gov.au/cgi-bin/climate/change/timeseries.cgi). Discharge of the River Murray System during 

this period were half the previous recorded minimum.  As a response to the widespread social, financial and 

environmental impacts of drought, the federal government passed the Water Act 2007 

(https://www.legislation.gov.au/Details/C2017C00151) legislation through the parliament heralding the 55 

implementation of the water security plan for Australia. One of the important roles in realising the water 

security plan is enhancing our understanding of Australia's water resources. The Hydrologic Reference Station 

service (http://www.bom.gov.au/water/hrs/index.shtml) was developed to provide greater insight of climate-

driven changes in streamflow across Australia. Similar services exist in Canada, United States, Europe 

(Bradford and Marsh, 2003; Brimley et al., 1999; Coxon et al., 2020; Falcone et al., 2010; Lins, 2012; Whitfield 60 

et al., 2012) and in other areas across the globe (Alfieri et al., 2020).  In Canada, spatial and temporal trends in 

streamflow and other associated hydroclimatic variables show increasing and decreasing patterns in northern 

and mid-latitude catchments, respectively (Bawden et al., 2015; O’Neil et al., 2017). In the continental United 

States, streamflow analyses from 1940 to 2009 for 967 gauging stations, show overall decreasing trends, 

including higher annual maxima, and lower annual minima (Rice et al., 2015). Similar results were also found 65 

by Asadieh, et al. (2016) over the 1971-2001 period in the United States and other continents across the world. 

When comparing trends in minimally altered or regulated catchments in the United States, Hodgkins, et al. 

(2020) found there were larger changes in median streamflow compared to changes in annual 1-day high or 7-

day low flows. Shifts in flood peaks and streamflow timing were found to be consistent with changes in rainfall, 

in both natural and managed catchments (Ficklin et al., 2018). In Finland, trend analysis revealed no changes in 70 

mean annual flow overall, but some changes in seasonal distribution of streamflow (Korhonen and Kuusisto, 

2010). In south-east Asia and Africa, analyses of observed streamflow mostly show downward trends. In the 

Senegal river basin analysis of annual streamflow showed decreasing trends (Diop et al., 2018), while dry 

season flows increased by 6% at the Black Volta basin in West Africa over the period 2000 to 2013 (Akpoti et 
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al., 2016). Decreasing trends were also found in streamflow extremes across China (Li et al., 2020), and in 75 

streamflow in Huaihe River Basin, China (Pan et al., 2018). Similar trends were also evident in annual 

streamflow in West Borneo, Indonesia (Herawati et al., 2015). 

Global-scale investigation of trends in annual maximum streamflow reveal decreasing trends tend to occur in 

Asia, Australia, the Mediterranean, the western and north-eastern United States, and northern Brazil, increasing 

trends appear mostly in central North America, southern Brazil and the northern part of western Europe (Do et 80 

al., 2017). However, it was not clear how these changes relate to changes in rainfall. Analyses of streamflow 

trends, covering more than 30,000 gauges across the world, Gudmundsson, et al. (2019) found that where trends 

are present in a region, direction of the trend is often consistent across all trend analyses indicators including 

high, average and low flows for that specific region. Analyses of floods and extreme streamflow events across 

the world show little to suggest that increases in heavy rainfall events at higher temperatures result in similar 85 

increases in streamflow (Wasko and Sharma, 2017). However, shifts in timing of flood peaks and changes in 

streamflow timing were found to be consistent with rainfall change and in a similar direction (Wasko et al., 

2020). 

Australian streams showed the greatest influence by interannual variability in flow (Poff et al., 2006). Chiew 

and McMahon (1993) examined annual streamflow series of 30 unregulated Australian catchments to detect 90 

trends or changes in the means. They concluded that any changes were directly related to interannual variability 

rather than any changes in climate. Analysis of trends in Australian flood data from 491 stations (Ishak et al., 

2010) indicated that about 30% showed trends in annual maximum flood, with downward and upward trends in 

southern and northern part of Australia, respectively. Other studies have investigated trends in selected 

streamflow components in particular regions – in the southwest of Western Australia (Durrant and Byleveld, 95 

2009; Petrone et al., 2010) and in southeast Victoria (Tran and Ng, 2009). In Victoria and the Australian Alps, 

assessment and reconstruction of catchment variability and trends in streamflow showed a decline during the 

period 1977−2012 (Fiddes and Timbal, 2016). Similar spatial pattern in streamflow reduction also occurred 

during the Millennium Drought between 1997-2009. Johnson et al (2016) reviewed historical trends and 

variability in flood events across Australia and concluded that the link between trends in flood events and 100 

rainfall cannot be made due to the influence of climate processes such as temperature and evapotranspiration 

over different spatial and temporal scales. Similar results were also found by Wasko and Nathan (2020) and 

Sharma et al. (2018) – that changes in rainfall and soil moisture did not always explain trends in flooding. 

The studies above undertook trend analysis of Australian rivers with limited spatial or temporal coverage of 

streamflow data.  This study undertakes a systematic appraisal of changes and trends in observed streamflow 105 

records in a large number of catchments across the country which are largely unaffected by human influence. 

Zhang et al. (2016) undertook the first comprehensive study employing the Hydrologic Reference Stations and 

analysed data until 2014 from 222 stations across Australia. That study investigated many components of 

streamflow including annual total, high and low flows, seasonal totals and baseflow components were analysed 

and presented in the website http://www.bom.gov.au/water/hrs. The above study considered only the streamflow 110 

variables that are random and did not consider the effect of the autocorrelation structure and long-term 

persistence on the trend of streamflow variables.  The Hydrologic Reference Stations service is now updated and 

contains information for 467 gauging stations and streamflow data to February 2019. In this study, we focus on 
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linear trends and step changes in annual and seasonal streamflow across different drainage divisions of 

Australia, and its regional significance. Investigation of the driving force of changes in rainfall patterns on these 115 

resulting trends in streamflow is out of scope of this study. Results from this study will benefit managers and 

researchers in sustainable water management and long-term planning in water allocation, agricultural planning, 

and hydropower. 

2 Selection of gauging stations and data quality 

2.1 Station selection guidelines 120 

Guidelines for selection of the Hydrologic Reference Stations (HRS) were described in detail by 

Turner et al. (2012). These include a minimum of 30 years of continuous data with less than 5% of 

missing data in unimpaired catchments. In the recent update of the service, the Bureau of Meteorology 

implemented two additional criteria: (i) the percentage of flow volume included as infilled data and, 

(ii) the percentage of flow volume above the maximum gauged discharge. The thresholds for these two 125 

criteria were: (i) a maximum of 10% for flow volume of infilled data and, (ii) a restriction in 

extrapolated data to a maximum of 25%. Details of the station selection guidelines are presented in the 

website. All of the 467 gauging stations that met these guidelines and were included in the updated 

service are included in this study. 

2.2 Updated number of gauging stations 130 

2.2.1 Gauging stations in 2020 update 

Of the existing 222 gauging stations in the network prior to the service (Zhang et al., 2016), 12 are now 

decommissioned by the data providing agencies, including 5 from Northern Territory, 2 from Victoria, 2 from 

Western Australia, 1 from New South Wales and 2 from South Australia. The revised and updated selection 

guidelines were applied to the remaining 210 gauging stations, and 179 of these stations passed the new 135 

guidelines. More information about rating curves of 43 existing stations are now available which suggests that 

these stations do not pass selection criteria. Therefore these 43 stations were removed from HRS service in 2020 

(Table 1). 

2.2.2 New stations included in the service 

Australia’s instrumental record is relatively sparse before 1940, and few locations have continuous 140 

rainfall measurement before 1900. At present, there are approximately 4,800 streamflow gauging 

stations across Australia.  Many of these stations previously had insufficient data in Bureau's system to 

be considered for the HRS service. Over recent years, more data has become available, and a set of 

780 stations identified by Zhang et al. (2013) were selected for further investigation. These 780 

unregulated, unimpaired catchments are widely spread across Australia (Fig. 1), and have undergone 145 

strict quality assurance and quality control, including quality code checking for daily streamflow 
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records (Zhang et al., 2013).  The total number of streamflow gauging stations that met the new 

guidelines and are now included in the service is 467, which is an increase from 222 stations (Table 1). 

