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Abstract 
Modeling the Interactions Between Hydrological Extremes, Water Management and 
Society 
Fabián Martínez P. 

Throughout history there has been a close relationship between hydrological and social processes. Most 
of early civilizations around the world developed thanks to the accessibility to rivers and their water 
resources. However, traditional hydrological approaches have not been able to capture this observed 
interaction and have ignored for too long the human-driven impacts in the hydrological system and how 
they, in turn, shape the hydrological conditions that have been commonly observed. 

The present research develops a new conceptual model with the intention to capture the two-way 
interactions between societies and their responses under extreme hydrological events, both floods and 
droughts. This conceptualization accounts for the observations that societies accumulate memory 
(increase the level of awareness) after an extreme events. Based on the accumulation of societal memory, 
the human system (societies) takes decisions about water management, thus impacting the hydrological 
system (rivers). When no extreme hydrological events are registered, societal memory decays at a 
certain rate and then new decisions are taken over the water management of the hydrological system. 

Inspired by the extreme droughts and floods events observed in the three last decades in the 
catchment of the Brisbane River in Australia, the aforementioned conceptualization is applied. Results 
indicated that the simple proposed conceptual model is able to capture the interactions between the 
human and the hydrological system. Additionally, the model exposes that societal memory is the driver 
of the human system and is the main reason for societies to create impacts on the natural conditions of 
the catchment. At the same time, this conceptualization demonstrated that water management decisions 
based on the accumulation of societal memory can actually create an exacerbation of the potential 
damages associated to extreme hydrological events. 

Finally, the development of this new approach points out the strong necessity to acquire further 
insights to improve the understanding of the interplay between hydrological and social processes.   
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Populärvetenskaplig sammanfattning 
 
Modellering av sambandet mellan hydrologiska extremer, vattenförvaltning och samhälle 
Fabián Martínez P. 
 
Genom historien har det funnits en nära relation mellan hydrologiska och sociala processer. De flesta 
tidiga civilisationer runt om i världen utvecklades tack vare tillgången till floder och deras 
vattenresurser. Traditionella hydrologiska metoder har emellertid inte lyckats fånga denna observerade 
interaktion och har alltför länge ignorerat de mänskligt drivna effekterna i det hydrologiska systemet 
och hur de i sin tur formar de hydrologiska förhållandena som ofta observerats. 

Denna forskning har utvecklat en ny konceptuell modell med avsikt att fånga tvåvägsinteraktionen 
mellan samhällen och deras respons under extrema hydrologiska händelser, både översvämningar och 
torka. Denna konceptualisering baseras på observationen att samhällen ackumulerar minne (ökar 
medvetenheten) efter en extrem händelse. Baserat på ansamling av samhällets minne fattar det 
mänskliga systemet (samhällen) beslut över vattenhushållning, vilket påverkar det hydrologiska 
systemet (floder). När inga extrema hydrologiska händelser registreras, avklingar samhällsminnet med 
en viss hastighet och sedan fattas nya beslut om vattenhushållningen i det hydrologiska systemet. 

Den konceptuella modellen har tillämpats på Brisbaneflodens avrinningsområde, i Australien, med 
anledning av den extrema torka och stora översvämningar som observerats under de tre senaste 
decennierna. Resultaten tyder på att den enkla föreslagna konceptuella modellen kan fånga samspelet 
mellan människa och hydrologiska system. Dessutom visar den att ett samhälles minne är drivkraften 
för det mänskliga systemet och är den främsta orsaken till att samhällen gör inverkan på de naturliga 
förhållandena i avrinningsområdet. Samtidigt visar konceptualiseringen att denna typ av 
vattenförvaltning, som baseras på samhällsminnet, faktiskt kan förstärka de potentiella skador som kan 
uppkomma i samband med extrema hydrologiska händelser. 

Slutligen framhåller utvecklingen av denna nya metod det stora behov som finns för att förbättra 
förståelsen av samspelet mellan de hydrologiska och sociala processerna. (Översättning Emma Jonsson, 
hydrogeolog.) 
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1. Introduction 
 

In most hydrological analyses, the human component is considered to be an external forcing in the water 

cycle dynamics (Sivapalan, Savenije and Blöschl, 2012). However, observed damages after the 

occurrence of extreme hydrological events have given the first clues regarding the potential 

human-caused impacts on rivers and other natural water-related components. Because of these 

considerations, traditional approaches have not been able to capture the interactions between societies 

and hydrology (Di Baldassarre et al., 2013). Therefore, there was a need to develop new 

conceptualizations that would be able to identify such interactions. This was the origin of Socio-

Hydrology. In Socio-Hydrology, humans and their actions are considered part and parcel of water cycle 

dynamics, and the aim is to capture and understand the dynamics of both with the ambition to develop 

predictions and thus underpin sustainable water management (Sivapalan, Savenije and Blöschl, 2012). 

