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Abstract
The Northern Murray–Darling Basin (MDB) is a key Australian agricultural region requir-
ing efficient Agricultural Drought Management (ADM), focused on resilience. Although a 
need for resilience in local farming communities has long been recognised, previous stud-
ies assessing ADM in the Northern MDB did not consider two key elements of resilient 
management: proactivity (preparing for drought prior to a drought event) and suitability 
(localised drought management targeted at decision-makers). This study assessed the cur-
rent ADM Strategy (ADMS) implemented within five selected Northern MDB Local Gov-
ernment Areas (LGAs) (Paroo Shire, Balonne Shire, Murweh Shire, Maranoa Region, and 
Goondiwindi Region), specifically investigating the extent of ADMS proactivity, effective-
ness, and suitability. To investigate suitability, drought risk extent of each LGA was deter-
mined. A region-specific drought risk index consisting of hazard, vulnerability and expo-
sure indices was developed; risk mapping was conducted. All LGAs displayed very high 
levels of drought risk due to hazardous climatic conditions, vulnerable socio-economic 
attributes, and drought-exposed geographical features. A Criteria-Based Ranking (CBR) 
survey produced a quantitative effectiveness and proactivity rank for each major ADMS 
used in the Northern MDB. Government Assistance was the most proactive and effective 
ADMS. Strategy effectiveness ranks of the major ADMS used and drought risk extent 
found in each LGA were correlated to determine ADMS suitability. Overall, Balonne Shire 
and the Goondiwindi Region were identified as high priority areas requiring improved 
ADM. A user-centred Integrated Early Warning System (I-EWS) for drought could poten-
tially increase ADM proactivity and suitability in such areas, strengthening drought resil-
ience of farming communities.
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1 Introduction

Droughts are recurring features of the Australian climate, with significant impact upon 
communities and the economy. Severe droughts have affected large parts of eastern and 
southern Australia in the past decades. Recently, in 2017–2019, severe drought again 
impacted Queensland, New South Wales, and Victoria, including the Murray–Darling 
Basin (MDB)—a key agricultural region of Australia (Bureau of Meteorology 2019, 2020).

In Australia, drought monitoring is vital for informed decision-making in many sec-
tors, including agriculture, energy, emergency services, finance, health, water management 
and many others. The Bureau of Meteorology (BoM) reports on meteorological drought; 
BoM long-term precipitation records show that on average, widespread drought in Aus-
tralia, occurs once every 18 years (Kuleshov et al. 2019). However, due to climate change 
impact Australia is projected to see continued decrease in cool season rainfall across many 
regions of southern and eastern Australia, likely leading to more time in drought (Bureau 
of Meteorology and CSIRO 2020). While the BoM analyses historical rainfall data and 
provides users with important drought information, it is state and federal government agen-
cies which declare drought for relief and management purposes. Rainfall sub-seasonal to 
seasonal (S2S) forecasts are an essential part of any user-centred Integrated Early Warning 
System (I-EWS) for drought, providing an early warning of potential drought conditions to 
state and federal decision-makers (Kuleshov et al. 2020; Bhardwaj et al. 2021), and assist-
ing users in planning their Agricultural Drought Management Strategy (ADMS).

An I-EWS for drought can enable strategic decision-making in drought-prone areas. As 
a result, an effective I-EWS for drought is becoming increasingly recognised as a key factor 
in the transition from past general crisis management approach to future resilient manage-
ment of drought as a ‘risk’ in countries like Australia where drought frequently affects 
agricultural communities and economic sectors. Drought risk is the probability of adverse 
effects resulting from the combination of drought hazard (the potential for drought condi-
tions and/or a drought hazard event to occur); drought exposure (the whole population, its 
livelihoods and resources in a place where a drought event may occur); and drought vul-
nerability (the likelihood of exposed factors to suffer adverse effects when a drought event 
occurs) (Sharafi et al. 2020). Resilient Agricultural Drought Management (ADM) not only 
mitigates the impacts of droughts to recover after an event has occurred but anticipates 
drought risk and includes the implementation of preparedness actions suited to specific 
at-risk areas prior to the occurrence of a drought. Resilient ADM consists of two key ele-
ments: proactivity and suitability.

In this instance, proactivity is defined as controlling a drought risk situation prior to the 
occurrence of a drought event, rather than responding to drought after it has occurred and 
reached a level of crisis. This can be achieved through ADM preparedness and adaptation, 
and the use of early warning information. Within this context, suitability is referring to 
the quality of ADM appropriateness for independent implementation in individual, local 
farming communities. Sufficient ADM suitability can be accomplished through location-
specific ADM Strategies (ADMSs) and stakeholder collaboration (Nguyen-Huy et  al. 
2020). To sufficiently shift to resilient risk management, ADM needs to be adaptively and 
independently maintained at the local farming community level, to ensure that ADM is 
adequately proactive and suitable (Nguyen-Huy et al. 2020).

Earlier studies recommend a future emphasis on drought forecasting and drought EWSs 
to shift away from institutional reliance and crisis management (e.g., Raikes et al. 2019). 
A user-centred I-EWS can inform resilient drought risk management to be appropriately 
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implemented by independent farmers, with government support. The insights provided by 
Raikes et  al. (2019) highlight the widely accepted importance of assessing the input of 
all key stakeholders, and of prioritising local strategies that can be easily implemented by 
local farming communities (Cobon et al. 2009; Connell and Grafton 2011; Paneque 2015).

Although a need for proactive and suitable management has been consistently recog-
nised, ADM assessment studies conducted in drought-prone areas of Australia have not 
incorporated these elements in assessment criteria (Cobon et al. 2009; Crimp et al. 2010; 
Hart 2016). Thus, it is pertinent to assess the proactivity, effectiveness, and suitability of 
ADMSs in Australia. In this study, the assessment of these strategies has been conducted 
for the Northern MDB.

The MDB is Australia’s largest agricultural region; the agricultural industry of the MDB 
is worth A$24 billion annually [Australian Bureau of Agricultural and Resource Econom-
ics and Sciences (ABARES) 2011]. Historical climate records for the Northern MDB show 
that the region frequently experienced severe drought conditions [Australian Bureau of 
Statistics (ABS) 1988]. In 2017–2019, the Northern MDB was again affected by a severe 
drought, with record low rainfall in many parts of the region (Fig. 1). It is projected (with 
probability between 50 and 90%) that lower rainfall and higher evaporation will be com-
mon in the Northern MDB due to future climate change, and therefore drought frequency 
is expected to increase (Phelps and Kelly 2019).

