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Abstract Analysis of flood and streamflow timing has recently gained prominence as a tool for

attribution of climatic changes to flooding. Such studies generally apply circular statistics to the day of

maximum flow in a calendar year and use nonparametric linear trend tests to investigate changes in flooding

on a local or regional scale. Here we investigate both the center timing of streamflow and the day of

maximum flow using a local water year. For each station, the start of the water year is defined as the month

of lowest average monthly streamflow. This definition of water year prevents ambiguity in the direction of

computed trends and enables flood and streamflow timing to be described by a normal distribution.

Using the assumption of normality, we calculate the historical trend in both flood and streamflow timing

using linear regression. While shifts in flood and streamflow timing are consistent with climate change and

are shifting in a similar direction, shifts in the timing of the annual maxima flood are approximately

three times that of streamflow timing. The results here have implications for water resources and

environmental management where streamflow and flood timing are critical to planning. The applicability of

the normal approximation to flood and streamflow timing will enable future analyses to use

parametric statistics.

1. Introduction

Analysis of flood timing informs the understanding of flood generation mechanisms related to peak rainfalls

(Black & Werritty, 1997; Koutroulis et al., 2010; Parajka et al., 2010), antecedent soil moisture conditions

(Berghuijs et al., 2016, 2019; Ganguli et al., 2019), and snowmelt (Burn, 1994; Matti et al., 2017; Vormoor

et al., 2015). Flood timing is also used to identify climatically homogenous regions (Burn, 1997; Formetta

et al., 2018; Hall & Blöschl, 2018; Ouarda et al., 2006) and detect shifts due to climate change (Burn, 1994;

Matti et al., 2017; Zhang et al., 2017). Small shifts in the seasonality of floods and streamflow can have sig-

nificant environmental consequences (Diehl, 2018) including changing the risk of flooding, reducing farm-

ing productivity (Klaus et al., 2016), and impacting water supply reliability (Barnett et al., 2005).

Due to the small signal‐to‐noise ratio, identifying trends in flood magnitude in anthropogenically unaffected

catchments in response to climate change has proved challenging (Hall et al., 2014). Hence, as an alterna-

tive, it has long been argued that if climatic change is to impact flooding, then shifts in flood timing should

be detectable (Schwarz, 1977). As temperatures increase under increased greenhouse gas concentrations, it

can be expected that snowmelt will occur earlier (Trenberth, 2011) shifting the flood date to earlier in the

year (Blöschl et al., 2017; Parajka et al., 2010). Similarly, as antecedent soil moisture is closely linked to flood

occurrence (Berghuijs et al., 2019; Tramblay et al., 2010; Wasko & Nathan, 2019), any sustained shift in rain-

fall with climatic change will change the amount of moisture in the soil and hence shift flood timing (Black

& Werritty, 1997).

Changes in streamflow and flood timing are generally investigated using circular statistics. The application

of circular statistics for streamflow dates back to when Gumbel (1954) applied a symmetric von Mises distri-

bution (vonMises, 1918) to Derwent River Englandmeanmonthly streamflow. Flood timing can be approxi-

mated by a circular symmetric distribution for a majority of stations across the continental United States

(Villarini, 2016). After calculating the date of flood occurrence, if the distribution of flood occurrence is non-

uniform, a trend analysis can be performed. Trends can be calculated using circular‐linear associations

(Villarini, 2016), circular regression (Wasko et al., 2020), or the data can be adjusted and trends assessed

using linear nonparametric techniques such as the Mann‐Kendall trend test (e.g., Burn, 1994; Zhang

et al., 2017) or Theil‐Sen slope estimator (e.g., Blöschl et al., 2017; Hodgkins & Dudley, 2006).
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As flood definitions differ, here we use the term “flood” to denote the annual maximum peak daily flow.