The impacts of floods and droughts have increased around the world in the past decades (Di 

Baldassarre et al., 2015; Van Loon et al., 2016). Although much development has been done in the 

control and assessments of flood risks, there is still a lack of profound understanding of the feedbacks 

between physical and social processes. In order to improve this lack of understanding many new 

conceptualizations have been developed in the past 4 years (Di Baldassarre et al., 2013; Viglione et al., 

2014; and Di Baldassarre et al., 2015). However, most of them have been focused only on floods and 

the societal response to them. Thus, this research develops a new conceptual model with the main 

objective to capture the two-way interactions between extreme hydrological events, both floods and 

droughts, and societies. This new conceptualization is based on the accumulation and decay of societal 

memory due to the recurrence and magnitude of such extreme events. 
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2. Objectives 
 

The present study seeks to develop a new simple conceptual model that is able to unravel the interplay 

between hydrological extremes, floods and droughts, and societies. In particular, this socio hydrological 

model aims at understanding the dynamics of coupled human-water systems to explain and capture how 

the occurrence of hydrological extremes creates impacts in the water management of the system, and 

how such changes in turn can potentially exacerbate the impacts of hydrological extremes. 
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3. Background: Socio-Hydrological Interactions 
 

Throughout history, there has been a close relationship between hydrological and social processes. It is 

commonly known that most early civilizations around the world developed in the vicinity of rivers and 

their deltas. The Egyptian civilization developed along the lower reaches of the Nile River, resulting in 

what is now the modern country of Egypt. Mesopotamia, considered to be one of the cradles of 

civilization by the western world, depended directly on the hydrological regime of the rivers Tigris and 

Euphrates. Many others civilizations can be recalled, however, it is not required to go back in time 

thousands of years to observe the interactions between societies and hydrological systems. Nowadays 

water resources play a fundamental role in the sustainable development of cities; extreme hydrological 

events, such as floods or droughts, can be serious concerns for the society. For instance, it has been 

studied that the economic losses and fatalities related to flood events in Africa have increased 

dramatically over the past decades, and therefore there is a growing global concern to identify their 

possible causes (Di Baldassarre et al., 2010). At the same time, during the past years intense multiyear 

droughts have severely affected human-dominated environments such as California, Australia, Brazil, 

Spain and China (Van Loon et al., 2016). These extreme drought events have been specially studied to 

point out the understanding of the human influences and the potential feedbacks between droughts and 

society. 

Consequently, it can be affirmed that there is a current strong relationship between societies and 

hydrological systems, the so-called socio-hydrological interactions. Sivapalan, Savenije and Blöschl 

(2012) have defined the concept of socio-hydrology as “the science of people and water that aims at 

understanding the dynamics and co-evolution of coupled human-water systems”. In geosciences 

researchers have for too long ignored the human influences, and hydrologists are not the exception to 

this trend. Most hydrological approaches include human-induced water resources management activities 

as external forcing in the water cycle dynamics, assuming that they are stationary (Sivapalan, Savenije 

and Blöschl, 2012). However, when analyzing the interactions between hydrological and societal 

systems there is a strong violation of this assumption due to the existence of highly dynamic processes 

and feedbacks between these two systems. As a result, the current analytical frameworks cannot capture 

and explain the dynamics emerging between water and people. 

In general terms, researchers have established that the interactions and associated feedback 

mechanisms between hydrological and social processes remain largely unexplored and poorly 

understood (Di Baldassarre et al., 2013). Therefore, there is a strong need to research and improve the 

understanding the interactions between water management decisions and their response in the 

hydrological system.  

The first important concept to understand is that when analyzing societies and hydrology it is not 

possible to say which system is influencing which. On the one hand, human systems continuously alter 

the hydrological regime of natural catchments by, for example, urbanizing areas that were unaltered at 
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some point, creating dams to manage water resources, and building flood protection structures to 

safeguard the floodplains against high flood events. On the other hand, the hydrological system responds 

in turn shaping societies, for example, generating migrations due to extreme droughts or creating 

economic damages to floodplains during flood events. Secondly, this two way interaction between 

hydrological and social processes is highly dynamic and therefore challenging. It is not trivial to answer 

how or when this interaction occurs in detail, but there are some general characterizations that can be 

parameterized in a socio-hydrological model in order to promote the understanding of the two-way 

feedbacks between these two systems. 

Di Baldasarre et al. (2015) characterize and parameterize in detail two effects that have been 

observed in the interaction between societies and extreme flood events. A first type of dynamics, 

denominated as “adaptation effect” relates to the observation that the occurrence of more frequent 

flooding is often associated with a decrease of the potential societal vulnerability (damages) over the 

areas close to a river. A second term, named “levee effect” corresponds to the observation that the 

nonoccurrence of frequent flooding, caused by the existence of flood protection structures, is associated 

with the increasing vulnerability to flooding. Empirical evidences of both effects can be found around 

the world.  

The southernmost cities of Bangladesh are notable examples of the adaptation effect, where 

population is growing fast due to the country’s economic expansion and, at the same time, people are 

continuously migrating to cope with hydrological changes such as salt water intrusion, river erosion and 

flood events. The adaptation process is based on the observation that population accumulates societal 

memory because of the recurrence of hydrological events, and therefore can mitigate the potential 

negative effects due to enhanced copying and adaptation capacities acquired by the society given the 

earlier experience of flooding. The city of New Orleans in the United States, on the other hand, is one 

of the most recent levee effects registered in the world, where local authorities decided to continuously 

build and increase the height of flood protection structures (levees) in order to protect the city from flood 

events. Later, an extreme hydrological event occurred (hurricane Katrina) and water levels overtopped 

the levees causing extensive damage. In this case, the levee effect is driven by the construction of flood 

protection structures. For that reason, the city took over areas that before were considered by the society 

as flood prone areas, while at the same time there was no accumulation of societal memory associated 

to floods because of the nonoccurrence of flood events. Consequently, disastrous damages occurred 

when the levees were actually overtopped. As a result of the interaction between society and hydrology, 

the city of New Orleans shifted from recurrent low damage flood events to rare but catastrophic disasters 

(Di Baldassarre et al., 2015). 