Due to its drought-prone nature and national economic value, the Northern MDB espe-
cially requires efficient drought management (Hart 2016). Efficient drought management 
consists of ADMSs that are resilient, with a focus on proactivity and suitability. Specifi-
cally, efficient ADMSs would consist of proactive risk mitigation measures considering 
public outreach and resource stewardship; consolidate risk knowledge and early warn-
ing information to inform evidence-based responses; concentrate on effective stakeholder 

Fig. 1  Thirty-six-monthly rainfall deficiency for Australia
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collaboration between state officials and local communities to implement user-centred 
actions; and incorporate comprehensive governmental financial strategies to support self-
sustainable drought management by local individuals (Wilhite 2005).

The key stakeholders responsible for ADM in the Northern MDB include government 
officials, local council officials, local farmers, and farming associations (Docker and Rob-
inson 2014). Currently, these stakeholders play a part in the implementation of three major 
ADMSs within the Northern MDB: (i) the MDB Plan, (ii) the use of Water Trading, and 
(iii) Government Assistance (resources and financial) (Crimp et al., 2010; Docker and Rob-
inson, 2014). The resilience of these strategies is restricted due to major limitations (for 
details, see “Appendix 1”) which may reduce the extent of their proactivity and suitability.

Earlier studies analysing the three major ADMSs used in the Northern MDB suggested 
that the capacity for resilience of local farming communities is inconclusive, as it is unclear 
whether current ADMSs are proactive and suitable (Kirby et al. 2014; Pittock and Connell 
2010). Assessment of the proactivity and suitability of strategies is therefore required to 
ensure that key stakeholders can respond to drought in a resilient capacity (Crimp et  al. 
2010).

Regions within the Northern MDB that are of particular interest include the LGAs of 
Balonne Shire, the Goondiwindi Region, the Maranoa Region, Murweh Shire and Paroo 
Shire (Fig. 2). These five LGAs strongly depend on agricultural productivity and have been 
severely affected by drought in the past (Pittock and Connell 2010). Future drought events 
are expected to have significant impacts on the agriculture sector and functionality of com-
munities within these LGAs (Quiggin et al. 2010).

Fig. 2  Spatial extent showing the five LGAs—Balonne Shire, Goondiwindi Region, Maranoa Region, Mur-
weh Shire and Paroo Shire—in the context of Queensland
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Assessing the proactivity and suitability of ADMSs within these five areas is of critical 
importance for indicating the extent of resilience to drought both in the farming communi-
ties of these LGAs and, more broadly, within the Northern MDB (Power and Cacho 2014). 
An accurate assessment of drought risk would be useful to inform stakeholders on the suit-
ability of drought management decisions used within each of these Northern MDB LGAs 
(Yin et al. 2014). Drought risk is the chance of severe impacts on community functionality 
over a specific period of time, caused by drought hazard conditions combining with vulner-
able social conditions, leading to significant negative human, material, economic, or envi-
ronmental effects requiring an emergency response to ensure recovery (IPCC 2012).

Drought risk consists of three key components: drought hazard, drought vulnerabil-
ity, and drought exposure. Drought hazard is the potential happening of a drought event 
which may cause an increased death rate, or other related health affects as well as adverse 
effects for property, infrastructure, livelihoods, and environmental resources (IPCC 2012). 
Drought vulnerability is the impact which a drought event may have on people, infrastruc-
ture, and the economy within communities). Drought exposure is defined as the quantity 
and/or location of assets and/or the elements present in areas subject to drought hazard 
conditions that are exposed to potential losses caused by the adverse effects of a drought 
event (Van Lanen et al. 2017).

Risk mapping in Geographic Information Systems (GIS) is a common method used 
to indicate drought hazard, vulnerability and exposure levels, as well as overall risk, and 
inform increasingly resilient ADM in drought-prone regions around the world (Dayal et al. 
2018). However, there has been no evident drought risk mapping solely for agricultural 
drought on an LGA level within these five Northern MDB LGAs (Hart 2016). Drought risk 
mapping is valuable for use in the Northern MDB, specifically within these five LGAs, as 
it measures a region’s exposure to drought as a hazard, and its vulnerability to extended 
periods of water shortage (Yin et al. 2014).

The importance of developing a unique drought risk index, specific to the area of inves-
tigation, when assessing agricultural drought risk on local community scales, has been 
emphasised in earlier studies (Wilhelmi and Wilhite 2002; Raikes et  al. 2019). A recent 
study by Rahmati et  al. (2020) developed a drought risk index to map drought risk in a 
drought-stricken region of 123,897  km2 in South-East Queensland. Although the study 
region of Rahmati et  al. (2020) included areas within the Northern MDB, drought risk 
in these areas was investigated together with other areas in South-East Queensland on a 
regional level. There has been no previous research on tailoring a drought risk index for 
drought risk mapping on a LGA level within the Northern MDB.

Crase et al. (2005) highlights previous assessments of drought risk in the Northern MDB 
have only considered the socio-economic impacts of drought. A more holistic drought risk 
assessment using a region-specific drought index, constructed from hazard, vulnerabil-
ity, and exposure indicators tailored to the features of the Northern MDB, is needed to 
accurately indicate the current level of drought risk in the selected LGAs. Assessing the 
extent of drought risk is crucial to determining ADM suitability in Northern MDB LGAs 
(Adeyinka et al. 2016). The development of a region-specific drought risk index and the 
accurate assessment of drought risk extent in each LGA will allow decision-makers to 
observe where ADM resources are being appropriately allocated, and identify areas that 
require increased attention and provision of additional resources to enhance ADM resil-
ience (Sena et al. 2017).

In this study, we assessed the current ADMSs implemented within the Northern MDB, 
and determined the extent of proactivity, effectiveness, and suitability of these strategies in 
the context of the key drought-affected areas. This assessment allowed us to examine the 
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potential effectiveness of a user-centred I-EWS for drought to improve ADMSs in North-
ern MDB farming communities.

The paper is organised as follows. Data and methodology used for assessment of 
drought hazard, vulnerability, and exposure in five selected agricultural regions of the 
Northern MDB are presented in Sect. 2. Results of calculations of drought risk index and 
assessment of the proactivity, effectiveness, and suitability of three major ADMSs used in 
the Northern MDB are presented in Sect. 3. The results are discussed in Sect. 4, and con-
clusions are presented in Sect. 5.

2  Data and methods

2.1  Selection of hazard, vulnerability, and exposure indicators used for drought 
risk assessment in the Northern MDB

Developing a region-specific drought risk index is the key to accurate drought risk map-
ping; effective drought risk indicators must be tailored to measuring agricultural drought 
specifically in the Northern MDB. The development of a region-specific drought risk index 
ensures that once the extent of proactivity and effectiveness of ADMSs is determined, suit-
ability can be investigated by observing whether the most proactive and effective strategies 
are being used in the most at-risk agricultural areas (Santos et al. 2014).