Statistically significant shifts in flood timing have been found in southeastern China; however, no consistent

spatial patterns were observed (Zhang et al., 2017). In Scandinavia, a shift to earlier flood peaks is consistent

with a shift from snowmelt‐ to rainfall‐dominated flooding (Matti et al., 2017) matching predictions from cli-

mate models for Nordic areas (Vormoor et al., 2015) and Switzerland (Köplin et al., 2014), and observations

in snow‐dominated catchments in Canada (Burn, 1994). Flood shifts to earlier in the year in western Europe

and along the Atlantic coast due to earlier soil moisture maxima have been identified, but in other regions,

such as the North Sea, later winter storms are causing shifts to later flood occurrence (Blöschl et al., 2017). In

Australia, flood timing demonstrated consistent regional shifts despite no sites showing statistically signifi-

cant trends. Flood timing has shifted to earlier in the year in the tropical north, and to later in the year in the

temperate south, consistent with changes in antecedent moisture (Wasko et al., 2020). Detecting changes in

flood timing remains challenging, with the strength (nonuniformity) of flood seasonality, rather than shifts

in the day of timing, more likely to show a trend (Villarini, 2016).

Shifts in streamflow seasonality are usually studied using the “center timing,” that is, the date for which half

of the year's total streamflow has passed the streamflow gauge (Court, 1962), and this is the definition

adopted here. Observed shifts in streamflow (center) timing are largely consistent with the shifts in flood

timing described above. For example, across eastern North America, strong evidence of shifts to earlier

streamflow timing for the past century was found using the linear nonparametric Sen slope (Hodgkins &

Dudley, 2006). This shift to earlier streamflow has been observed for the majority of snowmelt‐dominated

catchments in the United States (Dudley et al., 2017; Stewart et al., 2005) and, through attribution studies

using linear regression, concluded to be in response to anthropogenic changes (Barnett et al., 2008;

Hidalgo et al., 2009). Shifts to earlier seasonal streamflow and earlier ice melts have also been observed in

Canada (Burn & Elnur, 2002; Najafi et al., 2017; Zhang et al., 2001). Other statistics, such as the 75th percen-

tile of mass passing the streamflow gauge, have also identified shifts to greater and earlier streamflow in

Spain (Morán‐Tejeda et al., 2014). Increases in winter streamflow volumes and earlier snowmelt floods

are consistent with increased temperatures in Nordic areas (Wilson et al., 2010) as well as the majority of

Europe (Stahl et al., 2012).

Investigations of flood and streamflow timing will likely continue to be at the forefront of understanding

flood causing mechanisms (Berghuijs et al., 2016) and identifying changes in the hydrologic cycle due to cli-

mate change (Blöschl et al., 2017; Wasko et al., 2020). Here we perform the first study to concurrently inves-

tigate the mean seasonality, (statistical) distribution, and trends in flood and center timing at a global scale.

We identify that arbitrary adjustment of flood and center timing can result in ambiguous trend direction and

propose the use of a consistent definition of the water year based on catchment‐scale streamflow seasonality

to remove this ambiguity. We identify distributional properties of flood and streamflow timing, which may

be exploited in future studies. Finally, we investigate the trend in flood and streamflow timing globally to aid

our understanding of the impact of climate change.

2. Data and Methods

2.1. Data and Water Year Definition

Daily streamflow from the Global Runoff Data Centre (GRDC, 2015) as successfully used in other global stu-

dies (Do et al., 2017; Lee et al., 2015; Milly et al., 2018; Wasko & Sharma, 2017; Wasko et al., 2019) was

adopted here. We restrict our analysis to sites with more than 20 years or more of data resulting in a total

of 4,472 sites across the world. The water year is defined locally at each gauge as the 12‐month period begin-

ning in the month of lowest average monthly streamflow. For the example of South Johnstone River

(Figure 1a), the water year starts in the tenth month of the year (October). The South Johnstone River is cho-

sen as an example because the period of rising average monthly streamflow straddles the end/start of the

calendar year and will be used to demonstrate the need for appropriate adjustment below.

