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3. CLIMATE CHANGE AND PHYSICAL MODELLING 

Global climate change is a grand challenge facing the Earth across numerous spatial and temporal scales 

(IPCC, 2014). 41% of the world’s population, including 21 of the 33 world ‘megacities’, are located within 100 

km of coastlines (Martinez et al., 2007). Understanding and adapting to the potentially irreversible and 

detrimental impacts associated with rates and magnitudes of shifts in climate is therefore a fundamental 

priority for these dynamic environments. Expected impacts in coastal, estuarine and fluvial systems include 

altered hydrological regimes and sediment fluxes (Nijssen et al., 2001; Syvitski et al., 2005), variations in biota 

distribution and growth patterns (Harley et al., 2006), and more frequent extreme events such as storm 

surges (Lowe and Gregory, 2005), floods (Garssen et al, 2015) and droughts (Garssen et al., 2014). There is 

also the potential for changes in the frequency of extreme wind events, higher waves, and changes of the 

dominant wave direction (Mori et al, 2013, Karambas, 2015). The feedbacks and interactions between these 

processes are currently poorly constrained (Table 1). However, these changes in key processes are likely to 

induce morphodynamic responses such as beach and dune erosion, river channel change, inundation of low-

lying areas and increased flood risk with the potential for failure of the existing protection structures. 

Much of our understanding of the impacts of future climate change is derived from numerical models (e.g. 

IPCC, 2014), developed from simplified empirical relationships between complex driving processes and 

calibrated/extrapolated from field evidence that is often limited by the temporal and spatial scale at which 

it is collected (Refsgaard et al., 2006). Thus, to reduce the uncertainty of numerical models in forecasting 

environmental change as a result of shifts in the climate system, a more accurate parameterisation of the 

complex, and often non-linear, interactions, feedbacks and responses to forcing is required.  

One such approach to developing this improved understanding of how Earth systems operate and react is 

through experimental modelling of these systems in the laboratory (Paola, 2000; Thomas et al., 2014; 

Tambroni et al., in press). For example, recent experimental work has been used to calibrate numerical 

models of in-channel flow processes around vegetation (Dijkstra and Uittenbogaard, 2010; Marjoribanks et 

al., 2015) and landscape-scale river delta development processes under a constant rising sea level (Liang et 

al., in press). Complex systems can be easily simplified in the laboratory (e.g. Bouma et al., 2005), timescales 

of change can be shortened (e.g. Paola, 2000), and the impacts of individual forcing mechanisms on system 

behaviour isolated and quantified (e.g. Wong and Parker, 2006; Lamb and Dietrich, 2009). These 

opportunities inform and develop quantitative theory and reduce the associated uncertainty in the 

parameterisation of numerical models. Experimental physical modelling therefore provides an integral tool 

for understanding and modelling environmental systems because the provide an opportunity for 

understanding the dynamics of complex physical processes and the development, calibration and validation 

of numerical models that can simulate how systems evolve in the future under a range of conditions (Figure 

1). 
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Figure 1. Conceptual diagram showing the coupling between the natural environment and experimental physical and numerical 
modelling techniques. 

 APPROACHES TO EXPERIMENTAL PHYSICAL MODELLING 
With every physical experimental physical study for any application, there exists a need to ensure that the 

modelled behaviour and processes are relevant for application to natural settings. For a true replication of 

natural environments, a direct 1:1 scaling given processes with the model Froude number matching that of 

the physical model and the natural prototype (e.g. Stratigaki et al. 2011), but this approach has severe 

limitations especially when large spatial or temporal scales or complex behaviour are under study (Hasbergen 

and Paola, 2000; Bonnet, 2009). In addition, direct replication does not enable prediction of progressive 

changes in system forcing at any faster rate than reality, which limits this type of modelling to a given state 

and has limited application for forecasting in advance of system change.  

There are a number of different approaches to experimental modelling of flow and sediment dynamics that 

divert from a direct 1:1 scaling. Froude scale modelling (FSM) adopts the approach of scaling given processes 

with the model Froude number matching that of the prototype natural system but the simultaneous 

similarity of the Reynolds number may be relaxed. Scaling flow characteristics using Froude-similarity and 

taking into account specific scaling criteria for sediment transport allows for scaled versions of a specific 

geomorphic feature to be analysed (see Chapter 4 on Error! Reference source not found.Error! Reference 

source not found., Hughes, 1993, Peakall et al., 1996 and Johnson et al., 2014a for further discussion of how 

to scale different parameters within experiments appropriately, including different scaling behaviour for 

hydraulics and sediment transport depending on the aim of the study). However, scale reduction of mobile 

bed problems using Froude scale modelling combined with dynamic morphology is ultimately limited by 

sediment properties due to the increasing dominance of cohesive forces as sediment sizes get smaller.  

An alternative approach to physical modelling referred to as analogue modelling was first advocated by 

Hooke (1968). In this approach, a formal scaling between the experimental conditions and a target natural 
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system is not sought or achieved (Peakall et al., 1996; Paola, 2000). Rather, the experimental setup is treated 

as a system in its own right (‘an analogue’), with qualitatively similar behaviour to the natural setting, possibly 

achieved through different processes, allowing the size and duration of experiments to be drastically reduced. 

