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ABSTRACT 

Vegetation dynamics optimally adapt to given environmental conditions by maximising their 

net carbon profit. If we model these processes, can they help us understand hydrological fluxes 

across different climates? Furthermore, can this optimality modelling further our understanding 

on the sensitivity of carbon-water mechanisms in vegetation to changes in CO2? This thesis 

uses a vegetation optimality model across multiple biomes in Brazil to examine the extent to 

which it can answer these questions. Firstly, we examine the reliability and suitability of five 

high-resolution meteorological gridded products (ERA5-Land, GLDAS2.0, GLDAS2.1, the 

BNMD and MSWEPv2.2 (precipitation only)) for seven variables (precipitation, air 

temperature, wind speed, pressure, specific humidity and downward shortwave and longwave 

radiation) against eleven flux towers spanning five biomes across Brazil. At the daily scale 

analysis showed that MSWEPv2.2 outperformed the others for precipitation whilst ERA5-

Land showed the most consistency for all other variables. Secondly, we show that the 

Vegetation Optimality Model (VOM), is successfully able to reproduce patterns of 

evapotranspiration (ET) at several sites, with a stronger correlation at more seasonal sites (r 

values ranging 0.25 – 0.69 across sites). VOM is a developed model that attempts to quantify 

the physiological processes of a plant growth carbon-capture cost-benefit system through 

describing carbon-water dynamics. Results show the importance of root dynamics in the 

success of the model; the minimal calibration needed per site reflects the strong physiological 

understanding behind it. Finally, we show declines in ET across an increasing atmospheric CO2 

gradient, with dampened impacts on hydrological processes through modelling long-term 

adaptations in vegetation (reductions from 0.7-6.0% over an increase of 77 ppm CO2). Overall, 

this thesis advances our knowledge in relation to the questions above improving our 

understanding of modelling hydrological processes in vegetation dominated environments 

across Brazil. 
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1. Chapter 1: Introduction 

 

1.1 Background 

1.1.1 The role of carbon-water dynamics in hydrological models 

Hydrological processes can be realistically represented in small catchments and ungauged 

basins using current models (Devia et al., 2015; Q. Huang et al., 2020; Wagner et al., 2022), 

but the drivers of the hydrological system are much more complex at large spatial and temporal 

scales (Tijerina et al., 2021). Macro-scale hydrological models have been able to simulate 

runoff from large river basins somewhat realistically in the past for use in predicting global 

water resources (Arnell, 1999; Vörösmarty et al., 2000; Döll et al., 2003). However, their 

predictive power has frequently been questioned and several studies have found that often, 

hydrological models, commonly used worldwide, statistically fail to replicate observations, 

especially in tropical regions (Trambauer et al., 2013; Allasia et al., 2016; Wannasin et al., 

2021; Ávila et al., 2022). 

In principle, a hydrological system balances water based on the theory of conservation of 

mass, whereby water entering a system or area must either leave or be stored within that system. 

Precipitation is partitioned into runoff and infiltration, then infiltration is partitioned into 

evapotranspiration (ET) and drainage. The temporal distribution of precipitation controls the 

system, and water storage balances it. The water cycle and vegetation are intrinsically coupled 

(e.g., Hutjes et al., 1998; Sprenger et al., 2019) as water balance determines the productivity 

(e.g., Churkina et al., 1999; Jiao et al., 2021) and distribution (e.g., Stephenson, 1990; Zhang 
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et al., 2016) of terrestrial vegetation around the world. As such the distribution and composition 

of vegetation communities are fundamentally important for runoff generation and 

evapotranspiration (Penman, 1951; Dunn & Mackay, 1995; Zhao et al., 2013; Sood & 

Smakhtin, 2015; McLaughlin et al., 2017). 

Plants have been proven to have considerable effects on runoff through features such as 

transpiration and stomatal behaviour (e.g., Skiles & Hanson, 1994; Matthews & Lawson, 

2018), interception and albedo (Eckhardt et al., 2003), leaf area (Neilson & Marks, 1994; 

Kergoat, 1998; Tesemma et al., 2015), rooting strategy (Milly, 1997; Liu et al., 2018), and 

phenology (Peel et al., 2001). For example, it is recognised that deforestation increases runoff 

(Khaleghi, 2017) and decreases ET (Zeng et al., 2021), while reforestation typically lowers 

runoff (Bosch & Hewlett, 1982; Francis et al., 2023). Aside from the global distribution of 

vegetation (Peel et al., 2001), the level of atmospheric CO2 influences regional and global ET 

and runoff through impacting the water use efficiency of plants (Lockwood, 1999; Keenan et 

al., 2013). Atmospheric CO2 levels have risen consistently over the last few decades showing 

signs of continued increase into the future (Olivier & Peters, 2020). It has become important to 

predict the impact of these increased levels on hydrological processes to ensure the future of 

global water security. For example, at elevated atmospheric CO2 concentrations, vegetation 

productivity and photosynthetic rate (carbon uptake) are generally higher per unit of water 

transpired, while stomatal conductance of water is reduced. Some experimental evidence 

suggest that this stomatal conductance may even decrease by 30-40% at doubled atmospheric 

CO2 concentrations (e.g., Eamus & Jarvis, 1989, Lammertsma et al., 2011) as plants optimise 

between water loss and CO2 absorption (Lockwood, 1999). Understanding and quantifying 

these interactions is essential to understanding hydrological processes at an ecosystem and 

global level and could be pivotal in predicting the distribution of water under environmental 

change. Here they are collectively defined in this thesis as carbon-water dynamics. 
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Parameterisation of vegetation can be inadequate in traditional hydrological models 

(Duethmann et al., 2020), and the cross-relationship between water and vegetation is not 

described as a process-based approach. Consequently, crucial hydrosphere-biosphere 

interactions may be neglected by independent hydrological models, particularly their temporal 

dynamics (Gerten et al., 2004). As an example, they lack the ability to sufficiently capture 

hydrological effects that result from alterations in vegetation distribution and composition. 

These effects are likely to arise in response to climate change (Gitay et al., 2001), inhibiting 

our ability to model/predict the eco-hydrological processes of certain regions. However, these 

processes are considered in vegetation dynamics models (Franklin et al., 2020) and have been 

highlighted as one of the main reasons of failure in conceptual hydrological models, especially 

in response to climate change (Duethmann et al., 2020). 

Over the last two decades there have been efforts to improve representation of carbon-water 

dynamics in hydrological models. In 2001, Zhang et al., were one of the first to do this by 

coupling a vegetation model to a water balance model. Since then, vegetation coverage, type, 

and rooting depth have been dynamically incorporated into such models to explain the decadal 

and inter-annual variations in water balance (McVicar et al., 2007; Schymanski et al., 2008, 

2009; D. Yang et al., 2009; Donohue et al., 2012). However, the diversity of these models is 

large, with some adopting a process-based approach that generally need large numbers of 

parameters (Shen et al., 2013; Lei et al., 2014). As our understanding of biophysical processes 

increases, so does the complexity of vegetation dynamics models (Franklin et al., 2020). The 

tendency for models to become dependent on an ever-increasing number of parameters mean 

they become poorly constrained by observations. This in turn decreases model robustness, 

transparency, and predictive power due to aggregation of uncertainty (Prentice et al., 2015). 

Important limitations of current vegetation dynamics models have arisen over the last decade, 
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with predictions of vegetation cover and carbon fluxes shown to differ significantly amongst 

state-of-the-art global models (Prentice et al., 2015; Whitley et al., 2017; Pugh et al., 2018). 

Whilst understanding individual plant processes may improve predictions of hydrological 

processes, the challenge remains to predict vegetation dynamics in a changing environment. 

One way of tackling this is to look at the global drivers on vegetation communities and what 

impacts their structure. It is well known that vegetation type and coverage is strongly 

influenced by climate and water availability (Stephenson, 1990; Franklin et al., 2020; Gan et 

al., 2021). There is strong resemblance in growth forms in phylogenetically unconnected plants 

growing under comparable climates, resulting in similarities in vegetation communities 

(Keeley & Johnson, 1977; Smith & Wilson, 2002) suggesting that vegetation coevolves with 

climate. Franklin et al., (2020) argue that three general organisation principals; self-

organisation, natural selection, and entropy maximisation, can help in producing more reliable 

vegetation models. Although not novel ideas, they have only been explored primarily in 

theoretical and small-scale studies. Recent approaches to modelling vegetation dynamics focus 

on a single controlling factor that forces the direction of vegetation coevolving with climate, 

which, if coupled with a traditional hydrological model could enhance predictive power in 

changing environments. 

