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Abstract 18 

Flash drought (FD) leads to relatively short periods of anomalously low and rapid 19 

decreasing soil moisture (SM), which can significantly affect vegetation growth and ecosystem. 20 

However, the vertical propagation characteristics and driving mechanisms of FD through soil 21 

columns remain largely unknown, which is crucial for guiding agricultural and ecological disaster 22 

prevention and reduction. Here, we present a multi-layer FD evaluation method to explore the 23 

vertical propagation of FD at different soil depths (0-10 cm, 10-40 cm, and 100 cm), and based on 24 

the GLDAS data we comprehensively evaluate the spatiotemporal dynamics and driving 25 

mechanisms of FD during 1970-2023 in the Indus Basin, a highly climate-sensitive region. We 26 

find that the frequency of FD decreases with increasing soil depth, while the relationship between 27 

the rate of intensification (RI) and drought severity varies with soil depth, with stronger correlation 28 

(r2>0.9) in the middle and root zone soil layers than in the upper layer. We further identify 2148 29 

simultaneous events (‘t’) and 1154 subsequent events (‘t+1’) between the upper and middle soil 30 

layers, which mostly occur during spring and early summer. The temporal differences in the ‘t+1’ 31 

FD events are closely related to the persistence of meteorological conditions. In contrast, the ‘t’ 32 

events are caused by the simultaneous depletion of SM from the upper layer to the deeper layer, 33 

indicating the rapid development of FD conditions due to deeper moisture loss. The analysis also 34 

highlights the significant spatial heterogeneity of FD characteristics, with the humid and sub-35 

humid regions in the middle Indus basin being the most sensitive to FD, and precipitation deficit 36 

and high temperature are the dominant driving forces for FD occurrence.      37 
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1 Introduction 40 

Drought is a complex hydrometeorological phenomenon with far-reaching impacts on 41 

agriculture, water resources, and ecosystems (Mishra et al., 2010). Among various drought types, 42 

flash drought (FD) has emerged as a critical area of concern due to its rapid onset and potentially 43 

severe consequences (JaSOn et al., 2018; Osman et al., 2020; Yuan et al., 2023). Unlike 44 

conventional droughts that develop over months or years, FD can manifest within weeks, leaving 45 

little time for preparation and mitigation (Pendergrass et al., 2020; Ford and Labosier, 2017). For 46 

example, a severe FD affected the central Great Plains and Midwest regions of the United States 47 

(US) in 2012, causing agricultural losses exceeding $30 billion (Otkin et al., 2019). The FD that 48 

occurred in 2017 resulted in agricultural losses of $2.6 billion in the Dakotas and Montana, U.S. 49 

(Dilling et al., 2019). FD occurs when precipitation (P) deficit is accompanied by above-average 50 

evaporative demand due to high temperatures, increased vapor pressure deficit, low humidity, and 51 

strong winds (Otkin et al., 2019, 2016). If such a condition persists for days to weeks, it will force 52 

the system to transition from an energy-limited state to a water-limited state, resulting in a rapid 53 

increase in soil moisture (SM) deficit and the development of FD in a region (Ford and Labosier, 54 

2017; Hunt et al., 2014, 2009; Možný et al., 2012).  55 

SM anomaly is a useful indicator for characterizing the onset of FD (Hunt et al., 2009; 56 

Možný et al., 2012). The rapid depletion of SM is one of the first signs of FD since evaporative 57 

demand directly contributes to SM depletion (Otkin et al., 2016; Ford and Labosier, 2017; Osman 58 

et al., 2020; Yuan et al., 2019). SM anomalies appear first in topsoil before moving deeper into the 59 

soil (Hunt et al., 2014; Ford et al., 2015). Decreased SM in the upper layer stimulates the vegetation 60 

roots to take up water from deeper soil depths (Baudena et al., 2013). Across the globe, significant 61 

advances have been made in exploring the changes of FD events at different SM layers (Shah et 62 

al., 2022; Zhang et al., 2022; Sungmin and Park, 2023) and in root zone soil moisture (RZSM) as 63 

a particular focus (Lesinger et al., 2022; Mahto and Mishra, 2023; Zheng et al., 2022). These 64 

valuable studies address multiple aspects of FD, including meteorological drivers, rate of 65 

intensification (RI), ecological impacts, and future assessment. However, the interaction between 66 

SM layers regarding FD vertical propagation has not been assessed before. It is unclear at what 67 

time lag FD events of the upper layer tend to propagate deeper soil layers in response to the 68 

meteorological anomalies. Evaluating the temporal dynamics of FD transmission across soil layers 69 

and related meteorological conditions enhances our understanding of drought mechanics, aiding 70 

local preparedness and response plans. In addition, there is no research focusing on the influence 71 

of RI on FD severity at various soil depths. It remains unknown whether the impacts of RI on 72 

drought severity are dependent on soil depth.  73 

FD poses unique challenges for water resource management and agricultural planning, 74 

particularly in regions with high climate variability and strong land-atmosphere coupling (Basara 75 

et al., 2019a; Mahto and Mishra, 2020). The Indus Basin, spanning parts of Pakistan, India, China, 76 
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and Afghanistan, is a transboundary basin with diverse climatic zones, ranging from arid lowlands 77 

to snow-capped mountains, supporting the livelihoods of over 268 million people (Laghari et al., 78 

2012; Shafeeque et al., 2022). The water resources in this basin are already under stress due to 79 

population growth, agricultural intensification, and climate change (Immerzeel et al., 2016; 80 