2.2.3 Reference period, quality control and catchment description 

The HRS was updated with streamflow data ending in February 2019. This month was chosen to capture the 150 

2018 water year for all stations. Commencement of recording of streamflow data varies across the country. The 

longest record begins from 1950s and the shortest one from 1980s.  Figure 1 shows the location of stations and 

duration of record, and includes the 12 decommissioned stations. Data recorded at stations prior to 1950 was 

excluded from analysis, as the missing data were more than 5% before this time in most of the cases. Stations 

with longest records are generally those in the high-value water resource catchments and populated areas along 155 

the coastal regions. Upstream catchment area also varied across the country (from 4.5 to 23,2846 km2) and in 

different hydroclimatic regions (Table 2). Most of the catchment area ranged from 50 km2 to 10,000 km2 

(Table 2). The number of stations distributed across different drainage divisions vary substantially – Murray 

Darling division having the largest number of stations while the South-Western Plateau has no stations at all. 

Drainage divisions are defined according to Australian Hydrological Geospatial Fabric (Geofabric) (Atkinson et 160 

al., 2008). In the previous update of the HRS service (Zhang et al., 2016), there were no stations in Pilbara-

Gascoyne and North Western Plateau divisions. In the current version there are 10 and 2 stations, respectively 

(Fig. 1, Table 2). 

The continental Australia has a wide range of climate zones as defined by Köppen Climate Classification (Stern 

et al., 2000) – including tropical region in the north, temperate regions in the south, grassland and desert in the 165 

vast interior (Fig. 1). Water year is defined in accordance with Australian Water Information Dictionary (Bureau 

of Meteorology, 2021). It varies across the country - begins February-March in the south and September-

October in the north (Table 2). Annual average rainfall for each of the divisions vary from 201 to 1,333 mm, 

respectively. Annual average PET is generally higher than annual average rainfall. Therefore, streamflow 

generation process in most of the divisions are controlled by water-limited environments (Milly et al., 2005) 170 

except for the Tasmanian division (Table 2). Figure 2a shows the relationship of catchment area with record 

length, while Fig. 2b shows the catchment area and the distribution of percentage of catchments, the distribution 

is reasonably uniformly distributed in the range between 45 to 12,000 km2 and slightly skewed outside this 

range. Longest period of record is 69 years for several catchments having area from 14 to 15,850 km2. 

A quality-assurance, quality control (QA/QC) process was applied to observed time-series of daily streamflow 175 

from each gauging station. This process identified and removed erroneous data values such as negative and 

extreme values. The process of detection and removal was automated and then checked manually. The GR4J 

model (Perrin et al., 2003) was adopted to infill any missing data in accordance with the selection guidelines 

detailed in Section 2.1. The mean and standard deviation of Nash-Sutcliff efficiency for all 467 catchments was 

0.74 and 0.12 respectively. As part of this process, a simple error correction procedure was used to ensure that 180 

initial and final estimated flows matched adjacent observed values. This was done by linearly interpolating the 

start and end of the infilled period to the observed flows. Through this process, a continuous quality-checked 

daily streamflow time series was created for trend analyses.  
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Table 1 Total number of stations 185 

Station features Selection guidelines Numbers 

Existing stations decommissioned by February 2019 Passed 8 

Existing stations operational and data up to February 2019 Passed 171 

Existing stations operational and decommissioned Failed 43 

New stations operational and data up to February 2019 Passed 288 

Total HRS stations Passed 467 
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Figure 1. Map of Australia showing climate zones, Drainage Divisions and location of all gauges, new, 

existing, decommissioned, all scaled to length of record. 190 

 

 

Figure 2. Length of record, catchment area and distribution of percentage of catchments for HRS 

3 Methodology 

Daily quality controlled and infilled daily data was accumulated to annual totals (based on water-year) and total 195 

for each of the four seasons. These five streamflow statistics formed the basis for trend analysis to capture 

annual and seasonal trends. Seasons are defined as winter (June to August), spring (September to November), 

summer (December to February), and Autumn (March to May).  

There are generally two types of changes often observed in streamflow data sets – long term persistent trend 

(linear) and sudden abrupt (step) change. Linear trends generally occur due to long term changes in rainfall, 200 

temperature and/or evapotranspiration, while step changes generally happen resulting from sudden changes in 

flow generation thresholds. Statistical tests used to detect linear trends and step changes in streamflow generally 

fall into two categories – parametric and non-parametric tests. 
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3.1 Linear trend analyses  210 

We applied Theil Sen's approach (Sen, 1968; Theil, 1950), a non-parametric approach, to detect the magnitude 

of linear trend for each of the statistic (annual and four seasons total). In addition, trends were determined by 

using the non-parametric Mann–Kendall (MK) test (Kendall, 1975; Mann, 1945) because this technique is 

distribution-free, robust against outliers, and has a higher power for non-normally distributed data (Önöz and 

Bayazit, 2003; Yue et al., 2002)  . It has also been commonly used in streamflow trend analyses (Abdul Aziz 215 

and Burn, 2006; Birsan et al., 2005; Dixon et al., 2006; Lins and Slack, 1999). The Mann–Kendall test requires 

input data to be serially uncorrelated. Any serial correlation in the data structure can leads to overestimation of 

the significance of trends (Hamed and Ramachandra Rao, 1998; von Storch, 1995; Yue et al., 2002). To 

overcome the effect of serial correlation of higher order (namely Short-Term Persistence (STP)), two techniques 

are used here. These include: (i) Modified Mann–Kendall test, commonly known as Variance Correction (MK3) 220 

method as proposed by Hamed and Rao (1998), and (ii) Block Bootstrap (MK3bs) method (Kundzewicz and 

Robson, 2000). The MK3 and MK3bs approaches are more suitable when the time series shows higher order 

serial dependencies. Apart from Short Term Persistence (STP), the presence of Long-Term Persistence (LTP), 

or Hurst phenomenon, has been identified as a major source of uncertainty when analysing hydroclimatic data 

series (Koutsoyiannis, 2003; Kumar et al., 2009). To incorporate LTP behaviour in the Mann–Kendall test, the 225 

technique proposed by Hamed (2008) is used in this study. Using these three modified versions of Mann–

Kendall test allows comparison of differences and check the validity of results for Australia. Non-parametric 

Pettitt test (Pettitt, 1979) and distribution free CUSUM test (Chiew, and Siriwardena, 2005) are generally used 

to detect abrupt step changes in streamflow. The Pettit test was used to detect step change for all five streamflow 

statistics, as it performs better than others for detecting step change and identifying change point (Villarini et al., 230 

2009). Finally, the regional significance of any linear trends and step changes was tested using the Walker test 

(Wilks, 2006). 

The Theil-Sen Slope approach, original Mann–Kendall (MK) test, three modified versions of the Mann–Kendall 

test, Pettitt Test and Walker test are briefly described in this section.  Trend detection analysis may lead to 

misleading results when serial correlation (STP) and long-term persistence (LTP) in the streamflow data are 235 

ignored. The modified versions of Mann-Kendall tests, MK3, MK3bs and MK4 that account for STP, STP and 

LTP respectively are used to identify trends in streamflow data. A more detailed description can be found in 

Mann, 1945; Kendall, 1975; Hamed and Rao, 1998; Koutsoyiannis, 2003; Hamed, 2008; Pettitt, 1979; Wilks, 

2006; Kumar et al., 2009; Zamani et al., 2017; Su et al., 2018; Kundzewicz and Robson, 2000).  

We used Theil-Sen estimator and three different forms of Mann Kendall tests for linear trend analyses: (i) 240 

variance correction approach, (ii) Block Bootstrap approach and (iii) Long Term persistence.  

3.1.1 Theil-Sen approach 

The magnitude of trend is obtained using the Theil-Sen approach (Theil, 1950; Sen, 1968), where the magnitude 

of the slope of the trend is estimated as: 

𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛 [(𝑥௜ − 𝑥௝)(𝑖 − 𝑗)];   for all  j<i     (1) 245 
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where 𝑥௜  and  𝑥௝ are streamflow data (annual and all seasons) at time points i and j, respectively. If the time 

series has n values, then there will be 𝑁 = 𝑛(𝑛 − 1)/2 slope estimates and Theil-Sen slope β is taken as the 

median of these N values. 