Hazard, vulnerability, and exposure indicators most applicable to drought risk assess-
ment in five selected LGAs were determined by integrating information regarding the char-
acteristics of the Northern MDB and analysis of similar approaches to indicator selection 
used in earlier studies. The selected hazard, vulnerability, and exposure indicators contrib-
uted to the assessment of the potential happening of a drought event causing adverse effects 
for sectors within the Northern MDB (hazard), the impact which a drought event may have 
on aspects of Northern MDB communities (vulnerability), and the assets and the elements 
in the Northern MDB that are exposed to potential losses caused by adverse drought effects 
(exposure).

The climatic and socio-economic characteristics of the Northern MDB were used to 
infer whether indicators used in earlier studies would be suitable for use in the current 
study. Specifically, the sub-tropical/grassland climate [Köppen classification system 
(Bureau of Meteorology 2014)] and diverse geography of the Northern MDB was consid-
ered, as well as small community sizes, stable socio-economic features, and the prevalent 
land use types of grazing, dryland cropping and irrigated cropping [Australian Bureau of 
Statistics (ABS) 2017].

Indicators used in earlier studies were analysed in terms of efficiency and usability 
(Table 1). The WMO Handbook of Drought Indicators and Indices (Svoboda and Fuchs 
2016) was used to determine the extent of hazard indicator feasibility and relevance. Only 
hazard indicators that had been recommended by the WMO were used in this study. The 
practicality and efficiency of vulnerability and exposure indicators, not listed by WMO, 
was investigated through observing use in earlier studies.

In this study, the Standardised Precipitation Index (SPI) and the Vegetation Health 
Index (VHI) were determined to be appropriate indicators for use in measuring drought 
hazard extent in the Northern MDB LGAs. SPI has been used in a similar drought assess-
ment conducted in Iran, which has similar climatic characteristics to the Northern MDB 
(Nasrollahi et al. 2018), as well as in other past drought assessments throughout the world 
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(Fallon et al. 2019; Nagarajan and Ganapuram 2015). Additionally, SPI has been given the 
‘green’ light by the WMO (Svoboda and Fuchs 2016) and is suggested as a starting point 
for monitoring drought hazard.

SPI has been criticised as an indicator of drought hazard as it is derived from a time 
series based on the difference of precipitation from the mean for a specified time divided 
by the standard deviation, with both the mean and standard deviation derived from the 
climatological record (Uddameri et al. 2019). As precipitation probabilities are changing 
in the face of increasing climate change, the accuracy of SPI in the future for indicating 
drought hazard is unknown. To address this concern, a best practice methodology was 
developed to derive 3-month SPI from satellite precipitation estimates (Chua et al. 2020).

Furthermore, SPI is not the sole drought hazard indicator; VHI is also used. If slight 
inaccuracy affects either indicator, the other is likely to compensate for this so that the 
overall drought hazard index is not critically impacted. VHI has been used in a similar 
study of agricultural drought in Zimbabwe (Frischen et  al. 2020). Although the climate 
of Zimbabwe is dissimilar to that of the Northern MDB, Frischen et al. (2020) similarly 
investigated agricultural drought risk on specific, local community levels.

Agricultural occupation (% of total population > 15 in labour force) and average house-
hold income [mean household income (AUD)] were selected as appropriate indicators for 
measuring drought vulnerability in the Northern MDB. Nasrollahi et al. (2018) used agri-
cultural occupation to indicate drought vulnerability in Iran. Although Iran has different 
socio-economic characteristics to the Northern MDB, agricultural occupation was deemed 
an applicable indicator to the vulnerability mapping of the Northern MDB, due to the reli-
ance on the agricultural industry for employment (Byrnes 2015). Saha et al. (2012) used 
average household income as a vulnerability indicator for drought risk in local Indian vil-
lages in arid areas. Although the socio-economic characteristics of the Northern MDB dif-
fer to India, like the study area of Saha et al. (2012), the Northern MDB has limited water 
availability and restricted employment opportunities. Frischen et al. (2020) also included 
average household income as an indicator of vulnerability.

Land use (type) and average elevation were selected as appropriate exposure indicators 
to use in this study. Frischen et  al. (2020) similarly computed drought exposure using a 
land use/land cover dataset differentiating between rainfed and irrigated agriculture. Like-
wise, land use was used as the main indicator of drought exposure in a comparable drought 
risk assessment by Dayal et al. (2018) in South-East Queensland. Dayal et al. (2018) also 
used elevation as an indicator, but for drought vulnerability. Following further research 

Table 1  Hazard, vulnerability, and exposure index levels for each of the five LGAs investigated (Paroo 
Shire, Murweh Shire, Balonne Shire, Maranoa Region and Goondiwindi Region) for 2017, 2018, 2019 and 
2020 (from Jan to Dec in 2017, 2018, and 2019 and from Jan to Jul in 2020)

Index level is shown on a 0–1 orange colour scale, spanning from pale orange [Mild (0.01–0.25)], to deep 
orange/brown [Extreme (0.76–1.00)]
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into what drought vulnerability and exposure mean (Korada et al. 2018; Van Lanen et al. 
2017), it was decided that the reasoning given by Dayal et al. (2018) describes elevation 
as a drought exposure factor. Additionally, Huang et al. (2014) used elevation as an indi-
cator of drought exposure, as assets on differing elevations experience disparate drought 
impacts. For example, elevation is positively related to water abstraction difficulty through-
out drought periods (Huang et al. 2014).

All selected indicators are defined in “Appendix 2”. It is important to note that as this 
was intended to be a tailored and specific drought risk assessment for the Northern MDB 
on a localised scale, only a small number of highly valuable and appropriate hazard, vul-
nerability and exposure indicators were selected and used. If a large assortment of indica-
tors were used for each of the indices, the assessment may have been too general to high-
light the variation in drought risk between the local areas under investigation (Pulwarty 
and Sivakumar 2014). Additionally, data availability was limited so ideal vulnerability 
and exposure indicators like water consumption, total grazing pressure, commodity prices, 
debt income ratio, weed infestation, etc. which have been postulated as useful drought risk 
indicators in earlier studies (e.g., Stafford Smith et al. 2008), could not be considered in 
this research. Future research could investigate data availability for these indicators in aim 
of creating databases for these indicators so that they may be selected for use in further 
drought risk assessment.