Troch et al. (2013) considered that vegetation’s coevolution with climate leads to long-term 

hydrologic partitioning and catchments develop signatures based on their climate, vegetation, 

and soil interactions. Biophysical processes that take climate, water, and soil interactions into 

account can then be used to find the limitations to vegetation growth and hence help explain 

hydrological processes. For example, vegetation water use efficiency (Caylor et al., 2009; 

Troch et al., 2009, 2013; Medlyn et al., 2011; Manzoni et al., 2013; Creed et al., 2014) and net 

carbon gain/profit (Raupach, n.d.; Schymanski et al., 2007b, 2009, 2015a; Del Jesus et al., 

2012; Manzoni et al., 2013) might control the direction of vegetation coevolving with climate. 
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Rooting depth and density, and vegetation coverage and type can be estimated assuming that 

plants will naturally want to maximise growth and productivity whilst reducing their water 

stress to achieve an optimal state (Kleidon & Heimann, 1998; Van Wijk & Bouten, 2001; 

Collins & Bras, 2007). 

The original concept of vegetation optimality modelling can be traced back to Cowan and 

Farquhar (1977) who explored the concept of stomatal function acting as a way to minimise 

water loss while maximising total carbon uptake in the most efficient way constrained by 

environmental conditions. This ideology has led to several recent developments in modelling 

vegetation, for example, Anderegg et al. (2018) present two hypotheses, maximising either 

carbon profit or water use efficiency and analysing results against empirical data from 

vegetation spanning global forest biomes. They model these two hypotheses and find evidence 

to support the evolution of stomatal function to maximise carbon profit. Furthermore, Sabot et 

al. (2020) test a new profit maximisation model, where plant hydraulic function is traded 

optimally against photosynthetic uptake of CO2. Wolf et al. (2016) also presented a carbon-

maximisation optimisation model as an alternative for the empirical based models and it has 

been found in these studies that this alternative modelling technique produces promising results 

minimising error and outperforming classic stomatal modelling techniques.  

Some studies show other benefits of using this optimality approach, when the optimisation 

of stomatal conductance to minimise the amount of water used per carbon gained is modelled 

(Lei et al., 2008; Schymanski et al., 2008, 2009; Chen et al., 2022; Zhu et al., 2023). This has 

been proven to correctly capture responses to changing atmospheric CO2 and can be used to 

analyse responses at elevated CO2, important in studying global change biology (Medlyn et al., 

2011; Manzoni et al., 2013; Buckley & Schymanski, 2014; Schymanski et al., 2015b; Wolf et 

al., 2016; Dewar et al., 2018). There is also increasing experimental and theoretical evidence 

that vegetation optimises carbon gain by dynamically adapting its root system to environmental 
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conditions, balancing the carbon cost of root growth with the benefit of increasing water uptake 

to meet canopy demand across climates (Schymanski et al., 2009; Guswa, 2010; Brunner et al., 

2015; Tron et al., 2015; Y. Yang et al., 2016). Furthermore, promising results have been found 

optimising the allocation of carbon with the objective of maximising tree height growth rate to 

explain growth patterns in height, rooting depth, and leaves in conifers (Valentine & Mäkelä, 

2012). However, despite successful experiments and vegetation optimality gaining global 

recognition, this type of modelling has not yet been extensively tested worldwide, particularly 

in the tropics. 

1.1.2 The importance of Brazilian Biomes 

Tropical and subtropical areas exhibit strong interactions between water and carbon (Wohl 

et al., 2012; Hamel et al., 2018; Wright et al., 2018). For example, Brazil contains seven major 

biomes each with unique vegetation types that have coevolved with climate; Amazonia 

occupying 49.5% of the Brazilian territory (4.2 million km2), followed by the Cerrado (23.3%), 

Mata Atlantica (13%), the Caatinga (10.1%), the Pampas (2.3%), and the Pantanal (1.8%) 

(IGBE, 2023). Each bring with them their own unique hydrological importance but the two 

largest, Amazonia and the Cerrado, which cover 72% of Brazilian land mass, are among the 

most biodiverse areas in the world, and are the most threatened biomes in Brazil (Marris, 2005). 

The Amazonia biome contains ~35% of the world’s natural forest and has been estimated to 

contain tens of thousands of species of flora (estimates reviewed by Hopkins, 2019). The biome 

comprises of a mosaic of ecosystems including rainforests, deciduous forests, flooded forests, 

seasonal forests, and savannas (Prance, 1979). These forests influence global and regional 

climate and weather as well as the global carbon cycle (Davidson et al., 2012; Spracklen & 

Garcia-Carreras, 2015). Furthermore, they regulate the Amazon basin river flow and water 

balance providing ecosystem services critical for sustaining biodiversity, water supply, 

transport, and regulating climate (Foley et al., 2007; Lima et al., 2014; Ruiz-Vásquez et al., 
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2020; Manciu et al., 2022; Sierra et al., 2022), and economic resources such as industry, 

agriculture, hydroelectric power, urban dwellings, fisheries, and tourism (Guo et al., 2000; 

Postel & Thompson, 2005; Kirkby et al., 2011; Castello et al., 2013). These ecosystem services 

are maintained by the close relationship between vegetation dynamics and the hydrology of the 

region. On average the rainforest receives more than 2,000 mm of precipitation per annum, 

often through seasonal cycles the vegetation has coevolved to depend on (Hilker et al., 2014; 

Zemp et al., 2017). The vegetation in turn captures and transpires large quantities of 

precipitation recycling it through time, maintaining and regulating the local seasonal climate 

(Eltahir & Bras, 1994; Van Der Ent et al., 2010; Zemp et al., 2014, 2017; Spracklen & Garcia-

Carreras, 2015). Where strong seasonality occurs, vegetation has developed adaptive strategies 

such as deeper root systems and are able maintain water uptake through the drier seasons and 

evapotranspiration then exceeds precipitation (Bruno et al., 2006). In addition, over the large 

areas susceptible, seasonal flooding brings nutrient-rich sediments onto the floodplain to 

support the growth or alter the composition of vegetation (Koschorreck & Darwich, 2003; 

Hawes et al., 2012). 

Meanwhile, the Cerrado biome covers an area of 2 million km2 and comprises of ecosystems 

varying from savannas, grasslands, wetlands and shrublands to dry and wet forests (Ruggiero 

et al., 2002). It is home to more than 7000 species of flora and has high levels of endemism 

among both flora and vertebrates (Klink & Machado, 2005) leading to its classification as one 

of the 36 global biodiversity hotspots, along with Brazil’s Atlantic Forest (Mata Atlantica) 

(Myers et al., 2000; Kong et al., 2021). The region distributes fresh water to major Brazilian 

and South American basins, including the Tocantins, São Francisco, Paraguai and Paraná. As 

with the Amazon, these watersheds supply water for animals and people, help maintain 

ecohydrological functions, and are a source for agriculture, industry, tourism, navigation, and 

hydroelectric power (Oliveira et al., 2014; Resende et al., 2019, 2021). The biome is 
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characterised by distinct wet and dry seasons where almost 90% of annual precipitation falls 

during the wet season (~1500 mm annual average) spanning October to April, while mean 

annual temperatures vary between 20°C in the south and 26°C in the north (Klink & Machado, 

2005). Vegetation therefore has seasonal growth patterns, and many native species have deep 

root systems observed down to 10 m in depth maintaining some level of transpiration through 

the dry months (May-August) (R. S. Oliveira et al., 2005; Ferreira et al., 2007). Mechanisms 

of vegetation demand and water supply govern the magnitude and seasonality of 

evapotranspiration across both Amazonia and the Cerrado (Christoffersen et al., 2014a) and 

changes to land use such as the replacement of natural vegetation by shallow-rooted pasture 

and crops could alter the hydrology of the region (R. S. Oliveira et al., 2005; Silva et al., 2006). 

Natural vegetation clearing for infrastructure development and agricultural expansion, 

namely pasture and cropland (Solar et al., 2016; Silva Junior et al., 2021), not only alters the 

water balance but can impair ecosystem services (Fujisaka et al., 1998; Foley et al., 2007; 

Castello et al., 2013; Lima et al., 2014; Ruiz-Vásquez et al., 2020; Sierra et al., 2022). Recent 

amendments in Brazil’s environmental policies, including deregulating indigenous lands and 

reducing environmental licencing constraints, have led to increases in deforestation, wildfires, 

and damage to protected areas (Nature Editorials, 2018a; 2018b; Andrade, 2019; Escobar, 

2019; Tollefson, 2019; de Oliveira Serrão et al., 2020, Rajão et al., 2020). Over the last five 

decades, the Cerrado has increasingly been replaced by pasture and cropland (Marris, 2005; 

Jepson et al., 2010) and to date, over 50% has been cleared for anthropogenic use and clearing 

continues to meet the world demand for exported crops such as soy, sugar cane, corn and 

coffee, and pastures for beef (Klink & Machado, 2005; Hunke et al., 2015). The augmented 

expansion of agriculture is reliable for the substantial boost in yields and economic wealth in 

the region over a short period (Martinelli et al., 2010). However, it has also contributed to 

severe environmental issues related to water shortages, eutrophication, soil degradation, 
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pesticide contamination and disease control (Martinelli et al., 2010; Schiesari & Grillitsch, 

2011; Schiesari et al., 2013; Raulino et al., 2021).  

