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Abstract. The hydrological response within a region is often nonlinear, influenced by various factors such as physiographic 

features, anthropogenic activities, and climate change. Considering the inherent complexity, our study focuses on investigating 

the propagation from meteorological drought to hydrological drought in the Banabuiú, Castanhão, and Orós reservoirs, located 10 

in the State of Ceará, Brazil. To achieve this, we used the Standardized Precipitation Index (SPI) to identify meteorological 

drought events, which uses precipitation data, alongside the Standardized Precipitation Evapotranspiration Index (SPEI), 

incorporating potential evapotranspiration in its calculations. For assessing hydrological drought, we used the Adapted 

Threshold Level Method (ATLM), which calculates the water balance between the supply (represented available reservoir 

volume) and the demand (including withdrawals for various uses and evaporation losses from the watershed). For all three 15 

reservoirs, drought events were characterized by their frequency, duration, severity, magnitude, and drought recovery time 

across three aggregated time scales of 12, 24, and 36 months. To determine the propagation time from meteorological to 

hydrological drought, we calculated three indicators, corresponding to time differences between the onsets, peaks, and 

conclusions of the propagated drought events. Results indicated no significant differences in meteorological drought 

characteristics between SPI and SPEI methods. However, the SPEI showed higher values for meteorological drought in the 20 

Orós watershed. Analysis of drought propagation, employing different methods, revealed no defined pattern for the onset, 

peak, and end intervals across all tested combinations. Hence, we recommended utilizing all three indicators to enable a more 

comprehensive analysis of drought events propagated within the watersheds.  

1 Introduction 

Population growth and the expansion of the agricultural, energy, and industrial sectors have led to increased water demand to 25 

meet human and production needs (Wang et al., 2020). Conversely, there has been a reduction in water supply due to more 

frequent and pronounced extreme weather events (Mohor and Mendiondo, 2017).  

Drought periods occur when water availability falls below normal levels, failing to meet human or environmental needs 

(Wilhite and Pulwarty, 2018). Typically, drought develops slowly and can have severe impacts on water resources, the 
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environment, human life, and socio-economic activities (Choat et al., 2018). Therefore, improving drought characterization is 30 

crucial for enhancing monitoring, management, and forecasting efforts (Bevacqua et al., 2021). 

Droughts are typically classified into four types based on the different types of water deficit: meteorological drought, 

hydrological drought, agricultural drought, and socioeconomic drought (Mishra and Singh, 2010; Wilhite and Glantz, 1985). 

These types of drought are closely interconnected because water stocks in the atmosphere, surface, and subsoil are 

interconnected within the hydrological cycle (Zhang et al., 2022a).  35 

Research has indicated that meteorological drought, with its earlier onset, is widely recognized as the origin to other types 

of drought (Chen et al., 2020; Wu et al., 2017). Prolonged below-average precipitation impairs soil moisture retention and 

lowers water flows in bodies of water, intensifying agricultural and hydrological droughts, respectively (Zhang et al., 2022a). 

The transition from one type of drought to another is termed drought propagation (Eltahir and Yeh, 1999), a subject extensively 

studied to improve water resource management (Guo et al., 2020; Ma et al., 2019).  40 

Given that prolonged precipitation deficits can propagate through various terrestrial phases of the hydrological cycle, 

understanding how the atmospheric signal modulates as it traverses through soils, watercourses, and aquifers is crucial for 

forecasting and developing effective drought mitigation policies (Raposo et al., 2023). In addition, this understanding serves 

as an early warning tool for this phenomenon (Wu et al., 2021a). 

Although several studies have focused on explaining the propagation of meteorological drought to hydrological drought 45 

(Bevacqua et al., 2021; Guo et al., 2020; Huang et al., 2017; Wu et al., 2021a; Xu et al., 2019; Zhang et al., 2023), there remain 

some gaps requiring to be addressed. Sadhwani and Eldho (2024), for instance, investigated the characteristics and propagation 

time of meteorological-to-hydrological drought across different time scales using standardized indices, while considering 

future climate change scenarios. They concluded that identifying hydrological drought is more complex than meteorological 

drought due to the influence of diverse human activities, such as irrigation, industrial supply, urbanization, and watershed 50 

characteristics. This underscores the need for further research to quantify the effects of these factors on hydrological drought 

and its propagation. 

Another factor contributing to the complexity of drought propagation involves the existing methods utilized. Among these, 

the maximum correlation method (Ho et al., 2021; Xing et al., 2021; Ding et al., 2021; Wu et al., 2021b; Zhou et al., 2021) 

and the theory of runs (Bevacqua et al., 2021; Chen et al., 2020; Ma et al., 2019; Guo et al., 2020) stand out as the most 55 

commonly used. In the maximum correlation method, propagation time is typically determined through correlation analysis 

between the time series of standardized drought indices, applicable across multiple time scales. However, since the entire time 

series is considered, encompassing both dry and wet periods, the emphasis is placed on the relationship between precipitation 

and flow rather than the propagation of drought (Raposo et al., 2023). On the other hand, the theory of runs often involves 

setting a certain threshold level. When each type of drought falls below this threshold, that moment is considered the beginning 60 

of the event for that type of drought. The difference between the onset times of the two drought events types is considered as 

the propagation time (Wu and Chen, 2019). However, this method assumes drought propagation to be a linear process, which 

may not hold true in many situations (Wu et al., 2017).  
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Bevacqua et al. (2021) observed that analyzing the correlation between drought indices alone does not fully capture the 

dynamics of drought propagation. Additionally, they noted significant variations in the timing of drought onset, peak, and 65 

conclusion across different cases. In light of these findings, they suggest adopting multi-indicator approaches to identify the 

mechanisms of drought development and propagation throughout the hydrological cycle. 

