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Abstract 20 

A reliable understanding of linkages between meteorological, hydrological and agricultural 21 

droughts (MD, HD and AD respectively) is crucial to building resilience and planning for future 22 

climate changes. Despite Australia being prone to severe droughts, lagtimes of propagation (and 23 

recovery) from meteorological to hydrological and agricultural droughts across its large 24 

hydroclimatic regions are not well understood. Therefore, we investigate the characteristics of 25 

drought propagation and recovery time lags for droughts of four timescales and a combination of 26 

drought onset and cessation criteria in 407 unregulated catchments within six major precipitation 27 

zones across Australia. We find that the propagation and recovery lags are dependent on climatic 28 

conditions, drought criteria and timescales. The average propagation times from MD to HD 29 

across Australia varied from 0.8 to 1.7 months for monthly timescales, increasing to 2 to 4.5 30 

months for 12-monthly timescales. The corresponding recovery lagtimes were 1.3 to 3.7 and 1.7 31 

to 7.5 months respectively. Similarly, the average propagation times from MD to AD ranged 32 

from 0.9 to 1.9 months for monthly timescales, increasing to 0.8 to 5 months for 12-monthly 33 

timescales. The corresponding recovery lagtimes were 0.7 to 2.8 and 0.3 to 9.4 months 34 

respectively. For droughts of smaller timescales, propagation and recovery lags are linearly 35 

correlated with recovery lagtimes consistently greater than the propagation times. As the 36 

timescale increases, these relationships weaken suggesting effects of other catchment attributes 37 

(e.g. groundwater contributions) on lag relationships. Notably, recovery lagtimes are generally 38 

longer for the high-yielding catchments in eastern Australia compared to the other regions. 39 

 40 

Key words: Drought propagation, Drought recovery, Drought Lagtime 41 

Plain Language Summary 42 

The primary focus of the research is to investigate the time delay between the occurrence of the 43 

lack of precipitation (meteorological droughts) and its subsequent impact on river flow 44 

(hydrological drought) and soil moisture (agricultural drought). Understanding these delays is 45 

crucial for drought planning and management. This study uses observed precipitation, river flow, 46 

and satellite-based soil moisture data spanning over 40 years across six major precipitation zones 47 

within Australia. The delays between drought types (meteorological, hydrological, and 48 

agricultural) vary depending on the specific location within Australia. The criteria used to define 49 



Manuscript submitted to Earth’s Future 

 

the onset and end of droughts, as well as the drought duration, also influence the observed 50 

delays. The average delay from meteorological to hydrological or agricultural droughts increases 51 

with longer timescales. For example, monthly droughts have shorter delays (0.8 to 1.7 months), 52 

while 12-month droughts have longer delays (2 to 4.5 months). Similarly, shorter droughts have 53 

shorter recovery times, while longer droughts have longer recovery times. For shorter timescale 54 

droughts, there is a clear relationship between the delays with end delays consistently greater 55 

than the start delays. However, as droughts become larger and more prolonged, the relationship 56 

weakens, suggesting the influence of other catchment attributes. 57 

 58 

 59 

  60 
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1 Introduction 61 

Communities in Australia and around the world are facing prospects of more frequent and severe 62 

droughts (Ahmadalipour et al. 2019; Bureau of Meteorology & CSIRO 2018; Cook et al. 2015; 63 

Leng et al. 2015; Spinoni et al. 2018). Frequent prolonged and extreme droughts such as the 64 

Federation Drought of 1895 to 1902, World War II drought during 1937-1945, and others during 65 

1957-1964, 1965-1968, 1982-1983, 1997-2009 (the Millennium Drought) and 2017-2019 affect 66 

both the socioeconomic and natural ecosystems of rural and regional Australia (BOM, 2015, 67 

2020a, 2023; Kiem et al., 2016). Therefore, the ability to quantitatively predict the onset and end 68 

of droughts is valuable for managing water resources and lessening impacts on farm output thus 69 

helping those communities to cope and recover (Fuentes et al., 2022; Ho et al., 2021). 70 

Furthermore, enhancing drought resilience through improved drought management and planning 71 

is even more critical under a changing climate, demanding a deeper understanding of drought 72 

propagation. 73 

Droughts typically are initiated by a deficiency in precipitation, potentially followed by reduced 74 

river flow, diminished reservoir storage, lower groundwater levels, and decreased soil moisture 75 

(Tallaksen & Van Lanen, 2004; Van Loon, 2015). Consequently, linkages between the three 76 

distinct types of droughts, such as meteorological droughts (MD), hydrological droughts (HD) 77 

and agricultural droughts (AD) are of interest to hydroclimate researchers and to water resources 78 

managers (e.g., Barker et al., 2016; Gu et al., 2020; Han et al., 2019; Ho et al., 2021; Huang et 79 

al., 2017; Keyantash & Dracup, 2002). It is worth noting that both the onset and cessation 80 

lagtimes between MD and HD/AD are important variables in studying the resilience or resistance 81 

of a biospheric region to lack of precipitation. These lagtimes provide valuable insights for 82 

drought preparedness, response and mitigation. Increasingly, research efforts have been put into 83 

the development of methods for quantifying the propagation time (i.e., onset lagtime) from 84 

meteorological drought events to hydrological or agricultural drought events (e.g., Liu, et al., 85 