2.2  Data and methods for drought risk assessment

Data for each of the selected indicators were collected from publicly available sources.

1. Hazard indicators the SPI—from IRI database [International Research Institute for 
Climate and Society (IRI) 2020]; the VHI—from NOAA database [National Oceanic 
and Atmospheric Administration (NOAA) 2020]

2. Vulnerability indicators Average Household Income (AUD) and Agricultural Occupa-
tion (% of total population > 15 in labour force)—from Australian Bureau of Statistics 
(ABS) [Australian Bureau of Statistics (ABS) 2017]

3. Exposure indicators Elevation (average over LGA area)—from Topographic map of 
Queensland (Department of Natural Resources Mines and Energy 2020); Land Use 
(type)—from Queensland Government ArcGIS mapping source (Department of Envi-
ronment and Science 2019).

Thresholds were applied prior to index calculations and mapping to determine the vari-
ance of indicator data between each of the five LGAs. Drought risk thresholds suitable for 
measuring drought risk in the Northern MDB were adapted from earlier studies to ensure 
accuracy (Dayal et  al. 2018; Frischen et al. 2020; Williges et  al. 2017). If no noticeable 
variance was evident between the five regions for an indicator, that indicator was deemed 
unsuitable for use in index calculations. All indicators listed above displayed variance and 
were included in index calculations.

To calculate the vulnerability, exposure, and hazard indices, data were standardised 
using a fuzzy method in  ArcGIS10.7 [Environmental Systems Research Institute (ESRI) 
Inc. 2019]. Prior to the performance of the fuzzy function, fuzzy membership classes were 
assigned to each indicator, describing the relationship between the indicator and drought 
risk as recommended in Dayal et al. (2018); the two classes of fuzzy membership assigned 
in this study were fuzzy small and fuzzy large. The fuzzy large (fuzzy small) transformation 
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function was used when the larger (smaller) input values were more likely to contribute to 
drought risk.

Each individual indicator to be included in the drought hazard, vulnerability and expo-
sure index calculations was mapped on  ArcGIS10.7 for the five LGAs, using original data. 
The base map used for all map layers, outlining Queensland LGAs, was sourced from 
Department of Industry Science Energy and Resources (2020). Data was scaled between 
0–1 based on the possibility of the data contributing to drought risk, where 0 was assigned 
to those values that were definitely not going to contribute, and 1 was assigned to those val-
ues that were definitely going to contribute to drought risk. The entire range of possibilities 
between 0 and 1 were assigned to some level of possible membership (Dayal et al. 2018).

Once the data for each indicator (to be included in calculations) was appropriately 
standardised, weights were assigned to each indicator and the hazard, vulnerability and 
exposure indices were calculated using Eqs. (1), (2) and (3), respectively.

where HI is the Hazard Index, n is the number of Hazard Indicators, Xi′ refers to the stand-
ardised indicators and Wi refers to the respective indicator weight.

where VI is the Vulnerability Index, n is the number of Vulnerability Indicators, Xi′ refers 
to the standardised indicators and Wi refers to the respective indicator weight.

where EI is the Exposure Index, n is the number of Exposure Indicators, Xi′ refers to the 
standardised indicators and Wi refers to the respective indicator weight.

A weighting scheme for the relative hazard, vulnerability, and exposure indicators was 
developed, based on the relative importance and contribution of each factor for the specific 
index which it informs. This weighting scheme was developed on a 0–1 scale, with 0 indi-
cating no probable contribution to the relative index and 1 being total probable contribu-
tion to the relative index (Dayal et al. 2018; Frischen et al. 2020). The numerical weight-
ings assigned to each indicator were determined by investigating expert weights provided 
in earlier studies (see “Appendix 3” for details).

A Hazard Index, Vulnerability Index, and Exposure Index were calculated for 2020 
using data available up to July. All indices were calculated for three additional years (2017, 
2018, and 2019), and four seasonal periods (spring, summer, autumn, and winter) from 
2019–2020, to verify the accuracy of results of the drought risk analysis.

Once the vulnerability, hazard, and exposure indices were calculated, the data were 
imported to  ArcGIS10.7. Spatial maps of the area covering the five LGAs, representing vul-
nerability, exposure, and hazard per unit area were produced. The final drought risk index 
for each of the five LGAs was determined through the integration of the drought vulner-
ability, hazard, and exposure index maps using the Fuzzy Gamma Overlay (with a gamma 
value of 0.9) function in  ArcGIS10.7. Refer to “Appendix  4” for mathematical equations 
of the Fuzzy Gamma Overlay function. The optimal final drought risk map for each LGA 
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was then generated in  ArcGIS10.7. The extent of drought vulnerability, hazard, exposure, 
and risk displayed on the respective maps was classified into four levels: mild, moderate, 
severe, and extreme. These classifications are commonly used in drought risk assessments 
(Dayal et al. 2018; Frischen et al. 2020).

The final drought risk maps were validated through spatially correlating seasonal haz-
ard maps (spring 2019, summer 2019/2020, autumn 2020 and winter 2020) and seasonal 
drought risk maps (spring 2019, summer 2019/2020, autumn 2020 and winter 2020) 
with Space-based Weather and Climate Extremes Monitoring (SWCEM) soil moisture 
data [Soil Moisture Operational Product System (SMOPS) Season Average], adapting an 
approach used in an earlier study (Dayal et  al. 2018). Soil moisture data were gathered 
from the National Oceanic and Atmospheric Administration (NOAA) for the spring and 
summer periods of 2019, and autumn and winter periods of 2020. Seasonal soil moisture 
is an appropriate factor for validating drought hazard and risk as it is indicative of agricul-
tural drought as it has been proven to be directly related to drought stress on crops (Svo-
boda and Fuchs 2016).

The validation was conducted in  ArcGIS10.7 using the spatial analyst tool band collec-
tion. This tool provides statistics for the multivariate analysis of a set of raster bands, out-
putting the minimum, maximum, mean, and standard deviation for each raster band ana-
lysed, and a correlation matrix depicting the correlation between raster bands.

2.3  Data and methods for ADMSs

Stakeholder surveys were designed using a Criteria-Based Ranking (CBR) method which 
uses collaborative stakeholder engagement to develop ranks (Ho 2018). The CBR meth-
odology, previously used by Ho (2018) to rank different environmental indicators, was 
adapted to suit the ranking of different ADMSs.