The literature indicates that drought propagation is primarily associated with the climatic, physical, and land use 

characteristics of the watershed (Huang et al., 2015; van Loon and Laaha, 2015). In this context, the use of methodologies for 

identifying hydrological droughts that incorporate data on watershed land use and occupation, as well as on water demand 70 

from sectors most commonly affected by drought, fills the existing gap in analyzing the propagation from meteorological 

drought to hydrological drought. Instead of relying solely on standardized hydrological drought indices, which primarily focus 

on changes in reservoir inflow, employing the Threshold Level Method (TLM) enables for quantification of the actual water 

deficit in the watershed using real series data rather than normalized variables (van Huijgevoort et al., 2012; van Loon and 

Laaha, 2015). This method offers a more effective approach to managing water resources at a local level (van Loon, 2015). 75 

Therefore, this study aims to investigate the propagation from meteorological drought to hydrological drought in the 

Banabuiú, Castanhão, and Orós reservoirs located in the State of Ceará, Brazil. In this region, multi-year droughts are prevalent, 

including the recent six-year drought (2012-2018), which significantly impacted on water storage, agriculture, livestock, and 

industry (Marengo et al., 2018; Pontes Filho et al., 2020). 

In order to identify meteorological drought events, we employed the Standardized Precipitation Index (SPI) and the 80 

Standardized Precipitation Evapotranspiration Index (SPEI). For assessing hydrological drought, we utilized the Adapted 

Threshold Level Method (ATLM). Drought events were characterized by their frequency, duration, severity, magnitude, and 

recovery across different time scales, with data aggregated for 12, 24, and 36 months. To determine the propagation time from 

meteorological drought to hydrological drought, we calculated three indicators corresponding to the time differences between 

the onsets, peaks, and ends of the propagated drought events. 85 

2 Materials and Methods 

2.1 Area of Study 

The study area includes the Jaguaribe and Banabuiú Valleys, located within the Jaguaribe watershed in the state of Ceará, 

Brazil. This watershed spans a total area of 74,000 km², representing approximately 50% of the state's territory. It comprises 

of five sub-watersheds: the Upper, Middle, and Lower Jaguaribe, Banabuiú, and Salgado. Ceará predominantly features a 90 

semi-arid climate, with around 95.1% of its area of its area classified as such. The region is monitored by 153 reservoirs are 

monitored, of which 39 completely collapsed and another 42 fell below the minimum operational water level during the recent 

multi-year drought between 2012 and 2018 (Oliveira et al., 2022). 

Consequently, the watersheds of the three main monitored reservoirs in this region were selected: Banabuiú (with an 

accumulation capacity of 1,534.00 hm³), Castanhão (with an accumulation capacity of 6,700.00 hm³), and Orós (with an 95 
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accumulation capacity of 1,940.00 hm³). These reservoirs are located in the Banabuiú, Middle Jaguaribe, and Upper Jaguaribe 

sub-watersheds, respectively.  

The Banabuiú and Castanhão dams are located downstream within the watershed, running parallel to each other, while the 

Orós Dam is situated at the exutory of the Upper Jaguaribe sub-watershed. The Orós Dam plays a crucial as a water source for 

the Middle and Lower Jaguaribe regions, ensuring the continuous flow of the Jaguaribe River until it reaches the Castanhão 100 

dam (see Figure 1) (SRH, 2011).  

 These reservoirs were selected due to their strategic significance to the state of Ceará, as they supply water for various 

purposes including drinking, agriculture, livestock, and other economic activities across multiple municipalities in the state 

(Gonçalves et al., 2023). 

The climate in this region is characterized as hot, tropical, and semi-arid, with average annual temperatures ranging from 105 

26 to 28°C and an average rainfall of approximately 700 mm. High evaporation rates, coupled with spatial and temporal 

variability of precipitation – a hydroclimatic trait of Ceará – result in a significant water deficit, leading to the formation of 

intermittent rivers. These rivers typically flow during the state's rainy season, occurring from January to April (Batista et al., 

2019). 

 110 

Figure 1. Location of the watershed of the Banabuiú, Castanhão and Orós, reservoirs in the State of Ceará, Brazil. 
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2.2 Data Collection 

The monthly precipitation data for the watershed of the studied reservoirs were sourced from FUNCEME, spanning from 1974 

to 2023. Rain gauge stations with more than 30 years of data were selected and then interpolated using the Inverse Distance 

Weighting (IDW) method to derive the regional average monthly precipitation for each reservoir watershed. 115 

Evaporation data covering the period from 1980 to 2010 were obtained from the climatological normals. These data 

corresponded to the nearest stations with available data: Jaguaruana Station (Code 82493) for the Castanhão Dam, Iguatu 

Station (Code 82686) for the Orós Dam, and Quixeramobim Station (Code 82586) for the Banabuiú Dam. These datasets were 

retrieved from the National Institute of Meteorology (INMET) website.  

Monthly potential evapotranspiration data spanning from 1901 to 2020 were obtained from the Climatic Research Unit 120 

(CRU). The original data has a spatial grid resolution of 0.5° latitude by 0.5° longitude and it covers all global land areas. For 

our study region, we used specific spatial and temporal delineations. Spatial delineations were tailored to each reservoir under 

analysis, while temporal delineations were based on the availability of precipitation data for the same period (1974 – 2020).  

The historical reservoir monitoring data for the Banabuiú and Orós dams were provided by FUNCEME, covering the period 

from 1986 and 2023. For the Castanhão dam, the data was made available from the start of its operation in 2004 until 2023. 125 

The stored volumes were computed by monitoring the reservoir levels and using the Quota-Area-Volume (QAV) ratio of each 

reservoir to estimate the monthly volume based on the water level. Similarly, the evaporated volumes were estimated by 

multiplying the monthly evaporation rates, obtained from the climatological normals, by the surface area of the lake on the 

first day of each month. 

 Data on the demands for each reservoir were obtained from the Seminar on Negotiated Allocation of the Waters of the 130 

Jaguaribe and Banabuiú Valleys, organized by the Water Resources Management Company (COGERH) in July 2023. This 

seminar determines the flows to be released for various purposes based on allocation scenarios, using the year 2022 as a 

reference. 

2.3 Methodology 

In this study, we utilized the widely recognized Standardized Precipitation Index (SPI), developed by McKee et al. (1993), 135 

and the Standard Precipitation Evapotranspiration Index (SPEI, proposed by Vicente-Serrano et al. (2010)), to determine 

meteorological drought. For evaluating hydrological drought, we used the Adapted Threshold Level Method (ATLM), as 

developed by Medeiros et al. (2019).  