2019, Apurv et al., 2017; Guo et al., 2020; Shin et al., 2018). The recovery lags (i.e., cessation 86 

lagtimes) between MD and HD/AD however are less considered. There are only a few studies 87 

quantitively investigating the relationships between propagation and recovery lags and how they 88 

change for droughts of different timescales and from one climatic region to another based on 89 

different drought criteria (Palmer, 1965; Heim, 2002; Sattar et al., 2019; Xu et al., 2019; Gu et 90 
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al., 2020). To date, there is no available study to examine how the propagation and recovery lags 91 

behave across Australia. 92 

Therefore, the primary objectives of this study are to investigate the behavior of drought 93 

propagation and recovery and their interrelationships across diverse climate regions in Australia, 94 

considering various severity levels and time scales of drought events. For this, we have 95 

developed standardized drought indices for 407 catchments across Australia, using observed 96 

precipitation, streamflow, and soil moisture data to identify meteorological, hydrological, and 97 

agricultural drought events respectively. An event-based approach is then introduced to quantify 98 

both the propagation time (TP) and recovery time (TR), aiming to address the following 99 

knowledge gaps: 100 

(i) How does the propagation time or recovery time of an MD to an HD or AD event vary 101 

across climatic regions in Australia? 102 

(ii) What is the relationship between propagation time and recovery time for drought events 103 

of varying time scales and across diverse climatic regions? 104 

(iii) How do propagation time and recovery time differ between drought events of varying 105 

severity? 106 

These objectives collectively guide our exploration of drought dynamics and provide insights 107 

into their temporal and spatial characteristics across Australia, contributing to enhanced drought 108 

management under more extreme climates. This paper is organized as follows. Section 2 109 

describes the hydroclimatic data and methods for calculating drought indices and probability 110 

distribution functions. Results are given in Section 3 followed by a discussion in Section 4. 111 

Section 5 provides the conclusion. 112 

 113 

2 Data and Methods 114 

2.1 Hydrometeorological Data  115 

Daily precipitation and streamflow data from the Australian Bureau of Meteorology’s 407 116 

Hydrologic Reference Stations (HRS) from 1971 to 2018 were used to develop the standardised 117 

precipitation and streamflow indices. The HRS catchments are unregulated and largely 118 

unimpaired with areas ranging from 4.5 to 232,850 km
2
 and a median of 392 km

2 
(BOM, 2020b). 119 
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They are located across Australia, covering the six major precipitation zones (Table 1). Water 120 

years starting in October were used for summer, summer-dominant and arid zones; May for 121 

winter and winter-dominated zones, and January for the uniform precipitation zone. Daily 122 

precipitation and streamflow were aggregated to their monthly total for all catchments. 123 

Table 1 Details of precipitation zones across Australia 124 

Precipitation zones 

Number of 

catchments  

Mean annual 

precipitation  

Mean annual 

evapotranspiration 

Arid (Ad) 14 340 1737 

Summer (Sm) 90 1041 1432 

Summer-dominated (Sd) 56 1356 1533 

Uniform (Un) 64 854 1323 

Winter (Wt) 121 915 1541 

Winter-dominated (Wd) 62 964 1539 

 125 

Soil moisture data from the European Space Agency’s (ESA) Climate Change Initiative for the 126 

period 1978 to 2018 were used to develop standardised soil moisture indices for identifying 127 

agricultural drought events. The dataset has a spatial resolution of 0.25° × 0.25° and reflects the 128 

soil moisture content (SMC) of the maximum 5 cm depth in a dimensionless volumetric unit 129 

(m
3
/m

3
). The gridded surface daily SMCs were aggregated to generate the monthly catchment-130 

mean soil moisture for the 407 catchments for further processing. 131 



Manuscript submitted to Earth’s Future 

 

 132 

Figure 1 Locations of the 407 Hydrologic Reference Stations in Australia. The precipitation zones arid 133 

(Ad), summer (Sm), summer-dominated (Sd), uniform (Un), winter (Wt) and winter-dominated (Wd) are 134 

shown in the background. 135 

2.2 Identifying Drought Events Using Standardised Drought Indices 136 

To determine the characteristics of drought events such as onset, cessation, duration and 137 

intensity, various standardised drought indices have been introduced for use in the literature 138 

(e.g., Chen et al., 2018, 2019; Farahmand & AghaKouchak, 2015; Heim, 2002; Kwon et al., 139 

2019; Mishra, 2020; Rivera et al., 2017; WMO, 2012; Zhao et al., 2017). The standardised 140 

drought indices facilitate the comparison of droughts across different regions and timescales. 141 