Shafeeque et al., 2023; Shafeeque and Bibi, 2023), making it particularly vulnerable to rapid onset 81 

drought events. Despite the significant impacts of FD events, there is a notable gap in 82 

understanding the spatiotemporal dynamics and driving mechanisms of FD in the Indus Basin. 83 

Although several studies have investigated long-term drought patterns in the Indus Basin (Adnan 84 

et al., 2018; Ashraf et al., 2023; Ashraf et al., 2021; Abbas et al., 2021), research specifically 85 

focusing on FD remains limited. Aside from being studied in some valuable global-scale research 86 

(Neelam and Hain, 2024; Mahto and Mishra, 2023; Mukherjee et al., 2022; Sreeparvathy et al., 87 

2022; Qing et al., 2022; Yuan et al., 2019; 2023), the in-depth investigation of FD characteristics 88 

in the Indus Basin is one of the crucial gaps in the literature. This gap is particularly concerning 89 

given the projected increases in climate variability and extreme events in this region (Lutz et al., 90 

2016; Shafeeque and Bibi, 2023; Krishnan et al., 2019).  91 

Here, based on the SM and meteorological data from the Global Land Data Assimilation 92 

System (GLDAS) over the period 1970-2023, this study presents a multi-layer FD evaluation 93 

method to explore the temporal evolution of FD from upper (0-10 cm) to middle (10-40 cm) and 94 

RZSM layer (100 cm) in the Indus Basin, a typical water-limited region, to improve our 95 

understanding of FD vertical propagation. Based on the timings of occurrences of FD events, we 96 

explore the simultaneous and subsequent FD events between different SM layers and compare the 97 

associated meteorological conditions to determine potential differences. Specifically, our study 98 

aims to address the following scientific questions: 1) how do the dynamics of FD vary across 99 

different soil depths in the Indus Basin, particularly regarding the spatio-temporal distribution of 100 

FD and the impact of RI on FD severity, 2) what is the tendency of the FD events to vertically 101 

propagate between different soil layers and the role of meteorological anomalies in the FD 102 

development? 3) what is the evolutionary behavior of meteorological variables before and after 103 

FD? and how do these variables influence RI? 104 

This study contributes to the growing body of literature on FD by examining the vertical 105 

propagation of FD through the soil column, offering insights into their three-dimensional nature. 106 

Additionally, it provides valuable insights for improving drought monitoring, early warning 107 

systems, and water management strategies in the Indus Basin and similar complex river basins 108 

worldwide. 109 

2 Methodology 110 

2.1 Study area 111 

The study domain covers the Indus Basin of South Asia, which is located at 22°–38°N and 112 

65°–87°E (Fig. 1). The basin encompasses a total land area of 1.12 million km2, shared by four 113 

adjacent countries namely Pakistan (47%), India (39%), China (8%), and Afghanistan (6%). It 114 
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stretches from the western Himalayan-Karakoram-Hindu Kush Mountains in the north to the dry 115 

alluvial plains of Pakistan in the south. The Indus Basin has a unique climate, with a humid- semi 116 

humid climate in the north and a semi-arid to arid climate in the south (Hasson et al., 2019; 117 

Shamsudduha et al., 2019). The annual average precipitation in the basin is about 230 mm (Janjua 118 

et al., 2021), but the precipitation pattern is irregular, with pronounced variability in magnitude, 119 

time of occurrence, and aerial distribution (Ahmad et al., 2014). Temperature varies from below 120 

freezing (<0˚C) at higher elevations during winter to above 40˚C at lower elevations during 121 

summer (Krakuer et al., 2019). The mean annual potential evaporation ranges from 1650 to 2040 122 

mm (Ali, 2013; FAO, 2011), and is expected to increase with global warming (Janjua et al., 2021).  123 

In the past decades, this region has witnessed numerous severe and extreme drought events 124 

(1984–86, 1992, 1998–2002, 2007/08, 2012/13, 2017/18, and 2022) (Rahman et al., 2023), making 125 

it a critical area for study due to the significant drought impacts. For example, an extreme FD event 126 

occurred unexpectedly in late spring in 2022 and continued throughout the summer across 127 

Pakistan, with the temperature exceeding 51˚C in some parts of the country during May (Nanditha 128 

et al., 2023), leading to reduced wheat yield, livestock losses and health issues (Otto et al., 2022). 129 

This region is vulnerable to more frequent and intense drought events due to climate warming, 130 

which has significantly influenced food and water security (Ali et al., 2022). 131 

 132 

Figure 1. Study area map (Indus Basin) showing vegetation classes, derived from the MODIS dataset 133 
(https://code.earthengine.google.com/scriptPath/MODIS/061/MCD12Q1). 134 

2.2 Data collection and processing 135 

To quantify FD events and explore the associated meteorological driving mechanisms over the 136 

Indus Basin, the 8-daily data of SM at different depths (0-10 cm, 10-40 cm, 100 cm) and 137 

meteorological variables including precipitation (P), temperature (T), evapotranspiration (ET), and 138 
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wind speed (WS) during 1970-2023 were collected from the GLDAS Version 2 (GLDAS-2) dataset 139 

with a horizontal resolution of 0.25˚ × 0.25˚. GLDAS-2 is reprocessed with the updated Princeton 140 

Global Meteorological Forcing Dataset (Sheffield et al., 2006) and upgraded Land Information 141 

System Version 7 (LIS-7). This dataset has been proven to effectively capture SM trends and 142 

patterns at both regional and global scales (Jia et al., 2018; Dorigo et al., 2012; Cheng et al., 2015). 143 