The three strategies under assessment (the MDB Plan, Water Trading, and Government 
Assistance) were ranked by each participant through responding to a series of proactivity 
and effectiveness criteria statements. Criteria statements were developed through analy-
sis of relevant earlier studies (Cobon et al. 2009; Dayal et al. 2018; Williges et al. 2017). 
A response scale was also developed using best practices expressed in the literature (Ho 
2018). Criteria statements were weighted equally since the earlier study by Ho (2018) con-
cluded that applying weights to individual criteria statements did not significantly change 
ranking results. However, since each context in which CBR is used is different, future stud-
ies may consider consulting with key stakeholders, as to whether the unequal weighting of 
criteria statements is required.

Participants from three key stakeholder groups (local farming individuals, Queensland 
Government officials, and local farming association individuals) were contacted through 
public domain sources and personal networks via email and phone. Each participant was 
given an Explanatory statement and Consent Form, as per ethics, prior to completing the 
survey. Surveys were conducted in June–July 2020.

The survey was conducted using the Qualtrics platform. Participants were asked to rank 
proactivity and effectiveness criteria statements on a scale of 1–5 (1—strongly disagree, 
2—somewhat disagree, 3—neither disagree nor agree, 4—somewhat agree, 5—strongly 
agree), for each of the three ADMSs. There were 11 total criteria statements for proactivity 
and 12 for effectiveness. Each of the participant’s statement rankings were summed to get 
overall effectiveness and proactivity statement ranks for each strategy. All 11 overall state-
ment ranks were added to generate the final proactivity rank for each strategy, and all 12 
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overall statement ranks were added to obtain the final effectiveness rank for each strategy. 
To increase the value of ranking results, the statistical significance [likelihood that two 
variables are related due to a factor other than chance (Zhang et al. 2011)] of the relation-
ship between ADMS and proactivity rankings was analysed.

The relationship between the proactivity rankings/effectiveness rankings and ADMS 
type was examined with an ANOVA. A student’s t-test was used to determine the signifi-
cance of the difference between the means of each ADMS ranking, until each ADMS rank 
had been compared to each of the other ADMS rankings. T-test assumptions were checked 
by plotting the data distribution on boxplots. ANOVA assumptions were checked by plot-
ting data, and by assuring experimental data was independent. All assumptions were met, 
thus the aforementioned tests proceeded. All statistical tests used α = 0.05.

3  Results

3.1  Drought risk assessment

Results from the 2020 drought risk index and mapping displayed high drought risk for all 
five LGAs with varying levels of hazard, vulnerability, and exposure. These results have 
been validated through comparison with three past years (2017, 2018, and 2019) and sea-
sonal correlation with SWCEM soil moisture data (SMOPS Season Average).

Agricultural occupation, average household income, elevation, SPI, VHI and land use 
all displayed variation between data collected for each of the LGAs. These indicators were 
included in the index calculations. Index values for the vulnerability, exposure and haz-
ard indices displayed varying degrees of drought vulnerability, exposure, and hazard for 
each of the five LGAs. Drought hazard, vulnerability and exposure maps displayed the cal-
culated index values, computed from each standardised indicator value (for summary see 
Table 1).

Current (2020) drought hazard was shown as considerable for three of the five LGAs 
(Table  1). The Maranoa Region and Murweh Shire were determined to have a severe 
drought hazard (with standardised hazard index values between 0.51 and 0.75), and the 
Goondiwindi Region was displayed as having moderate drought hazard (with standardised 
hazard index value between 0.26 and 0.50). Paroo Shire and Balonne Shire displayed a 
lesser degree of drought hazard, exhibiting a mild level of hazard (with standardised index 
values between 0.01 and 0.25).

All LGAs exhibited a high degree of current (2020) drought vulnerability (Table 1). The 
Maranoa Region, the Goondiwindi Region and Murweh Shire displayed moderate levels 
of drought vulnerability, while Paroo Shire and Balonne Shire were shown to have severe 
drought vulnerability.

As with drought vulnerability, all LGAs demonstrated extensive levels of current (2020) 
drought exposure (Table 1). The exposure maps indicated that all LGAs except Balonne 
Shire had an extreme level of drought exposure (with exposure index values ranging from 
0.76 to 1). Balonne Shire was shown to have a severe level of drought exposure.

As a result, the overall current (2020) drought risk map (overlay of vulnerability, haz-
ard, and exposure maps) marked each of the five LGAs to have very high levels of drought 
risk (Fig. 3). Paroo Shire and Balonne Shire exhibited a lower level of drought risk com-
pared to all other LGAs. The Goondiwindi Region, Maranoa Region and Murweh Shire all 
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displayed an extreme level of drought risk, whereas Paroo Shire and Balonne Shire were 
shown to have a severe extent of drought risk.

The current (2020) drought risk level was corroborated with drought risk trends cal-
culated and displayed for each of the five LGAs for the past three years (2017, 2018, and 
2019). Similar to the 2020 drought risk results, a very high drought risk level (extreme) 
was seen for all five LGAs throughout the past three years (Fig. 3).

The yearly drought risk maps were further validated through correlating a set of sea-
sonal hazard maps (spring 2019, summer 2019/2020, autumn 2020 and winter 2020) and 
seasonal drought risk maps (spring 2019, summer 2019/2020, autumn 2020 and winter 
2020) (summary of seasonal maps provided in Table 2) with SWCEM soil moisture data 
(SMOPS season average). There was an evident correlation between seasonal soil mois-
ture and the seasonal hazard maps, as well as an evident correlation between seasonal soil 
moisture and the seasonal drought risk maps produced (Table 3).

3.2  Assessment of drought impacts management using current ADMSs

A search of the relevant literature expressed the main type of ADMS used in each LGA 
(out of the major three strategies assessed: MDB Plan, Water Trading, and Government 
Assistance). Three sources discussing the current (2015–2020) ADMSs used in each LGA 
were analysed to determine which strategy was mentioned the most. A total of 15 (three for 
each LGA) relevant sources (journal papers and government documents published between 
2015 and 2020) were analysed. The specific strategy that was mentioned the most in the set 

Fig. 3  Drought risk maps for 2017, 2018, 2019, and 2020 (from Jan to Dec in 2017, 2018 and 2019 and 
from Jan to Jul in 2020) indicating drought risk on an LGA level, in Paroo Shire [Regional Hub (RH) Cun-
namulla], Murweh Shire (RH Charleville), Balonne Shire (RH St George), Maranoa Region (RH Roma) 
and Goondiwindi Region (RH Goondiwindi). Drought risk extent is shown on a 0–1 orange colour scale, 
spanning from pale orange [Little Risk (≤ 0.25)] to deep orange/brown [Extreme Risk (≤ 1.0)]
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of sources analysed for each LGA was assumed to be the main ADMS used in that region. 
To examine the suitability of ADM, the final effectiveness rank for the main ADMS found 
to be used in each LGA was cross-referenced with the optimal drought risk map to deter-
mine if the most effective ADMS was implemented in the most at-risk LGAs.