Increases in these deforestation rates across the biomes within Brazil place its environmental 

systems and water balance at considerable risk (Coe et al., 2009; Nepstad et al., 2014; 

Lamparter et al., 2018; Serrão et al., 2019; de Oliveira Serrão et al., 2020). With less than 3% 

of the country’s agriculture irrigated (The World Bank, 2017), land use-climate feedback will 

almost certainly affect the regional energy and water balances underlying the importance of 

understanding the potential impact changes in land use will have on the hydrological cycle and 

regional climate (Betts et al., 2008; Lima et al., 2014; Cabral et al., 2015; Lawrence & 

Vandecar, 2015; P. T. S. Oliveira et al., 2015; Spera et al., 2018; Anache et al., 2019). 

Current trends in global climate exert further pressure on the hydrological systems in Brazil 

(Lawrence & Vandecar, 2015; Avila-Diaz et al., 2020; Alves et al., 2021; Raulino et al., 2021). 

Changes in patterns of precipitation, intensity of flooding and droughts, and increased 

concentrations of CO2 characterise global climate change (Alves et al., 2021; 

Intergovernmental Panel on Climate Change, 2022). Simulations excluding climate response 

to deforestation predict increases in runoff and river discharge relative to the region deforested 

(Coe et al., 2011; Levy et al., 2018). However, when including climate response, reductions in 

mean annual precipitation are predicted and some basins, such as the Juruá and Purus, are 

expected to decrease mean annual discharge (Lima et al., 2014; Y. Yang et al., 2019). 

Predicting vegetation response to climate is scale dependent and complex but is critical to 

understanding future hydrological trends in water availability. For example, elevated 

atmospheric CO2 concentrations may increase water-use efficiency in vegetation, decreasing 

evapotranspiration and local precipitation in non-water stressed environments (Bruno et al., 

2006; Farrior et al., 2015). However, it may also minimise the effect of drought on native 

species in water-stressed environments (Lima et al., 2014; Souza et al., 2016; V. F. Oliveira et 
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al., 2016), leading to alterations in water storage across different regions, and either enhancing 

or diminishing negative climate forcing (Bonan, 2008). 

Changes in climate could cause a shift in vegetation composition in turn altering climate 

feedback systems. A study carried out by Esquivel-Muelbert et al. (2018), looked at the 

potential changes in species composition in Amazonian forests due to climate change. They 

found that a slow shift towards more dry-affiliated genera is underway, with changes in 

composition in-line with climate-change drivers. They conclude that the increase in 

atmospheric CO2 is forcing a shift within tree communities but there is a lag caused by the long 

generation times of tropical trees. If energy or water becomes more limited in a region, 

perennial communities could shift more towards seasonal communities. One thing for certain 

is that these changes in vegetation composition would involve changes in water use efficiency 

ultimately impacting the hydrology of the region (Troch et al., 2009; Keenan et al., 2013; 

Schymanski et al., 2015). It is therefore important to understand why and how this may occur 

to predict future trends in hydrology in response to climate change. 

1.2 Aims and objectives 

The overall aim of this thesis is to test an alternative method of modelling hydrology over 

different climates and land-uses, both natural and cultivated, by focusing on the relationship 

between carbon and water dynamics and the potential of this to predict hydrological responses 

under elevated atmospheric CO2. We have employed one of the recently developed model 

approaches which combine carbon and water dynamics based on vegetation optimality theory 

first presented by Schymanski et al. (2008, 2015), but not yet tested in the Brazilian tropics and 

subtropics, the Vegetation Optimality Model (VOM). By using vegetation optimality as a 

modelling technique, we eliminate over parameterisation and the potential uncertainty this 

brings by focusing on maximising net carbon gain in plants. Plant biophysical processes are 
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constrained by climate and natural changes in vegetation composition can occur over longer 

time periods allowing us to assess changes in hydrological fluxes. In theory this cost-benefit 

system should predict changes in hydrological fluxes across biomes if natural vegetation was 

not influenced by anthropogenic change. However, we also look at the potential of the model 

to predict hydrological fluxes at cultivated monocrop sites by forcing seasonal vegetation cover 

to dominate. Following this, if we can successfully predict hydrological fluxes such as 

evapotranspiration, we can then adjust the atmospheric CO2 concentration used as an input to 

the model and look at the implications this could have across multiple biomes and land-use 

types. 

To do this our study focuses on answering the following research questions focusing on 

tropical and sub-tropical regions: 

(1): How can we use Carbon-Water mechanisms to understand hydrological fluxes? 

(2): How sensitive are hydrological processes in vegetation to changes in atmospheric CO2 

concentration? 

We compare the model results against eleven flux tower sites representing both key natural 

biomes and human-impacted land in Brazil (Chapter 2). However, the VOM requires long term 

records of meteorological variables which are not necessarily available in most data-scarce 

regions. Therefore, to first setup the model, we have extensively analysed widely used high-

resolution global gridded data to identify the most suitable dataset combination for the model 

runs (Chapter 3). 

Once the recommended forcing dataset combination has been identified, we set up model 

experiments tailored to the specific characteristics of each site and compare our model against 

independently measured fluxes (Chapter 4). Here we look at the impacts of introducing carbon 

dynamics into a hydrological model to key Brazilian regions under current climate conditions 
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leading us to answer Question (1). Model adjustments are kept to minor changes in parameters 

to assess how robust and transferable the model is. 

With the VOM working satisfactorily at the study sites and having assessed its limitations 

we investigate the isolated impact of CO2 changes to the overall evapotranspiration at sites in 

key Brazilian regions and try to understand why we obtain the results we do (Chapter 5), linking 

back to answer Question (2). We look at both the long and short-term vegetation responses as 

it optimally adapts through maximising net carbon profit to changes in atmospheric CO2 

concentrations. Long-term responses consist of changes in ecosystem structure such as 

vegetation cover and maximum rooting depth while short-term effects are solely related to 

stomatal closure and water-use efficiency. Finally, in Chapter 6, we summarise our findings, 

discuss their overall conclusions and ponder what this new knowledge might lead to in terms 

of future research and the impact of linking vegetation optimality to hydrological modelling. 

1.3 Thesis Outline 

The thesis is divided into a study site overview chapter, three research chapters, a conclusion 

chapter, and appendices, structured as follows: 

• Chapter 2: The Study Sites 

Descriptions of each Flux Tower site used in this thesis providing their locations and 

representative climate and ecosystems. 

• Chapter 3: How can we choose accurate meteorological forcing data in the 

region? 

This chapter answers the following self-contained questions. 

a). Which high-resolution data product is most suitable overall? 

b). Which product in most suitable for each variable? 
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c). What are the dominant types of error? 

d). How do these errors vary by location and time of year? 

• Chapter 4: How can we use Carbon-Water mechanisms to understand 

hydrological fluxes in (sub)tropical regions? 

This chapter answers the following self-contained questions. 

a). To what extent can the VOM predict evapotranspiration across different climates 

in (sub)tropical regions? 

b). To what extent can the VOM predict evapotranspiration in: 

ii. natural ecosystems? 

iii. cultivated ecosystems? 

c). What is the sensitivity of the VOM to poorly constrained parameters in these 

environments? 

d). What are the important water and plant interactions captured by vegetation 

optimality in the study areas? 

• Chapter 5: How sensitive are hydrological processes in (sub)tropical regions to 

changes in atmospheric CO2 concentration? 

This chapter answers the following self-contained questions: 

a). What would be the difference in predicted average annual evapotranspiration rates 

if only daily to sub-annual varying vegetation properties were permitted to 

respond to elevated CO2 (short-term response)? 

b). What would be the difference in predicted average annual evapotranspiration rates 

if all vegetation properties were permitted to optimally adapt to elevated CO2 

(long-term response)? 
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c). Does increased atmospheric CO2 concentrations have comparable effects on 

evapotranspiration across different Brazilian ecosystems for both the short and 

long-term responses? 

• Chapter 6: Summary and Conclusions 

• Appendices 

Appendices A, B, and C contain supporting information for Chapters 3, 4 and 5 

respectively. 