The ordinal day (ji) of flood and streamflow timing is estimated using the calendar year. Flood timing is the

ordinal day of annual maximum flow, and the streamflow (center) timing is defined as the ordinal day at

which half of the annual flow has passed the streamflow gauge (Court, 1962). Although alternative defini-

tions of streamflow timing exist (e.g., Lee et al., 2015), using the above center timing definition is attractive,

as it provides an ordinal day, which is easily compared to the flood timing.
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The center and flood timing are calculated for each year with zero

flow years omitted. Both the flood timing and center timing can be

calculated (sampled) based on the local water year. Figure 1 presents

the importance of considering an appropriate local water year when

sampling center timing. Suppose sampling is based on calendar year,

then the center timing occurs in April (Figure 1a). This is misleading,

as when calculated with the water year starting in October, the center

timing occurs in the center of the streamflow seasonality, which is in

March (Figure 1b). To further compound this ambiguity, suppose an

increase in December streamflow, where no change in streamflow is

observed in other months (Figure 1a). For the case when streamflow

seasonality is considered using the calendar year, this would be inter-

preted as a shift to later streamflow center timing (Figure 1a) whereas

in fact the correct interpretation, using a local water year, is a shift to

earlier streamflow center timing (Figure 1b). This change in the inter-

pretation of the trend direction occurs due to the choice of when the

water year starts and will occur regardless of whether circular or lin-

ear statistics are used. We note this artifact is less likely to be intro-

duced in sampling flood timing as sampling block maxima is

largely invariant to block start date (as long as it is not selected to

coincide with a season when floods typically occur), but as stream-

flow is largely nonuniform, the choice of start date for flood sampling

remains important.

2.2. Circular Statistics

Circular statistics are often applied to the investigation of flood and streamflow timing as streamflow exists

on a cyclical continuum. The ordinal day of an event at the end of a year is close to an event occurring at the

start of the following year, but on a linear scale, these day numbers are far apart (Bayliss & Jones, 1993). To

apply circular statistics, the ordinal day (ji) needs to be converted to an angular value θi, wherem is the num-

ber of days in the year and i = 1 … n is the number of years.

θi ¼
ji
m

× 2π: (1)

The mean direction θ, or mean timing, in radians is then calculated by (Fisher, 1993)

C ¼ ∑
n

i¼1
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Figure 2a presents an example of this calculation. Here we continue with the example of the South

Johnstone River as, based on calendar year, the flood timing distribution crosses the end‐start year conti-

nuum (i.e., some floods occur in December, and the rest occur in January–May). The mean calculated using

linear statistics (open circle) is biased toward the end of the year (Day 68) compared to the true mean (red

circle) of Day 57, which is calculated using circular statistics (Equation 2). As the applicability of most trend

tests requires a nonuniform distribution (Blöschl et al., 2017; Dhakal et al., 2015), the Rayleigh test is used,

with the null hypothesis being the distribution is uniform (Fisher, 1993).

Figure 1. Histogram of mean monthly streamflow for the South Johnstone River

(145.978°, −17.61°) in Australia, (a) using the calendar year and (b) using the

water year. Red filled circle corresponds to the month of lowest mean monthly

streamflow and hence the start of the water year. Open red circles are streamflow

(center) timing estimates.
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2.3. Linear Statistics Based on Water Year

If a circular variable does not extend around the circle, it can be lin-

earized without great error and can be analyzed based on normality

(Court, 1952). To ensure a sequence of dependent flood events

(annual maxima) is not counted in two successive years (e.g.,

Gumbel, 1941), the flood and center timing can hence be adjusted

based on the start of the water year, which is October in the case of

the example presented (Figure 2b). The number of days since the first

day of the first month of the water year is then the adjusted (or stan-

dardized) ordinal day ji*:

j*i ¼
ji − zð Þmod m ji − z ≠ m

m ji − z¼m

�

; (3)

where z is the number of days from the first day of the calendar year

to the first day of the water year and m is the number of days in the

year. The mean flood seasonality is calculated as the arithmetic

mean:

j
∗
¼

1

n
∑
n

i¼1

j∗i : (4)