This provides the opportunity to explore and quantify a wide range of processes and behaviours within a 

controlled system with a greater degree of flexibility (e.g. Hasbergen and Paola, 2000; Lague et al., 2003, Tal 

and Paola, 2007, Malverti et al., 2008; Paola et al., 2009; Wickert et al. 2013; Kleinhans et al 2015). The results 

from the studies that use this ‘similarity of process’ technique are not ideally suited to direct representation 

of specific natural settings, but this trade-off enables a wider range of scales and forcing conditions to be 

investigated experimentally, and can still be used to help inform the underlying quantitative theory of the 

physical processes at work in natural settings. This approach has a number of potential advantages, 

particularly in terms of increasing the spatial scale of experiments to incorporate more connectivity and 

therefore better representation of autogenic feedback among components of a system, as well as enabling 

simulation of longer timescales and therefore the improved representation of allogenic forcing (Figure 2). 

 

Figure 2. The relative application of different approaches for experimental modelling, with different approaches being more 
appropriate for modelling processes over different spatial and temporal scales. 
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 REPRESENTING CLIMATE CHANGE IN PHYSICAL MODELS 
Physical modelling provides an innovative approach to help understand the impacts of climate change on 

coastal, estuarine and fluvial systems and to test potential adaptation strategies (Liang et al., in press). 

However, at present, there are significant challenges in representing changes in climate forcing in 

experimental physical models because of the complex interactions and non-linear feedbacks between 

processes over different temporal and spatial scales. Physical modelling of large-scale landscape evolution 

(e.g. mountain ranges or deltas) have been instrumental in identifying the complex internal dynamics of these 

systems. Hasbergen and Paola (2000) showed that even under ‘steady state’ conditions, the landscape is 

never static with oscillations in erosion rate and ridge migration occurring despite the experimental system 

undergoing constant forcing. These behaviours can only be identified when models represent sufficient scale 

to incorporate the feedbacks between connected processes in the system. Similarly, Tal and Paola (2007) 

demonstrated the autogenic response of a small scale braided river system to increased bank cohesion 

induced by alfalfa colonisation.  

An important anticipated impact of climate change is to introduce an external (allogenic) forcing component 

to these systems such as an acceleration in rising sea level (IPCC, 2014), larger storm surges (Lowe and 

Gregory, 2005), or increased magnitude and frequency of flooding (Fowler and Hennessy, 1995). The forcing 

will operate in addition to the dynamic response of the systems to constant internal (autogenic) forcing. Thus, 

an important requirement for experimental models is to be able to simulate the target system (i.e. coasts, 

estuaries or rivers) under constant forcing and also be able to introduce an additional external driver to the 

experimental conditions. Associated with this, measurement and monitoring techniques are required to be 

able to isolate and quantify the difference between the response to the autogenic and allogenic forcing 

(Figure 3). 

Future climate regimes are likely to be characterised by increased variability and higher frequency and 

magnitude of extreme events such as storms (King et al., 2015) or storm surges (Lowe and Gregory, 2005). 

More frequent higher magnitude storms could have a drastic impact on environmental systems in terms of 

the proportion of ‘geomorphic work’ carried out by individual storm events over long timescales (Wolman 

and Miller, 1960).  

Variations in the frequency of individual storm events of a given size can also have significant impacts on the 

dynamics of these systems. Most systems have a characteristic ‘recovery timescale’ whereby the conditions 

gradually return to an equilibrium (Brunsden and Thornes, 1979; Allen, 2008). For example, the frequency of 

flood events in fluvial systems can also directly impact the growth and characteristics of riparian vegetation 

(Garssen et al., 2015). If the recurrence interval of flood events becomes smaller than the characteristic 

recovery timescale (i.e., the time required for vegetation to re-colonise in a system), the riparian vegetation 

will never recover and the environment will be permanently transformed (Garssen et al., 2015). Meanwhile, 

vegetation in a system that does not experience frequent flooding can develop until the density exceeds the 

uprooting capacity of the flow preserving only the signal of the impact of vegetation in controlling the river 

morphology (Crouzy et al., 2013). In addition, higher magnitude storm events will increase the likelihood that 

thresholds within a system will be (Schumm, 1979, Mori et al, 2013), potentially causing a significant or 

catastrophic change within the system that can have a long lasting legacy on (for instance) landscape 

morphology (Baynes et al., 2015), or manmade structures.  



Deliverable 8.1  Representing climate change in physical models 

Version 1 13 Wednesday, 07 December 2016 

 

Figure 3. Conceptual diagram indicating different forcing regimes in coastal, estuarine and fluvial systems under climate change. (A). 
A progressive increase in a constant forcing over a long time scale (e.g. sea level rise). (B) A forcing regime characterised by extreme 
events (e.g., storms/floods). (C) A forcing regime characterised by higher magnitude extreme events, but of the same frequency, 
compared to (B). (D) A forcing regime characterised by extreme events of the same magnitude as (B), but occurring more frequently. 
(E) A forcing regime characterised by extreme events that are both more frequent and of a higher magnitude compared to (B).  