In this study, we construct an 8-daily average time series of all input variables to avoid high-144 

frequency variability in hourly data.  145 

2.3 Identification of FD at various soil depths 146 

In this study, FD is defined based on SM at the 8-daily scale. We employ an 8-daily time 147 

scale, as it effectively captures temporal variations in hydrometeorological variables, and well 148 

reflects the rapid severity of FD as well as their impact on agroecosystem (Hu et al.,2025; Yang et 149 

al., 2023). We identify FD events at three different SM depths, i.e., 0-10 cm, 10-40 cm, and 100 150 

cm, which directly affect the growth status of vegetation. 151 

As ET is limited in winter, which prevents the rapid decline of SM, this study focuses on 152 

the growing season (April to October) and also includes the FD events that begin in March and 153 

end in April (Christian et al., 2020). An FD event occurs when the following conditions are met:  154 

1. When the 8-daily mean SM (%) decreases from above the 40th percentile to the 20th 155 

percentile within 3-time steps (i.e., 24 days), it indicates the “onset” stage of FD. The 156 

20th percentile of SM is selected as the drought threshold according to Yuan et al. (2019). 157 

2.  The average RI of SM is not less than 5% in the percentile during the onset of FD. 158 
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3. After the onset phase, the average SM of the next three octads remains below 20%. The 160 

recovery stage of FD starts when the SM percentile begins to increase. Once the SM 161 

recovers to above the 20th percentile, the drought ends.  162 
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 163 

Figure 2. Illustration of the identification of FD. 164 

Spatiotemporal characteristics of FD used in this study include the number of events, 165 

intensity, and severity. The severity refers to the accumulated SM percentile deficits from the 40% 166 

threshold (shaded area in Fig. 2) (Yuan et al., 2019). Intensity denotes the average RI during the 167 

drought onset period. The study period (1970-2023) is divided into two halves (1970-1996 and 168 

1997-2023) to examine the evolutionary variations in FD characteristics over time.  169 

We conduct the correlation analysis between RI and drought severity to explore the impacts 170 

of SM depth on FD characteristics at various soil depths.  171 

In addition, we apply the one-way analysis of variance (ANOVA) to test the sensitivity of 172 

the impact of RI on drought severity to different SM layers. The ANOVA is a commonly used 173 

statistical hypothesis tool to evaluate the variations between two or more groups of observations 174 

(Hattermann et al., 2018). We constructed the null and alternate hypotheses as: 175 

HO = the impact of RI on drought severity is the same in all SM layers. 176 

H1 = the impact of RI on drought severity varies with respect to the depth. 177 

The significance of any variations is determined by the F-test at the significance of 0.05. 178 

The F-test is recommended as a practical test, because of its robustness against many alternative 179 

distributions (Hattermann et al., 2018). The F-statistics explains the degree to which the variability 180 

in RI that can be attributed to the difference between soil layers is proportionately larger than the 181 

variability within each soil layer.   182 
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2.4 Evaluation of Vertical propagation of FD events 183 

The evolution of key meteorological factors (P, T, ET, and WS) directly affects the 184 

development of FD events. These driving factors can either confine the FD events to the upper 185 

layer or facilitate their penetration into deeper layers simultaneously or subsequently. In this study, 186 

we evaluate the vertical propagation of FD events between different layers (i.e., upper and middle) 187 

by comparing the two types of FD events: i) that occur in both layers at the same time (‘t-events’, 188 

i.e., simultaneous events), and ii) that occur in the middle layer at 1-lead time ‘t+1’ time to the 189 

upper layer (‘t+1 events’, i.e., subsequent events). Further, meteorological anomalies are used to 190 

assess the difference in meteorological variations responsible for these two types of FD events. 191 

The monthly distributions of these FD events from March to October are also compared and 192 

evaluated to determine their probable timing of occurrence. 193 

2.5 Analysis of driving forces of FD 194 

The meteorological anomalies play an essential role in driving the development and 195 

recovery of FD events (Otkin et al., 2014). To understand the meteorological conditions associated 196 

with the FD occurrence, we evaluate the variability of T, P, ET, and WS anomalies before and 197 

during FD events at the 8-daily scale during the study period (1970-2023), which are calculated as 198 

follows:  199 
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 (2 200 

where ‘xy’ is the actual 8-day average meteorological factor (T, P, ET, and WS) in ‘t’ time steps 201 

for ‘y’ year, ‘͞x’ is the mean 8-day average meteorological factor in ‘t’ time steps for the study 202 

period, ‘Anomalyt’ is the anomaly in ‘t’ time steps for ‘y’ year. 203 

The anomalies of T, P, ET, and WS are calculated for each grid cell across the study area. 204 

We evaluate their evolutionary behavior with two-time steps back (lag-2, lag-1) and forth (Lag+1, 205 

lag+2) and during the onset of FD events (lag0) using the boxplot distribution.  206 

The multiple linear regression (MLR) model is further used to quantify the relative 207 

contribution of meteorological variables (T, P, ET, and WS ) to RI (Ting et al., 2009; Cheng et al., 208 

2015). The equation of MLR is expressed as follows: 209 
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where Xi = Pi, Ti, ETi, and WSi are meteorological anomalies during the ith drought event; α0 and 211 