The arithmetic mean (Figure 2b) now aligns with that calculated

using circular statistics (Figure 2a). Moreover, a shift in the center

timing, for example, due to an increase in December streamflow

at the beginning of the distribution, is now correctly interpreted

as a shift to earlier (and not later) timing. The ordinal day of flood

seasonality in units of calendar year ( jÞ can be obtained by the

reverse of Equation 3. Normality is confirmed using the

D'Agostino test of skewness (D'Agostino, 1970; D'Agostino

et al., 1990). For the South Johnstone River example, the p value

of 0.89 confirms that the assumption of normality cannot be

rejected (Figure 2c).

2.4. Global Analysis of Flood and Center Timing

Although linear statistics are not appropriate in most cases when

analysis is performed on the basis of calendar year (as shown by

the example in Figure 2), they may be appropriate after adjusting

to the local water year. As circular statistics have traditionally been

used to investigate flow timing, a parallel analysis using circular

statistics is presented in the supporting information and referred

to (in the main body of the paper) for comparison with the linear

approach based on adoption of a local water year, which is the

focus here.

Trends in streamflow (center) and flood timing are calculated using both linear regression and the Theil‐Sen

slope estimator using the ordinal day of timing standardized on the local water year. The assumption of no

serial correlation is tested using the Durbin‐Watson test (Durbin & Watson, 1950). The Rayleigh Test for a

nonuniform distribution and the D'Agostino Test of skewness for a normal distribution are applied at each

site. Statistical significance is reported using a global (field) level of significance of 1% (Wilks, 2006), based on

the false discovery rate (Benjamini & Hochberg, 1995), to minimize any influence on the results of spatial

cross correlation between the 4,472 gauges.

Figure 2. Flood timing for the South Johnstone River (145.978°, −17.61°) in

Australia showing (a) histogram of flood timing using the calendar year,

(b) histogram of flood timing using the water year, and (c) qq‐plot of flood timing

for normal distribution based on water year. Red‐filled circles are the circular

mean, while open circles are the arithmetic mean. In panel (b) the circles

overlay.
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3. Results

3.1. Water Year, Mean Flood Timing, and Mean Streamflow Timing

In extratropical regions of the Southern Hemisphere where there is little snow, the water year generally

begins toward the start of the calendar year, that is, the end of the austral summer, or the beginning of

the austral autumn (Figure 3a). In tropical regions of the Southern Hemisphere, the period of lowest flow

occurs much later in the year, and hence, the start of the water year corresponds approximately to the

end of the austral winter; this aligns with the highly seasonal summer rainfall that tropical regions of the

world experience. In the Northern Hemisphere, as the climatic conditions are more mixed, the start of

the water year varies more with geographic region. For example, on the east and west coast of the United

States, the start of the water year corresponds to the boreal autumn months, but inland there are many

regions where it could be argued that the calendar year is a good approximation for the water year. This

highlights that the assumption of a single water year over large continental regions is unlikely to be

adequate.

The start of the water year in the central United States is related to whether streamflow is snow dominated.

For example, in the midwest the water year begins in the boreal winter. Although a simplification, a similar

pattern of water year can be observed in Europe where mountainous regions in the Alps and

snow‐dominated areas in the north have the lowest streamflow in the boreal winter, and elsewhere, the

water year begins toward the boreal autumn. In the United Kingdom, the lowest streamflow occurs in the

summer months. Although fewer gauge sites exist in equatorial regions, the water year begins in approxi-

mately April or May, while in Japan the water year appears to follow the calendar year.