Across all three cases, drought events were characterized by their frequency, duration, severity, magnitude, and recovery 

time, with data aggregated for 12, 24, and 36 months. However, due to the inherent limitations in the methodologies used, our 140 

analysis focused on comparing the periods of identified drought events to understand the occurrence of drought propagation 

in the study region. 
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2.3.1 Standardized Precipitation Index (SPI) 

To analyze the meteorological drought events spanning from 1974 and 2023 in the Castanhão, Orós, and Banabuiú reservoirs, 

we employed the Standardized Precipitation Index (SPI). Developed by McKee, Doesken, and Kleist (1993), SPI is derived 145 

by fitting precipitation data to the gamma probability distribution. Subsequently, the probabilities of occurrence for each 

precipitation value are calculated by applying the inverse of the normal distribution, thereby identifying deviations from the 

average precipitation for the analyzed intervals (Angelidis et al., 2012; Zhang et al., 2017). A drought event commences 

whenever the index value turns negative and persists until it rises above zero again (McKee et al., 1993).  

SPI is used widely worldwide due to its versatility in analyzing both drought and flood periods, ease of calculation, and 150 

requirement of only precipitation data. However, it is recommended to use SPI with a series of monthly values spanning at 

least 30 years, ideally extending to 50 and 60 years (WMO, 2012). 

For our analysis, we used SPI-12, SPI-24, and SPI-36, representing twelve, twenty-four, and thirty-six months respectively. 

These periods allow for examining the effects of drought across different sectors and on water scarcity (Araújo Júnior et al., 

2020). Additionally, longer time scales of SPI tend to exhibit stronger correlation with hydrological drought indicators 155 

(Keyantash, 2023). 

2.3.2 Standardized Precipitation Evapotranspiration Index (SPEI) 

The Standardized Precipitation Evapotranspiration Index (SPEI) was proposed by Vicente-Serrano et al. (2010) and is 

calculated by determining the difference (D) between precipitation (PRC) and evapotranspiration (PET) for each month (t), as 

described in Eq. (1). 160 

𝐷𝑡 = 𝑃𝑅𝐶𝑡 − 𝑃𝐸𝑇𝑡 ,           (1) 

SPEI follows the same procedure as SPI and involves converting the log-logistic distribution into the standard normal 

distribution. Similar to SPI, SPEI is calculated using aggregated data for 12, 24, and 36 months (SPEI-12, SPEI-24, and SPEI-

36). Further, details of the methodology can be found in the study of Vicente-Serrano et al. (2010). 

2.3.3 Adapted Threshold Level Method (ATLM) 165 

The Threshold Level Method serves as a valuable tool for quantifying hydrological drought by assessing the water volume 

below a specific threshold, thereby allowing for the determination of drought characteristics such as duration, severity, and 

magnitude. In this study, we adapted the threshold level method originally developed by Medeiros et al. (2019), which defines 

hydrological drought as occurring when the reservoir's storage volume falls below a predetermined threshold. 

This threshold level accounts not only water losses due to evaporation but also losses stemming from the demands of 170 

various uses. Additionally, our study incorporated time factors (tf) of 12, 24, and 36 months, representing future periods during 

which the accumulated water in the reservoir at time t can meet the demands while also accounting for evaporation losses. 
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These time periods were selected to align with the analysis of drought propagation using the SPI and SPEI meteorological 

drought indices. 

Using the same time factor (tf), the threshold level (TL(tf)) was determined by summing the withdrawals needed to fulfill 175 

all the demands associated with the reservoir (Dem(tf)) and the evaporated volume (EVP(tf)), as shown in Eq. (2). 

𝑇𝐿(𝑡𝑓) =  𝐷𝑒𝑚(𝑡𝑓)  + 𝐸𝑉𝑃(𝑡𝑓),          (2) 

The value of EVP(tf) was calculated using Eq. (3), where t represents the time in months, E is the historical average of the 

lake's monthly evaporation in meters per month (m.month-1), PRC is the historical average of the monthly precipitation in 

meters per month (m.month-1), and A is the area in square meters (m²) on the first day of each month of the reservoir watershed 180 

monitoring data series: 

𝐸𝑉𝑃(𝑡𝑓) = ∑ { [𝐸(𝑡) − 𝑃𝑅𝐶(𝑡)] ∗ 𝐴(𝑡)}𝑡𝑓
𝑡=1  ,        (3) 

The hydrological variable used for calculating the water deficit is the monthly reservoir storage volume (Vol(t)), obtained from 

the monitoring records maintained by FUNCEME-CE. Thus, the volume of water deficit (WD(tf)) was computed using Eq. 

(4). 185 

𝑊𝐷(𝑡𝑓) =  𝑉𝑜𝑙(𝑡) –  𝑇𝐿(𝑡𝑓) ,          (4) 

In the event of WD(tf) < 0, a hydrological drought occurs, which persists until the volume stored in the reservoir exceeds the 

threshold level considered in the analysis (WD(tf) >= 0). 

2.3.3 Characterization of droughts 

Characterization of droughts was conducted for each reservoir and each index, encompassing the determination of the number 190 

of drought events, their frequency, duration, severity, intensity or magnitude, and recovery time following a drought event 

(both meteorological and hydrological). 

Frequency was calculated by dividing the total number of months experiencing drought by the total number of months 

analyzed. Duration represents the time, in months, from the onset (𝑡𝑏𝑒𝑔𝑖𝑛) to the conclusion (𝑡𝑒𝑛𝑑) of each drought event. The 

severity of meteorological drought was determined by summing the SPI and the SPEI values, for each index respectively, 195 

while the severity of hydrological drought was evaluated based on the sum of the Water Deficit values. Intensity or magnitude 

of the drought was determined by dividing its severity by its duration. Furthermore, drought recovery time (𝑟𝑡𝑖𝑚𝑒 ) was 

determined by establishing the duration it takes for a drought event to subside after reaching its peak severity. Thus, drought 

recovery time was calculated by subtracting the end month (𝑡𝑒𝑛𝑑) from the peak month (𝑡𝑝𝑒𝑎𝑘) of the event. 
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2.3.4 Mutually dependent droughts and minor droughts 200 

In this study, the definition of meteorological and hydrological wet and dry periods adheres to the theory of runs, as introduced 

by Yevjevich (1967). According to this theory, a series of drought events below a certain threshold level may include periods 

intermittent, low-magnitude wet event occurring between two consecutive drought events. In such cases, droughts are 

considered mutually dependent, necessitating their grouping to establish a consistent definition of drought events (Tallaksen 

et al., 1997). To achieve this grouping, we employed the Inter-Event Time Method (IT Method), introduced by Zelenhasic and 205 

Salvai (1987), as depicted in Figure 2. 