Each research chapter (Chapters 3, 4 & 5) follows on from the previous and is dependent 

upon the results of the preceding chapter. For this reason, each of these chapters contains its 

own results and discussion for the fluidity of the thesis. 
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2. Chapter 2: The Study Sites 

 

2.1 Introduction 

Global and regional networks of eddy-covariance towers (Figure 2.1), such as FLUXNET 

(Olson et al., 2004) offer in situ datasets of water, carbon, energy, and momentum fluxes 

between the Earth’s atmosphere and surface. These sites are carefully chosen so that the 

climate, vegetation, and soil characteristics are representative of a wider ecosystem or land-use 

type (Chu et al., 2021). Occasionally these representative areas are also chosen to enable 

intercomparison between land uses, for example, a pasture site cleared of rainforest relatively 

close to an untouched rainforest site. Most importantly, the towers provide a network of 

calibration and validation sites key for global and regional vegetation monitoring (Running et 

al., 1999) and are widely used to benchmark remote sensing products and models (Chen et al., 

2018; Ricciuto et al., 2018). 

A network of such towers, some described by da Rocha et al. (2009), exists across Brazil 

spanning multiple biomes and representing natural ecosystems, operated within the Large-

Scale Biosphere-Atmosphere Experiment in Amazonia (LBA) (Restrepo-Coupe et al., 2021). 

As a consequence of the vast quantity of agriculture and its economic importance in Brazil, 

experimental sites are also set up to study fluxes linked with commercial crops and plantations 

(Cabral, et al., 2010, Webler et al., 2012, Cabral et al., 2013).  

To accurately model hydrological processes and validate results it is important to understand 

and represent the physical properties of the observation site in the model. Ecohydrological 

modelling requires prior knowledge regarding climate, soil profile, ecology and location before 
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attempts can be made to replicate hydrological processes. This Chapter describes just that for 

the study sites used in this thesis so that we may justify our model set-up and understand the 

site characteristics before describing the relationship between carbon and water dynamics. 

  

Figure 2.1 Schematic of a typical flux tower showing the types of instrumentation that may be used to take meteorological 
measurements. Depending on the tower there may be more instruments up the body of the tower to measure gas 
exchanges. 
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Figure 2.2 Map of Brazil split into its six major biomes showing the location of the study sites analysed in this thesis 
and their measured average monthly precipitation (blue), air temperature (red), and incoming irradiance (green). 
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2.2 The Study Sites 

Meteorological data for 11 sites across Brazil were obtained directly from the site principal 

investigators, eight of which are from the LBA-ECO CD-32 flux tower network (Restrepo-

Coupe et al., 2021). All these towers are equipped with various measurement instrumentation 

including an eddy covariance system (Figure 2.1) to measure these fluxes above canopy height 

to avoid interference from the vegetation column (Aubinet et al., 2012). Table 2.1 specifies the 

abbreviated name, location, temporal coverage, dominant land cover and papers describing the 

site characteristics and initial analysis on the measurements. They correspond to several land 

covers across Brazil including tropical rainforest, tropical dry forest, savanna, woodland 

savanna, and a variety of agricultural sites, the locations of which are depicted in Figure 2.2. 

2.2.1 Manaus Kilometer 34 (K34) (Araújo et al. 2002)  

Located in the Cuieiras Reserve deep in the Amazon ~60 km 

north of Manaus, K34 is the western most tropical rainforest site 

(Figure 2.2, Table 2.1). At least 1600 km from the coast, oceanic 

influence has little impact on the climate (Araújo et al. 2002). 

Deforestation rates are lower in comparison to sites located 

further east near Santarem (K67, K83 and K77), but as population 

and industrial and agricultural development in Manaus increase 

so does the deforestation rate. To acquire measurements not 

influenced by deforestation and pollution, the site was installed in 

the Cuieiras reserve of the Instituto Nacional de Pesquisas da Amazonia (INPA), some 60 km 

north of Manaus in the heart of the rainforest (Andreae et al., 2002). The tower is 50 m tall and 

was erected in 1999, situated on a flat plateau 130 m asl. 

  

Figure 2.3 K34 flux tower near 
Manaus. Source: 
https://lba2.inpa.gov.br/ 
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The land cover consists of a closed canopy evergreen broadleaf tropical rainforest with a 

vegetation cover fraction of 0.98, an average canopy height of 35 m and an average leaf area 

index (LAI) of 5-6 m2 m-2 (Malhi et al., 2002). A more detailed description of the vegetation 

can be found in Jardim and Hosokawa (1987). The soil type of the plateau is a clayey yellow 

oxisol (latosol) (66% clay, 21% sand, 13% Silt) (Malhi et al., 2009). 

The climate is tropical monsoon (Koppen Am climate) and the site receives an average 

yearly rainfall of 2200 mm with marked wetter (November-May) and reduced rain (June-

October) periods (Andreae et al., 2002). The mean temperature is 26-27°C and relatively 

constant throughout the year (Figure 2.2). During La Niña years the dry season becomes wetter 

and during El Niño years the wet season becomes drier (Andreae et al., 2002).  

2.2.2 Santarém Kilometer 67 (K67) (Saleska et al., 2003) 

K67 is in the Tapajós National Forest near kilometer 67 along the 

Santarém-Cuiabá Highway (BR-163). The forest is bounded by 

highway on the east and the Tapajós River on the west, 50-150 km 

south of the city of Santarém. To the east the land-use is extensively 

established for agriculture (Hutyra et al., 2007). The forest is 

classified as a moist tropical forest, drier than the more substantial 

wet forests. As the dry season in the Amazon increases in length 

with climate change, this type of forest may be a model for the future 

Amazon (Cox et al., 2000; Esquivel-Muelbert et al., 2019). 

The 64 m tall tower is located on a flat, broad plateau (130 m asl) 

and characterised as broadleaf evergreen (Oliveira et al., 2005, 

Hutyra et al., 2007) with a closed canopy at an average height of 35 m and an average LAI of 

5-6 m2 m-2 (Domingues et al., 2005). The forest is considered primary and, at the time of the 

Figure 2.4 K67 primary forest 
tower near Santarém (Hutyra et 
al., 2008) 
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observation period, showed no signs of deforestation or other anthropogenic disturbance (Rice 

et al., 2004). The soils are predominantly nutrient poor clay oxisols with some sandy ultisols 

present (68% clay, 32% sand) (Silver et al., 2000) and a deep water table nearly 100 m below 

the surface (Nepstad et al., 2002). 

The climate is also tropical monsoon (Köppen Am climate) with an average temperature of 

25°C, annual average rainfall 1920 mm and humidity 85% (Saleska et al., 2003; Rice et al., 

2004) (Figure 2.2). The dry period is between 3-5 months (August-December), during which 

less than 15% of the annual precipitation falls. However, El Niño events can cause the forest 

to suffer severe drought and annual rainfall can fall to 800 mm (Oliveira et al., 2005). 

2.2.3 Santarém Kilometer 83 (K83) (Goulden et al., 2004) 

Also located in the Tapajós National Forest, around 

70 km south of Santarem and around 5 km east at 

kilometer 83 of the BR-163, lies the tower site for K83 

(Goulden et al., 2004). The forest around the site 

extends 5 km to east, 8 km to the south, and 40 km to 

the north before reaching pasture, and 8 km west to the 

edge of the plateau before sloping down to the Tapajós River around 14 km away. As part of a 

broader experiment the site was selectively logged in September 2001, using reduced-impact 

techniques whereby ~5% of aboveground biomass was removed (around 2-3 trees per ha) 

creating a patchwork of undisturbed forest surrounding the new clearings (Miller et al., 2007). 

As with K67, the 67 m tall tower, K83 is also located on a flat, broad upland plateau (153 m 

asl) with well drained soils, characterised by broadleaf evergreen vegetation with an average 

canopy height of 35 m (Hernandez Filho et al., 1993; Miller et al., 2004) and LAI between 4.5-

5.5 m2 m-2 (Doughty & Goulden, 2008). The soils are mostly clay oxisols, distributed in a 

Figure 2.5 Intruments positioned at the top of 
the flux tower located at K83 (Miller et al., 
2009) 
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similar pattern as described for K67 (Silver et al., 2000) and the water table is assumed to be 

similar also (>100 m deep). The climate is almost identical to K67, tropical monsoon (Köppen 

Am) with an annual average rainfall of 1911 mm, average temperature of 26°C and a dry season 

from August to mid-December, when around 11% of the mean annual precipitation falls (da 

Rocha et al., 2004, 2009) (Figure 2.2). 

Soil moisture measurements were also taken at this site after the logging in an intact patch 

of the forest ~50 m from the nearest clearing from March 2002 to December 2003. A 10 m 

deep soil pit lies ~20 m southeast of the tower and recorded soil moisture at high spatial and 

temporal resolution for an experiment to study the relationship between soil water dynamics 

and surface energy exchange. The experiment concluded that during dry periods soil moisture 

withdrawal from the top 10 m of soil agreed well with evapotranspiration rates recorded by the 

eddy covariance technique (Bruno et al., 2006). 