Mean flood timing calculated using the arithmetic mean of the ordinal day based on local water year

(Equations 3 and 4) is presented in Figure 3b. Themean flood timing resembles similar global studies of high

flow season (Lee et al., 2015) and peak flowmonth (Dettinger & Diaz, 2000). In northern Australia, the high-

est flows tend to occur at the start of the calendar year, toward the end of the austral summer. In the south

the mean flood timing is mixed but generally peaks in winter. In Australia, the mean flood timing corre-

sponds to the rainfall seasonality (Linacre & Geerts, 1997), with the trend with latitude replicated across

the entire Southern Hemisphere suggesting similar flood mechanisms. The mean flood timing for the

United States corresponds with previously published continental studies (Berghuijs et al., 2016;

Villarini, 2016). A large amount of variability is exhibited based on local climatology. Florida experiences

flooding usually in the latter half of the calendar year while the east and west coasts generally exhibit flood

events toward the start of the calendar year. Throughout the central United States and Canada, melting snow

appears to result in flood peaks concentrated around the boreal spring. Europe has a mean flood timing that

can be generalized to spring timing where there are mountains and snow, while the United Kingdom and

western Europe experience winter dominant flooding driven by wet soil moisture conditions (Blöschl

et al., 2017). In equatorial regions the mean flood timing occurs in September and October corresponding

to the end of the monsoon season pointing to the accumulation of soil moisture contributing to peak flood

occurrence.

Because floods are the largest contributor to annual streamflow volumes, the greatest flood in the year will

also have a dominant influence on center timing. The geographical distribution of the mean center timing

(Figure 3c) is almost identical to the mean flood timing (Figure 3b) with a (circular) correlation

(Fisher, 1993) of 0.9. As we have only considered the maximum 1‐day streamflow for flood timing and not

a moving average (which is often used in similar studies), and flooding tends to exhibit high variability, this

correspondence is very close. In the Southern Hemisphere the mean center timing of streamflow occurs in

the austral summer and in the subtropics in the austral winter. In the Northern Hemisphere the mean

streamflow center timing is dictated by flood mechanism with snowmelt‐driven catchments experiencing

mean center timing in the boreal spring and summer and otherwise toward the end of the boreal winter.

For comparison, mean flood timing (Figure S1a) and mean center timing (Figure S1b) are calculated using

circular statistics (Equation 2). There is little difference in the geographical distribution of mean flood timing

to when a linear approach based on local water year is used (Figure 2). The histogram of differences

(Figure S1a) suggests little bias (1 day), and 75% of sites have a difference of less than 10 days (which repre-

sents a difference of less than 3% over the length of a year). Some differences remain where, after standardi-

zation, some of the timing distribution still straddles the boundary of the water year. The comparison
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between circular and linear approaches is almost identical for mean center timing, which could be expected,

as center timing exhibits less variability than flood timing. Now 97% of sites have a difference of less than

10 days between approaches, and 82% of sites correspond by 2 days or less. This confirms that by adopting

a local water year both flood and center timing can be linearized without great error (Court, 1952).

3.2. Normality and Nonuniformity of Flood and Streamflow Timing

At the 1% global (field) level of significance, the flood timing can be approximated by a normal distribution

at 80% of sites, with this proportion increasing to 94% in the Southern Hemisphere (Figure 4a). This corre-

sponds approximately to the number of sites with flood timing (92% globally and 86% in the Southern

Hemisphere) that have the assumption of uniformity rejected by the Rayleigh test (Figure S2a). There is evi-

dence that where the statistical test rejects normality in the Northern Hemisphere, the sites correspond to

Figure 3. Streamflow timing statistics: (a) start of local water year, (b) mean flood timing, and (c) mean streamflow

(center) timing. The local water year is defined as 12‐month period beginning in the month of lowest mean monthly

streamflow. The flood and streamflow timing are calculated using the arithmetic mean after standardizing on the water

year and presented in the calendar year. The legend is the calendar year month where the first month is January.
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regions of snowmelt‐dominated flooding, for example, North America, Nordic regions, the Swiss Alps, and

Northern Italy. Due to multiple flood generation processes, flooding can occur at any time of the year in the

Swiss Alps and exhibits a bimodal distribution in Northern Italy.