 

Figure 2. Representation of the characteristics of drought events, including duration, severity, and drought recovery time (𝐫𝐭𝐢𝐦𝐞), based on 

the scale of the SPI and SPEI meteorological drought indices. The same characterization was conducted for hydrological drought using the 

ATLM. For illustrative purposes, random data were used to demonstrate the pooling of mutually dependent droughts and the exclusion of 210 

minor droughts. 

In this approach, two mutually dependent droughts are consolidated if the duration between them is less than a predefined 

number of days (𝑡𝑐), specifically if 𝜏𝑖≤𝑡𝑐. The duration of a pooled drought event (𝐷𝐷𝑝𝑜𝑜𝑙𝑒𝑑) is therefore defined from the 

first day of the first drought event to the last day of the cluster's last drought event, including the excess period (𝜏𝑖) (Eq. 5). 

For this study, a 𝑡𝑐 of one month was chosen. 215 

 

𝐷𝐷𝑝𝑜𝑜𝑙𝑒𝑑 = 𝑑𝑖 + 𝑑𝑖+1 + 𝜏𝑖,          (5) 

On the other hand, minor droughts are characterized by being short-lived and low deficit volume. A multitude of minor 

droughts can distort the analysis of drought frequency over time, necessitating the exclusion of minor droughts (Tallaksen et 

al., 1997). Accordingly, all drought events lasting one month or less were excluded from the analysis. 220 
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Following the exclusion of minor droughts and the establishment of the duration of the pooled drought, the severity of the 

pooled drought (𝐷𝑆𝑝𝑜𝑜𝑙𝑒𝑑) was determined by summing the deficit volumes and subtracting the excess volume of the 

intermediate event (Eq. 6). 

𝐷𝑆𝑝𝑜𝑜𝑙𝑒𝑑 = 𝑠𝑖 + 𝑠𝑖+1 − 𝑣𝑖,          (6) 

In studies addressing reservoir management, subtracting the excess volume from the total of the deficit volumes offers a more 225 

accurate depiction of reservoir withdrawal and replenishment processes (Fleig et al., 2006). This approach has been adopted 

by Chen et al. (2013), Pandey et al. (2008), Sung and Chung (2014) and Tallaksen et al. (1997). 

2.3.5 Propagation of droughts 

The determination of the propagation time from meteorological drought to hydrological drought was obtained through the 

calculation of three indicators, as outlined by Bevacqua et al. (2021). The first indicator concerns the time differences between 230 

the beginnings of each meteorological drought and hydrological drought event (Δb), the second corresponds to the time 

difference between the peaks of these events (Δp). The third indicator involves the time differences between the ends of the 

events (Δe) (Figure 3). To determine hydrological drought resulting from a meteorological drought, it was established that (i) 

the meteorological drought must begin before the hydrological drought, (ii) the hydrological drought must start before the 

meteorological drought ends, and (iii) the peak and end of the meteorological drought must occur before the peak and end of 235 

the hydrological drought. 

The total propagation time can thus be determined by averaging the time intervals between the onset, peak, and end time 

intervals of drought events propagated in the study area (Zhang et al., 2022a; Wu et al., 2021b). 

 

Figure 3. Propagation of the different types of drought using indicators that determine the time difference between the onsets (Δb), peaks 240 

(Δp), and ends (Δe) of the meteorological and hydrological droughts. Random data were used for illustrative purposes to demonstrate the 

calculation of the indicators under predefined conditions. 𝑩𝑴𝒆𝒕𝑫𝒓𝒐𝒖𝒈𝒉𝒕  and 𝑩𝑯𝒊𝒅𝑫𝒓𝒐𝒖𝒈𝒉𝒕  denote the beginning month, 𝑷𝑴𝒆𝒕𝑫𝒓𝒐𝒖𝒈𝒉𝒕 and 
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𝑷𝑯𝒊𝒅𝑫𝒓𝒐𝒖𝒈𝒉𝒕 denote the peak month, and 𝑬𝑴𝒆𝒕𝑫𝒓𝒐𝒖𝒈𝒉𝒕 and 𝑬𝑯𝒊𝒅𝑫𝒓𝒐𝒖𝒈𝒉𝒕 denote the end month of the meteorological drought (SPI or SPEI) 

and hydrological drought (ATLM), respectively. 

3 Results and Discussion 245 

3.1 Characterization of Meteorological Drought Using the SPI and SPEI Indices 

The values of the meteorological drought indices were determined for the annual (12 months), biennial (24 months), and 

triennial (36 months) time scales, spanning from 1975 to 2023 for the SPI and from 1975 to 2020 for the SPEI. In Figures 4, 

5, and 6, only the periods in which the indices fell below 0.0 (defined as the drought threshold) are depicted for the watersheds 

of the Banabuiú, Castanhão, and Orós reservoirs, respectively.  250 

In the case of the Banabuiú watershed, the meteorological droughts accumulated over 12 months (SPI-12 and SPEI-12) 

had the highest number of drought occurrences, with 16 events, occurring approximately 50% of the time (Figure 7). For long-

term scales, a lower number of event occurrences was observed while maintaining the same frequency, indicating that once a 

drought occurs, it has a longer duration. This trend was similarly observed in the watershed of the Castanhão Dam. 