Among all standardised indices, the Standardised Precipitation Index (SPI), which relies solely 142 

on readily available precipitation data, is widely adopted and also recommended by the World 143 

Meteorological Organization (WMO, 2012) to characterise meteorological droughts. Meanwhile, 144 

the Standardised Streamflow Index (SSI), derived from streamflow data, is predominantly used 145 

to examine the spatial and temporal patterns of hydrological droughts (Shukla & Wood, 2008; 146 
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Vicente-Serrano et al., 2010, 2012). For agricultural drought, the Standardised Soil Moisture 147 

Index (SSMI), computed using soil moisture data, is generally employed as soil moisture directly 148 

impacts crop growth in farmland areas (Holzman et al., 2014; Yang et al., 2021). 149 

A crucial step in deriving SPI, SSI, or SSMI is to determine a probability distribution function 150 

(PDF) that optimally fits the raw precipitation, streamflow, or soil moisture data. This process 151 

typically requires a dataset with a minimum length of 30 to 50 years. (Agnew, 2000; Agnew & 152 

Chappell, 1999; McKee et al., 1993; Wu et al., 2005). To our knowledge, the best probability 153 

distribution functions of the hydroclimatic variables have not been reported for the HRS 154 

catchments across Australia. Accordingly, we investigate probability distributions of 155 

precipitation, streamflow and soil moisture at different time scales for each individual catchment 156 

prior to standardising their time series. For precipitation, PDFs include normal, two-parameter 157 

gamma, Weibull and lognormal are considered. For streamflow, the PDFs considered include 158 

normal, gamma and Weibull as reported in the literature (e.g., Bowers et al., 2012; Shukla & 159 

Wood, 2008; Vicente-Serrano et al., 2012; Zaidman et al., 2002). Since many Australian streams 160 

are intermittent with frequent zero annual flow, we did not use methods that use log 161 

transformation. The normal, gamma, lognormal and Weibull distributions are used to fit the 162 

observed soil moisture data to calculate the SSMI. The goodness-of-fit of each probability 163 

distribution is calculated using Akaike and Bayesian Information Criteria separately at each 164 

location to decide the best-fitted PDF. 165 

With the derived best distribution function, all hydroclimate variables are standardised to 166 

calculate z-scores using the approximations of Abramowitz and Stegun (1964). The detailed 167 

steps in calculating the z-score are well described (Kumar et al., 2009; Vicente-Serrano et al., 168 

2012; Zarch et al., 2015) and are not repeated here. Drought indicators calculated using longer 169 

timescales help understand the slow responding systems such as regional groundwater level, 170 

while those for shorter timescales are useful in understanding the effects of precipitation deficit 171 

on grasslands, agricultural crops and streamflows. Therefore, SPI and SSI were calculated 172 

separately at timescales of 1, 3, 6 and 12 months with the help of the best-fitted probability 173 

distribution function, described above, for each catchment. The SSMIs of similar timescales 174 

were calculated for the period 1978 to 2018 due to data availability.  175 

 176 
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Drought events are then identified based on the time series of SPI, SSI and SSMI derived using a 177 

set of given criteria (Figure 2). The onset of a drought event is the first day in a window of time 178 

series with standardised drought indices below a given critical value, while cessation of a 179 

drought event is the last day with a value above the critical one. Different critical values can 180 

represent different severities of the drought event identified. In general, critical values of - 0.5, -181 

1.0 and -1.5 are used to define mild, moderate and severe drought events respectively (e.g., 182 

WMO 2012).  183 

 184 

Figure 2 Schematic diagram showing the runs of the time series of SPI and SSI assuming SPI < -1.0 and 185 

SSI <- 0.5 as the criterion for the onset and cessation of meteorological drought and hydrological 186 

droughts respectively. 187 

 188 

2.3 Determining Propagation and Recovery Lagtimes 189 

We introduce an event-based approach to determine the propagation time (TP) and recovery 190 

lagtime (TR) between related drought events as illustrated in Figure 2. The propagation time of 191 

MD to HD/AD is defined as the time it takes for an MD to initiate an HD or AD, represented by 192 

the time difference between the onset of an MD and an HD/AD event. Similarly, the recovery 193 

lagtime between MD and HD/AD is defined as the time it takes for an HD/AD to come to the 194 

predrought condition after its initiating MD has ceased, represented by the time difference 195 

between the cessations of an MD and an HD/AD event.  It is worth noting that the onset and 196 
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cessation of a drought event, and hence TP and TR, could be affected by the critical values set 197 

for drought event identification and temporal variability of the hydroclimatic variables as well.  198 

At the catchment scale, hydrological (or agricultural) drought can be viewed as being triggered 199 

by meteorological drought. However, hydrological drought (or agricultural drought) does not 200 

necessarily start (or cease) immediately after the onset (or cessation) of meteorological drought 201 

due to characteristics of the hydrological cycle in the catchment. Hydrological droughts 202 

incorporate the effects of several catchment properties, such as land cover, topography, geology 203 

and river network structure, and respond to MD in different ways across regions (Stoelzle et al., 204 