Nevertheless in the case of extreme low flow events, it has not yet been possible to identify such 

clear interactions, mostly because the current dynamics between droughts and societies are not fully 

understood (Van Loon et al., 2016). However, researchers have recently acknowledged that there is a 

strong human influence in the development, extension and intensity of droughts. Though, traditionally, 
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most definitions have pictured droughts as a natural phenomenon and thus considered human-caused 

water shortage as a totally separate process. The strong drought observed during the last 5 years in the 

state of California in the United States, represents a worthy example of how human systems impact on 

the hydrological system. In this specific area, the water supply is highly artificial and during dry periods 

the water is provided from water storage in reservoirs and groundwater abstraction. However, the 

accumulation of water in reservoirs increases evaporation and at the same time triggers the decrease of 

groundwater levels, thereby exacerbating the drought conditions. In contrast, water management 

measurements, such as water transfer and increase in water usage efficiency, aid to mitigate the drought 

state. 

The interactions between societies and hydrology are observed in several study cases around the 

world, though traditional approaches of water management and risk analyses are unable to capture these 

feedbacks. Hence, there is a strong need for hydrologists to adapt and evolve from traditional approaches 

and develop new conceptualizations that would be able to capture these observed two-way interactions. 

However, this presents great difficulties. To use mathematical equations to represent the human 

behavior and its interaction with the hydrological processes is a non-trivial procedure, mainly because 

the validation and calibration of such conceptualizations are generally not feasible. Despite this, such 

development will allow to capture the interactions that have not yet been captured, but are widely 

observed. With this, the main future objective arises: to predict societal behavior given changes in the 

hydrological systems and vice-versa.   
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4. Conceptual Model 
 

In order to develop the aforementioned approach and capture the two-way interactions between physical 

and social processes, a socio-hydrological model is presented. This model is partially based on 

conceptualizations developed by Di Baldassarre et al. (2015) and Viglione et al. (2014), and aims to 

unravel the responses of the society given extreme hydrological events, both floods and droughts, and 

how in turn those responses have an impact on the occurrence and potential damages of those extreme 

events.  

The conceptualization of the interactions between the human system (societies) and the water system 

(hydrology) is done by considering a community that settles and develops in an area close to a river that 

is prone to both floods and droughts events. In order to manage the water resources, a dam is considered 

to regulate the natural flow of the river (𝑄𝑄𝑁𝑁). This controlling structure releases a downstream flow (𝑄𝑄) 

depending on the necessities of the settlement and the occurrence of floods or droughts. Figure 1 

schematizes this conceptual model. 

 

 
Figure 1. Conceptual model schematization. 

 

Considering a simple water balance, the change of storage of the reservoir (𝑆𝑆) over time (𝑡𝑡) can be 

defined as: 

 

𝑄𝑄𝑁𝑁 − 𝑄𝑄 =
𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡

 Eq. 1 

 

The conceptualization of the reservoir is assumed to be as a simple linear reservoir model. A linear 

reservoir is one whose storage is linearly related to the outflow by a storage coefficient (𝑘𝑘). 

 

𝑆𝑆 = 𝑘𝑘 ∙ 𝑄𝑄 Eq. 2a 
 

When combining equations 1 and 2a the first differential equation of the model is developed. 
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𝑑𝑑𝑄𝑄
𝑑𝑑𝑡𝑡

=
1
𝑘𝑘
∙ (𝑄𝑄𝑁𝑁 − 𝑄𝑄) Eq. 2b 

 

The storage coefficient is treated to be function of time due to the hypothesis that the water 

management decisions taken by the society, update the operational rules on the reservoir based on the 

occurrence of either floods or droughts. After experiencing an event, the community is shocked and 

builds flooding memory (𝑀𝑀𝑓𝑓) or drought memory (𝑀𝑀𝑑𝑑). In order to explicitly account for the interaction 

between the human and hydrological system (and vice-versa), the storage coefficient is estimated as a 

weighted average between the storage coefficient optimal for flooding conditions (𝑘𝑘𝑓𝑓) and the storage 

coefficient optimal under drought conditions (𝑘𝑘𝑑𝑑). This corresponds to the “technology equation” since 

it accounts for societal responses into the hydrological system. 

 

𝑘𝑘 =
𝑀𝑀𝑓𝑓 ∙ 𝑘𝑘𝑓𝑓 + 𝑀𝑀𝑑𝑑 ∙ 𝑘𝑘𝑑𝑑

𝑀𝑀𝑓𝑓 + 𝑀𝑀𝑑𝑑
 Eq. 3 

 

The conceptual model considers that there is an instantaneous increase of memory after an extreme 

event of either flood or drought. This increase of memory is proportional to the potential damages of 

floods (𝐹𝐹) or droughts (𝐷𝐷). The instantaneousness represented by the Dirac Delta Function ∆(𝜓𝜓(𝑡𝑡)) that 

is always 0 except when 𝜓𝜓(𝑡𝑡) = 0, in which case it reaches an infinite value with an integral equal to 1. 

Once one extreme event has occurred (either flood or drought), the accumulated memory decreases over 

time at a certain rate. The model considers a decay rate for flooding memory (𝜇𝜇𝑓𝑓) and a decay rate for 

drought memory (𝜇𝜇𝑑𝑑). This conceptualization can be represented by two differential equations, which 

hereafter are called the “society equations” since they account for the behavior of society and its level 

of awareness for extreme hydrological events. 