3.1.2 Independent Mann-Kendall (MK1) test 

The Mann-Kendall test statistic (S) for a series x1, x2, x3,…,xn  is given by  250 

𝑆 =  ∑ ∑ 𝑠𝑔𝑛(𝑥௝ − 𝑥௜
௡
௝ୀ௜ାଵ

௡ିଵ
௜ୀଵ ),      (2) 

where 

𝑠𝑔𝑛(𝜃) = ቐ

     1    𝑖𝑓 𝜃 > 0
    0    𝑖𝑓 𝜃 = 0

−1    𝑖𝑓 𝜃 < 0
      (3) 

The test statistic S is approximately normally distributed for n ≥ 8 with zero mean.  Variance as given as 

𝑉(𝑆) = [𝑛(𝑛 − 1)(2𝑛 + 5) −  ∑ (𝑡௜ − 1)(2𝑡௜ + 5)𝑡௜  ]/18௠
௜ୀଵ    (4) 255 

where 𝑚 is the number of tied groups and 𝑡௜ is the number of data in the ith tied group. The standardised test 

statistic Z (standard normal distribution) is given as 

𝑍 =  
(ௌିଵ)

ඥ௏(ௌ)
 ; if 𝑆 > 0       (5a) 

𝑍 = 0;   if 𝑆 = 0       (5b) 

𝑍 =
(ௌାଵ)

ඥ௏(ௌ)
;  if 𝑆 < 0       (5c) 260 

To identify and address the short term and long-term persistence in a streamflow series, we used three modified 

versions the of Mann Kendall test for linear trend analyses: (i) Variance Correction approach, (ii) Block Boot 

Strap approach and (iii) Long Term persistence approach. 

3.1.3 Mann-Kendall (MK3) test – Variance Correction Approach 

This modified Mann–Kendall test, proposed by Hamed and Rao (1998), considers all the significant 265 

autocorrelation structure in a time series. The series  𝑥௜  was ranked and autocorrelation coefficient of rank 𝑖 of 

time series, was obtained to consider only the significant terms at 10% significance level. Autocorrelation 

becomes insignificant after a lag of three (Rao et al., 2003).  The effect of all significant autocorrelation 

coefficients in the dataset was removed by using a modified variance of 𝑆, described as 𝑉(𝑆)∗ by  

𝑉(𝑆)∗ = 𝑉(𝑆)
௡

௡∗        (6) 270 

where 𝑛∗ represents the effective sample size. The 
௡

௡∗ ratio was computed directly from the equation proposed by 

Hamed and Rao (1998) as 

௡

௡∗ = 1 +
ଶ

௡(௡ିଵ)(௡ିଶ)
∑ (𝑛 − 𝑖)(𝑛 − 𝑖 − 1)(𝑛 − 𝑖 − 2)𝑟௜

௡ିଵ
௜ୀଵ    (7) 

where 𝑛 is the number of observations; and 𝑟௜ is lag-i significant autocorrelation coefficient of rank 𝑖 of time 

series.  𝑉(𝑆)∗ is calculated using Eq. (6) and using 𝑉(𝑆) from Eq. (4). Finally, the Mann-Kendall 𝑍 was tested 275 

for significance of trend comparing it with threshold levels.  
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3.1.4 Mann-Kendall (MK3bs) test – Block Bootstrap (BBS) Approach 

The Block Bootstrap (BBS) approach by Önöz and Bayazit (2012) was used to mitigate effects of serial 

correlation in datasets by performing bootstrapping (in blocks of data) so that the autocorrelation in the data is 

replicated. Data are resampled in blocks many times to estimate the significance of the observed Mann-Kendall 280 

test statistic S from the data sample while reflecting the serial correlation present in the dataset (Burn et al., 

2016). Block length should be chosen so that data points in adjacent block are more or less independent. Khaliq 

et al. (2009) provide a detailed description of the steps involved in implementing the BBS approach.  

In block bootstrapping, the simulation size 𝑁௦ (the number of bootstrap samples to be generated in each case) 

and the block length 𝐿௕ are the parameters whose values are to be chosen. The simulation size (𝑁௦) is related to 285 

the level of significance required and the loss of power that can be allowed. Svensson et al. (2005) found that 

𝑁௦= 2000 samples resulted in good stability in significance level estimates 𝑁௦Block length chosen depends on 

autocorrelation of the data, and should be larger than the lag k of the smallest significant autocorrelation 

coefficient 𝑅௜  Svensson et al. (2005) found that blocks of lengths of 5 were generally sufficient for most 

streamflow series. 290 

Autocorrelation in time series varies across different sites, and Politis (2003) recommends the block length 𝐿௕ is 

based on individual time series. To identify optimal block length 𝐿௕  for individual annual and seasonal 

streamflow time series, an automatic block length selection procedure proposed by Politis and White (2004) was 

used. The optimal block length obtained for annual and for each of the four seasonal streamflow time series for 

467 gauging stations are shown in Fig. 3 below. In general, more than a third of the stations exhibit significant 295 

serial correlation of 2 or more (𝐿௕ ≥ 3) and about 15% are serially uncorrelated ( 𝐿௕ = 1). 

Figure 3: Optimal block length for annual and four seasonal streamflow time series for all 467 stations 

We estimated the significance of the original Mann-Kendall test statistic 𝑆 (Eq. 2) of the observed 

data from the simulated distribution, developed from resampled distribution of S from the moving 

block bootstrap procedure. Only if the original test statistic lies within the tails of the simulated 300 

distribution, the test statistic is likely to be significant (Do et al., 2017; Khaliq et al., 2009). 
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3.1.5 Mann-Kendall (MK4) test – Long Term Persistence (LTP) 

This version of the Mann-Kendall method is proposed by Hamed (2008) and was described by Kumar et al. 

(2009) and it considers the Hurst coefficient, H, (Hurst, 1951) of a series for Long-Term Persistence (LTP). The 

coefficient H is used as a measure of long-term memory, i.e., autocorrelation of the time series. A value of 0.5 305 

for H indicates a true random walk, which implies the time-series has no memory for previous values of 

observations. A value of H between 0.5 (0) and 1 (0.5) indicates a time-series with positive (negative) 

autocorrelation [e.g. an increase (decrease) between observations will probably followed by another increase 

(decrease)].  

In this study, the following steps were carried out to apply the MK4: 310 

1. Calculation of Hurst coefficient (H): A new trend free time series 𝑥௜
ᇱ is calculated using 

 𝑥௜
ᇱ = 𝑥௜ − (𝛽 × 𝑖)      (8) 

where 𝛽 is the slope of a trend line using the Theil-Sen’s approach and 𝑥௜ is the streamflow data. Using 

the ranks of trend-free series [𝑥௜
ᇱ: (𝑖 = 1: 𝑛)]  designated by 𝑅௜ , the standardised 𝑍௜  variate (the 

equivalent normal variates of the ranks of de-trended time series) is computed as 315 

𝑍௜ = 𝜑ିଵ ቀ
ோ೔

௡ାଵ
ቁ       (9) 

where 𝑛 is the number of streamflow data; and 𝜑ିଵ is the inverse of the normal distribution function. 

Considering the hypothesis that the hydrometeorological processes exhibit scale invariant properties at 

any scale greater than annual (Koutsoyiannis, 2003), the elements of the Hurst matrix for a given H is 

computed as 320 

𝐶௡(𝐻) = උ𝜌|௝ି௜|(𝐻)ඏ for 𝑖 = 1: 𝑛, 𝑗 = 1: 𝑛   (10) 

In the above equation 𝜌௟(𝐻) is lag-l autocorrelation coefficient for a given H and calculated by 

𝜌௟(𝐻) =
ଵ

ଶ
(|𝑙 + 1|ଶு − 2𝑙ଶு + |𝑙 − 1|ଶு) for 𝑙 > 0   (11) 

The log-likelihood function of n Normal observations with a scaling coefficient H is given by Eq. (12) 

(McLeod and Hipel, 1978), where the accurate value of H can be computed by maximising the function 325 

of H as follows: 

𝑙𝑜𝑔𝐿(𝐻) = −
ଵ

ଶ
log|𝐶௡(𝐻)| −

௓೅|஼೙(ு)|షభ௓

ଶఊబ
    (12) 

In the above equation, 𝑍்  is the transpose of vector 𝑍 obtained from Eq. (9); 𝛾଴ equates the variance of 

𝑍௜ and 𝐶௡(𝐻) and 𝐶௡(𝐻)ିଵ are Hurst matrix and inverse of the Hurst matrix, respectively. These two 

last matrices can be obtained using Eq. (10). To maximise 𝐿𝑜𝑔𝐿(𝐻), H is assumed to be in the range of 330 

0.5–0.98 and the mentioned function is computed for a given H. The procedure is repeated for other H 

values with 0.01 steps. The H value producing the maximum value of 𝐿𝑜𝑔𝐿(𝐻) is taken as the answer. 

2. Mean and standard deviation of H: According to Hamed (2008), the mean and standard deviation of H 

are expressed as a function of 𝑛 as follows: 
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𝜇ு = 0.5 − 2.87𝑛ି଴.ଽ଴଺଻      (13) 335 

𝜎ு = 0.77654𝑛ି଴.ହ − 0.0062     (14) 

Then 𝑍௖௔௟ is calculated as 

𝑧௖௔௟ =
ுିఓಹ

ఙಹ
       (15) 

This 𝑍௖௔௟, obtained from Eq. (15) was tested for significance of trend at the 10% significance level. The 

MK4 procedure was continued if 𝑍௖௔௟ was greater than the critical normal value (1.645), otherwise the 340 

procedure for independent Mann-Kendall (MK1) test was adapted as the LTP is not significant. 