2.2.4 Santarém Kilometer 77 (K77) (Sakai et al., 2004) 

K77 is a pasture site situated around 8 km east of site K83 

in the Tapajós National Forest, about 5 km east of the 

kilometer 77 road after the BR-163 highway (Sakai et al., 

2004). It sits 25 km from the Tapajós River in a 500-ha field 

surrounded by both primary and secondary forest which has 

an average canopy height of ~40 m. The site underwent 

deforestation in 1991 to make way for a cattle ranch and a 

commonly used C4 grass species, Brachiaria brizantha, was 

planted for grazing. In late 2001 the pasture was burned, 

ploughed, and a rice crop was planted which was harvested in 

mid-2002, after which it was not replanted. However, rice that was not harvested spontaneously 

regrew after.  

Figure 2.6 K77 flux tower at the pasture 
site near Santarem (Fitzjarrold and 
Sakai, 2010) 
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The 20 m tower is also located on the plateau ~130 m asl but the terrain slopes about 4.8° 

from west to east with the pasture LAI estimated to be ~2.5 m2 m-2 (Negrón Juárez et al., 2009). 

Due to their proximity, the climate and soils for K77 are similar to K83 and K67 (Köppen Am, 

tropical monsoon with annual averages of 1911 mm for precipitation, 26°C temperature and a 

July-November dry season, and mostly clay oxisol) (Figure 2.2). Around 460 m to the east of 

the tower lies a spring-fed lake at the bottom of the slope suggesting that the water table depth 

is not below 39 m, assuming homogenous geology. 

2.2.5 Reserva Jarú (RJA) (von Randow et al., 2004) 

On the southern fringe of the Amazon basin, in the 

state of Rondônia, about 100 km north of Ji-Paraná 

lies the primary forest, Rebio Jaru and site RJA (von 

Randow et al., 2004). The area comprises of ~268,000 

ha of tropical wet and dry (Peel et al., 2007) forest 

whose altitude varies between 100-150 m asl. In 1968 

the Cuiabá-Porto Velho highway (BR-364) was 

constructed and since then the rainforest in Rondônia 

has been increasingly cleared by colonisation in a “fishbone” pattern of pastures, plantations, 

and degraded land so extensive that they can be seen on satellite images (Andreae et al., 2002). 

Despite being owned by the Brazilian Environmental Protection Agency (IBAMA) the reserve 

has experienced some slash and burn events close to the western border. However, during the 

observation period the forest around the site remained undisturbed for at least 1 km in the 

direction of the shortest fetch (southwest). 

The tower stands 60 m tall and is situated on flat floodplains confined by a low hill range 

several kilometers to the south and east with the Ji-Paraná River about 800 m west forming the 

boundary of the reserve. An extra 2.7 m mast was later built at the top of the tower (Andreae 

Figure 2.7 RJA flux tower site, Rebio Jaru. Source: 
https://lba2.inpa.gov.br/ 
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et al., 2002). Many springs and streams keep the vegetation moist throughout the year which 

comprises mainly of open tropical forest interspersed with palm trees (IBAMA., 2006). The 

average canopy height is 35 m and vegetation LAI averages 5-6 m2 m-2, however, some trees 

can reach up to 45 m. The climate is considered tropical savanna, dry winter (Köppen Aw 

climate) with annual averages of precipitation ~2100 mm, temperature 25°C (relatively 

constant) and a dry season spanning May-September (Figure 2.2) (da Rocha et al., 2009). 

The soil at the site has derived from in situ weathering of the bedrock and varies in depth 

from <1 m to ~2 m and classified as sandy loam (80% sand, 10% clay, 10% silt) with a high 

sand content near the top, and clay and silt quantities increasing with depth (Hodnett et al., 

1996). The first 0.05 m of soil contain a dense mat of fine roots and Wright et al. (1996) have 

reported strong evidence of roots penetrating deeper than 3.5 m at the site to extract water 

suggesting the root systems grow deeper into the weathered/fractured bedrock. 

2.2.6 Fazenda Nossa Senhora (FNS) (Kirkman et al., 2002) 

Also located in the state of Rondônia, around 8 km southwest of the town Ouro Preto do 

Oeste on the cattle ranch, Fazenda Nossa Senhora Aparecida, lies the pasture site FNS 

(Kirkman et al., 2002). The surrounding land was originally deforested by fire in 1977 and has 

consisted of a fire sensitive, fairly drought tolerant perennial C4 African grass since 1991 

stretching from about 4 km wide and tens of kilometers long (Andreae et al., 2002). This 

deforested land, along with many other areas, is part of the “fishbone” pattern characteristic of 

the rapid land conversion in the area known as the “arc of deforestation”(Lawrence & 

Vandecar, 2015). 

The tower stands 8 m tall on flat terrain around 315 m asl and the soils are highly weathered, 

sandy (>75%) red-yellow podzols (Hodnett et al., 1996, Andreae et al., 2002). The average 

grass height and LAI is 0.16 m and 1.7 m2 m-2, respectively (Kirkman et al., 2002), and the 
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soils are >6 m deep, comprising of weathered, sandy/loamy-sand texture (~80% sand and 10% 

clay) having the same classification as RJA (Hodnett et al., 1996). Like RJA the climate is also 

tropical savanna dry winter (Köppen Aw) with average annual values of precipitation and 

temperature around 1750 mm and 25°C, respectively. FNS also has a well-defined dry season 

spanning May-September (Figure 2.2). 

2.2.7 Ilha do Bananal (BAN) (Borma et al., 2009) 

The tower site is in the reserve of Cantão State Park which lies around 260 km west of 

Palmas, in the Tocantins state (Borma et al., 2009). The reserve protects 89,000 ha of an area 

separating two of Brazil’s dominant biomes, the Amazon rainforest to the west and the Cerrado 

(Brazilian savanna) to the east and bounded by Bananal Island to the southwest. Bananal Island 

is the largest river island in the world (80 x 260 km), found at the confluence of the Araguaia 

and Javaés rivers and is composed of grassland and savanna that is seasonally flooded. The 

four main ecosystems found in the reserve are (1) the seasonally flooding forest (mata de igapó) 

~24,000 ha, found around the water channels and lakes (in which the tower is located), (2) the 

semideciduous forest (mata de torrão) ~47,000 ha, (3) the inner waters, which is a system over 

8148 ha comprising of lakes interconnected by channels during the floods but become 

separated during the dry period, and (4) the swamps (varjão), natural grasslands with high 

nutrient content deposited during the floods, 724 ha. The 40 m tower, BAN, sits on the ecotone 

2 km east of the Javaezinho river, a tributary of the Javaés river which forms the eastern border 

of the island. Annual floods affect most of the reserve raising the water level 1-5 m above the 

land surface for up to 5 months between January and June (da Rocha et al., 2004, Borma et al., 

2009). 

The landcover at the site is a mixture of Cerrado (dense shrub with 5 m tall trees and grass 

undergrowth), cerradão (tall woodland savanna with 18 m trees and occasional shrubs) and 

campo (natural grassland) (da Rocha et al., 2004). The soils are classified as hydromorphic 
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sandy soil (Gley humic). Despite the convergence of ecosystems in this area the transition 

zones around the site form well-defined boundaries (Neiff, 2003). 

The climate is hot and seasonally humid with low precipitation during the winter months 

(Köppen Aw) (Alvares et al., 2013). The temperature is relatively consistent with an annual 

average of 25°C whilst the mean annual precipitation is 1755 mm and the dry season spans 

May to September with ~90% of the annual precipitation occurring in the wet season (Figure 

2.2) (da Rocha et al., 2004, Borma et al., 2009). 

2.2.8 Reserva Pé de Gigante (PDG) (da Rocha et al., 2002) 

The tower at PDG was erected in the state of São 

Paulo, located at Santa Rita do Passa Quatro city in 

the Vassununga state park (da Rocha et al., 2002). 

The site was placed in a contiguous 1060 ha area of 

savanna vegetation in the Gleba Pé de Gigante, with 

altitudes varying between 660-740 m asl. The area 

comprises of a number of meso ecosystems within 

the area of ecological interest; (1) Cerrado Sensu 

stricto (79%) closed shrub and small trees (5 m tall), 

occasional taller trees (7-11 m), and dense 

herbaceous story, (2) Cerradão (11%) nearly closed 

canopy taller trees (10 m tall) with dense litter, (3) Campo cerrado  (8%) sparse tall trees (7-10 

m), open shrubland, and dense herbaceous story, (4) other open grasslands and seasonal forest 

(2%) (Batalha, 1997, Ruggiero et al., 2002). Much of the Cerrado has undergone deforestation 

to be replaced by intensive agriculture (Hunke et al., 2015) and the reserve is surrounded by 

sugarcane, eucalyptus, and citrus plantations (Pivello et al., 1996). The site is therefore 

representative of an area that once covered 23% of Brazilian territory. 