Flood timing is unimodal in the Nordic areas and in North America, but there is evidence of a skewed dis-

tribution of flood timing dependent on the snowmelt timing. The flood timing exhibits a strongly peaked dis-

tribution with a long tail extending to the boreal summer resulting in a positively skewed distribution. Sites

in South Africa and along the southeast coast of Australia can be approximated as normal despite not being

statistically different from a circular uniform distribution. This is because at these locations there is a wide

spread in flood timing. The flood timing distribution is symmetric with a small peak allowing the assump-

tion of normality despite not being statistically different from uniformity.

There are very few sites in the world where the central timing does not conform to the normal distribution.

The center timing distribution can be approximated by the normal distribution at 88% of sites globally and

93% of sites in the Southern Hemisphere (Figure 4b). Globally, 99% of sites are circularly nonuniform

(Figure S2b). The regions where the hypothesis test of normality fails are almost identical to that presented

in Figure 4a for flood timing, which suggests that the distributions for flood timing and center timing are

very similar. Representing flood and center timing using linear statistics that are approximately normal facil-

itates the use of a wide range of traditional statistical tests, which have greater power (require a smaller sam-

ple size) than nonparametric tests (Hipel & McLeod, 1994).

3.3. Trends in Flood and Streamflow Timing

The trend and magnitude of shifts in flood timing calculated using linear regression are presented in

Figure 5. For the interested reader trends that have not been gridded are presented in Figure S3. Fewer than

1% of sites have statistically significant autocorrelation confirming sample independence. In Australia, there

Figure 4. Test of distribution normality for (a) flood timing and (b) streamflow (center) timing. Gray dots show gauge

locations. Test for normality uses the D'Agostino test with the null hypothesis that the distribution is normally

distributed. Tests are performed at the 1% global (field) level of significance.
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is a trend to earlier flooding in the central north, possibly a result of

increasedmean rainfall causing the soil to saturate earlier; conversely

in the south, flooding occurs later in the year, again, consistent with

the decrease in mean rainfall this region is experiencing (Head

et al., 2014) and it taking longer for soil to saturate delaying the onset

of flooding (Wasko et al., 2020). Similar shifts to later flooding in

south east Brazil are consistent with decreasedmean rainfall and pos-

sible shifts in precipitation extremes to later in the year (Marelle

et al., 2018; Rao et al., 2016). The converse is true in the tropical

and equatorial regions where the shift to earlier flooding may be

the result of increased mean rainfalls and earlier precipitation

maxima.

There is evidence of earlier snowmelts causing flooding to shift ear-

lier in the United States consistent with the expectation that warmer

temperatures will increase snowmelts with climatic change (Hamlet

& Lettenmaier, 2007). Although these trends are not universal, they

dominate the north American continent except for the midwest,

where small shifts to later flooding are identified. Throughout

Europe there are shifts to earlier flooding, particularly in Nordic

areas, due in part to earlier snowmelts as a result of higher tempera-

tures (Matti et al., 2017). The United Kingdom exhibits a mixture of

trends. There is evidence of later flooding in northern United

Figure 5. Trend in timing using linear regression for (a) flood and (b) streamflow (center). Each grid cell is the median

trend for all the underlying stations. Only grid cells containing more than five stations were included. The trend is in

ordinal days per decade, with red representing a shift to earlier in the water year and blue to later in the water year.