3. Significant H values (LTP is significant): The modified variance for the 𝑆 statistic was computed as 

recommended by Kumar et al. (2009) and Hamed (2009) as: 

               𝑉(𝑆)ுᇲ
= ∑ ∑ ∑ ∑

ଶ

గ
sinିଵ ൬

ఘ|௝ି௟|ିఘ|௜ି௟|ିఘ|௝ି௞|ାఘ|௜ି௞|

ඥ(ଶିଶఘ|௜ି௝|)(ଶିଶఘ|௞ି௟|)
൰௡

௟ୀ௞ାଵ
௡ିଵ
௞ୀଵ

௡
௝ୀ௜ାଵ

௡ିଵ
௜ୀଵ    (16) 

In the above equation 𝜌௟ is calculated using Eq. (11) for a given value of H. Since 𝑉(𝑆)ுᇲ
 is a biased 345 

estimator, we have corrected it for bias using 

𝑉(𝑆)ு = 𝑉(𝑆)ுᇲ
× 𝐵      (17) 

where 𝐵 is expressed as a function of sample size, 𝑛, as follows (Hamed 2008; Kumar et al. 2009): 

𝐵 = 𝑎଴ + 𝑎ଵ𝐻 + 𝑎ଶ𝐻ଶ + 𝑎ଷ𝐻ଷ + 𝑎ସ𝐻ସ    (18) 

𝑎଴ =
ଵ.଴଴ଶସ௡ିଶ.ହ଺଼ଵ

௡ାଵ଼.଺଺ଽଷ
      (19a) 350 

𝑎ଵ =
ିଶ.ଶହଵ଴௡ାଵହ଻.ଶ଴଻ହ

௡ାଽ.ଶଶସହ
      (19b) 

𝑎ଶ =
ଵହ.ଷସ଴ଶ௡ିଵ଼଼.଺ଵସ଴

௡ାହ.଼ଽଵ଻
      (19c) 

𝑎ଷ =
ିଷଵ.ସଶହ଼௡ାହସଽ.଼ହଽଽ

௡ିଵ.ଵ଴ସ଴
      (19d) 

𝑎ସ =
ଶ଴.଻ଽ଼଼௡ିସଵଽ.଴ସ଴ଶ

௡ିଵ.ଽଶସ଼
      (19e) 

When using the MK4 method, 𝑉(𝑆)ு obtained from Eq. (17) was used as 𝑉(𝑆) in Eq. (5) of the MK1. The 355 

significance of Z was then tested for significance of a trend. 

3.2 Pettitt test for step change  

We used the non-parametric Pettitt test (Pettitt, 1979) to detect step changes in annual and seasonal streamflow. 

This procedure is least sensitive to outliers, and skewed distributions of the streamflow datasets in comparison 

to other methods used for detecting step changes, makes it most suitable for this analysis (Sagarika et al., 2014). 360 

This test can identify anomalies in the mean and, or, median streamflow when the time of step change is 

unclear. It uses a version of the Mann–Whitney statistics to quantify the significance of probabilities by testing 
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two samples from the same population. In the Pettitt test the p-value is computed in a manner that adjusts for the 

fact that the method is designed to find the most advantageous point in the record to consider as the change 

point (Helsel et al., 2020; Villarini et al., 2009). 365 

Using Pettitt (1979), let us assume 𝑛 to be the length of the time series and 𝜏 to be the year of the step change. 

Viewing the time series as two samples 𝑥ଵ, . . ., 𝑥ఛand 𝑥ఛାଵ, . . ., 𝑥௡, an index, 𝑉ఛ can be defined as: 

𝑉ఛ = ∑ 𝑠𝑔𝑛(𝑥ఛ − 𝑥௝)௡
௝ୀଵ         (20) 

where 𝑠𝑔𝑛(𝑥) is the same as 𝑠𝑔𝑛(𝜃) in Eq. (3) and 𝑈ఛ is defined in Equation (21). 

𝑈ఛ = ∑ 𝑉௜
ఛ
௜ୀ଴         (21) 370 

When a significant step change exists in a time series, a graph between |𝑈ఛ| and 𝜏 increases up to the step 

change point and then decreases again, or vice versa. However, in the absence of a step change point, the graph 

would continually increase or decrease to the end of the time series. The most significant step change point 𝜏 is 

established at the point where |𝑈ఛ| is maximum, given as 𝐾௡ and defined by 

𝐾௡ = max
ଵஸ௧ஸ௡

|𝑈ఛ|        (22) 375 

In a year where |𝑈ఛ| is the maximum, the significance probability associated with 𝐾௡ is approximated by 

𝑝 = 2 𝑒
൬

షల಼೙
మ

೙యశ೙మ൰
        (23) 

where the approximation holds and is accurate to two decimal places, for 𝑝 < 0.5 (Pettitt, 1979). 

In this study, we adopted a significance level of 𝑝 ≤ 0.10, and evaluated the direction of change. The minimum 

value of 𝑈ఛ, extracted by 𝐾௡ indicates positive change, and a maximum value indicates a negative change. 380 

3.3 Test for regional significance 

We assessed the regional significance of trends detected at a local point scale to examine if similar trends were 

also detected at neighbouring locations. The main objective is to assess whether the number of locations with 

significant trends occur at a regional scale or not. We applied Walker's test (Wilks, 2006; Sagarika et. al., 2014) 

in detecting regional significance of linear and step changes in streamflow time series – for annual total and 385 

across the four seasons at a 90% confidence level (𝑝 ≤ 0.10) for all 467 stations across Australia. 

The Walker’s test considers a set of 𝐾  independent MK and Pettitt tests, all of whose null hypothesis are 

assumed to be true (i.e. corresponding p-values are assumed uniformly distributed as U(0, 1)). We further 

assume that 𝑝(ଵ) is the smallest of the 𝑝 value set. In this case, the probability distribution 𝑝(ଵ) is given by 

𝑓ൣ𝑝(ଵ)൧ =
௄!

(ଵ)!(௄ିଵ)!
𝑝(ଵ)

଴ ൣ1 − 𝑝(ଵ)൧
௄ିଵ

  0 ≤ 𝑝(ଵ) ≤ 1  (24) 390 

𝑓ൣ𝑝(ଵ)൧ = 𝐾ൣ1 − 𝑝(ଵ)൧
௄ିଵ

       (25) 
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To reject the global null hypothesis that all 𝐾 local null hypotheses are true (i.e., to declare field significance), 

𝑝ଵ must be no larger than a critical value 𝑝௪௔௟௞௘௥. The critical value for this global test can be obtained using 

∝௚௟௢௕௔௟= 𝐾 ∫ ൣ1 − 𝑝(ଵ)൧
௄ିଵ

𝑑𝑝(ଵ)
௣ೢೌ೗ೖ೐ೝ

଴
     (26a) 

∝௚௟௢௕௔ = 1 − (1 − 𝑝௪௔௟௞௘௥)௄      (26b) 395 

𝑝௪௔௟௞௘௥ = 1 − (1 −∝௚௟௢௕௔௟)
ଵ

௄ൗ       (27) 

A global null hypothesis may be rejected at the ∝௚௟௢௕௔௟  (0.10) level if the smallest of 𝐾 independent local 𝑝 

value is less than or equal to 𝑝௪௔௟௞௘௥. 

4 Results 

For water year and the four seasons, linear trend considering short-term (STP) and long-term (LTP) persistence 400 

and the step changes were evaluated at a significance level of p < 0.10 for each streamflow station. The water 

year begins in September/October for the northern part of Australia (drainage divisions I, VII, VIII, IX, X) and 

in February/March for the southern part of the country (drainage divisions II, III, IV, V, VI) (Fig. 1, Table 1). 

We undertook trend analysis for annual and seasonal streamflows in these two regions of Australia separately. 

4.1 Linear trends 405 

4.1.1 Theil-Sen approach 

Box plots of trend slopes estimated by Theil-Sen's approach for annual and seasonal streamflow in southern and 

northern divisions that are significant are shown in Fig. 4. For example. the trend slope for a site in South Esk 

River in Tasmania is shown in Fig. 5a, where the decrease in annual streamflow is 5.91 GL/year (1.8 mm/year).  

For drainage divisions in the south, the medians of slopes for all annual and seasonal streamflows were less than 410 

zero. The lowest trend line slope (−2.07 mm/year) occurred in spring (Sep-Nov) and the median of slopes in 

autumn (Mar-May) is less negative than the other three seasons in the southern parts of Australia (Fig. 4a). 