However, for the Orós Reservoir watershed, the SPI index indicated a high frequency of meteorological drought events 255 

across time scales aggregated for 12, 24, and 36 months, resulting in drought conditions 60%, 61%, and 62% of the time, 

respectively. On the other hand, the SPEI index showcased a behavior similar to that of the other reservoirs, exhibiting an 

average frequency of around 50% and a decreasing number of events as the index scale increased (see Figure 7).  
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Figure 4. Periods of meteorological drought identified using the SPI and SPEI indices for the Banabuiú Dam, at time scales with data aggregated for 12, 24, 260 
and 36 months. 

 

Figure 5. Periods of meteorological drought identified using the SPI and SPEI indices for the Castanhão Dam, at time scales with data aggregated for 12, 24, 

and 36 months. 
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 265 

Figure 6. Periods of meteorological drought identified using the SPI and SPEI indices for the Orós Dam, at time scales with data aggregated for 12, 24, and 

36 months. 

Analyzing the average duration of drought events identified using the SPI and SPEI indices for the Banabuiú and Castanhão 

watersheds reveals no significant difference between the indices for the same time scale with aggregated data (Figure 8a). 

However, the durations of meteorological drought periods are notably longer at the time scale with data aggregated for 36 270 

months compared to the other time scales. It is noteworthy that in the case of the Banabuiú watershed, the event with the 

longest duration started in March 2012 and lasted until the end of 2018, according to the SPI-12 (Figure 4a) and SPEI-12 

(Figure 4b), persisting for 82 and 83 months, respectively. According to the SPI and SPEI over 24 and 36 months, this same 

drought event extended until the first half of 2020 (Figure 4c e Figure 4d).  

In the Castanhão watershed, the longest meteorological drought, lasting 54 months, occurred during the same period, 275 

beginning two years after it began in the Banabuiú watershed, in June 2014, according to the SPI-12 and SPEI-12 indices 

(Figure 5a e Figure 5b). For time scales with data aggregated for 24 and 36 months, the prolonged extreme event detected by 

the indices occurred between 2012 and 2020, lasting up to 96 months (Figure 8a). 

In the case of the Orós Dam watershed, the average duration of drought events was 21 and 19 months, according to the 

SPI-12 and SPEI-12 indices, respectively (Figure 8a). Considering the SPI and SPEI with data aggregated for 24 and 36 280 

months, the SPEI-36 stands out for its wide variation in the minimum and maximum duration of drought events. 
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Figure 7. Number of occurrences and frequency of meteorological drought events for the watersheds of the Banabuiú, Castanhão, and Orós reservoirs. 

The longest drought in this watershed began and ended earlier compared to the other watersheds studied, according to the SPI-

12 (February 2009 to March 2015), SPI-24 (May 2009 to March 2016), and SPI-36 (May 2009 to March 2017) indices (Figure 285 

6a, Figure 6c, and Figure 6e). The longer drought periods identified using the SPEI corresponded approximately to the same 

period as those in the Banabuiú and Castanhão watersheds (2012–2020). 

Thus, the meteorological drought indices studied indicate that the multi-year drought that began in 2012 was the longest in 

the historical series analyzed, leading to negative effects in various sectors such as agriculture, livestock, and surface and 

underground resources. There has been a decline in water storage in the strategic reservoirs monitored by COGERH, resulting 290 

in a scarcity of water supply in cities, animal mortality, increased migration, and losses in agriculture (De Brito, 2021; Marengo 

et al., 2016; Rabelo and Lima Neto, 2018). According to Marengo et al. (2016), this event may be associated with unusual 

cloud formation patterns due to the position of the Intertropical Convergence Zone (ITCZ) and the presence of the La Niña 

phenomenon, which resulted in the opposite of what was expected—an increase in rainfall trends. 

 295 
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Figure 8. Characteristics of meteorological drought identified using the SPI and SPEI indices at the time scale with data aggregated for 12, 24, and 36 months 

for the watersheds of the Banabuiú, Castanhão, and Orós reservoirs: (a) duration (months); (b) severity (dimensionless); (c) magnitude (dimensionless); (d) 

recovery time from drought events (months). The hollow circles represent the values of extreme events. 

These extended periods of drought also tend to exhibit the most severe impacts, as evidenced across all the analyses conducted 300 

on the indices and watersheds under study. In the Banabuiú watershed, for example, both the SPI-12 and SPEI-12 indices 
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indicated events with severity peaking at high values of 87 and 85, respectively. Furthermore, when examining longer time 

frames with data aggregated for 24 and 36 months, the severity of drought events remained notably high, with the SPI-24 

reaching 103 and the SPI-36 reaching 120 (Figure 8b). Similarly, in the Castanhão watershed, there was a certain similarity 

between the SPI and SPEI indices during the same periods (Figure 8b). Additionally, it is observed that the average severity 305 

increases with the addition of more months in the indices, as anticipated.  

Considering the assessment of drought magnitude, which reflects the intensity of the events, the SPI and SPEI indices 

exhibit comparable patterns at equivalent time scales for the Banabuiú and Castanhão reservoirs (Figure 8c). For the Orós 

Reservoir watershed, in turn, the average drought intensity appears higher, particularly according to the SPEI index. This result 

may suggest that the influence of evapotranspiration on the SPEI calculation has a more pronounced impact on drought 310 

characteristics in the Orós watershed compared to Banabuiú and Castanhão. 

When examining the recovery time from drought events, there appears to be no notable difference on average between the 

SPI and SPEI indices at the same aggregated time scale, especially evident in the Banabuiú and Castanhão watersheds (Figure 

8d). Notably, extreme events where the peak severity of the longest-duration droughts initiates the recovery process can take 

up to 81 months to return to a normal state. An example of this is the drought that started in April 2012, reached its severity 315 

peak in May 2013, and ended in January 2020, as identified by the SPI-24 for the Banabuiú watershed. 

Overall, there were no significant differences in the main characteristics of drought between the SPI and SPEI indices 

across the studied watersheds in the Banabuiú and Castanhão regions. For the Orós watershed, in turn, the SPEI tends to exhibit 

relatively higher values in drought characteristics compared to the SPI. While certain studies suggest that the SPEI might be 

more adept at characterizing meteorological drought (Li et al., 2020; Pei et al., 2020), it is important to consider that the most 320 

suitable index actually depends on various factors such as the region's topography, soil cover, and the purpose of drought 

monitoring (Gumus, 2023).  