α1-n are intercept and regression coefficients, respectively; m indicates the number of events at a 212 

given grid cell; and RIi represents the regressed rate of intensification at a given grid cell estimated 213 

by the MLR model. A regression coefficient reflects the importance of an independent variable to 214 

a dependent variable (Zhang et al., 2022). Using regression coefficients, we can determine the 215 

relative importance of meteorological variables on RI. The performance of the MLR model is 216 

evaluated based on the coefficient of determination (R2): 217 

  (4  218 
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where RIobs (i) and RIsmi(i) are observed and simulated RI at the grid ‘i’, respectively; 𝑅𝐼𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅̅  mean 220 

observed RI, n indicates the number of observations. 221 

3. Results 222 

3.1 FD characteristics at different SM layers 223 

The maximum number of FD events during 1970-2023 is recorded in the upper layer (i.e., 224 

44) demonstrated by the widespread spatial pattern of events across the basin (Fig. 3a), because it 225 

tends to respond quickly to atmospheric variability and interacts closely with the evaporative 226 

demand (Potkay et al., 2021; Jafari et al., 2021). However, we observe an obvious shift in the 227 

pattern of occurrence from the lower to middle basin during the first and second half of the study 228 

period (Figs. 3b & c). In the case of the middle layer, the number of FD events varies between 1-229 

33 throughout the basin. The middle Indus basin experiences a maximum number of events (~ 21) 230 

between 1997 - 2023, which is revealed by the spatial extent from the east to the west and the 231 

southwestern region of the study area (Fig. 3f). Further, the analysis of RZSM shows that the 232 

increased spatial extent of events occurrences in the second half (1997-2023) is consistent with 233 

that of the other two layers, with the number of events ranging from 1 to 39. Generally, the middle 234 

basin located in the transition zone from humid to semi-humid and semi-arid is more prone to FD 235 

events.  236 

https://doi.org/10.5194/egusphere-2025-625
Preprint. Discussion started: 5 March 2025
c© Author(s) 2025. CC BY 4.0 License.



9 

 

 237 

Figure 3. Spatial distributions of the number of FD events at three SM layers (0-10 cm, 10-40 cm, 100 cm) during the periods 238 
1970-2023, 1970-1996, and 1997-2023. 239 

Similarly, Figure 4 demonstrates the spatiotemporal pattern of the RI of the total FD events 240 

over the study period (1970-2023). The RI describes the average depletion rate of SM during the 241 

onset-development of FD (Xiang et al., 2020). According to Fig. 4, the spatial distribution of RI is 242 

consistent with the number of events at each layer. In general, a higher RI (i.e., 55 percentile) is 243 

observed in the middle basin, while a lower RI (i.e., < 5 percentile) is found in the southern part of 244 

the basin. 245 
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 246 
Figure 4. Spatial distributions of the average RI of the total FD events at three SM layers (0-10 cm, 10-40 cm, 100 cm) during the 247 

periods 1970-2023, 1970-1996 and 1997-2023 248 

Fig. 5 shows the total accumulated severity of FD events over the Indus Basin during 1970-249 

2023. In all three layers, the spatial pattern of severity is similar to the number of FD events at the 250 

grid scale. The middle Indus Basin experiences a higher severity than other regions. During 1997-251 

23, we observe a noticeable variation in spatial extent. A significant rise in the number of events 252 

with higher severity is observed in the upper and the middle layers from the east to the west of the 253 

basin during 1997-2023 (see Fig. 5c & f). Similarly, the drought severity in the RZSM layer during 254 

1997-2023 (Fig. 5i) is higher in the western region of the basin compared to 1970-1996 (Fig. 5h).  255 
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 256 

Figure 5. Spatial distributions of the total accumulated severity of FD events at three SM layers (0-10 cm, 10-40 cm, 100 cm) 257 
during the periods 1970-2023, 1970-1996 and 1997-2023 258 

Fig. 6 demonstrates the spatial distributions of the correlation between RI and drought 259 

severity. In the upper layer, there is a weak correlation (r2<0.35) between RI and severity over 94% 260 

of grids (Fig. 6a), suggesting that the RI shows little impact on drought severity in the upper layer. 261 

Comparatively, the middle layer exhibits a moderate to strong correlation (0.40 < r2 <1.0) between 262 

RI and severity in some parts of the basin (Fig. 6b), especially in Punjab province (highlighted 263 

with a red circle, r2>0.9), which is covered by flat alluvial land and has extensive agricultural 264 

activities (Abbas et al., 2013; Kumar et al., 2013). Similarly, a strong correlation is found in RZSM 265 

(Fig. 6c), with the r2 ranging from 0.4 to 1 across the middle Indus Basin, especially in Punjab 266 

province (encircled with red color). This may be due to the fact that the vegetation facilitates 267 
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drawing more water from deep soil during the drought condition to fulfill the evaporative demand 268 

(Wang et al., 2016). Moreover, the strength of the correlation can be attributed to the persistency 269 

of SM at different soil depths, which is supported by the analysis of ANOVA, showing that the 270 

difference between the layers is statistically significant (F =18.0193, p<0.05). It is noteworthy that 271 

there is a weak correlation (r2 <0.2) in the south-western part of the basin (blue dotted area) (Fig. 272 

6c), where more frequent FD events are detected (see Fig. 3g). It can be attributed to the low 273 

moisture content in this part of the basin, which leads to a weak response to high evaporative 274 

demand, resulting in a poor correlation between RI and FD severity. Hence, the above analyses 275 

suggest that the middle Indus Basin exhibits a significant influence of RI on severity. Moreover, 276 

the spatial heterogeneity of SM influences drought severity.    277 

 278 

Figure 6. Spatial distributions of the correlation coefficients (r2) between RI and drought severity for each SM layer. 279 