Streamflow in all four seasons showed a downward trend in the southern divisions. Approximately 60% of 

annual streamflow volumes in the southern drainage divisions occur in winter and spring (between Jun-Nov). 

For annual flows in the south, slopes were between -6.5 to -0.07 mm/year (Fig. 4a) and the median of slopes 415 

was approximately -1.79 mm/year.  

Medians of slopes for annual and seasonal streamflow were located close to, or above zero for drainage 

divisions in the northern part of Australia (Fig. 4b). The highest (+7.13 mm/year) trend line slope occurred in 

the summer (Dec-Feb). The median of trend line slopes in summer (+1.02 mm/year) is higher than that in the 

other three seasons (all <0.01 mm/year) in the northern divisions. Streamflow in all seasons, except in summer, 420 

showed negligible trends in northern parts of Australia. More than 90% of the annual streamflow volumes in the 

northern drainage divisions occur in summer and autumn (between Dec-May). For annual flows, slopes were 

between +12.1 and -6.0 mm/year (Fig. 4b) and the median of slopes was approximately +1.46 mm/year. Fig. 5a 
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shows a typical example of linear trend analysis using Theil Sen's approach for annual streamflow in southern 

Australia. 425 

 

Figure 4: Box plot of Theil-Sen's slope in mm/year for annual and seasonal streamflow for drainage 

divisions in (a) Southern and (b) Northern Australia  

               

Figure 5: Typical examples of (a) trend and (b) step change in annual streamflow in southern and 430 

northern Australia 
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4.1.2 Linear trend – the Short (STP) and Long (LTP) Term Persistence 

Streamflow data from stations that are significantly autocorrelated (lag-1 or more) at p < 0.10 and H values that 

are significant at p < 0.10 are considered to have short-term (STP) and long-term (LTP) persistence, 

respectively. To analyse the presence of STP, results from the MK3 test were examined. In the South East Coast 435 

(II), South West Coast (VI) coasts and southern Murray-Darling Basin (IV), most stations showed significant 

STP or LTP, or both STP and LTP for the water–year and for all four seasons (Fig. 6). Across water years and 

all seasons, the percentage of stations with STP was greater than those with only LTP or both STP and LTP. For 

water years, data from 88% of stations showed STP and 28% of showed LTP across Australia. However, LTP 

was evident mainly in the southern and south-eastern parts of Australia (divisions II, III, IV, V, VI) and in the 440 

north in the Carpentaria Coast (IX). Seasonally, autumn had the highest number of stations (221) with LTP 

persistence. 

Data from stations with significant correlation at p < 0.10 in STP and LTP were tested for trends (Table 3) using 

MK3 sand MK4 tests, respectively. Of the 412 stations with significant STP across water years, 196 stations 

showed trends from the MK3 test. Of 130 stations with data showing significant LTP, 14 had significant trends 445 

from the MK4 test. In drainage divisions II to VI in the south, nearly half of stations showed significant trends 

with STP. However, results vary slightly across different drainage divisions for the four seasons. In autumn, 

33% of the 87% of stations with significant STP showed trends, while 6% of the 47% of stations with 

significant LTP showed trends. Similarly, in winter, 39% out of 86% of stations with STP, showed trends, while 

3% of the 27% of stations with LTP, showed trends. In spring, 44% of the 85% of stations with significant STP, 450 

showed trends while 2% of the 24% of stations with significant LTP, showed trends. In summer, 36% of 81% of 

stations with significant STP, showed trends while 3% of 19% of stations showing LTP, showed trends. 

https://doi.org/10.5194/hess-2022-199
Preprint. Discussion started: 3 June 2022
c© Author(s) 2022. CC BY 4.0 License.



18
 

 

T
ab

le
 3

 S
um

m
ar

y 
of

 s
ta

tio
ns

 w
it

h 
sh

or
t-

te
rm

 p
er

si
st

en
ce

 (
S

T
P

) 
an

d 
lo

ng
-t

er
m

 p
er

si
st

en
ce

 (
L

T
P)

 o
f 

st
re

am
fl

ow
, 

an
d 

st
at

io
ns

 t
ha

t 
sh

ow
ed

 t
re

nd
s 

un
de

r 
M

K
3 

an
d 

M
K

4 
te

st
s 

ac
ro

ss
 d

ra
in

ag
e 

di
vi

si
on

s 
fo

r 
w

at
er

 y
ea

r 
an

d 
th

e 
fo

ur
 s

ea
so

ns
 a

t p
 ≤

 0
.1

0.
 

D
ra

in
ag

e 

di
vi

si
on

 

D
ra

in
ag

e 
di

vi
si

on
 

na
m

e 

(n
um

be
r 

of
 s

ta
ti

on
s)

  

W
at

er
 y

ea
r 

A
ut

um
n 

W
in

te
r 

S
pr

in
g 

S
um

m
er

 

S
T

P
/ T

re
nd

 
L

T
P

/ T
re

nd
 

S
T

P
/ T

re
nd

 
L

T
P

/ T
re

nd
 

S
T

P
/ T

re
nd

 
L

T
P

/ T
re

nd
 

S
T

P
/ T

re
nd

 
L

T
P

/ T
re

nd
 

S
T

P
/ T

re
nd

 
L

T
P

/ T
re

nd
 

I 
N

or
th

 E
as

t C
oa

st
 (

66
) 

59
/4

 
23

/0
 

57
/2

 
18

/0
 

51
/1

8 
31

/1
 

60
/1

5 
22

/0
 

46
/5

 
9/

0 

II
 

S
ou

th
 E

as
t C

oa
st

 (
13

8)
 

12
4/

62
 

71
/8

 
12

2/
45

 
54

/7
 

11
5/

37
 

43
/4

 
11

2/
70

 
51

/6
 

11
4/

58
 

32
/5

 

II
I 

T
as

m
an

ia
 (

25
) 

21
/1

3 
0/

0 
23

/1
1 

0/
0 

20
/1

0 
0/

0 
21

/7
 

0/
0 

21
/9

 
0/

0 

IV
 

M
ur

ra
y-

D
ar

li
ng

 B
as

in
 (

13
3)

 
11

7/
74

 
28

/4
 

11
5/

60
 

10
0/

14
 

12
0/

70
 

23
/3

 
11

5/
85

 
11

/2
 

11
9/

47
 

27
/3

 

V
 

S
ou

th
 A

us
tr

al
ia

n 
G

ul
f 

(8
) 

8/
4 

0/
0 

8/
3 

5/
1 

8/
2 

0/
0 

8/
5 

0/
0 

5/
4 

3/
0 

V
I 

S
ou

th
 W

es
t C

oa
st

 (
50

) 
42

/2
6 

4/
2 

44
/2

8 
23

/8
 

45
/2

9 
3/

2 
41

/1
9 

3/
0 

39
/2

5 
15

/5
 

V
II

 
In

di
an

 O
ce

an
 (

10
) 

7/
1 

0/
0 

9/
3 

1/
0 

9/
7 

1/
0 

9/
2 

7/
0 

9/
5 

2/
1 

V
II

I 
T

an
am

i-
T

im
or

 S
ea

 C
oa

st
 (

21
) 

19
/1

0 
1/

0 
16

/1
 

13
/0

 
16

/6
 

16
/3

 
17

/1
0 

8/
1 

15
/1

2 
0/

0 

IX
 

C
ar

pe
nt

ar
ia

 C
oa

st
 (

10
) 

9/
1 

3/
0 

9/
0 

4/
0 

10
/1

 
8/

1 
10

/2
 

5/
0 

7/
2 

1/
0 

X
 

L
ak

e 
E

yr
e 

B
as

in
 (

4)
 

4/
1 

0/
0 

3/
1 

2/
0 

4/
2 

1/
0 

4/
0 

1/
0 

3/
2 

1/
0 

X
I 

N
or

th
 W

es
te

rn
 P

la
te

au
 (

2)
 

2/
0 

0/
0 

2/
0 

1/
0 

2/
1 

1/
0 

2/
1 

2/
0 

2/
0 

0/
0 

X
II

 
S

ou
th

 W
es

te
rn

 P
la

te
au

 (
0)

 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 

T
ot

al
 

41
2/

19
6 

13
0/

14
 

40
8/

15
4 

22
1/

30
 

40
0/

18
3 

12
7/

14
 

39
9/

21
6 

11
0/

9 
38

0/
16

9 
90

/1
4 

 
45

5 

https://doi.org/10.5194/hess-2022-199
Preprint. Discussion started: 3 June 2022
c© Author(s) 2022. CC BY 4.0 License.