2014; Van Lanen et al., 2013). Consequently, MD events of varying intensity can lead to 205 

differing extents and intensities of HD or AD in different catchments (Tallaksen et al., 2009). In 206 

this study, to ensure consistency and robustness, the event-based approach has been developed 207 

with the following underlying principles or assumptions: 208 

 Onset of an HD/AD event cannot be earlier than its initiating MD event; 209 

 Onset of an HD/AD event cannot be n-month later than the cessation of its initiating MD 210 

event (n=3 is used herein); 211 

 An MD event can trigger an HD/AD with the same or different severity;  212 

 An MD event is related only to the first HD/AD event within the duration of the MD. For 213 

MD events without subsequent HD/AD, the propagation time and recovery lagtime are 214 

assumed to be infinite and are excluded for further analysis. 215 

As different critical values can be employed to determine the onset and cessation of MD and 216 

HD/AD at varying severities, this study considers five combinations of criteria (Table 2) with the 217 

severities of drought events, with 1, 2, 3 representing mild, moderate and severe respectively 218 

(e.g. Mishra et al., 2010). These combinations characterize different aspects of drought 219 

propagation and recovery performance.  220 

 221 

 222 

 223 

 224 
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Table 2 Criteria in determining drought propagation/recovery used in this research. Subscripts in M/H/A 225 

represent the severities of drought events, with 1, 2, 3 representing mild, moderate and severe 226 

respectively.  227 

Combinations Meteorological Drought Hydrological (or agricultural) Drought 

M2H1 (or M2A1) SPI < -1.0 SSI (or SSMI) < -0.5 

M2H2 (or M2A2) SPI < -1.0 SSI (or SSMI) < -1.0 

M2H3 (or M2A3) SPI < -1.0 SSI (or SSMI) < -1.5 

M3H2 (or M3A2) SPI < -1.5 SSI (or SSMI) < -1.0 

M3H3 (or M3A3) SPI < -1.5 SSI (or SSMI) < -1.5 

 228 

When the criteria for the onset and end of HD (or AD) are mild (e.g. SSI < - 0.5), propagation 229 

times are shorter and the recovery times are longer. This is because a relatively small drop in 230 

streamflow can result in SSI <-0.5 (mild drought) while a large improvement in streamflow or 231 

soil moisture is needed for SSI (or SSMI) to attain a value > -0.5 (sufficiently mild drought) 232 

implying a stricter criterion for recovery. In comparison, when the criterion for the onset of HD 233 

(or AD) is severe (e.g. SSI <-1.5), propagation times are longer and the recovery times are 234 

shorter. 235 

 236 

3 Results 237 

3.1 Probability Distributions of Hydroclimatic Variables Across Australia 238 

Precipitation, streamflow and soil moisture data are fitted with a range of probability 239 

distributions for all precipitation zones. The best-fit distributions for annual total precipitation, 240 

streamflow and annual mean soil moisture content follow distinct spatial patterns across the 241 

country (Figure 3a, b, c). For precipitation, the gamma distribution best fit 37.6% of catchments 242 

across Australia, followed by lognormal (35.4%), Normal (24.3%) and Weibull (2.7%). Most of 243 

the eastern catchments were fitted to lognormal, while the majority of catchments in the winter-244 

dominated region of southwest Australia showed normal distribution. For streamflow, the 245 

gamma distribution was majority best fitted in all precipitation zones with a total of 64.3% 246 

catchments across Australia. This was followed by the Weibull (30.2%) and normal (5.4%) 247 

distributions, mostly in the high-yielding Tasmanian catchments in the winter-dominated zones. 248 
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For soil moisture content, lognormal fitted best to 42.7% catchments followed by normal 249 

(31.7%), Weibull (14.7%) and Gamma (10.8%). For the summer precipitation zone, normal 250 

distribution was best fitted to the highest number of catchments followed by lognormal, while 251 

Weibull and gamma distributions were not so prevalent. 252 

 253 

 254 

Figure 3 Spread of fest-fitted pdf across Australia and their counts in catchments (%) for (a) annual total 255 

precipitation (b) annual total streamflow (c) annual average soil moisture content.  256 

 257 

3.2 Propagation and Recovery of Meteorological-Hydrological Droughts 258 

Depending on drought timescales and drought criteria, the propagation time varied for the whole 259 

of Australia. The median propagation times ranged from 0.8 to 1.7 months for droughts of 260 

monthly timescale, 1.8 to 3.4 months for 3 monthly, 2.0 to 3.5 months for 6 monthly and 2.2 to 261 

4.5 for 12 monthly droughts (Figure 4). For droughts of smaller timescales, the propagation 262 
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times are also smaller, while for larger drought durations, they range from nil to about 15 months 263 