 
𝑑𝑑𝑀𝑀𝑓𝑓

𝑑𝑑𝑡𝑡
= ∆�𝜓𝜓(𝑡𝑡)� ∙ 𝐹𝐹 − 𝜇𝜇𝑓𝑓 ∙ 𝑀𝑀𝑓𝑓 Eq. 4a 

  
𝑑𝑑𝑀𝑀𝑑𝑑

𝑑𝑑𝑡𝑡
= ∆�𝜓𝜓(𝑡𝑡)� ∙ 𝐷𝐷 − 𝜇𝜇𝑑𝑑 ∙ 𝑀𝑀𝑑𝑑 Eq. 4b 

 

In this conceptualization, flood and drought societal memory are non-dimensional values that vary 

from 0 to 1. A memory of 0 represents that the society has no awareness of hydrological extreme events 

and therefore no action is taken by the society to minimize the potential impacts of the extreme 

hydrological events. On the contrary, a memory value of 1 represents that there is full societal awareness 

of the hydrological extremes and therefore actions will be taken over the dam. As it can be seen in 

equation 3, the accumulation of societal memory impacts the storage coefficient of the dam. This is how 

the model explicitly account for the connection between the human and water system. 
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The potential damages of floods (𝐹𝐹) or droughts (𝐷𝐷) are estimated based on the intensity of the 

correspondent extreme event with respect to a previously defined threshold. Likewise societal memory, 

potential damages are quantified by dimensionless values from 0 (no damages) to 1 (total destruction). 

In the case of flood events, the flood threshold (𝑄𝑄𝐹𝐹) is defined as the flow associated to a return period 

of 100 years and is maintained for at least 1 month. If the natural flow exceeds the threshold for more 

than one month, then it is considered as two events. Likewise, the drought threshold is defined as the 

flow associated to the percentile 10%; this represents statistically the flow that is exceeded 90% of the 

time. In the case of droughts, the natural flow must be lower than the threshold for at least 6 months to 

be considered as a drought event. If the extreme low flows are maintained for a long period, then every 

6 months a new drought event is accounted by the model. Thresholds and time required to trigger events 

are calibration parameters of the model. The aforementioned dynamic is represented by two equations, 

hereafter called “hydrology equations” since they account for the effects of the hydrological system into 

the human system. 

 

𝐹𝐹 = �
𝑄𝑄𝑁𝑁 ≥ 𝑄𝑄𝐹𝐹         1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝑄𝑄𝑁𝑁/𝑄𝑄𝐹𝐹
𝛼𝛼𝑓𝑓

�

𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒      0                                  
 

 
 

Eq. 5a 

  

𝐷𝐷 = �
𝑄𝑄𝑁𝑁 ≤ 𝑄𝑄𝐷𝐷         1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝑄𝑄𝐷𝐷/𝑄𝑄𝑁𝑁
𝛼𝛼𝑑𝑑

�

𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒      0                                  
 Eq. 5b 

 

 

Damage is also dependent on the alpha parameter (𝛼𝛼𝑓𝑓 for flood damage and 𝛼𝛼𝑑𝑑 for drought damage). 

This parameter is related to the topographic characteristics of the catchment and distance from the river. 

When the alpha parameter is minimal, it represents a very close distance to the river. In the case of 

floods this would represent catastrophic damage, while for drought events it would minimize the 

damage. On the contrary, if the alpha parameter is high then the damage associated to flood events 

would be minimal but the drought damage would maximize. In this conceptualization the alpha 

parameter is considered as a calibration parameter of the model and assumed constant for both drought 

and flood events. 

It is important to point out that the damage is defined by an exponential function, as it can be seen in 

equations 5a and 5b. Hence, a small increase or decrease on the intensity of the extreme flood event 

would trigger exponential changes in the potential damage. 

Table 1 summarizes the adopted values and their references for the parameters used in the model. 
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Table 1. Model parameters. 

Parameter Description Value Reference(s) 

𝝁𝝁𝒇𝒇 𝒐𝒐𝒐𝒐 𝝁𝝁𝒅𝒅 
Memory loss rate of floods 

or droughts respectively 
0.12 1/yr 

Di Baldassarre et al. (2015); 

Viglione et al. (2014) 

𝜶𝜶𝒇𝒇 𝒐𝒐𝒐𝒐 𝜶𝜶𝒅𝒅 

Parameter related to 

topographic characteristics 

of the catchment and 

distance to the river 

12 m/m Viglione et al. (2014) 

𝒕𝒕𝒇𝒇𝒇𝒇𝒐𝒐𝒐𝒐𝒅𝒅𝒇𝒇 

Time necessary for a flow 

to be maintained over the 

flood threshold to be 

accounted as a flood event 

1 month Adopted 

𝒕𝒕𝒅𝒅𝒐𝒐𝒐𝒐𝒅𝒅𝒅𝒅𝒅𝒅𝒕𝒕𝒇𝒇 

Time necessary for a flow 

to be maintained below the 

drought threshold to be 

accounted as a drought 

event 

6 months (Trambauer et al., 2014) 

𝒌𝒌𝒇𝒇 
Storage coefficient optimal 

under flood conditions 
10 months Calibration parameter 

𝒌𝒌𝒅𝒅 
Storage coefficient optimal 

under drought conditions 
1 months Calibration parameter 

𝑸𝑸𝒇𝒇 
Flow threshold for flood 

events 

100 year return 

period 
Adopted 

𝑸𝑸𝒅𝒅 
Flow threshold for drought 

events 

10% lowest 

percentile 
Adopted 

 

Finally, Table 2 shows the initial conditions adopted for the 3 differential equations that govern the 

model (equations 2b, 4a and 4b). 
Table 2. Initial conditions of the model. 