19 
 

 

 

Figure 6: Spatial distribution of stations where streamflow shows persistence, Short Term (STP) and 

Long Term (LTP), in (a) autumn (Mar-May), (b) winter (Jun-Aug), (c) spring (Sep-Nov), (d) summer 

(Dec-Feb), and (e) annual (water year) at p < 0.10.  460 

4.1.3 Linear trends - MK tests 

Table 4 summarises the MK3, MK3bs and MK4 test results. Fig. 7. show the distribution of trends for each 

drainage division for the water year, autumn, winter, spring, and summer for all three MK tests. The MK3 test 
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results are similar to the MK3bs test results for water years and all four seasons, as they both consider the full 

autocorrelation structure (STP) of the streamflow series. Spatial distribution of trends under all three MK tests in 465 

the water year suggests the annual mean streamflow has increased in Tanami-Timor Sea Coast division in 

northern Australia and decreased in the southwest and southeast parts of the country (Fig. 7). Magnitude trends 

in streamflow volumes expressed by Theil-Sen’s slope show a maximum of 2.4 %/year increase at one station in 

the Tanami-Timor Sea Coast (VIII) and a maximum decrease of -3.9 %/year at one station in the Murray-

Darling Basin (IV) over a period of at least 50 years. The MK3 test results are almost like that of MK3bs test for 470 

water years and all four seasons, as they both consider the full autocorrelation structure (STP) of the streamflow 

series. Therefore, MK3 test results are initially analysed. 

Though most of all 467 streamflow stations showed trends, across water years, only 14 stations had data with 

increasing trends, and 212 stations showed decreasing trends that were statistically significant (Table 4). In the 

water year, more than 50% of stations in the drainage division with increasing trends was the Tanami-Timor Sea 475 

Coast (VIII). Streamflows that showed decreasing trends were within the South East Coast (II), Tasmania (III), 

Murray-Darling Basin (IV), South Australian Gulf (V) and South West Coast (IV) drainage divisions. Most 

stations in other divisions showed no significant trend (Fig.7) 

For autumn (Mar-May), streamflows at more than 50% of stations showed significant trends in the South East 

Coast (II), Tasmania (III), Murray-Darling Basin (IV), South Australian Gulf (V) and South West Coast (IV) 480 

and North East Coast (I) divisions. Other divisions showed autumn decreasing trends that were very similar to 

those found across water years, except for the Tanami-Timor Sea Coast (VIII) in the north, where only one 

station showed an increasing trend. Data from 173 stations showed significant trends across water years, 4 out of 

which were increasing and 169 were decreasing (Table 4). In autumn, the maximum increase in streamflow was 

1.3%/year, and the maximum decrease was -5.8%/year. Both trends were at stations in South West Coast (IV).  485 

Across winter (Jun-Aug), streamflows at over half of the stations showed significant decreasing streamflow 

trends in the North East Coast (I), Tasmania (III), Murray-Darling Basin (IV), and South West Coast (IV) and 

significant increasing trends in the Tanami-Timor Sea Coast (VIII). However, in the South East Coast (II), 

Pilbara-Gascoyne (VII), Carpentaria Coast (IX) and the Lake Eyre Basin (X), fewer than 50 % of stations had 

flows with significant trends. A total of 189 stations showed significant trends (for MK3) in streamflows across 490 

Australia, of which 9 are increasing, and 180 are decreasing trends (Table 4). The maximum increase in winter 

flows was 2.3 %/year (in the Tanami-Timor Sea Coast (VIII)) and the maximum decrease was -3.4 %/year (in 

the Murray-Darling Basin (IV). For stations in the Murray-Darling Basin (IV), significant trends vary between -

0.5 % and -3.4 % (median of -1.3%/year). 

Spring (Sep-Nov) saw more stations with decreasing flow trends compared with water years or the other 495 

seasons. Trends in flow were mostly detected at stations in all divisions except for Lake Eyre Basin (X) and 

North Western Plateau (XI), for which there is very limited flow data. South East Coast (II) and Murray-Darling 

Basin (IV) divisions had the highest number of stations with decreasing trends in streamflow, compared with 

trends in the water year and other seasons (Table 4). There were stations in the South East Coast (II), Tasmania 

(III), Murray-Darling Basin (IV) and South Australian Gulf (V) that showed significant decreasing trends. For 500 

spring (Sep-Nov), 235 stations showed significant trends – 8 increasing and 227 decreasing (Table 4). The 
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maximum increase in spring flows was 3.1 %/year (in the Tanami-Timor Sea Coast (VIII)), and the maximum 

decrease was -2.8 %/year respectively (in the South West Coast (IV) divisions. 

For summer (Dec-Feb), stations in the Tanami-Timor Sea Coast (VIII) showed significant increasing flow 

trends as with trends in other seasons. Stations in the South East Coast (II), Tasmania (III), Murray-Darling 505 

Basin (IV), South Australian Gulf (V) and South West Coast (VI) divisions showed significant decreasing 

trends in flow. In summer, 175 stations showed significant flow trends – 26 increasing and 149 decreasing 

(Table 4). The maximum increase in summer flows was -2.1%/year (in the Tanami-Timor Sea Coast (VIII)) and 

the maximum decrease was -5.0%/year (in the South West Coast (IV) division. 

While results from the MK3 and MK3bs tests are nearly identical for most cases, MK3 and MK4 do show 510 

differences for most annual and seasonal flow statistics. A typical example of MK3bs statistic obtained from 

2000 samples of two locations with a) decreasing and b) increasing trends is shown in Fig. 8. A small number of 

stations have significant trends in streamflow when LTP behaviour (MK4) was considered (Fig. 7, Table 4). 

This is particularly evident in South East Coast (II) for water years, and in the Murray-Darling Basin (IV) for 

autumn (Table 4, Fig. 7). The MK4 test resulted in more stations with trends in winter and spring, compared to 515 

autumn and summer. Across Australia for water years, 14 stations showed significantly increasing trends in 

flow, and 196 stations showed significantly decreasing trends, slightly less than MK3 and MK3bs test results 

(Table 4).  Similar results are also evident for four seasons across Australia (Table 4). 
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Figure 7: Maps showing seasonal trends using (a) MK3, (b) MK3bs, and (c) MK4 tests. Results are 

reported for autumn, winter, spring, summer, and annual (water year) (p < 0.1). Upward-pointing 

triangles (green) indicate significant increasing trends, and downward-pointing triangles (red) indicate 

significant decreasing trends. Grey dots indicate stations with no trends.  Drainage divisions with positive 530 

and negative trends with field significance at p < 0.10 are coloured blue and yellow, respectively. 

https://doi.org/10.5194/hess-2022-199
Preprint. Discussion started: 3 June 2022
c© Author(s) 2022. CC BY 4.0 License.



24 
 

 

 

Figure 8: Examples of histograms for two stations representing the frequency distribution of MK Statistic 

(S) obtained from 2000 samples of moving-block bootstrap iterations; red triangles are observed values, 535 

while dotted lines show the 5th and 95th percentiles for (a) decreasing trend (318150) and (b) increasing 

trend (G9030001) in Tasmania (III) and Carpentaria Coast (IX) divisions, respectively 

4.2 Step change 

The non-parametric Pettitt test (Pettitt, 1979) was used to test for step changes for water years as well as for all 

seasons. It is least sensitive to outliers, and skewed distribution makes it most suitable for the analysis of 540 

streamflow data. A typical example of step change in northern Australia in shown in Fig. 5b. Step change maps 

(Fig. 9a) clearly reveal a spatial pattern in the location of stations that exhibited a significant step change in 

flow. The direction and significance of step changes are consistent with results from MK tests (Fig. 7) for most 

stations. Years when step changes occurred show spatial groupings within several drainage divisions. 

Significant step changes or shifts across water years, and all four seasons for each drainage division are 545 

summarised in Table 3.  For water years, the South East Coast (II), Murray-Darling Basin (IV), South Australian 

Gulf (V), South West Coast (VI) and Tanami-Timor Sea Coast (VIII) drainage divisions all showed significant 

step changes for more than 60% of station flows (Fig. 9a, Table 3). Increasing shifts were seen in northern 

Australia, including the Indian Ocean (VII), Tanami-Timor Sea Coast (VIII) and Carpentaria Coast (IX) 

divisions, whereas decreasing shifts were seen in all drainage divisions except for the Tanami-Timor Sea Coast 550 

(VIII), Carpentaria Coast (IX) and North Western Plateau (XI). The South East Coast (II), Murray-Darling 

Basin (IV), South West Coast (VI) and Tanami-Timor Sea Coast (VIII) had significant step changes across 

water years (Fig. 9).  