3.2 Characterization of Hydrological Drought Using the Adapted Threshold Level Method (ATLM) 

The water deficits for the times factors of 12, 24, and 36 months of the Banabuiú, Castanhão, and Orós Dams are depicted in 

Figure 9. For a better understanding, only the negative values of the deficit are shown in the figure. 325 
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Figure 9. Drought periods identified for the Banabuiú, Castanhão, and Orós dams using the ATLM, considering time factors with data aggregated for 12, 24, 

and 36 months. 

As the time factor increases, drought events tend to begin earlier, and the intervals between them shorten, ultimately leading 

to prolonged periods of hydrological drought across the historical series for the analyzed reservoirs, particularly noticeable in 330 

the Orós and Banabuiú Dams. Moreover, there is a notable escalation in the volume of water deficit over time. While this 

pattern is observed across all three reservoirs, it is most pronounced in the Orós and Banabuiú Dams. It's worth mentioning 

that historical data for the Castanhão Dam is limited due to its operation commencing only in 2004. Nevertheless, as the largest 

water reservoir in the State of Ceará, with a total capacity of 6,700 hm³, it was engineered to withstand more extreme drought 

conditions. 335 

Analyzing the number of occurrences and frequency of hydrological drought events, it's revealed that the Banabuiú Dam 

experienced the highest number of events with a time factor of 24 months (9 events). For the Castanhão Dam it was with a 

time factor of 12 months (4 events), and for the Orós Dam with a time factor of 36 months (10 events) (Figure 10). This 

suggests that there is no direct proportional relationship between the increase in time factor and the occurrence of drought 

events across all studied reservoirs. However, concerning frequency, there is a clear proportionality – the higher the time factor 340 

used, the longer the reservoir experiences hydrological drought throughout the historical series. For instance, the frequency of 

drought at the Orós Dam increased from 12% to 55% for time factors of 12 and 36 months, respectively (Figure 10). 

The periods of water deficit depicted in Figure 9 were further characterized by their duration, severity, magnitude, and 

drought recovery time, as shown in Figure 11. 

The analysis of the Banabuiú Dam revealed that, with a time factor of 12 months, the longest-lasting event spanned 42 345 

months, exhibiting the highest severity (1,861.87 hm³), consequently resulting in the greatest magnitude (44.79 hm³.month-1) 

among all identified events. Occurring from January 2015 to May 2018, the reservoir maintained an average capacity of merely 
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1% of its maximum capacity, underscoring a significant and prolonged water deficit. On average, the droughts lasted 11 

months, with typical severity and magnitude values of 397.90 hm³ and 22.08 hm³.month-1, respectively (Figure 11a, Figure 

11b, and Figure 11c).  350 

 

Figure 10. Number of occurrences and frequency of hydrological drought events determined by the ATLM method for the Banabuiú, Castanhão, and Orós 

dams, considering time factors of 12, 24, and 36 months. 

By extending the time factor to 24 months, the longest-lasting hydrological drought event started in October 2014, three 

months earlier than the drought identified with a 12-month time factor, persisting until August 2021, totaling 84 months. This 355 

ratio remains unchanged for a time factor of 36 months, where the longest drought spanned from July 2014 to August 2020, 

lasting 75 months. 

For time factors of 24 and 36 months, the droughts had an average duration of 17 and 32 months, respectively (Figure 11a). 

Their severity and average magnitude were recorded as 1,530.12 hm³ and 83.55 hm³.month-1 for the ATLM 24, and 5,768.36 

hm³ and 149.40 hm³.month-1 for the ATLM 36 (Figure 11a, Figure 11b, and Figure 11c).  360 

It is important to note that for each time factor, regardless of the reservoir, there is a specific period for analyzing 

hydrological drought occurrence based on the threshold level. As the time factor increases, this period decreases proportionally. 

This limitation was necessary to align the methodology with available reservoir monitoring data. Thus, the conclusion of the 

analyzed period for each time factor may not necessarily align with the termination of the last identified drought. 

For the Castanhão Dam, analyzing the ATLM 12, reveals the onset of the longest and most severe drought event, spanning 365 

52 months and peaking in severity at 17,047.61 hm³, starting in February 2016 and concluding in April 2020. Throughout this 

period, the reservoir's storage volume average about 5% of its total capacity, owing to the severe conditions of the 
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meteorological drought that started in 2012. Consequently, besides facing significant evaporation losses, the Castanhão Dam 

experienced increased withdrawals to meet the demands of other watersheds that were facing water scarcity. 

Regarding time factors of 24 and 36 months, the ATLM 36 exhibits a notable variation between the minimum and 370 

maximum values of duration, severity, and magnitude of the identified hydrological drought events.  

 

Figure 11. Characterization of hydrological drought using the ATLM for time factors with data aggregated for 12, 24, and 36 months for the Banabuiú, 

Castanhão, and Orós reservoirs: (a) duration (months); (b) severity (hm³); (c) magnitude (hm³.month-1); (d) recovery time from drought events (months). The 

hollow circles represent the values of extreme events. 375 
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For the Orós Dam, the most prolonged and severe events for the studied time factors unfolded between March 2017 and 

March 2020, between June 2016 and August 2021, and between December 2014 and August 2020 for ATLM 12, ATLM 24, 

and ATLM 36, respectively. Thus, similar to Banabuiú and Castanhão, an increase in the time factor leads to earlier onset of 

drought events for Orós Dam. Moreover, in the case of the Orós Dam, severity and magnitude increase as more months are 

aggregated to the time factor. 380 

Oliveira et al. (2022) employed the Standardized Runoff Index (SRI) at scales with data aggregated for 3 months and 12 

months to assess hydrological drought in the watershed of the Orós Reservoir, analyzing data spanning from 1982 to 2020. 