Parameter Description Initial Condition 

𝑭𝑭 Relative flood damage 0 

𝑫𝑫 Relative drought damage 0 

𝑴𝑴𝒇𝒇 Societal memory of floods 0.01 

𝑴𝑴𝒅𝒅 Societal memory of droughts 0.01 

𝑸𝑸 Regulated flow downstream the dam Equal to the first natural 

flow of the time series 
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5. Case Study: Brisbane 
 

The city of Brisbane is the capital of the state of Queensland and the third most populated city in 

Australia, reaching in its metropolitan area a population of 2.3 million of inhabitants and an extension 

of more than 15.800 square kilometers (Australian Bureau of Statistics, 2015). Brisbane is located in the 

east coast of Australia, approximately 730 km north of Sydney at 27°30’ south latitude and 153°1’ west 

longitude. Figure 2 shows the general location of the city and the main Australian states. 

 

 
Figure 2. Brisbane location. 

The Brisbane business and economics center stands in the oldest area of the city, which is situated 

inside a bend of the Brisbane River, about 15 kilometers from its mouth at Moreton Bay. The Brisbane 

River is the longest river in the south east region of Queenland, travelling for more than 340 km and 

reaching a catchment area of 13.600 km2. The natural conditions of the catchment are highly altered by 

the existence of two dams: Somerset Dam located on Stanley River, which is one of the tributaries to 

Brisbane River, and Wivenhoe Dam located on the main Brisbane River. 

The physical characteristics of the Brisbane River catchment have immensely changed over the past 

century, mostly due to progressive settlement and development along the banks of the river. This societal 

development led the construction of the aforementioned dams. With the construction of those dams, two 

new lakes (named in the same way as the respective dam) were created.  

Wivenhoe dam is more important for the hydrological system of the Brisbane River and for the city 

of Brisbane, since it is located on the main river and in the downstream section of the catchment. This 

dam was completed in 1984 in response to severe flooding that occurred in 1974 over the city of 

Brisbane, and thus its main objective is to protect the city from future floods (Van den Honert and 
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McAneney, 2011). As secondary objectives, the reservoir provides a source of drinkable water for the 

city. Aditonally, a medium-sized hydroelectric plant was added to the dam to deliver electricity to the 

general power system of Queensland. 

Figure 3 shows the monthly average flows and monthly average accumulated rainfall registered in a 

fluviometric station upstream Wivenhoe dam since 1962. The data shows that the peak flows are 

registered in January-February, reaching approximately 23 m3/s. As it can be seen this increase in the 

flow in the Brisbane River is directly related to the increase of rainfall in the area. Likewise, the lowest 

flows are registered from August through October because of the decrease of rainfall.  Figure 4 shows 

the Brisbane River catchment and the sub-catchment associated to the fluviometric station. The 

boundaries of the city of Brisbane are also included to visualize the strong connection between the city 

and the river, especially in the most downstream section of the river. 

 

 
Figure 3. Monthly average flow and rainfall registered upstream Wivenhoe Dam. Data obtained from Water 
Monitoring Information Portal (WMIP). 

In January 2011, major flooding occurred all over the Brisbane River catchment. This event has been 

estimated as the second highest flood since the beginning of the 20th century (Van den Honert and 

McAneney, 2011), causing severe damage throughout the urban area of Brisbane and killing more than 

30 people. This flood event has been widely discussed by many hydrologists, paying particular attention 

to the fact that this extreme flood event occurred right after a long decade of drought. This extensive 

drought event it is commonly referred as “The Millennium Drought” since it started at the beginning of 

2000’s. In the next sections the consecutive occurrence of such extreme hydrological events are 

explained.   
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Figure 4. Brisbane River catchment and fluviometric station Sub-catchment. 

 
5.1 The 2011 Floods 

 

An exceptional and tragic rain event occurred over southeast Queensland during the second week of 

January 2011, causing extreme flash flooding in Toowoomba and the Lockyer Valley and major river 

flooding in the Brisbane and Bremer Rivers. Those extreme precipitation events caused that during the 

night of January 13th 2011 the city of Brisbane suffered from a catastrophic flood event, where peak 

flows reached around 13 000 m3/s and extreme flood heights of 4.5 meters above normal measurements 

(Van den Honert and McAneney, 2011). Figure 5 shows the water level observed in the Brisbane River 

abeam the metropolitan area of the city. A total of 35 people lost their lives as a result of the flooding. 

Emergency offices estimated that more than 200,000 people were affected throughout Brisbane River 

catchment during the event causing an estimated AUD $1 Billion worth of damage (Australian Bureau 

of Meteorology, 2013).  

The area of Southeast Queensland experienced exceptional rainfall events during December 2010 

and January 2011. In particular, the morning of the 7th of January a combination of weather systems 

centered themselves the north east section of the Brisbane River catchment. These systems combined 

and strengthened together to produce heavy rainfall and major flooding. 



 
13 

 
Figure 5. Flood height observed in the city (Australian Bureau of Meteorology, 2013). 

 
Figure 6. Accumulated rainfall in 5 days during 2011 flood event (January 9th 2011 to January 13th 2011) in 
Brisbane River catchment (Australian Bureau of Meteorology, 2013). 
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Figure 6 shows the spatial distribution of the extreme rainfall registered between the 9th and 13th of 

January 2011 in the Brisbane River Catchment. It can be observed that, during a period of only 5 days, 

more than 1 000 mm were registered in the upper section of the catchment. The Australian Bureau of 

Meteorology (2013) calculated that rainfall intensities for all durations from 1 to 72 hours exceeded the 

1% annual exceedance probability (100 years return period). The reasons for such intense events are 

related to the fact that the second half of 2010 and early 2011 Australia was characterized by one of the 

strongest La Niña events since 1900 (Van den Honert and McAneney, 2011). Strong La Niña events are 

often associated with extreme rainfall and widespread flooding in eastern Australia. Particularly, the 

spring of 2010 (from September to November) was abnormally wet; which led to an oversaturation of 

Brisbane River catchment, and thus exacerbating the flooding conditions during January 2011. 