Figure 2.8 View from PDG tower overlooking 
cerrado vegetation in (a) wet-January and (b) dry-
September seasons (Cabral et al., 2015) 
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The 21 m high flux tower was established in the northwest sector of the protected area in 

October 2000 around 690 m asl (Table 2.1). The main vegetation surrounding the site was 

cerrado sensu stricto (da Rocha et al., 2002) that has an annual average LAI of 2.3 m2 m-2 

(Bitencourt et al., 2007), while the soil is mostly quartz sand neosol with ~10% clay (Ruggiero 

et al., 2002). The climate is humid subtropical with a dry winter (Köppen Cwa) from April-

September and a hotter summer with increased precipitation from October-March (da Rocha 

et al., 2009). The annual average precipitation is 1284 mm, and the average monthly 

temperatures range from 20°C in the winter to 25°C in the summer. 

2.2.9 Usina Santa Rita (USR) (Cabral et al., 2013) 

On the São José do Pulador Farm, 552 m asl in the 

municipality of Luiz Antonio, São Paulo state, lies 

the flux tower owned by Usina Santa Rita (USR) 

(Cabral et al., 2013). Previously natural Cerrado, the 

site has been deforested and replaced with a 

sugarcane (a C4 plant) plantation over 351 ha 

(Tatsch, 2009). Brazil is the largest sugarcane 

producer in the world (FAO, 2020) and the state of São Paulo accounts for 70% of all cultivated 

sugarcane in Brazil (USDA, 2022). The sugarcane was planted in 2003 and subsequently 

underwent stubble burning before crop re-growth in April 2004 and May 2005. 

The continuous area of sugarcane sits on a slope (<2%) surrounded by citrus orchards, 

pasture and the native Cerrado (Cabral et al., 2012). The 9 m tower is situated amongst the crop 

which had a maximum canopy height of 5 m. The average annual LAI for the site has been 

estimated as 3.1 m2 m-2 (Caudra et al., 2012) and the soil type is red-yellow latosol (oxisol) 

with a sandy texture (74% sand, 22% clay, 3% silt) to at least a depth of 2.6 m (Tatsch, 2009, 

Cuadra et al., 2012). As with PDG the climate is humid subtropical with dry winter (Köppen 

Figure 2.9 USR tower site. (Xin et al., 2020) 
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Cwa) with an average annual precipitation of 1517 mm and average monthly temperature 

ranging from 19°C in July to 24°C in January (Figure 2.2). The well-defined dry season occurs 

from April-September. 

2.2.10 Votorantim Fazenda Cara Preta (VCP) (Cabral et al., 2010) 

Brazil is also a major global producer of Eucalyptus and around 3.5 km northeast of the Pé 

de Gigante reserve (site PDG) is a plantation located on the Cara Preta farm near Santa Rita do 

Passa Quantro. In the middle of this farm lies the tower, VCP standing 27 m tall (Cabral et al., 

2010; Cabral et al., 2011). The area of Brazil covered by Eucalyptus plantations has increased 

from 3.5 M ha in 2006 to 5.7 M ha in 2020 (MapBiomas Project, accessed October 2022). High 

growth and productivity rates are frequently linked to high rates of water use and there are 

concerns that the production of Eucalyptus may alter the hydrological regime and reduce water 

availability from supply catchments (Bosch and Hewlett, 1982; Viola et al., 2014; Almeida et 

al., 2016). 

The site sits 761 m asl on an eastward 3.5% slope with a 1 km fetch containing Eucalyptus 

plants of the same age and hybrid. In the other directions the fetch was at least 2 km of 

continuous vegetation but of differing ages. During the measuring period the canopy height 

surrounding the site grew from 12 m to 21 m and the average LAI was 2.8 m2 m-2 (Schleppi et 

al., 2007). The soil type was a quartz sand (Typic Quartzipsamment) with <12% clay present 

throughout the 3.5 m profile (Cabral et al., 2010). As with PDG and USR, the climate is humid 

subtropical with dry winter (Köppen Cwa) with an annual average precipitation of ~1500 mm 

and average monthly temperature varying from 19-24°C. Again, the dry season occurs from 

April-September (Figure 2.2). 
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2.2.11 Cruz Alta (CRA) (Webler et al., 2012) 

CRA is the southernmost site in the study and is located at the Research and Experimental 

Foundation Center, Cruz Alta, in the state of Rio Grande do Sul (Webler et al., 2012). The 

natural vegetation at the site consisted of Araucaria open forest, which is a coniferous forest in 

the Atlantic Forest biome, and natural grassland. However, in the 1950’s, the vicinity was 

deforested and transformed to commercial agriculture that used a conventional tillage system 

for soybean/wheat on a 3-year rotation (Chavez et al., 2009; Bortolotto et al., 2015). 

The site is 452 m asl and the tower stands 3 m tall surrounded by cropland. The LAI changed 

with crop age and rotation but averaged around 3.4 m2 m-2 (Moreira et al., 2018). The soil type 

is a Typic Haplorthox (52% clay, 24% silt and 24% sand), with a total depth of 2.5 m and 

without slope. 

The climate of Cruz Alta is subtropical humid (Köppen Cfa) (Peel et al., 2007), with an 

average annual rainfall of 1755 mm consistently distributed throughout the year (Figure 2.2). 

There is strong seasonality in temperature with monthly averages reaching lows of 12°C in 

July and highs of 24°C in December. A national weather station owned by the Instituto 

Nacional de Meteorologia (INMET) is located 400 m from the tower site and has been 

recording meteorological variables continuously since 1974 (Moreira et al., 2015). 
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accurate meteorological forcing data 

in the region? 

 

 

3.1 Introduction 

The predictive power of any model is dependent upon the quality of its input data. Often 

models, such as the VOM, require forcing data with an extensive meteorological record (+20 

years). Data collected from the tower sites described in Chapter 2 ranges from four to seven 

years, therefore, an alternative to the observation data is needed to force the model. 

In regions that lack high-density meteorological monitoring networks or have sporadic 

historical observations, gridded weather products provide valuable historical references to aid 

studies for many purposes, including water resources (Syed et al., 2008; Vissa et al., 2019), 

flood forecasting and heatwaves (Miralles et al., 2019), prediction of vegetation dynamics and 

agricultural yields (Tian et al., 2019), and climate change impacts (Dullaart et al., 2020; Xi et 

al., 2021; Terzago et al., 2020). These products provide a method to integrate available weather 

station data both temporally and spatially consistent, whilst taking into consideration factors of 

influence such as topography, prevailing winds, and distance (Thornton et al., 2021). They are 

becoming more readily available worldwide and are helping with regional to large-scale 

applications globally where ground-based observations are not available or more consistent 

temporally extensive datasets are needed (e.g.,; Soti et al., 2010; Gebere et al., 2015; Cantoni 

et al., 2022; Tladi et al., 2022). However, limitations in the forcing data can result in 
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disinformation in data which can lead to incorrect conclusions (Beven, 2011; Kauffeldt et al., 

2013) and therefore the validation of such products is key for the performance of models. 

Comparison studies between these products and ground-based observations over the study area 

is one way to validate and determine its reliability and suitability. 

New efforts are being made to validate global data products for important hydrological 

applications. For example, Sikder et al. (2019) tested three GLDAS versions and ERA-

Interim/Land products over South and Southeast Asia (the Ganges-Brahmaputra-Meghna and 

Mekong River basins) against discharge observations to determine which product better 

describes the system. Gebrechorkos et al. (2020) used rainfall observations to analyse the 

competency of two gridded high-resolution datasets to detect climate variability and droughts 

across East Africa, whilst Weber et al. (2021) compared multiple gridded products against an 

Alpine observation centre to determine their capability for snow hydrological modelling. 

The selection of a gridded product is based on its suitability for this study, for hydrological 

application of the VOM, which requires consistent meteorological forcing data spanning over 

20 years, but it is also important to compare them in data sparse areas whenever ground-based 

observations are available to provide insight to risk of error associated with the product. Higher 

risk of error leads to greater uncertainty potentially affecting a country or area’s ability to 

prepare for climate events. Furthermore, increased data in data poor areas strengthens model 

representation of Earth system processes (IPCC, 2012). 