The SRI-12 identified a prolonged hydrological drought, commencing in the first half of 2015 and concluding in the second 

half of 2018. Notably, the SRI differs from the ATLM by using flow data, obtained through hydrological modeling employing 

MODHAC for the Upper Jaguaribe watershed. 385 

There is observable variability in the drought recovery time among the reservoirs and the time factors used. However, in 

general, the peak months of hydrological drought events closely align with the final months of the events, or the peak month 

coincides with the month when the hydrological drought terminates. This trend is especially true noticeable for a time factor 

of 12 months, indicating swift recovery of reservoir volume (Figure 11d).  

In the case of the Banabuiú Dam, the longest hydrological drought recovery time (41 months) occurred during the event of 390 

greatest duration and severity, according to the ATLM 24 (beginning in October 2014, peaking in April 2018, and concluding 

in August 2021). Similarly, for the Castanhão Dam, a similar pattern emerged, with a maximum duration of 19 months for the 

ATLM 24 (initiating in May 2015, reaching its peak in February 2020, and concluding in in September 2021). Finally, the 

Orós Reservoir exhibited the lengthiest recovery time (25 months), per the ATLM 36, for the hydrological drought event that 

begins in November 1992, reached its peak in February 1995, and concluded in March 1997. These results underscore the 395 

complexity dynamics of post-drought recovery and underscore the difficulty in determining the total duration of an event based 

solely on identifying the month of peak severity.  

It is important to emphasize that the method used in this study for quantifying hydrological drought relies on the historical 

series of monitored stored volumes and demands of various uses within their respective watersheds, utilizing the Threshold 

Level Method (TLM). This approach enables the measurement of the actual water deficit, offering a more effective means of 400 

managing water resources at the local level and serving as a vital tool for operating complex water systems (Raposo et al., 

2023; van Loon, 2015). 

On the other hand, the use of standardized indices offers the advantage of enabling a direct and straightforward comparison 

of hydrological drought events across watersheds with different climates. This approach contributes to a better understanding 

of droughts dynamics both temporally and spatially (Quiring, 2009; Teutschbein et al., 2022). Given that the Banabuiú, 405 

Castanhão, and Orós watersheds are located in a region sharing similar climatic characteristics, the selected method proves 

effective for quantifying and characterizing hydrological drought, thereby serving as a valuable tool for decision-making in 

water resource management within these watersheds.  
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3.3. Propagation from meteorological drought to hydrological drought 

To ascertain which meteorological drought index (SPI or SPEI) and time scale exhibit the most pronounced or subdued 410 

response in terms of propagation time to hydrological drought, we conducted analyses encompassing combinations of SPI-12, 

SPI-24, SPI-36, SPEI-12, SPEI-24, and SPEI-36 with ATLM 12, 24, and 36 for the studied reservoirs. The graphic comparison 

is illustrated in Figure 12 to Figure 14 for Banabuiú, Figure 15 to Figure 17 for Castanhão, and Figure 18 to Figure 20 for 

Orós. A specific time frame was established within the series of meteorological drought indices to synchronize with the 

available data for hydrological drought. 415 

 

Figure 12. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 12 months, for the Banabuiú Dam. 
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Figure 13. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 420 

to hydrological drought, defined by the ATLM with data aggregated for 24 months, for the Banabuiú Dam. 

 

Figure 14. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 36 months, for the Banabuiú Dam. 

Upon scrutinizing the drought periods identified for Banabuiú, it becomes apparent that certain events deviated from the 425 

predefined conditions. Notably, instances hydrological drought terminating before the conclusion of meteorological drought 
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have been observed. This anomaly is evident in the events spanning from 2012 and 2021, particularly when using the SPI-36 

and ATLM-12 indices (Figure 12e). Additionally, instances of hydrological drought occurring without preceding 

meteorological drought have been identified (Figure 13d, Figure 13e, Figure 13f; Figure 14d, Figure 14e, Figure 14f).  

For Banabuiú, the highest prevalence of meteorological droughts transitioning to hydrological droughts was observed when 430 

utilizing the SPI and SPEI indices at a time scale with data aggregated for 12 months, coupled with ATLM with a time factor 

of 36 months. In this combination, the average time intervals for the onset, peak, and end of the different types of drought were 

13.2, 23.2, and 16.5 months, respectively (Table 1). 

Table 1. Drought propagation across the Banabuiú, Castanhão, and Orós reservoir watersheds, indicating the average time difference (in months) between 

the onset (∆𝒃̅̅̅̅ ), peak (∆𝒑̅̅̅̅ ), and conclusion (∆𝒆̅̅̅̅ ) of meteorological and hydrological drought events. The values that have the longest propagation times are 435 

highlighted in bold. 

      Banabuiú Castanhão Orós 

Meteor. 
drought 

Hidrol. 
drought 

Number of 

propagated 

droughts 

∆𝑏̅̅̅̅  ∆𝑝̅̅̅̅  ∆𝑒̅̅ ̅ Number of 

propagated 

droughts 

∆𝑏̅̅̅̅  ∆𝑝̅̅̅̅  ∆𝑒̅̅ ̅ Number of 

propagated 

droughts 

∆𝑏̅̅̅̅  ∆𝑝̅̅̅̅  ∆𝑒̅̅ ̅ 

(months) (months) (months) 