For summer (Dec-Feb), the lowest proportion of stations had significant step changes in flow compared with the 

other seasons or with water years (Table 3). The South East Coast (II), Murray-Darling Basin (IV) and South 555 

West Coast (VI) divisions had significant step changes at p < 0.10 for water years and for all seasons, while 
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Tanami-Timor Sea Coast (VIII) step changes for water years and all seasons except for autumn. Tasmania (III) 

had significant step changes only in autumn. North East Coast (I) had significant step changes in spring and 

winter. South Australian Gulf (V) had significant step changes in autumn and winter (Fig. 9). 

Figure 9 shows the number of stations step changes in flow, each year between 1950 and 2018 for water years, 560 

and for each season. The first step change was detected in 1964, and most changes occurred between 1970 and 

1999. Out of 467, a total of 253 stations show step changes in flows for water years (p < 0.10) of which 16 were 

increasing and 237 were decreasing changes in flows. Water years between 1992 and 2004 had increasing step 

changes in 16 stations, with the water-year 1996 having 9 stations with increasing step changes in flow 

(Fig. 9b). The period from 1975 to 1979 showed decreasing step changes for 24 stations; out of which 18 were 565 

in the 1978 water year. The period from 1981 to 1989 show decreasing step changes for 8 stations, and the 

period from 1990 to 2000 showed decreasing step changes in 190 stations, half of which occurred in the 1996 

water year.  

Autumn (Mar-Jun) had a total of 210 stations with step changes (p < 0.10) in flow, of which 8 were increasing 

and 202 decreasing. The first increasing step change in autumn was detected in 1970 (Fig. 9b), in the 570 

Carpentaria Coast (IX) division. Similar to water years, most step changes occurred between 1990 and 2000, 

with 147 stations showing decreasing step changes in flow (Table 5).  About quarter of the step changes took 

place in the 1996 water year. 

In winter (Jun-Aug) 246 stations showed a step change (p < 0.10) in flow, of which 16 were increasing and 230 

decreasing. The first step change in winter occurred in 1970 (Fig. 9b). One station showed increasing shifts 575 

starting early in the 1970s, and 10 additional stations during 1996 to 1999. During the period from 1975 to 1982, 

10 stations showed decreasing step changes in flows. Between 1990 and 2000, 211 stations (the largest in total), 

showed a decreasing step change in flows, with 101 of these changes occurring in 1996. 

Spring (Sep-Nov) had a total of 219 stations with step changes (p < 0.10) in flow, of which 21 stations had an 

increasing step change and 198 stations had a decreasing shift. The period from 1994 to 1997 saw 11 stations 580 

with increasing step changes (Fig. 9b) and in the period from 1989 to 2001, 178 stations had decreasing step 

changes in their spring flows. 

Summer had a smaller number of stations (160 out of 467) with step changes (p < 0.10) in flows, of which 24 

stations had increasing shifts and 136 stations had decreasing step changes (Table 3, Fig.9b). The distribution of 

stations with step changes varied across the period of record; with 28 stations with decreasing step changes 585 

during 1976-1989, 4 stations increasing during 1980-1988, 101 stations decreasing during 1992-2002 and 18 

station increasing during 1990-2000 (Fig. 9b).  

Fig. 10 shows the timing of step changes for several drainage divisions the water-year range mostly from 1976 

to 2009. The period from 1990 to 2000 showed decreasing step changes for 199 stations, mostly in the South 

East Coast (II), Murray-Darling Basin (IV) and South West Coast (VI) divisions. Most increasing step changes 590 

are in the Tanami-Timor Sea Coast (VIII) division during 1992-1998. The South East Coast (II), Murray-

Darling Basin (IV), South West Coast (VI) and Tanami-Timor Sea Coast (VIII) divisions showed a greater 

number of stations with step changes distributed across the study period, indicating a higher association to 

natural changes and climate variability than for other regions (Table 3).  
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After the step changes, the distribution of mean monthly streamflow within a water-year has changed across all 595 

drainage divisions. Distribution of mean monthly streamflow at four selected gauging stations from four 

drainage divisions are shown in Fig.11. In northern part of Australia, the increase in streamflow is well-

distributed over most of the months.  However, in south-west Queensland and southern part of Australia, there 

seems to be a phase shift as well. 

Table 5.  Annual and seasonal shifts in different drainage divisions using Pettitt test at p <0.10 600 

Drainage 

division  

Drainage division (no. of 

stations) 

Stations showing shifts 

Water-year 

+/- 

Autumn 

+/- 

Spring 

+/- 

Summer 

+/- 

Winter 

+/- 

I North East Coast (66) 0/10 0/3 4/14 0/5 2/21 

II South East Coast (138) 0/83 0/69 3/72 0/56 0/58 

III Tasmania (25) 0/9 0/15 0/0 0/7 0/9 

IV Murray-Darling Basin (133) 0/96 0/81 0/81 1/41 0/98 

V South Australian Gulf (8) 0/5 0/5 0/3 1/5 0/5 

VI South West Coast (50) 0/32 4/27 0/20 5/21 0/34 

VII Pilbara-Gascoyne (10) 2/1 0/1 0/1 2/0 0/3 

VIII Tanami-Timor Sea Coast (21) 13/0 2/0 11/21 13/0 12/0 

IX Carpentaria Coast (10) 1/0 2/0 0/2 2/0 2/0 

X Lake Eyre Basin (4) 0/1 0/1 0/1 0/1 0/2 

XI North Western Plateau (2) 0/0 0/0 0/0 0/0 0/0 

XII South Western Plateau (0) -- -- -- -- -- 

Total (467) 16/237 8/202 21/198 24/136 16/230 

+  Number of stations showing increasing shifts 

-   Number of stations showing decreasing shifts 

Entries in bold indicate results that are field significant at p < 0.10. 

 

 605 

 

https://doi.org/10.5194/hess-2022-199
Preprint. Discussion started: 3 June 2022
c© Author(s) 2022. CC BY 4.0 License.



27 
 

                   

Figure 9: (a) Map showing stations with step changes in flow across each season and water year (at 

significance level p < 0.1), upward pointing green triangles and downward pointing red triangles 

represent upward and downward step changes, respectively, while black dots refer to sites without 610 
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significant shifts. Drainage divisions with positive and negative shifts with field significance at p < 0.1 are 

coloured blue and yellow, respectively. and (b) Number of stations with significant step changes in flows 

(p < 0.1) across each season and water years. 

 

  615 

 

Figure 10: Timing of, and number of stations with step changes for different drainage divisions with (a) 

increasing and (b) decreasing changes in the water year. 

 

 620 

 

Figure11: Distribution of mean monthly streamflow before and after step changes at four selected 

gauging stations representative of (a) Tanami-Timor Sea Coast (VIII), (b) North East Coast (I), (c) 

Tasmania (III) and (d) South West Coast (VI). See Fig. 1 for locations. 
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Table 6 summarises field or regional significance at drainage division-scale of linear trends and step changes 

within each drainage division for water year and each of the four seasons. The Murray Darling Basin (IV), 

South East Coast (I) and South West Coast (VI) divisions experienced decreasing trends for water year, and for 

all seasons across all statistical tests. Similarly decreasing trends were also evident in the North East Coast (I), 

Tasmania (III) and South Australian Gulf (V) divisions with the exception of only a few statistical tests (Fig. 7, 630 

Fig. 9). In the North East Coast (I) division, only the MK3 test detected no significant annual trends. In the 

Tasmania (III) division, no step changes (PT) or linear trends (Mk4) were detected for spring and summer, 

respectively. In northern Australia, Tanami- Timor Sea Coast is the only division where most of the statistical 

tests show increasing trends for water years and for all seasons (Table 6). At annual scales, MK3bs, Mk4 and PT 

tests showed significant increasing trend. With the exception of autumn, MK3 and PT tests detected increasing 635 

linear trends for the other three seasons. There were no noticeable patterns in divisions in central Australia, 

including North Western Plateau (XI) and Lake Eyre Basin (X) divisions. Trends in the Carpentaria Coast (IX) 

were varied, and only summer saw a significant decreasing trend in flows (MK3). The lack of streamflow 

observations and relatively low number of stations, or length of records, or number of non-zero flow days in 

these central Australian divisions may play a role in detecting the trend.   640 
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5 Discussion 

5.1 Data quality and gap-filling 

To maintain the quality of streamflow data, only gauging stations with less than 25% of flow volume above the 

recorded maximum gauged discharge and less than 10% of infilled flow volume were included in this study and 650 

Hydrologic Reference Stations. A quantitative evaluation of the accuracy of gap-filling procedure showed that 

gap-filling by interpolation or simple rainfall-runoff modelling is most accurate and effective if the missing 

record is less than 10% (Zhang and Post, 2018), which was followed in this study.  However, when the 

percentage of gap-filled data represent relatively high end of the flow volume, the uncertainty becomes higher. 