Figure 6. Scatter plot of linear regression trends in flood and streamflow

(center) timing for each gauge. Only sites with more than 30 years of record

are included. The thick black line is a least squares line of best fit.
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Kingdom due to later winter storms and earlier flood timing in south-

ern United Kingdom due to earlier soil moisture maxima possibly

due to later soil moisture accumulations (Blöschl et al., 2017). The

trend in center timing (Figure 5b) follows the trend in flood timing

(Figure 5a). Similar results were obtained using the nonparametric

Theil‐Sen slope estimator on data adjusted to water year (Figures S4

and S5).

Figure 6 presents a scatterplot of the magnitude of the center timing

trend against the magnitude of the flow timing trend with a least

squares line of best fit (r squared 0.32). The similarity in the direction

of flood and center timing trends suggests that, similar to indicators

of flow magnitude (Gudmundsson et al., 2019), the entire flow distri-

bution is shifting, in this case to either earlier or later in the year. As

stated previously, floods are the largest contributor to annual stream-

flow volumes and will have a dominant influence on center timing.

The magnitude of the center timing is, on average, almost exactly

one third the magnitude of the flood trend, suggesting shifts in

extremes due to climate change are greater compared to mean trends.

When the nonparametric Theil‐Sen slope estimator is applied,

instead of linear regression, the results are similar, with a slightly

smaller r squared of 0.22 for the least squares line of best fit

(Figure S6).

3.4. Importance of Water Year in Trend Calculation

In section 2.1 we introduced an example of where the definition of water year can change the direction of

trends calculated for center and flood timing. To confirm this can happen in practice, we present a compar-

ison of trends calculated when sampled using our definition of local water year versus the case where the

calendar year is used (Figure 7). Adjustment is required to enable trend calculation after sampling on calen-

dar year. Here, the circular mean is subtracted, and the data are adjusted to vary between ±π. The trends are

then calculated using Theil‐Sen slope estimator and compared to the slope estimate when sampling is per-

formed based on local water year. The results vary greatly with 35% of sites misclassified in terms of the trend

direction. Whereas regardless of whether the trend in center timing is calculated using circular or ordinal

(linear) data, the calculated trend is the same when the data are sampled on local water year (not shown).

For the interested reader Figure S7 presents the center timing globally when calendar year is used. Where

the streamflow generally occurs in the seasons crossing the December–January (end‐start year) threshold

(Figure 3c), misclassification of trend direction is apparent, for example, in the east coast of the United

States and in southern Africa (cf. Figure 5b).

4. Discussion and Conclusions

We defined the local water year as the 12‐month period beginning at the start of the month with lowest aver-

age monthly streamflow and presented a global analysis of streamflow (center) and flood timing based on

local water year. Mean flood seasonality occurs toward the late austral summer in Southern Hemisphere tro-

pical regions and September–October in equatorial regions corresponding to the end of the rainfall

(monsoon) season. In areas of the world where streamflow is dominated by snowmelt, themean flood timing

and mean center timing occur post‐snowmelt in the (boreal) spring. The mean flood and center timing cor-

respond closely and were similar regardless of whether linear statistics after adjustment to the local water

year, or circular statistics using the calendar year, were used.

Sampling center and flood timing on local water year prevents the calculation of incorrect trend direction,

ensures flood events are serially independent, and results in the interesting property that center timing

and flood timing are normally distributed. Here we used the assumption of independent and identically dis-

tributed random variables to perform linear regression for trend in center and flood timing. Global trends in

flood timing are consistent with large‐scale climatic change. Warming temperatures are leading to earlier

flood peaks due to earlier snowmelts in snow‐driven catchments, whereas elsewhere the flood timing may