Finally, it has been estimated that the 2011 flood events in the Brisbane River are associated to a 

return period of 120 years or its equivalent to an exceedance probability of 0.8% (Queensland Flood 

Commission of Inquiry, 2011). 

 

5.2 Millennium Drought 
 

From 2001 to 2010 the worst drought ever recorded was registered in the southeast region of Australia 

(van Dijk et al., 2013). This long drought event has been called as “the millennium drought” since it 

originated at the beginning of the 2000’s decade. The Australian Bureau of Meteorology defines the 

millennium drought as the longest uninterrupted series of years with below median rainfall in southeast 

Australia since at least the year 1900.  
The drought hit particularly the ecosystems and irrigated agricultural land in most of the Australian 

rivers catchments, severely affecting agricultural production. For example, Australia's cotton production 

dropped significantly, to the point that the planted area between 2000 and 2004 was the smallest area 

planted in 20 years, representing a 66% reduction compared to five years earlier which was considered 

a normal year. Therefore, the contribution of agricultural production to Australia’s economy fell from 

2.9% to 2.4% of GDP, contributing only 2.1% in the peak of the drought period between 2003 and 2007 

(van Dijk et al., 2013). This points out the vulnerability of agricultural activities to the access of water 

resources. Furthermore, the drought scenario highly impacted society’s daily activities. It triggered the 

enforcement of water restriction in most major cities and the increase of electricity prices. This long 

drought event ended abruptly with the increase of rainfall during 2010, which latter triggered the January 

2011 flooding event. 

Because of this decrease of rainfall, the observed flows over most of the rivers throughout Australia 

suffered from important drawdowns (Figure 7).  



 
15 

 
Figure 7. Observed monthly average flows from January 2001 through December 2009 compared to historical 
monthly average flows in Brisbane River. Data obtained from fluviometric station located upstream Wivenhoe 
Dam. 

 

The anomalously low rainfall conditions during the millennium drought have been related to a 

combination of intensification of the mean sea level pressure across southern Australia and to El Niño 

Southern Oscillations (ENSO) events. Van Dijk et al. (2013) developed a methodology to estimate the 

impacts of the millennium drought on the vegetation water content. Figure 8 shows a map of the 

normalized differences between the mean remotely sensed vegetation water content from 1978-2000 

compared to the 2001-2009 period. A value of 0 represents that there is no difference between the mean 

vegetation water content observed between 1978-2000 period and 2001-2009 period. On the contrary, 

a value of -1 represents that there are extreme negative differences between mean historical values and 

registered values in the 2001-2009 period. This index is considered an indication of the impacts and 

severity of droughts (van Dijk et al., 2013). 

 
Figure 8. Left: Normalized differences between mean historical values of vegetation water content and observed 
values for the 2001-2009 period. Right: Enlarged picture to the Brisbane River catchment (van Dijk et al., 2013). 
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The millennium drought caused significant impacts all over Australia (Figure 8), but especially on 

the southeast areas. In the Brisbane River catchment normalized drought impact values reached 0.4-0.8, 

which represents medium to medium-high specific impacts. 

The millennium drought has profoundly changed the way Australia manages its water resources. The 

government created regulations and restrictions for water usage with the intention to create drought 

proof settlements. The most important change in water management corresponds to the change in the 

utilization of the dams; which were originally intended as flood control structures, but during the 

millennium drought the water management shifted them to drought control structures. Furthermore, this 

extensive drought period also altered public perceptions about global climate change, water 

conservation, and water-use behaviors, and energized city managers and politicians to adopt a wide 

range of approaches for augmenting water supplies and conserving water resources, although the 

contribution of climate change to the millennium drought, while plausible, remains unproven (Grant et 

al., 2013). 

Finally, it has been estimated that the millennium drought is associated to a return period of 1500 

years or its equivalent to an exceedance probability of 0.06% (van Dijk et al., 2013). 

 
5.3 Application of the conceptual model  

 

Motivated by the extreme hydrological events registered in the catchment of Brisbane River, the 

conceptual model explained in section 4 is applied. It is important to mention that the conceptual model 

does not aim at forecasting or simulating the entire operational functioning of the hydrological and 

human systems. The main objective is to capture the feedbacks between these two systems. 

A series of monthly average flow is the input to the model, from March 1962 to December 2016 

accounting for 644 months. This data is obtained from the Water Monitoring Information Portal (WMIP) 

of the region of Queensland, and is acquired from the fluviometric station located approximately 30 km 

upstream the Wivenhoe Dam in the Brisbane River (26°59’22.8’’S, 152°24’16.5’’E). In order to 

quantify the variability of the observed flows, a frequency analysis is performed. During the low flow 

season (August through November) there is low variability of the registered flows; however, during the 

high flow season (December through March) high variability can be expected (Figure 9). For example, 

during January flows can be as little as 0.01 m3/s associated to a return period of 1 year or as high as 

570 m3/s associated to a return period of 500 years. 
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Figure 9. Frequency Analysis for flows observed in Brisbane River at the fluviometric station located upstream 
the Wivenhoe Dam. Figure summarizes monthly flows associated to exceedance probability of 95%, 10%, 2%, 
1% and 0.2%; equivalent to return period of 1 year, 10 years, 50 years, 100 years and 500 years respectively. 

 

Finally, the model is run at a monthly time step under the parameters and initial conditions described 

in Table 1 and Table 2 respectively. Based on the frequency analysis described above, the threshold to 

consider a flood event is (𝑄𝑄𝑓𝑓) is set to 168.4 m3/s; while the threshold to consider a drought event (𝑄𝑄𝑑𝑑) 

is set to 0.03 m3/s.  
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6. Results and Discussion 
 
In this section the results of the conceptual model applied to the Brisbane River catchment are shown. 