SPI 12 

ATLM 12 

3 42.7 32.3 2.3 2 13 33.5 11.5 0 - - - 

SPEI 12 3 42.7 32.3 2.0 1 20.0 59.0 18.0 1 33.0 13 39.0 

SPI 24 2 68.5 53.5 2.5 1 38.0 40.0 2.0 1 9.0 28.0 31.0 

SPEI 24 2 67.5 47.0 2.5 1 38.0 40.0 2.0 3 39.0 1.3 18.0 
SPI 36 1 32.0 30.0 2.0 1 45.0 35.0 2.0 0 - - - 

SPEI 36 1 32.0 30.0 2.0 1 45.0 34.0 2.0 2 58.0 2.0 2.0 

SPI 12 

ATLM 24 

4 21.3 30.8 16.0 1 11.0 59.0 35.0 1 25.0 35.0 44.0 

SPEI 12 4 21.3 31.0 15.8 1 11.0 59.0 35.0 3 24.7 16.0 25.0 
SPI 24 3 29,7 39.0 15.3 1 29.0 40.0 20.0 1 57.0 35.0 68.0 

SPEI 24 3 29.0 34.7 15.3 1 29.0 40.0 20.0 3 26.3 7.0 16.3 

SPI 36 3 29.3 33.0 8.7 1 36.0 35.0 19.0 3 58.0 34.0 44.7 
SPEI 36 3 29.3 33.7 8 1 36.0 34.0 19.0 2 41.5 11.0 28.5 

SPI 12 

ATLM 36 

6 13.2 23.2 16.5 2 4.5 30.5 12.0 4 32.8 39.0 47.0 

SPEI 12 6 13.2 23.3 16.3 2 4.5 30.5 12.0 5 12.0 12.8 18.6 

SPI 24 4 16.8 30.5 17.0 2 21.0 32.5 6.0 4 39.3 34.8 50.3 

SPEI 24 4 16.3 28.5 17.0 2 21.0 32.5 6.0 4 12.3 10.8 18.5 

SPI 36 4 13.3 23.3 9.3 2 18.5 21.5 5.0 4 39.0 28.5 40.8 

SPEI 36 4 13.3 23.8 8.8 2 18.5 21.0 5.0 3 16.3 8 15.7 

 

In the case of Castanhão, minimal drought propagation was observed across all combinations tested (Figure 15, Figure 16, and 

Figure 17). This outcome can be attributed to the dam's considerable water reserve capacity, which enhances its resilience to 

hydrological droughts. However, it is noteworthy that the prolonged meteorological drought beginning in 2012 precipitated a 440 

substantial decrease in the stored volume, ultimately plunging the reservoir into a state of hydrological drought. This 

propagated drought event was identified in all analyses. 
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Figure 15. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 12 months, for the Castanhão Dam. 445 

 

Figure 16. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 24 months, for the Castanhão Dam. 
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Figure 17. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 450 

to hydrological drought, defined by the ATLM with data aggregated for 36 months, for the Castanhão Dam. 

The results for Orós reveal significant variability in the number of propagated droughts among the simulated indices, indicating 

a more complex dynamic in drought propagation (Figure 18, Figure 19, and Figure 20). The highest number of propagated 

droughts was observed when using SPEI 12 and ATLM 36, with an average propagation time from the beginning of the drought 

of 12 months, between the peaks of 18.6 months, and between the ends of 12.8 months (Table 1). 455 
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Figure 18. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 12 months, for the Orós Dam. 

 

Figure 19. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 460 

to hydrological drought, defined by the ATLM with data aggregated for 24 months, for the Orós Dam. 

 

Figure 20. Propagation from meteorological drought, obtained using the SPI and SPEI indices at time scales with data aggregated for 12, 24, and 36 months, 

to hydrological drought, defined by the ATLM with data aggregated for 36 months, for the Orós Dam. 
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Recent literature on drought propagation indicates that the transition of a meteorological drought into other drought types is 465 

often site-specific. This means that there is no standardized pattern of propagation times, even in regions with similar climates 

(Raposo et al., 2023).  

Ideally, the propagation response between hydrological drought and meteorological drought should be linear, that is, the 

propagation time for each combined event of the different types of drought should be similar or equivalent (Edossa et al., 

2010). However, in a given watershed, the hydrological response to the meteorological process often exhibits non-linearity 470 

due to watershed characteristics, anthropogenic activities, and climate change influences (van Loon et al., 2016; Wu et al., 

2021b).  

Additionally, the selection of indicators for drought identification and characterization, alongside the time scale chosen and 

various threshold levels, can lead to discrepancies in the propagation time results (Zhang et al., 2022b), as evidenced in our 

study’s findings. 475 

Regarding meteorological droughts, researchers expect that rising temperatures will significantly impact drought severity. 

Therefore, there is a growing advocacy for the adoption of the SPEI over SPI, as the former includes the evapotranspiration 

component influenced by rising temperatures (Reyniers et al., 2022; Tomasella et al., 2022; Vicente-Serrano et al., 2022). 

Regarding hydrological droughts, human activities such as reservoir operation, water extraction, land use changes, agricultural 

intensification often exert a more significant effect than climate change (Vicente-Serrano et al., 2022; Wanders and Wada, 480 

2015). Therefore, quantifying hydrological drought stemming from such activities becomes increasingly crucial for 

comprehending the drought propagation process. However, generalizing the anthropogenic impact is challenging due to the 

complexity of human interventions in watersheds. 

4 Conclusions 

Meteorological drought, stemming from insufficient precipitation, can catalyze other types of droughts, underscoring the 485 

importance of comprehending variations in drought characteristics and the phenomenon of propagation to hydrological 

droughts from past events. This understanding is vital for devising strategies to mitigate their adverse effects. 

This study utilized two meteorological drought indices, the Standardized Precipitation Index (SPI) and the Standardized 

Precipitation Evapotranspiration Index (SPEI), alongside with the adapted threshold level method to quantify hydrological 

drought. These methodologies were applied across time scales with data aggregated for 12, 24, and 36 months to identify 490 

drought periods, elucidate their characteristics, and delineate the propagation of drought in the Banabuiú, Castanhão and Orós 

watershed, located within the Brazilian semi-arid region.  

The results indicate that, overall, there were no significant discrepancies between the SPI and SPEI indices regarding the 

characteristics of meteorological drought, including frequency, duration, severity, magnitude, and drought recovery, 

particularly in the Banabuiú and Castanhão regions. On the other hand, for the Orós watershed, the SPEI exhibited relatively 495 

higher values in drought characteristics compared to the SPI. 
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The application of the adapted threshold level method for identifying hydrological drought enabling the measurement of 

the actual water deficit by calculating the water balance between the water in the reservoirs and the demands of various users 

within the watershed. This analysis was conducted across different time scales with aggregated data.  

An examination of drought propagation, based on a comparison of different methods, revealed a lack of defined pattern for 500 

the onset, peak, and end intervals of the events across all tested combinations. Consequently, it is recommended to use all three 

methods to enable a more comprehensive analysis of drought events propagated in the watersheds. 

Additionally, further research is suggested to assess drought propagation time using alternative methods that provide early 

warnings of hydrological drought, based on short- and long-term weather forecasts. 

 505 
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