(Supplementary Figure 1).  264 

Overall, the median recovery lags range from 1.3 to 3.7 months for droughts of monthly 265 

timescale, 2.1 to 4.5 months for 3 monthly, 1.9 to 5 months for 6 monthly and from 1.7 to 7.5 266 

months for 12 monthly timescale. The recovery times are larger when the criteria for HD are 267 

milder and vice-versa. For example, the median recovery lags for 12 monthly droughts varied 268 

from 4.8 to 7.5 months for M2H1. In comparison, they ranged from 3 to 4.2 months for stricter 269 

HD criterion, i.e. M2H3. In general, recovery lags are generally greater than propagation lags 270 

across Australia except for when onset criteria for HD is stricter (SSI <-1.5) which required only 271 

a mild improvement in HD for the deemed recovery (Figure 4, 3
rd

 column). Figure 4 (first 272 

column) shows larger recovery lags than the propagation time (i.e. quicker onset of HD) for mild 273 

HD onset criteria (SSI < -0.5) for all drought durations across Australia. This is because 274 

moderate-to-severe MDs can produce mild HD without much lagtime. These HDs then take 275 

longer to recover as sufficiently large precipitation is needed to recover to a mild HD state. 276 

Furthermore, these longer recovery lags are mostly experienced in winter zones indicating that 277 

these zones are prone to stay in drought for longer periods (Supplementary Figure 1).  278 

For droughts of smaller timescales, propagation and recovery lags are better correlated and are 279 

statistically significant (p < 0.05). However, as the drought duration increases correlations 280 

considerably weaken suggesting a non-uniform and uncertain relationship between these lags.  281 
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 282 

Figure 4 Propagation and recovery lag scatter plots for SPI and SSI of 1, 3, 6 and 12 monthly timescales 283 

for different drought criteria. The fitted equation, r2 and p values shown in the plots are calculated using 284 

all 407 catchment points. See Figure 5 for r2 for individual precipitation zones. 285 

 286 

Further investigation shows that for shorter-duration droughts, the arid zone has the best 287 

correlations between MD and HD which are also statistically significant for all drought criteria 288 

(Figure 5). A good correlation implies a uniform response of HD to MD at the beginning and the 289 

end of droughts across all precipitation regions. However, as the drought timescales increase, 290 

correlations for all precipitation zones weaken substantially (Figure 5). No distinct variations are 291 

found in propagation times among different zones especially for larger drought durations, 292 

suggesting that drought propagation behaviours are uniform for all major precipitation zones 293 

across Australia (Figure 5). 294 
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 295 

Figure 5 Coefficient of determination (r2) showing strengths of correlation between propagation and 296 

recovery lags for hydrological droughts of different timescales. Each boxplot contains five data points for 297 

the five combinations of drought criteria (See details in Table S1). All correlations for monthly timescales 298 

are statistically significant.  299 

 300 

3.3 Propagation and Recovery of Meteorological-Agricultural Droughts 301 

Propagation time for smaller drought timescales do not vary much with drought criteria and 302 

range from 1 to 2 months suggesting that agricultural droughts will most likely set in within one 303 

or two months after the meteorological droughts of monthly timescale (Figure 6). For drought of 304 

3 months timescale, the median propagation time increases, ranging from 1 to 3 months. For 6 305 

monthly droughts, the median propagation time ranges from 1 to 4 months while the range for 12 306 

monthly droughts is from 1 to 5 months (Supplementary Figure 2). 307 

 308 

The median recovery lags range from 0.7 to 2.8 months for droughts of monthly timescale, 1.8 to 309 

3.9 months for 3 monthly, 0.8 to 5.3 months for 6 monthly, and from 0.3 to 9.4 months for 12 310 

monthly timescale. The relationships between drought criteria and recovery times are similar to 311 

those for hydrological droughts. For example, the recovery lags are functions of drought criteria 312 

and drought duration, and longer recovery lags are observed where recovery criteria are stricter 313 
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(e.g. SMMI <-0.5). Propagation and recovery lags are highly correlated and are closer to the 1:1 314 

line for droughts of smaller timescales (Figure 6) indicating that propagation times are good 315 

indicators of recovery lagtimes. However, as the drought duration increases correlations start to 316 

weaken and become non-existent for longer-duration droughts. The scatterplot, however, shows 317 

more randomness in the scatter points than those for the hydrological drought indicating a greater 318 

uncertainty in the relationship between propagation and recovery lags for agricultural drought. 319 

Recovery lags are generally slightly larger than propagation time except for cases when the 320 

criteria for the onset of AD is stricter (SSMI <-1.5) which delays the start lag but facilitates 321 

quicker recovery. In comparison, when the onset criteria for AD is mild (<-0.5), the AD can 322 

ensue quickly while taking longer to recover (Supplementary Figure 2).  323 

 324 
Figure 6 Propagation and recovery lag scatter plots for SPI and SSMI of 1, 3, 6 and 12 monthly 325 

timescales for different drought criteria. The fitted equation, r2 and p values shown in the plots are 326 

calculated using all 407 catchment points. See Figure 7 for r2 for individual precipitation zones. 327 