They are analyzed according to the structure of the conceptual model. Firstly, the society equations are 

addressed. They account for the change in societal memory over time for drought and flood events based 

on the occurrence and magnitude of extreme events. Secondly, changes in the storage coefficient due to 

changes in the societal memory are analyzed. Finally, the theoretical response of such changes in the 

storage coefficients is evaluated. 

 

6.1 Societal Memory and Potential Damages 
 

According to the conceptualization, society responds to extreme hydrological events (either floods or 

droughts) by accumulating memory. These responses are instantaneous and proportional to the damages 

of the respective event. Figure 10 (a) shows the natural monthly average flows in the Brisbane River 

upstream the Wivenhoe Dam from 1962 to 2015.  

During the study period 5 flood events were accounted for the model. Their potential damages and 

associated accumulation of memory are shown in Figure 10 (b). The first and second flood events are 

registered in February 1971 and January 1974 respectively. As it can be observed, both flood events 

were estimated to have caused similar damage (around 0.3-0.35) but because of the short time of 

recurrence between them (3 years) there was an important accumulation of societal memory (0.55). This 

peak of accumulated memory decayed over time at the previously defined rate until April 1989 where 

the third flood event was registered. It is important to notice that because of the long period of recurrence 

between the second and third flood event (15 years), there was almost no accumulated memory of flood 

when the 1989 flood event hit. The same dynamics can be observed in the fourth event of February 

1999. The fifth event corresponds to the January 2011 event, which is estimated to have caused the most 

significant damage of all the previous events. This sole event also caused the accumulation of memory 

(0.50) comparable to the combined accumulation of memory of the events of February 1971 and January 

1974 (0.55). 

With respect to drought events (Figure 10 (c)) a total of 8 were captured by the model, 5 of them 

observed during the millennium drought period (2001-2010). The first event is observed during the lasts 

months of 1982 and the beginning of 1983, where low flows around 0.020 m3/s were registered. This 

event was the first captured, and therefore was the one that created the first accumulation of societal 

memory of droughts. Because these low flows were not maintained for a long time (around 6 months) 

and also because they were close to the threshold value for drought, it was estimated that this event did 

not create significant damage and consequently did not create an important accumulation of memory. 

The second drought event was registered in the second half of 1994. By then, there was no drought 

societal memory remaining from the 1982 event. The third drought event occurred in 1997, which 
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consisted in very low flows (0.01 m3/s) and lasted for around 8 months. Hence, it is estimated to have 

created a medium level of damage (0.21) which aggregated with the previous event created an important 

level of awareness against flood (0.4). 

 
 

 
Figure 10. (a) Natural flow of Brisbane River upstream Wivenhoe Dam (b) Societal memory of floods (Mf) and 
the potential damages (F) of their respective flood events. (c) Societal memory of droughts (Md) and the potential 
damages (D) of their respective drought events. 

 
During 2001 and 2010 a series of drought events were captured by the model. These events were 

characterized by extremely low flows and by the short recurrence period between them, which 

consistently represented what has been reported during the millennium drought in the Brisbane River 

catchment. This recurrent events triggered the immense accumulation of societal memory of droughts 

reaching a peak of 0.90 during March 2007. Afterwards, even though the accumulated effects of the 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 



 
20 

millennium drought were still present in the catchment (low level of reservoirs, descent of groundwater 

levels, etc.), the natural flow of the Brisbane River slowly started to recover and exceeded the drought 

flow threshold; consequently, the societal memory of droughts slowly started to decay. In January 2011, 

when the most significant flooding hit the city of Brisbane, there was an accumulated societal memory 

of droughts of 0.57. 

 
6.2 Responses in the Storage Coefficient 

 

The model explicitly considers that water management decisions taken by the society update the 

operational rules of the reservoir based on the occurrence of either floods or droughts. Therefore, 

variations in the societal memory of floods and droughts are the drivers to trigger changes in the storage 

coefficient of the theoretical reservoir conceptualized by the model.  

 
Figure 11. (a) Societal memory of floods (Mf) and the potential damages (F) of their respective flood events. (b) 
Societal memory of droughts (Md) and the potential damages (D) of their respective drought events. (c) Weighted 
storage coefficient (K) in months. 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
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Because of the observations that reservoirs are used as flood control structures, the response to 

flooding events is conceptualized as an increase of the storage coefficient. When the storage coefficient 

is increased, the flood is contained within the reservoir and thus minimizing the potential damages 

downstream. On the contrary, when a drought event is registered the response is conceptualized as a 

decrease of the storage coefficient. Under drought conditions reservoirs are observed to release as much 

as flow required downstream, consequently minimizing the storage of water within the reservoir. 

Likewise changes in memory, changes in the storage coefficient are considered to be instantaneous and 

proportional to the intensity of the extreme hydrological events. 

The variation of the storage coefficient over time (Figure 11 (c)) showed a constant value until 

February 1971, which is when the first flood event is registered. Because of the occurrence of the second 

flood event in January 1974, the storage coefficient was increased almost to the value optimal for flood 

conditions (10 months). Because of the high accumulation of societal memory of droughts, the storage 

coefficient remained high until 1982 when the first drought event is observed. Due to this event, the 

system responded reducing the storage coefficient. In 1989 the third flood event was registered, thus the 

storage coefficient was increased. The same interaction was observed until the beginning of the 2000’s. 

The millennium drought was captured by the model as a series of consecutive drought events, these 

events continuously created a decrease of the storage coefficient until reaching a minimum value of 2.3 

months in 2007, which is close to the optimal value for drought events (1 month). Because of the high 

accumulation of societal memory of droughts, this minimum value of storage coefficient was maintained 

until February 2011, when the most significant flood event was registered in the Brisbane River.  