3.2 Vertical propagation of FD events across the SM layers 280 

We identify 2148 ‘t-events’ and 1154 ‘t+1 events’ during 1970-2023 (see Fig. 7e). Both 281 

types of events are spatially distributed across the middle Indus Basin and some parts of the upper 282 

Indus Basin (Figs. 7a & c), where overall climate varies from humid to semi-humid, supporting 283 

vegetation growth and agricultural activities. However, the spatial extent of the ‘t-events’ is greater 284 

than the ‘t+1 event’. As ‘t-events’ are characterized by the immediate and severe SM deficits from 285 

the upper to the middle SM layer that can cause severe risk to the ecosystem. While, in the case of 286 

the ‘t+1 event’, when the decline in SM in the middle layer occurs at the one-time step after the 287 

decrease in the upper layer, it suggests a slightly slower progression of dryness from the upper to 288 

deeper layer. These events can exacerbate the drought impacts initiated by the upper layer, as the 289 

prolonged dry conditions in the middle layer can lead to extended periods of drought stress for 290 

vegetation. This transferring impression of FD from the upper to the deeper layer is in line with 291 

the existing literature, which indicated that with the development of FD, the SM deficit first appears 292 

in the upper moisture layer, and then leads to further downward movement of the deficit to the 293 

deeper layers (Otkin et al., 2016; Anderson et al., 2013). The finding of the vertical FD propagation 294 

highlights the importance of SM monitoring at various depths in drought monitoring systems.  295 
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Figs 7b & d explain the monthly distribution of FD events between March to October. 296 

September witnessed the maximum number of both types of events throughout the study period 297 

(1970-2023) followed by April for ‘t-events’, and May for ‘t+1 events’. Moreover, for the ‘t+1 298 

events’, the number of events gradually increases from March to May (Fig. 7d), indicating an 299 

increased likelihood of the FD occurrence from spring to early summer. The emergence of ‘t-300 

events’ and ‘t+1 events’ during these months are in line with the FD event that occurred in the US 301 

Northern High Plains in 2017, where warm-dry weather during spring and early summer caused a 302 

severe drought over two months (Otkin et al., 2019). Similarly, a large number of FD events in 303 

Spain were recorded during spring and summer (Noguera et al., 2020).  304 

 305 

 306 

Figure 7.   Vertical propagation of FD events between different SM layers. (a) shows the events in both layers at the same time 307 
‘t’, and (c) events in the deep layer at 1 lead time ‘t+1’ time with respect to the upper layer. b) and d) explain the monthly 308 

distribution of ‘t’ and ‘t+1’ events, respectively. e) shows the total number of ‘t’ and ‘t+1’ events. 309 

 310 

3.3 Meteorological driving mechanism of FD 311 

Based on the correlation results in 4.1 section, we use the RZSM to assess the 312 

meteorological evolutionary behavior associated with FD events. Fig. 8 illustrates the boxplot 313 

distribution of the anomalies of four meteorological variables before and after the FD events at 314 

each time step (lag-2 to lag+2). The higher maximum T anomalies are > 2 standard deviations 315 

(STDs). The distribution pattern for each time step (lag-2 to lag+2) shows that the median of T 316 

anomalies is lower at lag-1, but becomes stronger at the onset (lag0) and after the onset of FD (Fig. 317 

8a).  318 
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Unlike T anomalies, the median of P anomalies shows a decreasing trend among all 319 

temporal lags (i.e., lag-2 to lag+2, Fig. 8b), with the maximum negative anomaly of -1.5 STDs. 320 

There is an obvious decrease in maximum positive P anomalies from lag-2 to lag-1, indicating the 321 

development of conditions leading to drought occurrence. From lag-1 to lag+2, the maximum P 322 

anomalies tend to show a negative STD (i.e., > -1 STD), with the median around -0.5 STD. Overall, 323 

the P anomalies remain negative before and during the onset of FD events, and this behavior 324 

persists as drought progresses. It is important to note that significant negative P anomalies may 325 

result in an increase in T that rapidly dries out SM. The depletion of SM due to the negative P 326 

anomalies could lead to a decrease in ET, leading to higher T and vapor pressure deficits (VPDs). 327 

A higher VPD further accelerates the SM depletion (Zhou et al., 2019). Moreover, the negative P 328 

anomalies accompanied by the positive T anomalies can intensify the atmospheric water demand, 329 

thus further speeding up SM decline and triggering FD in a region (Mahto and Mishra, 2020).  330 

The distribution pattern of ET anomalies shows a shift from negative (lag-2) to positive 331 

anomalies (lag-1 and lag0) (Fig. 8c), which coincides with positive T and negative P anomalies 332 

during lag-1 and lag0 (see Figs. 8a & b). The median of ET anomalies becomes more negative (> 333 

-2 STD) as the drought proceeds (from lag+1 to lag+2), which indicates the worsening of the 334 

drought condition. In this situation, the high T increases evaporative demand, leading to a system 335 

from energy-limited to water-limited states. The distribution pattern of WS does not reveal the 336 

distinguished variations before and after FD (Fig. 8d). The higher maximum positive WS is 337 

observed at lag0 (> 3 STDs), while the median remains positive and slightly tends to increase from 338 

lag-1 to lag+2. All in all, the variations in the behavior of T, P, ET, and WS during different stages 339 

of FD indicate a close association between FD development and meteorological variabilities in 340 

this region, which is consistent with the previous findings (Mo et al., 2016; Yuan et al., 2019).  341 