Global data products make extensive use of data from ground-based weather stations. The 

distribution of weather stations tends to be biased toward populated areas leaving large areas 

underrepresented (Viana et al., 2021). For example, in a study carried out by Filho et al. in 

2018 that utilised 11,427 rain gauges covering Brazil, the Amazon basin which contains 70% 

of the country’s freshwater has the lowest density of gauges with only 199 in the state of 
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Amazonas. Places of ecological importance such as large forests and savannas like the Amazon 

and Cerrado influence the hydrological cycle through a variety of factors including 

biodiversity, vegetation dynamics, and root distribution (Oliveira et al., 2005; Diaz et al., 2007, 

Bonal et al., 2016, Coe et al., 2016) despite low meteorological station density. To combat this 

meteorological observation data from measurement stations such as flux towers and eddy 

covariance stations provide valuable insight into representative areas across the country. 

FluxNet is an international network of flux towers where eddy covariance techniques are 

used to measure energy, water and carbon fluxes between the biosphere and atmosphere 

(Baldocchi et al. 2001), however, their distribution is highly biased towards North America 

and Europe. This network of towers has provided opportunities to validate gridded products 

over data rich areas such as North America (Decker et al., 2012) and China (Wang and Zeng, 

2012) but less has been done in comparatively data poor areas such as South America. The 

tower sites in this study are part of the FluxNet but no attempt thus far has been made to validate 

gridded products using these locations. 

With centres such as the European Centre for Medium Range Forecasts (ECMWF), and the 

National Aeronautics and Space Administration (NASA) Goddard Space Flight Center 

(GSFC)’s Global Modelling and Assimilation Office (GMAO) producing openly available 

high-resolution global gridded products using different techniques it can be difficult to know 

which products may be better suited for each application. Different products may excel in some 

areas over others due to the nature of their interpolation/reanalysis method and the ground 

observations used. For example, products like the ECMWF’s ERA5-Land (Muñoz-Sabater, 

2019) are developed from blending observations with past short-range weather forecasts rerun 

with modern weather forecasting models to produce many land-surface flux variables. 

MSWEPV2.2 (Beck et al. 2019), however, focuses only on precipitation data and combines 

satellite remote sensing data with multiple sources of reanalysis products, then bias corrects 
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and weights between multiple nearby observation gauges. Multiple studies have been 

undertaken showing that different products provide contrasting results depending on the 

environment or climate in question (Decker et al., 2012; Wang and Zeng, 2012; Sikder et al., 

2019; Beck et al., 2021). 

In this chapter we compare the accuracy of one regional and four global high-resolution 

gridded meteorological products over 11 ecologically different flux tower sites spanning 

multiple biomes across Brazil, described in Chapter 2, with the intention of selecting the most 

suitable to force the VOM. The assessment of these products can be broken down into four 

main research questions set out below. 

3.1.1 Chapter Contained Research Questions 

1. Which product is most suitable overall?  

2. Which product is most suitable for each variable? 

3. What are the dominant types of error? 

4. How do these errors vary by location and time of year? 

3.2 Datasets 

3.2.1 In-situ observations 

Meteorological data obtained were from the 11 sites across Brazil and are described in 

Chapter 2. This chapter focuses on the main hydrometeorological variables used to force the 

VOM (see model description in Chapter 4). Variables for each site were selected based on their 

consistency and availability and, where needed, converted for uniformity and comparability. 

The variables analysed were air temperature, precipitation, wind speed, air pressure, thermal 

(longwave) and solar (shortwave) radiation, and specific humidity (Table 3.1 and Table 3.2). 
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3.2.2 Regional Products 

There are relatively few freely available high resolution national meteorological datasets 

covering Brazil. However, efforts have been made to produce high-resolution datasets through 

interpolation of weather stations (Xavier et al., 2016). The meteorological station network 

across Brazil varies spatially and temporally with few data available before 1980. There has 

been a steady increase in weather stations and rain gauges over the last 40 years but with heavy 

bias to densely populated areas such as São Paulo and Rio de Janeiro (Alvares et al., 2013; 

Name Meteorological variables Missing Data 

K34 wsed, ta, press, rg, rgl, prec, ee  
K67 wsed, ta, press, par, rgl, prec, ee rgl 

K77 ws, ta, press, rgs, rgl, prec, dpt  
K83 wsed, ta, press, rgs, rgl, prec, ee  

CRA 

Wind Speed (ms-1) (INMET), Temperature (°C) (INMET), 

Pmb (INMET), Rg (Wm-2) (INMET), Lwin (Wm-2), Prec (mm) 

(INMET), Dew Point (°C) (INMET) Lwin (Wm-2) 

FNS ws, ta, press, rgs, rgl, prec, ee  
RJA wsed, ta, press, rgs, rgl, prec, ee  
PDG ws, ta, press, rgs, rgl, prec, ee rgl 

VCP WS_sonic, T_air, Pres, Ki, LW In, Rain, RH LW In 

BAN wsed, ta, press, rgs, rgl, prec, ee rgl 

USR 
WindSpeed, Air_temp,Press, Global_In, LW In, Rain, 

Air_humidity 
LW In 

 

Meteorological variable Description 

wsed Win Speed Sonic 

ws Wind Speed Cup 

ta AWS Air temperature 

Press, pmb AWS Pressure 

par PAR Incident Radiation 

rg, Global_In, Ki Global Incident Radiation 

rgs Short wave radiation in 

rgl, Lwin, LW In Long wave radiation in 

prec, Rain precipitation 

ee Vapour pressure 

Dpt, Dew Point Dew point temperature 

RH, Air_humidity Relative Humidity 

 

Table 3.1 Selected variables from each flux tower site with variables that were unavailable noted. 

Table 3.2 Description of variables listed in Table 3.1 
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Filho et al., 2018). These biases bring the quality of meteorological datasets under scrutiny and 

a strong need for validation especially over the more data poor areas. Gridded data products 

were selected based on their open access availability, a spatial resolution of 0.25 x 0.25 degrees 

or finer, and a daily or sub-daily temporal resolution (Table 3.3) referred to here on as high-

resolution. 

3.2.2.1 Brazilian National Meteorological Gridded Database (BNMD) 

A high-resolution gridded dataset developed from local interpolation of meteorological 

variables across Brazil was released in 2016 (the Brazilian National Meteorological Database, 

referred here as BNMD) (Xavier et al. 2016). The data were collected from 3625 rain gauges 

and 735 weather stations over the period of 1980-2013 and quality control procedures were 

performed to identify outliers based on Liebmann and Allured (2005). The novelty of the 

dataset and the rapid increase in stations/gauges over the 30-year period raises questions about 

its reliability, particularly over less data rich areas such as the Amazon. 

3.2.2.2  GLDAS2.0 and GLDAS2.1 

High-resolution datasets have been around for some time now but are less common in 

regions outside the Western world. In 2004, however, NASA-GSFC and NCEP released a 

reanalysis data product called the Global Land Data Assimilation System (GLDAS) (Rodell et 

al. 2004). Since then, GLDAS has been reprocessed leading to the updated release of 

Data Descriptor Data Source Variables accessed Periods Temp. res. Spatial res. Reference 

BNMD BNMD Prec, maxTa, minTa, SWdn, 

Ps, Wind, Rh 

1980-2017 Daily 0.25x0.25 Xavier et al. 2016 

ERA5-Land ERA5-Land Prec, Ta, SWdn, LWdn, Ps, 

Wind, d2m 

1981-2019 Hourly 0.1x0.1 Muñoz Sabater, 2019 

GLDAS2.0 GLDAS_NOAH25_3H 2.0 Prec, Ta, SWdn, LWdn, Ps, 

Wind, q 

1948-2014 3-hourly 0.25x0.25 Rodell et al. 2004 

GLDAS2.1 GLDAS_NOAH25_3H 2.1 Prec, Ta, SWdn, LWdn, Ps, 

Wind, q 

2000-2019 3-hourly 0.25x0.25 Rodell et al. 2004 

MSWEPv2.2 MSWEP_v2.2_sh Prec 1979-2017 3-hourly 0.1x0.1 Beck et al. 2019 

 
 

aPrec, precipitation; Ta, air temperature; SWdn/LWdn, surface downward shortwave/longwave radiation flux; Ps, pressure; Wind, wind speed; d2m, dewpoint 2m temperature; Rh, 

relative humidity; q, specific humidity. Note: temporal resolution was converted to the coarsest of that of the datasets –Daily. Monthly values were also generated. 

 

Table 3.3 Summary of gridded data products used in this studya 



Chapter 3: How can we choose accurate meteorological forcing data in the region? 

38 

 

GLDAS2.0 in November 2019 and GLDAS2.1 in January 2020. GLDAS products are one of 

the few datasets that provide consistent quality-controlled high-resolution (0.25 x 0.25 degrees, 

3-hourly) meteorological variables available over the South American continent. GLDAS2.0 

data are products of the new NOAH-3.6 LSM forced using the Princeton meteorological 

forcing dataset (Sheffield et al. 2006) producing a dataset from 1948 – 2014. GLDAS2.1 is a 

direct update from GLDAS-1 where NOAH-3.6 LSM is forced with combined forcing data 

including Global Precipitation Climatology Project (GPCP) version 1.3 produced by NOAA 

with available data from 2000-present. 