3.2.1  Proactivity ranking for Northern MDB ADMS

To increase the value of proactivity ranking results, the statistical significance [likelihood 
that two variables are related due to a factor other than chance (Zhang et al. 2011)] of the 
relationship between ADMS and proactivity rankings was analysed.

There was a statistically significant relationship found between ADMS type and proac-
tivity statement rankings (F2 = 15.49, p =  < 0.0001). The MDB plan proactivity statement 
rankings were statistically lower than those of Water Trading (t18 = −2.20, p = 0.04) and 
Government Assistance (t18 = −4.81, p = 0.0001). Additionally, there was a statistically 
significant difference found between Water Trading and Government Assistance rankings, 
with Water Trading ranked lower than Government Assistance (t15 = −3.56, p = 0.003).

It was found that all three Northern MDB ADMS’s proactivity ranks were not optimal.
The total rank formed from the summation of the statement rankings indicated that Gov-

ernment Assistance was overall ranked the most proactive (score of 449). This rank was 
much greater than both Water Trading (score of 382) and the MDB Plan, which was ranked 
as the least proactive strategy (score of 350).

3.2.2  Effectiveness ranking for Northern MDB ADMS

To increase the value of effectiveness ranking results, the statistical significance of the rela-
tionship between ADMS and effectiveness rankings was analysed.

There was a statistically significant relationship found between ADMS type and effec-
tiveness statement rankings (F2 = 25.83, p =  < 0.0001). Both the MDB plan (t21 = −6.39, 
p =  < 0.0001) and Water Trading (t22 = −5.72, p =  < 0.0001) effectiveness statement rank-
ings were statistically lower to those of Government Assistance. However, there was no 
statistically significant difference evident between the effectiveness statement rankings of 
the MDB Plan and Water Trading (t22 = −0.57, p = 0.57).

It was found that effectiveness rankings were suboptimal for all of the major Northern 
MDB ADMS’s.

Table 2  Hazard, vulnerability, exposure, and risk index levels for each of the five LGAs investigated (Paroo 
Shire, Murweh Shire, Balonne Shire, Maranoa Region and Goondiwindi Region) for the seasonal periods in 
the past year (from Spring 2019 to Winter 2020)

Index level is shown on a 0–1 orange colour scale, spanning from pale orange [Mild (0.01–0.25)], to deep 
orange/brown [Extreme (0.76–1.00)]
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The total rank calculated from the summation of the effectiveness statements indicated 
that Government Assistance was overall ranked the most effective (score of 540), as it was 
for proactivity. This rank was distinctly larger than both the rank of Water Trading (score 
of 409) and the MDB Plan (score of 397). As there was no significant difference between 
the effectiveness rank of the MDB Plan and that of Water Trading, it cannot be said that the 
MDB Plan was ranked differently to Water Trading.

3.2.3  Suitability assessment of existing ADMSs used in the Northern MDB

It was found that Government Assistance was the main ADMS mentioned in the literature 
regarding ADM for Paroo Shire, the Maranoa Region and Murweh Shire (Byrnes 2015). 
The MDB Plan was the main strategy found listed in the literature discussing ADM in the 
Goondiwindi Region (Goondiwindi Regional Council 2020). Water Trading was the major 
strategy found in the literature covering ADM for Balonne Shire (Marsh 2018). The results 
of the literature search, combined with the main land use type (found when collecting data 
for the drought exposure index), effectiveness rankings, and the final drought risk map, 
indicate the extent of current ADM suitability in each LGA (Table 4).

LGAs displayed varying levels of ADMS suitability. ADM was found to be ‘not suit-
able’ in the Goondiwindi Region as the main ADM used had the lowest (tied) effectiveness 
ranking and an extreme level of drought risk. Balonne Shire displayed a severe level of 
drought risk but used a low ranking ADMS. However, as the major land use type of the 
region is less exposed to drought than that of the other LGAs and the fact that Balonne 
Shire did not display an extreme level of drought risk like the Goondiwindi Region, Mara-
noa Region and Murweh Shire, it is concluded that ADM in Balonne Shire has a slight 
level of ADM suitability. ADM was mostly suitable in Paroo Shire as it uses the most 
effective ADMS; however, as it is of lower risk to drought compared to the other LGAs, 
resources could be better used elsewhere. The Maranoa Region and Murweh Shire were 
indicated to have very suitable ADM as they were of extreme risk to drought and imple-
mented the most effective ADMS.

4  Discussion

Investigating prospects for a user-centred I-EWS to increase the efficiency of ADM in the 
Northern MDB, this study assessed three major ADMSs implemented within five LGAs of 
the Northern MDB and determined the extent of proactivity, effectiveness, and suitability 
of these strategies. A region-specific drought risk index tailored to evaluating drought in 
the Northern MDB has been developed and the index data integrated with proactivity and 
effectiveness rankings of ADMSs to determine management suitability.

Results of the current (2020) drought risk assessment, management rankings and cur-
rent suitability of ADMSs in five LGAs in the Northern MDB are discussed in the follow-
ing sections.

4.1  Drought risk

Current (2020) drought risk was high for all five LGAs due to the climatic, socio-eco-
nomic, and geographic characteristics of each area. Summary of discussion on risk assess-
ment results for 2020 is given in Table 5.
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4.2  Management rankings

Proactivity and effectiveness of three main ADMs—Government Assistance, MDB Plan 
and Water Trading—were evaluated. Proactive ADM prepares for drought as a risk, 
rather than responding to drought as a crisis (Abel et al. 2016). In this study, ADM in 
the selected LGAs was deemed sufficiently proactive if the major ADMS used empha-
sises collaborative stakeholder preparedness and incorporates early warning informa-
tion. ADMSs in the chosen LGAs were deemed effective if they displayed a high quality 
of stakeholder communication and collaboration and allowed for the independent imple-
mentation of ADM by local farming communities (Otkin et al. 2015).

It was found that proactivity rankings were consistently lower than effectiveness 
rankings. It is speculated that this is due to the universally common practice of striv-
ing for high management efficiency whilst also managing drought as a crisis during or 
after an event has occurred, rather than managing it as a risk prior to an event reaching 
an emergency level (Paneque 2015). Proactivity rankings for the MDB Plan were sig-
nificantly lower than those of Water Trading and Government Assistance. Government 
Assistance was also ranked significantly higher than Water Trading. This was an unex-
pected result, as the MDB Plan is expressed in the literature as the major ADMS used 
in the Northern MDB, thus it was assumed it would be the most proactive (Connell and 
Grafton 2011; Kiem 2013; Wheeler et al. 2014).