McMahon and Peel (2019) analysed uncertainties associated with streamflow by considering the gauged and 655 

extended range of the stage–discharge relationship from 622 rating curves for 171 of the HRS gauging stations. 

They found that estimated flow volumes beyond the gauged range of the rating curve occurred in many of these 

gauging stations and caused measurement uncertainty. As our analysis is limited to seasonal and annual totals, 

implications of the estimated volumes beyond the gauged range may be minimal. 

5.1 Comparison of different tests 660 

The MK3 and MK4 tests show there are strong autocorrelations or short-term persistence (STP) and significant 

long-term persistence (LTP) respectively in Australian streamflow in most drainage divisions (Table 3, Figs. 6). 

About 85% of stations had data with significant autocorrelation structure (Table 3), and about 40% of these had 

more than lag-1 autocorrelation (Fig. 3). As such, the MK2 test (Kumar et al.,2009, Su et al.,2018) was not 

considered in the analysis because it considers only the lag-1 autocorrelation structure. Around 30% of stations 665 

had significant LTP only (Table 3).  Therefore, two variations of MK3 which considers the total autocorrelation 

structure (STP) and MK4 which considers LTP behaviour were used in the analysis. Our calculated trends are 

strongly affected by STP and LTP factors. For water years, there was a clear reduction in number of stations 

with significant streamflow trends when the full autocorrelation structure (MK3) and LTP behaviour (MK4) 

were considered in the analysis: from 263 stations with MK1 to 226 with MK3 and 210 with MK4. A similar 670 

reduction was observed for most of the seasons (Table 4). Around half of stations with STP and only about 12% 

of stations with LTP had significant trends for water year as well for all four seasons. The application of these 

different MK tests helped to differentiate trends that exist under the assumption of serial independence and short 

and long-term persistence. 

The Pettitt test showed 54% of stations experienced an abrupt shift in streamflows across water year. Most of 675 

these step changes (51%) were decreases and were observed in more stations than for linear decreasing trends 

(38%). Most of the increasing step changes took place in spring (Sep-Nov) and summer (Dec-Feb), whereas 

most of the decreasing step changes occurred in winter (Jun-Aug). 1970 to 1999 had the largest number of step 

changes for water year flows. The greatest number of stations (21%) with a decreasing step change was in 1996, 

whereas most of increasing shifts (2%) occurred in 1996. Seasonally, a greater number of stations with 680 

significant decreasing step changes in flow occurred in winter (Fig. 9b-10). 
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5.3 Attribution of trends  

For annual time scales, linear and step changes were similar in direction across the country, however slight 

variation in direction was observed between seasons and different river basins. These are consistent with 685 

previous findings for Australian streamflows (Zhang et al, 2016) and other studies despite having larger number 

of gauge locations in all drainage divisions except South West Plateau, different analyses methods, length and 

coverage period of data (Durrant and Byleveld, 2009; Petrone et al., 2010; Tran and Ng, 2009). These findings 

are consistent with observed changes in rainfall in different parts of Australia (CSIRO and BOM, 2020) where i) 

Northern Australia has become wetter, particularly in the northwest, with rainfall generally above average in the 690 

dry seasons; ii) Australia’s climate has warmed on average by about 1.5°C since national records began in 1910, 

leading to an increase in frequency of extreme heat events and in the length of the fire season, across large parts 

of the country since the 1950s, especially in southern Australia; iii) For April to October rainfall, there has been 

a decline of around 16% in the southwest of Australia since 1970 and a decline of around 12% in the southeast 

of Australia since the late 1990s; iv) Rainfall and streamflow have increased across parts of northern Australia 695 

since the 1970s (State of the Climate 2020). In general, observed patterns of rainfall change across the country 

are expected to continue (CSIRO and BOM, 2020). Further research is required to reveal the association of 

historical rainfall changes with observed streamflow across different drainage divisions of Australia. Data from 

these national network of hydrologic reference stations will be useful for examining and detecting these 

associations. 700 

Linear changes in streamflow generally may occur in response to long-term changes in the flow generation 

processes including increases or decreases in rainfall, evapotranspiration, temperature, humidity and changes in 

vegetation dynamics. Note that the catchments considered here are unimpaired, so the impact of anthropogenic 

activities are not significant.  For some of the locations, the decreasing step changes coincide with the 

Millennium Drought between 1997 to 2009, some catchments underwent changes a few years before that period 705 

(Fig. 14). Streamflow deficits in the Murry-Darling Basin were very large during the drought, with an estimated 

return period of 1 in 1500 years (Gergis et al., 2012), which may be one of the reasons for the largest proportion 

of stations (96 out of 133) depicting step changes. Sudden and abrupt changes including step changes in 

streamflow generation process happen due to changes in thresholds which is most prominent when the filling 

season begins – autumn (Mar-Jun) in south west of Australia (Silberstein et al., 2012) including Tasmania 710 

(Fig 9, Table 6). Also evident in phase shift of streamflow distribution in south-west of Western Australia 

(Fig. 11d), due to reduction in rainfall and lateral shift within the year (Silberstein et al., 2012) . Reduction in 

winter rainfall, increase in temperature and extreme rainfall are projected to continue in the future (CSIRO and 

BOM, 2020). Big questions remain around how these changes in driving climate forces will interact with each 

other, and with vegetation, to guide the types and rates of change in streamflow trend.  715 

5.4 Management and further research  

The frequency and magnitude of extreme rainfall events have increased across Australia (Sharma et al., 2018) 

and further investigation is required to understand how this translates to maximum flow and flood extremes in 

different parts of the country. Changes in the frequency and duration of low flows are also if interest to water 
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managers, particularly in maintaining environmental water flow requirements. Questions remain in relation to 720 

phase shifts of streamflow generation within the year (Fig. 11), in particular southern part of Australia. Are they 

related to rainfall distribution alone, or are there other contributing factors, such as changes in temperature or 

secondary changes in vegetation dynamics? The influence of step changes on gradual trends was not considered 

in this study. Further investigation to identify the conditions and processes that result in these step changes 

would be of great value. Research into these questions is important to guide better management of water 725 

resources, infrastructure development and environmental water allocations. The statistical analysis undertaken in 

this study depends on the length of the time series available, which varies one station to the next (Fig. 1). Better 

understanding of the nature of trends and step changes in seasonal streamflow can support better regional water 

management to regulate the flows and maintain adequate levels in reservoirs during dry and wet periods.  

6 Summary and Conclusions 730 

Trends in annual and seasonal streamflow over Australia at 467 high quality gauging stations listed in Bureau of 

Meteorology's Hydrologic Reference Stations were analysed and presented. Length of the daily streamflow data 

record ranged from a minimum of 30 years to a maximum of 69 years. Linear trend analyses were performed 

using three different forms of Mann Kendall tests (Variance Correction Approach – MK3, Block Bootstrap 

Approach – MK3bs and Long-Term Persistence – Mk4). Identification and detection of step changes for 735 

seasonal and annual streamflow were accomplished by using nonparametric Pettitt test. Regional significance at 

different drainage division scale of these changes was analysed and synthesised by using Walker test. 

Linear decreasing trends in annual and seasonal streamflow at most of the gauging stations were detected in the 

Murray-Darling River basin and other drainage divisions in New South Wales, Victoria and Tasmania. Similar 

results were observed in the south-west of Western Australia, South Australia and in north-east Queensland.  740 

Decreasing trends in annual totals and in totals for all four seasons were also regionally significant at the 

drainage division scale. Only the Tanami-Timor Sea Coast drainage division in northern Australia showed 

increasing trends and step changes in annual and seasonal streamflow, and these were regionally significant. 

There were no significant spatial and temporal patterns observed in central and mid-west Australia. One 

possibility for this is the sparce density of streamflow stations and length of data available for analysis.  745 

In general, step changes were similar to the direction of linear trends across Australia. Only a handful of stations 

in northern Australia showed significant step change increases in streamflow. At regional scales, that increasing 

trend was statistically significant at only the Tanami-Timor Sea Coast drainage division. Across southern 

Australia, most step changes occurred during 1970-90s, majority of them being in 1990s, before the onset of 

millennium drought in 1997. Most of the step changes occurred just at the start of winter when the rainy season 750 

begins. 

Further investigation and research would assist to understand the processes that govern the detected changes in 

flow generation, catchment memory and its interaction with rainfall change, increase in temperature and 

vegetation growth and evapotranspiration.  
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