 328 
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The overall patterns of lag correlation between MD and AD for individual precipitation zones are 329 

similar to those for the HD (Figure 7). For individual precipitation zones, r
2
 are higher and 330 

statistically significant for 1 and 3 monthly timescales and decreases as the timescale increases.  331 

 332 

 333 

Figure 7 Coefficient of determination (r2) showing strengths of correlation between propagation and 334 

recovery lags for agricultural droughts of different timescales. Each boxplot contains five data points for 335 

the five combinations of drought criteria (See details in Table S2). All correlations for monthly timescales 336 

are statistically significant. 337 

 338 

4 Discussion 339 

Drought propagation showed two distinct characteristics based on drought timescales, drought 340 

criteria and major precipitation zones in Australia. For droughts of smaller timescales, the 341 

propagation and recovery lags do not seem to depend on the criteria used to define the onset or 342 

the cessation of meteorological, hydrological or agricultural droughts. At these timescales, the 343 

magnitude of the precipitation deficit seems to be the main driver of drought propagation and 344 

recovery lagtimes. Therefore, irrespective of the criteria, the drought starts when there is a 345 

precipitation deficit. Ali et al. (2017) found the combined standardised precipitation-temperature 346 

bivariate index had strong correlations with the univariate SPI in arid and humid climatic 347 
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environments for droughts of 1 to 12-month timescales suggesting the absence of precipitation as 348 

the main driver responsible for droughts, at least in the short term (Peña-Gallardo et al., 2019).  349 

For droughts of smaller timescales, recovery lags are consistently larger than propagation time 350 

most likely due to the time it takes to replenish depleted soil moisture to go back to the pre-351 

drought conditions. Zaidman et al. (2002) found that the relationships between meteorological 352 

and hydrological droughts are less clear in Europe due to earlier years’ precipitation deficits 353 

resulting in depressed regional groundwater which disproportionately enhanced the streamflow 354 

drought. 355 

The relationships between propagation and recovery lags were good and statistically significant 356 

for droughts of smaller timescales (Peña-Gallardo et al., 2019) suggesting that recovery lags may 357 

be predicted by propagation lags across all precipitation zones. The relationship weakens as the 358 

drought duration increases indicating that for droughts of longer timescales, recovery lags are 359 

independent of propagation time and unlike for smaller timescales, they cannot be deduced from 360 

propagation time. This corroborates Lorenzo-Lacruz et al. (2013) and Sattar et al. (2019) who 361 

correlated SPI of different durations with streamflow and found a high correlation between 362 

streamflow up to 2 monthly SPI that decreased for higher durations. Lags for longer timescale 363 

droughts, however, are dependent on drought criteria as well as on the precipitation zones. 364 

Naturally, as the drought timescale increases both the propagation and recovery lagtimes 365 

increase for a given criteria and precipitation zone (e.g. Yildirim et al., 2022). For the droughts of 366 

longer timescales, virtually no relation between start and end lags is observed for all zones. The 367 

causes for the low correlation between propagation and recovery lags for long droughts can be 368 

many but the uncertainties introduced by other catchment characteristics e.g., geography, forest 369 

cover, size, regolith, and non-stationarity, which may play a bigger role in influencing the lag 370 

behaviours for longer droughts (Li et al., 2020a; Yang et al., 2017), are most probably the main 371 

reasons. As the drought durations increase, physical connections including the extent and 372 

response times between precipitation and runoff become complex and nonlinear. For longer 373 

timescales, different drought resistance of catchments and the varying rate and timing of the 374 

groundwater and baseflow contributions can also play a big part in how soon after 375 

meteorological droughts hydrological droughts are experienced and how quickly the latter 376 

recovers after the former is ended (Guo et al., 2020; Kao & Govindaraju, 2010). This could be an 377 

area of investigation for subsequent research. 378 
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The drought recovery lag was much larger (median = 7 months, range 2 to 29 months) in the 379 

winter precipitation zone in the south-eastern Australian region which was most affected by the 380 

Millennium Drought. This concurs well with Peterson et al. (2021) who found that about a third 381 

of the catchments in this region did not return to the pre-drought condition even seven years after 382 

the Millennium Drought. These long-term changes are attributed to increased transpiration, 383 

suggesting that catchments may have finite resilience thus hydrological droughts may continue 384 

long after meteorological droughts have ended. We found that depending on the drought criteria, 385 

drought timescales affect the propagation and recovery lags differently. If the cessation of 386 

drought is defined as catchments returning to the predrought condition, i.e. equivalent to SSI < 0, 387 

the lag can be much larger than the maximum 29 months recovery lag found for HD using SSI <-388 