This unexpected result may be due to the strong limitations constraining the proac-
tivity of the MDB Plan. In an examination of water reform in the MDB, Connell and 
Grafton (2011) suggest that there is a gap between state-level implementation of the 
MDB Plan and an apparent lack of public understanding of the plan’s objectives. Addi-
tionally, the MDB Plan is only reviewed every 10  years, which limits the amount of 
adaptation that it can have to changing drought frequency and intensity that may occur 
over the years (Quiggin et al. 2010). Under climate change, rapid increase in frequency 
of drought events is expected, thus 10 years may be too large of a time interval (Hart 
2016). Results of this research suggest that review of the MDB Plan be preferably con-
ducted more frequently and consider feedback from local farming individuals.

Government Assistance was ranked significantly higher than the MDB Plan and 
Water Trading. We speculate that whilst the MDB Plan and Water Trading consider 
the needs of the Northern MDB as a whole (Docker and Robinson 2014), Government 
Assistance considers the needs of individual local farmers and adapts to the ever-chang-
ing nature of drought events in the Northern MDB, albeit slowly. However, the effec-
tiveness ranking for Government Assistance was not optimal.

Earlier studies, like the analysis of governmental risk management approaches in the 
MDB by Pittock and Connell (2010), show that Government Assistance is restricted 
by certain limitations. Historically, financial assistance programs offered by the 
Queensland government have specific criteria for participation, generalised for farmers 
throughout the entire MDB (Kiem 2013; Pittock and Connell 2010). Furthermore, it was 
noted by Abel et al. (2016) in their investigation of management strategies in the MDB 
to form criteria for the arrangement of risk adaptation actions, that the effectiveness of 
Government Assistance is challenged by the fact that it encourages focus on government 
intervention rather than on effective self-management, resilience, and sustainability in 
local farming communities. Consequently, local farmers are not equipped and supported 
to manage the adverse impacts of drought independently, thus inhibiting the effective-
ness of ADM.
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Overall, proactivity was exhibited as low for all three ADMSs, with Government Assis-
tance ranked as the most proactive and effective.

4.3  Management suitability

Suitable ADM is location-specific and incorporates effective collaboration between key 
stakeholders, to ensure that ADMSs can be independently implemented and managed in 
high-risk farming communities (Nguyen-Huy et al. 2020). In this study, ADM is deemed 
highly suitable if effective ADMSs are used in high-risk LGAs, with largely drought-
exposed main land use types, as such regions require resilient ADM and prioritised drought 
resource allocation.

Government Assistance is the most used ADMS for Paroo Shire, the Maranoa Region 
and Murweh Shire (Byrnes 2015). Whereas the MDB Plan is mainly used in the Goondi-
windi Region (Goondiwindi Regional Council 2020). Balonne Shire principally relies on 
Water Trading, compared to the other two ADMSs (Marsh 2018).

The Maranoa Region and Murweh Shire were found to implement very suitable ADM, 
as the most effective ADMS (Government Assistance) is used in these LGAs that are 
extremely at risk, where the main land use type (dryland cropping) is severely exposed 
to drought (Kaushal and Wani 2016). In comparison, ADM in the Goondiwindi Region 
was deemed to be not suitable. This was attributed to the fact that one of the least effective 
ADMS’s (MDB Plan) is used in this extremely at-risk LGA, where the main land use type 
(grazing native vegetation) is moderately drought exposed. In the Goondiwindi Region, 
ADM could be improved with the increased focus on Government Assistance rather than 
the MDB Plan.

ADM was found to be only slightly suitable in Balonne Shire. This was due to the 
major use of one of the least effective ADMS’s (Water Trading) in this severely at-risk 
LGA (Docker and Robinson 2014). However, because the major land use type (irrigated 
cropping) is only mildly exposed to drought, it is understandable as to why the most effec-
tive ADMS is not used. Alternatively, ADM in Paroo Shire was observed to be suitable. 
The most effective ADMS (Government Assistance) is used in this severely at-risk LGA, 
where a moderately drought exposed land use type is common (grazing native vegetation). 
However, it is not found to be ‘very suitable’ like Murweh Shire and the Maranoa Region, 
as ADM resources may be better prioritised elsewhere where drought risk is extreme, and 
management is poor (Paneque 2015).

In summary, ADM in the Maranoa Region and Murweh Shire was found to be very suit-
able, ADM in Paroo Shire was found to be suitable, with ADM in Balonne Shire and the 
Goondiwindi Region requiring review and further improvement.

4.4  Priority Areas for ADM review

The two LGAs that are of high priority for ADM review include the Goondiwindi Region 
and Balonne Shire. This study highlights the importance to prioritise a review of ADM 
in Balonne Shire and the Goondiwindi Region as these LGAs are at a very high risk to 
drought (severe risk and extreme risk respectively) and rely on unsuitable ADMSs that lack 
proactivity.

Paroo Shire is of low priority for review as it mainly uses the most effective ADMS to 
counter the severe drought risk threatening the moderately exposed main land use type of 
grazing native vegetation. Similarly, the Maranoa Region and Murweh Shire are of low 
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priority when considering reviewing ADM, as the major ADMS used in both LGAs (Gov-
ernment Assistance) is sufficiently proactive and very suitable to combat the extreme risk 
which drought poses to these areas.

Therefore, future investigation should predominantly focus on the high priority LGAs of 
Balonne Shire and the Goondiwindi Region but should still consider Paroo Shire and both 
the Maranoa Region and Murweh Shire following this. Additionally, the Maranoa Region 
and Murweh Shire are still at an extreme risk to drought and may require increasingly 
improved ADM under the possibly intense effects of future climate change. In a compa-
rable study analysing management of water shortage impacts on irrigated agricultural pro-
cesses, Qureshi et al. (2018) similarly found that local areas in the MDB that are at-risk to 
water shortages require improved management strategies to sustain agricultural processes, 
especially when faced with future climate change.