Figure 7. Trend in center timing using alternative definitions of water year. The

center timing trend calculated using the calendar year and stored as circular

data is on the x axis; the center timing trend calculated using the local water year

is on the y axis. The trend is in ordinal days per decade. Only sites with more

than 30 years of record are presented. All trends are calculated using the

Theil‐Sen slope estimator.
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be linked to the tropical expansion changing mean and extreme rainfalls and the time taken to saturate

catchments. This has already been shown to be the case in Australia where earlier flooding is occurring in

tropical regions that are getting wetter and later flooding is occurring in extratropical regions that are getting

drier (Wasko et al., 2020). Similar shifts to later flooding in southeastern Brazil are consistent with drier

extratropics. Across the western United States and northeastern United States, there is a dominant shift to

earlier flooding likely due to earlier snowmelt associated with warmer temperatures. There is a clear trend

to earlier flooding in Nordic regions, but the United Kingdom, with different flood generating mechanisms,

exhibits later flooding in the north and earlier flooding in the south (Blöschl et al., 2017). Overall, trends in

flood timing match trends in central timing in direction but are three times the magnitude of center timing

trends, suggesting climate change is likely to exacerbate changes in extreme events relative to changes in

streamflow means.

Given recent attention to the role of changing antecedent conditions affecting flooding in a nonstationary cli-

mate (Sharma et al., 2018; Wasko & Nathan, 2019) and the attribution of changes in flood seasonality to

changes in the hydroclimatic drivers of flooding (Black &Werritty, 1997; Blöschl et al., 2017), we expect stu-

dies of nonstationarity in flood seasonality to continue to be of high importance. Moreover, with the contin-

ual improvement of technological resources, we expect studies using large‐scale hydrologic data sets, to be at

the fore of understanding climate change impacts inhydrology (e.g., Do et al., 2020;Gudmundsson et al., 2019;

Stein et al., 2020). But where center timing is calculated on calendar year over large diverse geographical

areas (e.g., Do et al., 2018; Gudmundsson et al., 2018), we urge caution. The large regional variation in local

water year calls into question the common practice of adopting a single water year regionally or continentally

(e.g., Ukkola & Prentice, 2013), especially in studies of center and flood timing. As shown here, regardless of

the statistical approach adopted, adjustment of the data is still generally required for trend analysis, and an

incorrect interpretation of trends is possible if this is not undertaken carefully. Hydroclimatic trend studies

should use a frame of reference that is of most relevance to the natural process of interest. In the case we pre-

sented, flooding and streamflow, the frame of reference is the water year that starts with a low flow.

Conversely, if the focus of interest was on droughts or low‐flow periods (e.g., Young et al., 2000), then the

frame of reference could be a water year that starts with a high‐flowmonth. Trends in other climate variables

such as precipitation (e.g., Gu et al., 2017;Marelle et al., 2018) or soilmoisture timing (e.g., Blöschl et al., 2017;

Wasko et al., 2020) should also consider an appropriate frame of reference such as that presented here.

The methods presented here do not replace nonparametric methods of investigating changes in seasonality

for complex situations where the distribution of timing is multimodal (Dhakal et al., 2015). Across the north-

east of the United States, annual timing in the flood rich cool season has not shifted, but increased flooding

has been observed in the warm seasons, shifting flood seasonality (Collins, 2019). In Norway, greater dom-

inance or rainfall‐driven flooding will shift flood timing differently between catchments (Vormoor

et al., 2015). Intraseasonal flood changes can be missed when flood timing is analyzed based on annual

unimodality. In addition, due to complexity and scale‐dependence of catchment response (Sharma

et al., 2018; Whitfield, 2012), regional analyses such as the one presented here should not be used as a sub-

stitute for catchment scale studies where catchment flood response may differ. Rather, studies such as this

one should be seen as complementary to more detailed, catchment level studies.

The methods and results presented here will continue to aid the understanding of the impacts of climate

change on flood and streamflow (center) timing at a global scale. We find that adjusting the data at the begin-

ning of the analysis on local water year can allow for a consistent approach throughout the analysis, from

sampling data, through to calculating seasonality and trends. Adjusting to the local water year also has

the interesting property that normality cannot be rejected for flood and center timing. This allows inferences

regarding the direction of trends that are more easily interpreted than those derived using circular statistics

and opens the possibility to a range of more powerful parametric statistics that could be applied in future

studies.
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