0.5 criterion. For droughts of longer timescales, we showed that the propagation and recovery 389 

depend on the combination of SPI, SSI or SSMI in defining the onset and recovery criteria. For 390 

different MD onset criteria, lagtimes can vary for HD or AD even if the onset criteria for HD or 391 

AD are the same. This is because an incidence of severe HD in response to a moderate MD onset 392 

criterion can take longer than the incidence of a moderate HD. As noted earlier, for droughts of 393 

smaller timescales the lags are mostly independent of drought criteria therefore these effects are 394 

not pronounced at these timescales. As our research showed for different precipitation zones of 395 

Australia, Apurv & Cai (2020) found that spatial patterns of hydrological drought coincided with 396 

the climatic patterns in the contiguous USA and that the location and seasonality of precipitation 397 

have a role in drought propagation. Bachmair et al. (2015) also found connections between 398 

qualitative drought impact and hydroclimatic drought indicators were time-variant and region-399 

specific. 400 

We note that the lag between different drought types has been studied using the correlation and 401 

lag correlation. These approaches, however, can result in unexpected results due to reasons such 402 

as (i) the use of whole time series for correlation that also includes the non-drought positive 403 

index values (ii) correlation between two variables does not necessarily guarantee causality (iii) 404 

correlation analysis can be affected considerably by extremely high negative values in the 405 

standardised indices time series (e.g. Haslinger et al., 2014; Lorenzo-Lacruz et al. 2013; Peña-406 

Gallardo et al., 2019). This is unlike the investigation of individual events, based on the one-to-407 

one relationship exploring cause-and-effect reasoning as we have done in this research ensuring 408 

consistent accounting of each event.  409 
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As there are no universal definitions of drought (Agnew, 2000; Hao & Singh, 2015) and all the 410 

standardised hydroclimatic drought indices only indicate the occurrence of above- or below-411 

average conditions rather than the absolute indication of dry or wet conditions. For example, 412 

regions with higher precipitations despite having the same negative SPI values, can still be much 413 

wetter than regions with lower precipitations (Paulo et al., 2016). Therefore, findings based on 414 

the SPI and other drought severity indices may not be uniformly helpful in all circumstances. 415 

Consequently, this research uses a range of drought criteria based on the value of indices to test 416 

the lagtimes for droughts of different severities. We argue that drought propagation needs to be 417 

studied in conjunction with a precise definition of drought as they have a big influence on the 418 

findings related to propagation and recovery lags.  419 

Finally, we found the best-fitted probability distributions for annual total precipitation, 420 

streamflow and annual mean soil moisture content follow a mixture of gamma, lognormal, 421 

normal and Weibull distributions across Australia. Globally the existence of a range of 422 

distributions has also been reported by authors including for the USA and Canada (Guttman, 423 

1999; Markovic, 1965); Europe (Lloyd-Hughes & Saunders, 2002); Japan (Yue & Hashino, 424 

2007); Brazil (Blain, 2011); Sudan (Mohamed & Ibrahim, 2015); China (Li et al., 2020b; Wu et 425 

al., 2021) and Italy (Moccia et al., 2022) questioning the usual approach of estimating the 426 

standardised indices based on gamma distribution. Furthermore, Laimighofer & Laaha, (2022) 427 

found that choice of distribution was one of the main sources of uncertainty in estimating SPI 428 

leading to substantial errors in drought detection and classification. Therefore, these highlight the 429 

need for examining all possible distribution functions for calculating drought indices, as done in 430 

our study, rather than assuming a single default distribution (e.g. Edwards & McKee, 1997; 431 

Keyantash & NCAR Staff, 2018; Kirono et al., 2020; Paulo & Pereira, 2006; and references 432 

therein). 433 

 434 

5 Conclusions 435 

Understanding of linkages between different drought types is crucial to enhancing community 436 

resilience and planning for future climate changes. Despite Australia’s vulnerability to severe 437 

droughts, lagtimes of propagation (and recovery) from one drought type to the other across its 438 

large hydroclimatic regions are not well understood. Therefore, we investigated propagation and 439 
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recovery lags between meteorological and hydrological and between meteorological agricultural 440 

droughts for a combination of onset and cessation criteria in 407 catchments within six major 441 

precipitation zones across Australia using standardised drought indices. We found that for all 442 

drought types, the propagation and recovery lagtimes depend on the drought timescales and 443 

drought criteria. For droughts of smaller timescales, the propagation and recovery lags have 444 

strong and statistically significant relationships with recovery lag consistently greater than 445 

propagation time. However, as the drought timescale increases, the relationships weaken and 446 

become less clear most likely due to other drivers, such as regional groundwater, that affect the 447 

catchment’s long-term response to precipitation. Notably, recovery lagtimes are longer for the 448 

high-yielding catchments in the uniform, winter and winter-dominated precipitation regions in 449 

eastern Australia compared to the other regions. 450 

Finally, a range of probability distributions was fitted to raw hydroclimatic data to calculate the 451 

drought indices which revealed that gamma and lognormal are the two best-fitted distributions 452 

for annual total precipitation data while the gamma distribution fitted best to the annual total 453 

streamflow. The lognormal and normal distributions fitted best for the annual mean soil moisture 454 

data. These highlight the need for examining all possible distribution function for calculating 455 

drought indices. 456 
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Supplementary Figures 693 