342 
Figure 8. Boxplots of the standardized anomaly values of meteorological variables in adjacent time steps of FD events at the 343 

RZSM layer (100cm) during 1970-2023 extracted from all grids over the Indus Basin. Lag-2, and lag-1 show time steps prior to 344 
the FD onset, lag0 represents FD onset time, and lag+1 and lag+2 show the time steps after the onset of FD. 345 
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Further, to examine meteorological variabilities associated with the ‘t’ and ‘t+1’ FD events, 346 

we used a common factor anomalies approach mentioned above. Regarding the meteorological 347 

variabilities associated with ‘t-events’, we observe an increase in the median of T from lag-1 to 348 

lag+2 (Fig. 9i(a)), with the highest positive T deviation at lag+1. In the case of P, the median 349 

decreases from lag-1 to lag+1, and the maximum P deficit continues until lag+2 (Fig. 9i(b)). This 350 

coevolution ultimately reduces the humidity level of the system, which appears from the ET 351 

variability from lag0 to lag+2 (Fig. 9i(c)). However, for WS, there is a slight increase in median 352 

from lag0 to lag+1, suggesting an increase in positive anomalies after the onset of FD.  353 

Compared with ‘t-events’, we observe drastic P deficits and high T at lag-1 for ‘t+1 events’ 354 

(Fig. 9ii (a & b)). These FD events evolve from the events that appeared at the upper layer, hence 355 

inheriting the particular impression of meteorological variabilities that can sustain drought 356 

characteristics. The maximum T anomalies are > 2.5 STDs from lag-1 to lag+2, with the positive 357 

median during this time frame (Fig. 9ii(a)). We notice persistent negative P anomalies from lag-1 358 

to lag+1 (Fig. 9ii(b)), with the values slightly increasing from lag+1 to lag+2 but still below 0. On 359 

the other hand, the median of ET anomalies gradually decreases from lag-2 to lag+2 (Fig. 9ii(c)), 360 

which coincides with the variability of T and P (Fig. 9ii (a & b)). The increase in T and decrease 361 

in P from lag-2 to lag+2 substantially decrease SM, thereby reducing ET.  362 
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 363 

Figure 9.  Same as in Figure 8, but for (i) ‘t-events’ and (ii) ‘t+1 events’. 364 

Figure 10a demonstrates the weights of meteorological anomalies contributing to RI during 365 

the onset development phase of FD events. On average, we observe the largest negative weight of 366 

P anomalies, suggesting the dominant role of P deficit in the FD onset in this domain. T and ET 367 

present nearly equal contributions to RI, which is in line with Koster et al. (2019), stated that the 368 

P deficit is the main driver of the FD occurrence. The model demonstrates a strong coefficient of 369 

determination (R2 > 0.9) in the middle Indus Basin (see Fig. 10b), suggesting a significant 370 

contribution of meteorological variables to RI. In contrast, a weak R2 (~ 0.4) is found in the 371 

southern region of the basin. Overall, the spatial pattern of R2 is in harmony with the findings in 372 

Fig. 6, suggesting that the middle Indus Basin is more sensitive to FD occurrence compared to 373 

other regions.  374 
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 375 

Figure 10.  a) Weight coefficients of meteorological variables (T, P, ET, WS) contributing to RI during the development phase of 376 
FD. b) Spatial distribution of the coefficient of determination (R2) of the model fitted by the multiple linear regression (MLR). 377 

4. Discussions 378 

4.1 Impact of SM dynamics on FD characteristics 379 

This study finds the occurrence of FD events at each SM layer. However, the FD frequency 380 

is much larger in the upper layer compared to the deeper layer, mainly because the SM within the 381 

upper layer is most sensitive to meteorological variability, allowing more events to be detected. 382 

The results are consistent with a previous study on California (Cheng et al., 2016), which reported 383 

a higher drought frequency within the upper SM layer. We observe a distinctive increase in the 384 

spatial extent of FD events in the second half (1997-2023) of the study period (Figs. 3c, f, and i). 385 

It is important to discuss here that anthropogenic-driven climate warming has changed 386 

considerably around 2000 (Zeng et al., 2023). Recent studies have shown a dramatic increase in 387 

atmospheric water demand since 2000, leading to more frequent occurrence of heatwaves and 388 

other related disturbances including P and SM deficits (Williams et al., 2020; Perkins‐Kirkpatrick 389 

et al., 2020). Our findings are in good agreement with Ullah et al. (2024), reporting the 390 

intensification in FD frequency and severity in Sri Lanka, Afghanistan, Pakistan, and India during 391 

2010-2020. Moreover, the results highlight the tendency of the humid and semi-humid regions to 392 

induce FD, which has also been appreciated in previous research (Basara et al., 2019b). During 393 

1997-2023, the number of FD events is noticeably amplified in humid and semi-humid regions of 394 

the middle Indus Basin, which leads to a higher variability in SM dynamics and results in more 395 

frequent drier and wetter anomalous conditions in such regions. Shah et al. (2022) reported a high 396 

occurrence of FD in humid regions. Chen et al. (2021) also reported a higher possibility of the FD 397 

occurrence in regions that have higher SM variability. 398 

There are various vegetation types (crops, grassland, and forests) in the middle Indus basin 399 

due to the humid to semi-humid climate (Fig. 1). Such regions are likely to sustain ET in response 400 

to higher T as long as vegetation roots make water available from the system to fulfill the 401 

evaporative demand (Christian et al., 2019b; Zhu et al., 2021), hence developing the favorable 402 
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conditions for the FD occurrence. This is in accordance with Guo et al. (2023), which demonstrated 403 

the role of vegetation water consumption in the onset of FD in humid regions. Zeng et al. (2023) 404 

also reported an increase in FD frequency in humid regions of the Amazon basin and Congo basin. 405 