4.5  Study limitations and way to move forward

The onset of COVID-19 at the beginning of the study period meant that travel was 
restricted so local farming individuals could not be spoken to face-to-face. The survey to 
assess ADMSs was conducted online; more detailed responses may have been obtained if 
an in-person survey or interview was conducted. Thus, the survey methodology was not 
optimally comprehensive. Confidence in the study design and results would have been 
solidified if stakeholders had completed a preliminary survey to gauge what was viewed 
as the main ADMS in each LGA. This would have made the main survey increasingly 
targeted towards decision-makers involved in Northern MDB ADM. Furthermore, a vali-
dation of the desktop research results should have been performed to confirm result reli-
ability. In-person discussions with stakeholders would have been ideal to validate results, 
as demonstrated by Ho (2018). However, the prohibition of face-to-face interactions with 
stakeholders made it difficult to comprehensively conduct a validation of results in this 
way. As this is a detailed pilot study, the value of findings is unlikely to be affected by these 
limitations. In the future, further research will be conducted to strengthen findings and con-
firm methodology accuracy.

A key process to moving forward with improving ADM in high priority and drought 
risk areas is the development of a user-centred EWS for drought (Kuleshov et al. 2020). 
Recent studies on designing an I-EWS for drought in the Northern MDB demonstrated 
the benefits of such system for ADM in these LGAs (Asghari et al. 2021; Bhardwaj et al. 
2021); results of those studies suggest that communities can have increased drought resil-
ience when a user-centred EWS for drought is used as part of an ADMS in priority and 
at-risk areas.

Within the Northern MDB, ADM continues to place an emphasis on crisis manage-
ment, with local farming communities generally moving from one drought event to another 
with little, if any, reduction in adverse impacts (Raikes et al. 2019). A user-centred I-EWS 
actively engages communities involved in preparedness and promotes resilience to drought 
(Raikes et  al. 2019). Therefore, a user-centred I-EWS that is communicated efficiently 
from the state government level to local farming community level, focused on user needs, 
would allow for the improvement of ADMS proactivity and suitability in priority and at-
risk areas.

A key challenge to the implementation of a user-centred I-EWS for drought in Aus-
tralia is the poor collaboration and communication between ADM stakeholders (Rai-
kes et al. 2019). Universally, successful user-centred EWSs focus on multi-sectoral and 
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interdisciplinary collaboration among stakeholders at each stage in the warning process 
(monitoring-response-evaluation) (Otkin et al. 2015). Therefore, it is recommended that 
the potential development of a user-centred I-EWS for drought in the Northern MDB be 
focused on fostering links between community-based and state-level implementation to 
maximise benefits.

5  Conclusions

A region-specific drought risk index was developed by calculating and integrat-
ing drought vulnerability, exposure, and hazard indices, tailored to assessing drought 
in the Northern MDB. All five of the selected LGAs displayed high levels of drought 
risk. Paroo Shire and Balonne Shire exhibited a severe extent of drought risk, whilst 
the remaining LGAs displayed an extreme extent of drought risk. Very high levels of 
drought risk were expected as each LGA had climatic, socio-economic, geographic and 
land use attributes which are commonly linked with high levels of drought hazard, vul-
nerability, and exposure.

Resilient ADMSs are critical for LGA farming communities to sufficiently manage neg-
ative drought impacts. Of the three ADMSs explored, Government Assistance was found to 
be the most effective and proactive. As this strategy was used in Paroo Shire, the Maranoa 
Region and Murweh Shire, these LGAs were shown to have the greatest ADM proactivity 
and suitability. The remaining LGAs displayed lesser levels of ADM proactivity and suit-
ability, and thus were shown to be of highest priority for improved ADM.

It is recommended for Balonne Shire and the Goondiwindi Region to undergo further 
assessment of ADM. The Goondiwindi Region and Balonne Shire could consider supple-
mentary investigation into the proactivity, suitability, and efficiency of current ADMSs, 
and determine whether the transition to more proactive and suitable ADM is possible. Fur-
ther assessment could consider the use of a drought EWS, as a user-centred I-EWS can 
improve the resilience of ADM.

To maximise benefits of an EWS, productive communication and functional links 
between local farming individuals and state government officials are required. The role of 
local council officials in ADM could be further explored as they could potentially be the 
key to creating and sustaining these links. If implemented correctly, a user-centred I-EWS 
for drought has the potential to increase the drought resilience of farming communities in 
Northern MDB LGAs.
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Appendix 1

See Table 6.

Table 6  An analysis of the major limitations of each of the major ADMSs used in the Northern MDB

ADMS Major Limitations

MDB plan 1. Lack of coordination and cooperation between stakeholders (Connell and 
Grafton 2011)

2. Gap between the Queensland government’s implementation of the plan, and 
a lack of public understanding of the plan’s objectives in local Northern MDB 
communities (Connell and Grafton 2011)

Water trading 1. Challenge of accounting for the highly variable nature of water use in different 
Northern MDB communities conducting distinct agricultural practices (Docker 
and Robinson 2014)

2. Local farming community’s response to drought is confined by government-
controlled funding and water allocation (Docker and Robinson 2014)

Government assistance 1. Encourages reliance on resources and financial assistance from the government 
after a drought event has occurred (Kirby et al. 2014)

2. Historically, eligibility criteria for financial assistance is generalised over the 
entire basin area (Kirby et al. 2014)
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Appendix 3

See Table 8.

Appendix 4

Fuzzy Gamma Overlay mathematical equations used to calculate final drought risk index 
maps from hazard, vulnerability, and exposure index maps.

Methodology is consistent with Dayal et al. (2018). The Fuzzy Gamma Overlay function 
uses the algebraic product of fuzzy SUM and fuzzy PRODUCT effects, both raised to the 
power of gamma (generic gamma value of 0.9 was used). Equations (4) and (5) outline the 
mathematics involved.

where μgamma is the fuzzy membership function calculates, γ is the gamma value of 0.9i; 
μsum is the fuzzy algebraic SUM and μproduct is the fuzzy algebraic PRODUCT that is math-
ematically expressed in Eq. (5).

where μi is the fuzzy membership for the drought risk map, and i is the number of map lay-
ers combined, in this case three layers (hazard, vulnerability and exposure).

(4)�gamma =

(

�sum

)�

×

(

�product

)1−�
,

(5)�sum = 1 −

n
∏

i=1

(

1 − �
i

)

and �product = 1 −

n
∏

i=1

(

�
i

)

,

Table 8  Weights assigned to each indicator informing the hazard index, vulnerability index, and exposure 
index, on a 0.000–1.000 scale

Index Indicator Assigned weight Literature consulted for expert weight

Hazard SPI 0.500 Svoboda and Fuchs (2016)
VHI 0.500

Total Index Weight 1.000
Vulnerability Agricultural Occupation 0.485 Frischen et al. (2020), Meza et al. 

(2019)
Average Household Income 0.515

Total Index Weight 1.000
Exposure Land Use 0.740 Dayal et al. (2018), Frischen et al. 

(2020), Meza et al. (2019)
Elevation 0.260

Total Index Weight 1.000
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