 694 

Supplementary Figure 1: Distribution of propagation time and recovery lagtime (m) of hydrological droughts in 695 

each precipitation zone for different drought criteria and timescales as labelled in the panels.  696 

 697 
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 698 

 699 

Supplementary Figure 2 Distribution of propagation time and recovery lagtime (m) of agricultural droughts in each 700 

precipitation zone for different drought criteria and timescales as labelled in the panels. 701 

 702 
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Supplementary Tables 713 

 714 

Supplementary Table S1 Coefficient of determination (r2) showing strength of correlation between propagation 715 

and recovery lags for droughts of different durations and criteria. Numbers in bold show statistically significant 716 

correlation at 0.05 level while the numbers in italics depict negative correlation. 717 

 718 
             

 Arid Summer Summer 

dominant 

Uniform Winter Winter 

dominant 

Drought Criteria   1 Month    

M2H1 0.53 0.23 0.59 0.32 0.41 0.40 

M2H2 0.75 0.43 0.45 0.29 0.29 0.40 

M2H3 0.83 0.27 0.46 0.30 0.24 0.37 

M3H2 0.57 0.24 0.46 0.31 0.19 0.52 

M3H3 0.98 0.39 0.62 0.43 0.13 0.33 

   3 Months    

M2H1 0.34 0.09 0.11 0.13 0.093 0.017 

M2H2 0.21 0.036 0.23 0.026 0.049 0.00099 

M2H3 0.62 0.061 0.16 0.086 0.019 0.14 

M3H2 0.47 0.0055 0.2 0.0033 0.028 0.04 

M3H3 0.5 0.12 0.12 0.21 0.074 0.11 

   6 Months    

M2H1 0.12 0.033 0.077 0.059 0.033 0.0063 

M2H2 0.063 0.046 0.016 0.0063 0.052 0.012 

M2H3 0.21 0.00054 0.0064 0.068 0.003 0.054 

M3H2 0.17 0.016 0.069 0.00079 0.002 0.0097 

M3H3 0.14 0.023 0.069 0.036 0.0016 0.011 

   12 Months    

M2H1 0.046 0.00063 0.00032 0.073 0.0012 0.053 

M2H2 0.024 0.0057 0.01 0.023 0.0017 0.019 

M2H3 0.29 0.01 0.084 5.00E-04 0.093 0.051 

M3H2 0.0018 0.076 0.002 0.023 0.031 0.0033 

M3H3 0.022 0.021 0.0088 0.012 0.00092 0.014 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 



Manuscript submitted to Earth’s Future 

 

 731 

 732 

Suplementary Table S2: Coefficient of determination (r2) showing strength of correlation between propagation and 733 

recovery lags for droughts of different durations and criteria. Numbers in bold show statistically significant 734 

correlation at 0.05 level while the numbers in italics depict negative correlation. 735 

 736 

             

 Arid Summer Summer 

dominant 

Uniform Winter Winter 

dominant 

Drought Criteria   1 Month    

M2A1 0.06 0.58 0.13 0.52 0.45 0.39 

M2A2 0.54 0.75 0.41 0.67 0.72 0.59 

M2A3 0.47 0.77 0.71 0.73 0.58 0.53 

M3A2 0.63 0.60 0.58 0.54 0.59 0.61 

M3A3 0.75 0.70 0.71 0.73 0.66 0.54 

   3 Months    

M2A1 0.39 0.12 0.09 0.35 0.09 0.21 

M2A2 0.28 0.23 0.37 0.34 0.34 0.32 

M2A3 0.11 0.36 0.32 0.33 0.12 0.11 

M3A2 0.36 0.22 0.26 0.27 0.21 0.34 

M3A3 0.35 0.41 0.33 0.27 0.18 0.35 

   6 Months    

M2A1 0.13 0.17 0.41 0.14 0.16 0.15 

M2A2 0.28 0.21 0.39 0.13 0.12 0.21 

M2A3 0.16 0.10 0.51 0.07 0.05 0.25 

M3A2 0.18 0.13 0.18 0.01 0.08 0.06 

M3A3 0.72 0.11 0.19 0.01 0.05 0.19 

   12 Months    

M2A1 0.27 0.00 0.03 0.00 0.04 0.01 

M2A2 0.00 0.00 0.00 0.01 0.02 0.04 

M2A3 0.04 0.01 0.06 0.13 0.01 0.07 

M3A2 0.20 0.01 0.00 0.01 0.02 0.17 

M3A3 0.22 0.03 0.09 0.02 0.05  0.10 
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