Similar findings were noted in Russia where FD occurred in agricultural areas including Central, 406 

Volga, and southern federal districts of southwestern Russia in 2010 due to P deficit (Christian et 407 

al., 2020). In contrast in arid regions, higher T inhibits ET due to the limited SM availability (Mo 408 

et al., 2016; Yuan et al., 2019), resulting in a lower likelihood of FD occurrence than in humid 409 

regions (Wang et al., 2016).  410 

The relationship between RI and drought severity is very sensitive to the spatial and vertical 411 

variability in SM, and a stronger correlation (r2 > 0.7) is found in the middle and RZSM layers 412 

compared to the upper layer. This indicates that the impact of RI on drought severity varies with 413 

soil depth. This variability across the vertical SM column apprehends a more holistic dynamics of 414 

SM variation (Berg et al., 2017). Also, regarding the spatial extent, the correlation between RI and 415 

drought severity is stronger in the regions with higher SM level. Consequently, moisture from the 416 

system is depleted considerably in response to the higher RI.  417 

As significant agriculture activities are carried out in the middle Indus Basin, the 418 

occurrence of FD events can pose substantial impacts on vegetation productivity. Hence, it is 419 

evident that the frequency of FD events alone does not dictate the severity of drought impacts on 420 

the system. The other factors, such as SM deficit at different depths, RI, and land characteristics 421 

also play critical roles in exacerbating drought severity. In conclusion, we can say the FD events 422 

that occurred in the middle and RZSM layers can produce significant impacts on agroecosystem 423 

and water resources, and the varying effects of RI at various soil moisture layers can pose a 424 

potential concern for different types of vegetation. 425 

4.2 Influence of land-atmosphere interaction on the FD vertical propagation 426 

The soil water content in the vertical soil profile plays an important role in the soil-plant-427 

atmosphere continuum system (Western et al., 2004). The assessment of the vertical propagation 428 

of FD events between different SM layers shows that the middle Indus Basin and some lower parts 429 

of the upper Indus Basin are more susceptible to FD. Given the combined effect of P deficit and 430 

high T (Figs. 9i & ii), the amount of ET could increase in a short period ultimately leading to the 431 

development of simultaneous ‘t’ and subsequent ‘t+1’ FD events. The increase in transpiration 432 

during the growing season exacerbates the rapid decline in SM (Koirala et al., 2017). According 433 

to Qing et al. (2023), the increasing drying trend of soil water in humid regions corresponds to 434 

positive T and negative P anomalies. This deficit of moisture within the surface, sub-surface soil, 435 

and atmosphere ultimately results in a drier vertical atmosphere over a region (Dimri et al., 2019). 436 

However, this pattern cannot be acquired in arid regions, because sparse or no vegetation reduces 437 

ET due to limited SM supply ( Qing et al., 2022; Gupta et al., 2020).  438 

This is the first study investigating the temporal relationship in FD occurrence across 439 

different SM layers. The analysis of the ‘t+1’ events reveals that the relationship between different 440 
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SM layers is influenced by variations in the moisture content of the upper SM layer, which 441 

facilitates the vertical propagation of FD. The temporal differences in the occurrence of ‘t+1’ FD 442 

events can be associated with the persistence of certain meteorological conditions in a region that 443 

drive the vertical depletion of SM over time (Fig. 9ii). Moreover, the loss of moisture from different 444 

soil depths is affected by different factors. For example, soil evaporation and transpiration mainly 445 

consume the water in the upper soil layer, whereas water loss in the deeper soil layers depends on 446 

transpiration, which leads to different responses to meteorological anomalies at various time lags.  447 

On the other hand, the ‘t’ events result from the simultaneous depletion of SM from the 448 

upper layer to the deeper layer, indicating the rapid development of FD conditions due to deeper 449 

moisture loss, and reflecting the dynamic behavior of the FD phenomenon over the same region. 450 

Overall, the study provides new insights into how the varying moisture conditions at different soil 451 

depths affect the occurrence and dynamics of FD events that can be important for FD monitoring 452 

and prediction systems for a region. 453 

The results also indicated that the ‘t’ and ‘t+1’ events occur most frequently in spring and 454 

early summer (Figs. 7b & d). During this season, a dipolar system develops over southern Asia 455 

expanding from east to west, which actively propagates the pressure gradient and adiabatic wind, 456 

greater condensation, and P deficit, thereby amplifying the FD occurrence in this region (Ullah et 457 

al., 2024). Moreover, vegetation growth can also affect the development of FD. As warming T 458 

advances the spring leaves' emergence (Fu et al., 2015), the plant growth in the early stages may 459 

reduce SM in late spring due to enhanced ET (Angert et al., 2005; Peñuelas et al., 2001). The SM 460 

deficits may continue till summer due to further increased T and lead to more severe FD. This may 461 

explain the occurrence of FD in vegetative-dominant areas, particularly during spring and summer 462 

(Figs. 7a & c). The spatial extent of these extreme FD events is relatively less compared to the 463 

total extent of all FD events recorded in each SM layer (Fig. 3). Xu et al. (2021) also found that 464 

the areas affected by extreme drought decrease with the increase of soil depth during the most 465 

severe stage of drought. This may be related to the differences in the persistency property of SM 466 

at different depths.  467 

4.3 Contribution of meteorological anomalies to the FD occurrence 468 

The rapid onset of FD is attributed to local moisture imbalance caused by anomalies in P 469 

and T. The simultaneous occurrence of meteorological anomalies may cause rapid development of 470 