Sea level rise is identified to be most likely consequence of climate change in the coastal zone (IPCC, 2007; 

see Table 1). Overtopping or run-up events generally occur when extreme or near-extreme waves and high 

water levels occur simultaneously. Estimation of overtopping discharge rates depends therefore on the joint 

probability of two different extreme events, but these two variables are rarely statistically independent so 

their joint probability of exceedance cannot be determined from the product of their individual probabilities. 

The ability to accurately predict, or to accurately calculate the probability of wave overtopping or run-up and 

the resulting damage to coastal protection structures is therefore of great importance. Physical modelling 

needs to be adapted to cope with these challenges without simply extending the ranges and durations to be 

tested. 

Perhaps the most understudied component of environmental systems in experimental models are the 

interactions between biology, morphodynamics and hydrodynamics. Incorporating biology adds to the 

complexities of modelling longer time-scales with changes to flora and fauna occurring either independently 

from climate change itself as in the case of invasive species like signal crayfish in rivers (Mathers et al., 2016a, 

b) or as a result of climate change altering biome extents or growth rates (Harley et al., 2006).The biological 

component of coastal, estuarine and fluvial systems, from small scale microbial activity to larger scale plants 
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and animals are located at the interface between water and sediment transport systems and are particularly 

sensitive to climatic changes such as variations in temperature that shift species growth patterns in a non-

linear way (Harley et al., 2006; Garssen et al., 2015). Thus, for a holistic representation of these 

environmental systems in experimental models, the biological component has to be actively represented and 

the feedbacks and interactions between biota and sediment/water transport have to be monitored (Thomas 

et al., 2014).  

 

Figure 4. Schematic diagram of example fluvial, estuarine and coastal/marine environments, with the areas identified where climate 
change impacts will be experienced. See Table 1 for details of expected changes in the environments induced by climate change. 
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The inclusion of the biological component is complex however, partly due to the difficulties of transplanting 

live plants (or animals) from nature into the laboratory while avoiding or minimising damage to their health 

and ensuring that the transplanted organisms continue to behave in the same way under experimental 

conditions as in nature (Johnson et al., 2014b). Additional problems to overcome are the disparities between 

timescales of response to different forcing mechanisms for biota and sediment transport processes (Thomas 

et al., 2014). As stated above, the magnitude and frequency of individual extreme events is important in 

determining the amount of geomorphic work carried out in terms of sediment transport (Wolman and Miller, 

1960) but the biological component may respond to more gradual shifts in temperature over longer 

timescales (Harley et al. 2006). Including both event-scale response and long term responses of the biological 

component within these systems is thus an important requirement for facilities conducting physical 

experiments. 
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Table 1. Details of expected climate change induced impacts on fluvial, estuarine and coastal environments. Experimental modelling studies can be used to understand these processes 
and test possible adaptation strategies. 

Climate induced 

change in forcing 

Predicted change Associated impact on coastal, estuarine and fluvial 

environments 

Source 

Global mean 

surface 

temperature 

By 2100:  0.3-1.7 oC temp rise (scenario RCP2.6) 

  2.6-4.8 oC temp rise (scenario RCP8.5) 

Implications for vegetation growth in all 

environments 

IPCC (2014) 

Sea level By 2100: 0.26-0.55 m (scenario RCP2.6) 

  0.45-0.82 m (scenario RCP8.5) 

  70% of coastlines worldwide experience 

  change within 20% of global mean 

Drowning of coastal and estuarine environments. 

Encroachment of saline water and associated impacts 

on biota. Increased aggradation of river deltas, 

accelerated channel and floodplain deposition and to 

higher channel avulsion frequency 

IPCC (2014), 

Jerolmack 

(2009) 

Storm surges Largest increase in 50 year return period storm-surge height at 

UK coastline = 1.2 m (Scenario A2) 

Increased risk from hazards (e.g. coastal flooding, 

coastal erosion) associated with storm surge events 

Lowe and 

Gregory (2005) 

Precipitation Scenario RCP8.5: Increase in mean precipitation in high 

latitudes and equatorial Pacific. Decrease in mean precipitation 

in mid-latitudes 

Increase in extreme precipitation over most of mid-latitude 

landmasses and wet tropical regions become more intense and 

more frequent 

Rivers: increased frequency and magnitude of higher 

peak flows, and possible prolonged drought periods 

with associated impacts for riparian vegetation 

distribution. Potential shifts in timing of seasonal 

hydrological regimes.  

IPCC (2014); 

Garssen et al. 

(2014; 2015) 

Waves Latitude dependent: Coasts and estuaries Wang et al. 

(2004) 
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0.6-1 m increase in 20 year return period wave height in NE 

Atlantic between 1990 and 2080.  

Wave with 20 year return period in 1990 will have 4-12 year 

return period in 2080 

Oceans Increased ocean warming and ocean acidification leading to 

expansion of Oxygen minimum zones and anoxic ‘dead zones’ 

Coasts: potential for shifts in vegetation coverage and 

growth areas 

IPCC (2014) 

 