 

6.3 Responses in Flow 
 

Changes in the storage coefficient would impact the flow that is released from the reservoir. According 

to the lineal reservoir conceptualization (equation 2.1); as the storage coefficient increases the flow 

released from the reservoir decreases for the same volume of water stored. 

 

 
Figure 12. Comparison between the natural flow in Brisbane River (Qn) and the modeled regulated flow 
downstream the dam (Q). 
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A comparison between the natural flow of the Brisbane River and the modeled regulated flow 

downstream the dam (Figure 12) showed that during flood events the high flows were attenuated by the 

increase of the storage coefficient. On the contrary, during drought events flows released by the dam 

were higher than the inflow. 

It is important to mention that results related to modeled flows are not intended to be compared to 

actual observed flows, since this model is not conceptualized to forecast flows but capture the interaction 

between changes in societal memory and the storage coefficient. Modeled flows should only be analyzed 

as an indication of the impacts of the changes in the water management due to responses to hydrological 

extreme events. 

 
6.4 Exacerbation of the Damage 

 
One of the hypothesis of the development of the model is that changes in water management can 

exacerbate the damage caused by extreme hydrological events. In the particular case of Brisbane River, 

the extreme 2011 flood event occurred immediately after a long drought period. As it indicated in section 

6.2, the storage coefficient was minimal because of such a long drought period. When the February 2011 

flood event occurred, the storage coefficient was calculated to be 2.3 months, which is not the most 

optimal value to attenuate a flood event. 

 

 
Figure 13. Comparison of calculated potential flood damages (F) downstream the dam based on different storage 
coefficients (K) for the February 2011 flood event in Brisbane River. 

 

Figure 13 shows a comparison of calculated potential damages associated to the downstream flow 

modeled for the February 2011 flood event. By definition, the storage coefficient optimal for floods (𝑘𝑘𝑓𝑓) 

is the one that minimizes the potential damages under flooding conditions. If the February 2011 event 
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was managed with a storage coefficient optimal for flood, then it was estimated that the potential 

damages would have reach a value of 0.12. 

However, as previously explained, the storage coefficient depends on the accumulated societal 

memory of floods and droughts. The estimated storage coefficient in January 2011, which is one time 

step before the flood event, is estimated to be 2.33. Flood damages associated to the downstream flow 

derived from this storage coefficient were estimated to reach 0.21, which is 75% higher than the damage 

associated to the most optimal storage coefficient for floods. An extreme scenario would be to manage 

the flood in the opposite way, considering a low storage coefficient (optimal for droughts). In this case 

the potential damages could reach a value of 0.44; which is more than 3 times higher than the potential 

damages under optimal conditions for floods.  

The same dynamics could be observed for a drought event occurring after a flood event. In the case 

of the Brisbane River during the drought event of 1982 potential drought damages are exacerbated by 

50% because of the high accumulated societal memory of floods due to the floods events registered in 

1971 and 1974 (Figure 14). 

 

 
Figure 14. Comparison of calculated potential drought damages (D) downstream the dam based on different 
storage coefficients (K) for the January 1983 drought event in Brisbane River. 

 

Consequently, the water management decisions based on the accumulation of societal memory of 

extreme events can create exacerbation of the potential damages associated to floods and droughts.  
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7. Conclusions 
 

The simple proposed conceptual model based on 3 sets of differential equations (technology equation, 

society equations and hydrology equations), has demonstrated to be able to capture the interactions 

between hydrological extreme events (hydrology system) and societies (human system). The model 

explicitly accounts for the observations that societies accumulate memory (in other words, increase the 

level of awareness) after flood or drought events. This accumulation of societal memory decreases over 

time due to the lack of such extreme events. Based on those changes of societal memory, societies 

(human system) impact the hydrological system by altering the flow of the river. In this conceptual 

model this impact represents changes in the storage coefficient. 

The model demonstrated that societal memory is the driver of the human system and is the reason 

for the hydrological system to be impacted. This is consistent with what has been observed in many 

cases around the world. In the specific case of the Brisbane River, the accumulation of societal memory 

due to the 1974 flood event triggered the construction of flood control structures (Wivenhoe Dam). 

Later, during the millennium drought period, the societal memory of flood was minimum but the societal 

memory of drought was maximum triggering a change in use of the dam from a flood control structure 

to a drought mitigation structure as consequence. 

When applying the model to the Brisbane River it can be concluded that the water management 

decisions based on the accumulation of societal memory of both droughts and floods can actually create 

an exacerbation of the potential damages associated to extreme hydrological events. Therefore, the 

registered change in water management over Wivenhoe Dam could have impacted the damages 

observed in the 2011 flood events. 

It should be noted that the proposed approach inevitably neglects potentially significant aspects 

related to the specific operational rules of the water management and the heterogeneity of social 

behavior. Societal responses to hydrological changes are complex and difficult to predict, since they 

respond mainly to economic interests and cultural values. Thus, this conceptualization is intended to be 

considered merely as a tool to understand the most basic interactions between the human and water 

systems. For that reason, this research concludes that there is still a strong need to acquire further insights 

related to the interplay between hydrological and social processes. 

Finally, the present conceptualization has demonstrated that interactions between the aforementioned 

systems can be captured, analyzed and investigated. The development of more and better 

conceptualizations will not only add knowledge and experience to the socio-hydrological sciences, but 

also will improve the understanding of these two systems. This will help to comprehensively include 

the human component in the hydrological system, which we have ignored for long time.  
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