FD by decreasing SM (Basara et al., 2019b; Burrows et al., 2019; Fischer et al., 2007; Soares et 471 

al., 2019; Qing et al., 2022). We analyzed the variations in meteorological variables (T, P, ET, and 472 

WS) at different lags (lag-2 to lag+2) before and after FD to explore the underlying mechanism of 473 

FD development. We observe negative P and ET anomalies and positive T anomalies during the 474 

FD onset phase (Fig. 8). The negative ET anomalies correspond to the low SM during FD (Osman 475 

et al., 2020). The consistent P deficits can cause a decrease in ET leading to a higher T and vapor 476 

pressure deficit, which contributes to the onsets of heatwave and SM deficiency. This type of FD 477 

is considered a precipitation deficit FD (Zhou et al., 2019). The decrease in ET is also the result of 478 

rising T in a region (Zhang et al., 2017). The FD in Russia developed in July and mid-August in 479 
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2010 due to P deficit and previously desiccated land surface, and led to a rapid rise in surface T 480 

and vapor pressure deficit. Christian et al. (2020) suggested the impact of FD as a potential 481 

precursor to heatwaves.  482 

Fig. 8 shows that the meteorological anomalies persist as the drought proceeds, which 483 

suggests that the Indus Basin is more prone to precipitation deficit FD. Similarly, the occurrence 484 

of FD in the neighboring country of India during the monsoon season may be associated with the 485 

delay or reduction in monsoon rainfall (Christian et al., 2020; Mahto and Mishra, 2020). However, 486 

WS anomalies do not show obvious variations before and after the FD occurrence (Fig.8 & 9), 487 

which is consistent with the existing studies (Liu et al., 2020; Gou et al., 2021; Li et al., 2022) 488 

reporting no significant positive or negative WS anomalies during FD. 489 

We also investigate the impacts of meteorological variables on RI, which is an important 490 

characteristic that distinguishes FD from conventional drought (Otkin et al., 2019). The 491 

meteorological forcing of FD is stronger than that of conventional drought (Ford and Labosier, 492 

2017), which explains the close interaction between RI and meteorological conditions. The MLR 493 

analysis highlights the dominant role of P in influencing RI, followed closely by ET and T. The 494 

model demonstrates a strong coefficient of determination (R2 > 0.9) in the middle Indus Basin and 495 

semiarid region of Punjab province, which is sensitive to the interaction of land and atmosphere. 496 

For example, a decrease in SM can lead to a decrease in ET and limit the local sources of boundary 497 

layer moisture, ultimately reducing atmospheric moisture advection. Subsequently, the atmosphere 498 

remains dry, increasing evaporation demand, and the dry soil is not conducive to convective 499 

rainfall, thereby exacerbating FD (Basara et al., 2019a, 2019b; Christian et al., 2019). 500 

Overall, our study highlights the importance of the early warning systems being 501 

reconstructed to incorporate the FD phenomenon based on the understanding of the mechanism 502 

involved in FD development. FD is more likely to develop in humid and sub-humid regions, with 503 

more severe impacts on ecosystems and agriculture. Therefore, developing a framework involving 504 

improvement in the early warning system, preparedness, and modification in existing strategies 505 

can help prepare a proactive system and minimize the expected losses. 506 

5. Conclusion 507 

This study provides the first comprehensive analysis of FD dynamics in the Indus Basin, 508 

revealing complex spatiotemporal patterns and vertical propagation characteristics. The results 509 

indicate a higher occurrence of FD events in the middle Indus Basin in 1997-2023 compared to 510 

1970-1996, suggesting an increased risk of FD over time in this region. The FD events are more 511 

prone to occur in the humid and sub-humid regions of the middle Indus Basin. Their frequency 512 

tends to decrease from the upper to the RZSM layer, with the strongest correlation between RI and 513 

severity (r2 >0.9) in the middle and RZSM layers, which is linked to the persistency of SM.  514 

The vertical propagation analysis suggests that the susceptibility of the region to FD is 515 

driven by rapid loss of deeper SM (‘t’) and slower depletion of SM from upper to deep soil (‘t+1’).  516 

Moreover, the number of ‘t’ events and their spatial extent are greater than that of ‘t+1’ events. 517 
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There is a close relationship between meteorological conditions (rapid T rise and P decline) and 518 

FD development, especially in the ‘t+1 events’ at lag-1. The temporal differences in the ‘t+1’ FD 519 

events are closely related to the persistence of meteorological conditions. In contrast, the ‘t’ events 520 

are caused by the simultaneous depletion of SM from the upper layer to the deeper layer. The MLR 521 

analysis further suggests that P is the most contributing factor affecting RI, followed closely by T.  522 

These findings have significant implications for drought management and early warning 523 

systems in the Indus Basin, informing more effective agricultural and water management practices. 524 

Future research will focus on the transition from FD to conventional drought, investigating the 525 

impacts of climate and land cover changes, and developing coupled land-atmosphere models to 526 

improve FD prediction. 527 

 528 

Appendix A: List of abbreviations used in this study 529 

 530 

FD Flash Drought 

SM Soil Moisture 

RZSM Root zone soil moisture 

RI Rate of Intensification 

T Temperature 

P Precipitation 

ET Evapotranspiration 

WS Wind speed 

MLR Multiple linear regression 
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