3.2.2.3 ERA5-Land 

More recently, the European Centre for Medium Weather Forecasting (ECMWF) released 

ERA5-Land (an upgraded form of ERA-Interim) providing a higher resolution global land-

based dataset from 1981-present (0.1 x 0.1 degrees, hourly) (Muñoz-Sabater, 2019) generated 

using Copernicus Climate Change Service Information. The production of ERA5-Land is the 

result of the tiled ECMWF Scheme for Surface Exchanges over Land incorporating land 

surface hydrology (H-TESSEL). The recent release sees it benefit from over a decade of 

developments in 4D-VAR data assimilation, core dynamics, and model physics relative to 

GLDAS and ERA-Interim. As it is built on the back of a previously well documented dataset 

confidence in the quality would be expected to be higher than that of new regional datasets 

such as ones produced by Xavier et al. (2016). 

3.2.2.4 MSWEPv2.2 

Another recent dataset that has received widespread praise recently is the Multi-Source 

Weighted-Ensemble Precipitation, version 2.2 (MSWEP V2.2) (Beck, et al., 2019). Although 

only precipitation data, it provides the highest temporal (3-hourly) and spatial (0.1 degrees) 

resolution based on gauges, satellites, and reanalysis with distributional bias corrections. The 

dataset merges multiple observation, satellite and reanalysis data across the globe and its 
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predecessors have proven to provide reliable estimates for precipitation patterns globally 

(Baez-Villanueva et al. 2018; Moreira et al. 2018; Alijanian et al. 2019; Xu et al. 2019). 

Table 3.3 provides a summary of the gridded products used in this study with information 

about time periods covered, temporal and spatial resolution, the meteorological variables 

accessed and their references. 

3.3 Methodology 

This section describes the data manipulation necessary to quantify the differences between 

the gridded products and observations. 

3.3.1 Quality control 

As previously mentioned, flux towers can often have gaps or periods of quality deficiency 

in the data. Therefore, variables were selected for each site based on their homogeneity and 

percentage of data available. 

Some sites had already undergone some quality control and gap filling by the PI. 

Nonetheless, obvious instrument errors were eliminated from the data and linear regression 

was used to fill the seven meteorological variables. Only other variables from the same sites 

with strong correlations (R2 > 0.8) were used (strongest correlations first). 

3.3.2 Temporal averaging 

Flux tower sites have different recording methods and temporal resolutions. All observation 

and gridded datasets were converted to the coarsest temporal resolution, the daily scale, for 

analysis (BNMD, Table 3.3). As the gridded datasets have no gaps this was a straightforward 

forward or backward averaging depending on the variable and averaging method. Two-sample 

Kolmogorov-Smirnov (K-S) tests were carried out on the observation data for each variable, 

where full days (24-hours) were used to create daily data and set as the reference distribution. 
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Samples were then tested against this distribution using one less hour each iteration to 

determine whether samples significantly deviated from the reference sample. 12 hours of data 

(50% available) in a day was set as the minimum for daily conversion. 

A similar averaging method was adopted to convert daily data to monthly. However, due to 

a shortage of data availability, instead of using 100% of days available in a month as the 

reference sample, 80% or above was used to acquire a more comprehensive sample to test 

against. The minimum conversion allowed was 50% of days in a month. 

Precipitation was summed when converting to daily and monthly. Rainfall does not follow 

a regular pattern or known distribution, meaning taking anything less than all 24 hours of 

available data would result in an under-prediction. Therefore, only days with all data available 

were converted to daily. The same approach was taken converting daily to monthly but, in 

some cases, resulted in a high loss of data. To conserve data, each site was assessed uniquely 

looking at the two-sample K-S test results and changes in the mean after using fewer days in 

the month to convert (i.e., rejected if changes in the means and standard deviations were >2%). 

A factor was then applied to the monthly total depending on how the percentage of days missing 

to bring the total up to 100%. 

3.3.3 Wind Speed vertical interpolation 

The height at which the measurement instruments are located differ at each site. To compare 

data products to the observation data they are vertically interpolated to the height of the 

instrument at each site. The BNMD wind speed variable was calculated by interpolating 

laterally from the nearest Brazilian weather station which records wind speed over grass. The 

ERA5-Land 10m wind speed product is produced for comparison against SYNOP stations, also 

above grass. GLDAS 10m wind speed is adjusted down from the model’s lowest level to 10m 

but it is unclear whether this is over grass or different vegetation types. For consistency, the 
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same vertical interpolation method was used for all data products. The wind speeds were 

interpolated up the log-wind profile using grass as the vegetation type at the height of the WMO 

weather station standard (30 cm) from either 2 m or 10 m depending on the data product. 

3.3.4 Pressure 

The BNMD dataset does not include pressure as a variable therefore it was estimated as a 

single continuous value, dependent on altitude, using the FAO irrigation and drainage paper 56 

method (Equation 7, Allen et al. 1998). 

3.3.5 Specific humidity 

Specific humidity was available for both GLDAS datasets but needed to be calculated for 

ERA5-Land and the BNMD. ERA5-Land vapour pressure was calculated from the dew point 

temperature variable and then converted to specific humidity using pressure (Shuttleworth, 

2012). For the BNMD, the vapour pressure at maximum and minimum temperatures was 

calculated using the FAO method (Equation 11, Allen et al. 1998). These were then used with 

the relative humidity, and estimated pressure to calculate specific humidity using ideal gas laws 

(Bolton, 1980). 

3.3.6 Decomposition of the mean square error 

To quantify the differences, the mean square error (MSE) was calculated for each variable 

and data product against the observation data at each site. The MSE is a single quantity 

explaining little about the cause of the error, but it can be decomposed into parts to acquire a 

better understanding of contributions to the error (Gupta et al. 2009) (Equation (3-1)). 

 

𝑀𝑆𝐸 = 2 ⋅ 𝜎𝑠 ∙ 𝜎𝑜 ∙ (1 − 𝑟) + (𝜎𝑠 − 𝜎𝑜)2 + (𝜇𝑠 − 𝜇𝑜)2 (3-1) 

 



Chapter 3: How can we choose accurate meteorological forcing data in the region? 

42 

 

In equation (3-1), σs and σo are the standard deviations of the sample (gridded product) and 

observations, r is the linear correlation between the sample and the observations, and μs and μo 

are the means of the sample and observations respectively. Written like this the equation is 

seen to have three parts. The first term is the correlation contribution to the MSE, the second, 

the variation contribution or differences in standard deviation, and the third term represents the 

bias contribution or differences in means. For a clearer understanding of the results the MSE 

was scaled to the RMSE to conserve the units for each variable. Whilst quantifying the relative 

contribution to the MSE does not allow us to determine which gridded product is superior to 

another it does allow us to understand the reasons as to why there is discrepancy between the 

observation measurements and the gridded products. 

3.3.7 Ranking 

The extent of the data analysed makes it difficult to quantify the results into a coherent 

structure. For this reason, a ranking system was used to ascertain which data product for each 

variable performed best due to its simplicity (Brunke et al. 2003). The MSE for each variable 

was given a rank dependant on how many data products have that variable recorded (for 

incoming longwave radiation this was 1-3; precipitation, 1-5; and all other variables 1-4, 1 

being the best performing/lowest MSE). This was done for each site and then the ranks were 

averaged across all 11 sites to provide a single rank for each variable and each data product. A 

product with the lowest MSE for a variable over all 11 sites would score a rank of 1. An overall 

average rank was then also given to each data product which only included ranks of variables 

that were present for all products. This method of ranking was performed for both the daily and 

monthly data. 
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3.4 Results 

Partial contributions to the MSE have been assigned a colour and plotted as stacked columns. 

An example of this can be seen in Figure 3.1a where the whole column equates to the MSE 

(scaled to the RMSE to conserve units). Figure 3.1a can be interpreted with the help of Figure 

3.1b. The large bias contributions seen for the BNMD and GLDAS2.0 datasets are due to 

consistent overpredictions of the observed data with higher mean temperatures. However, both 

datasets follow the seasonality of the observation data leading to a low variability contribution 

to the error. Relatively high variability error for GLDAS2.1 is most likely due to its 

overprediction of temperatures in the hot months and underpredicting them in the cooler 

months. There is a low bias contribution as the mean of the data is similar to the observation 

data. Table 3.4 shows the ranking scores of the MSE for each dataset and variable averaged 

over the 11 flux tower sites and includes an overall average rank across all variables. 

3.4.1 Precipitation 

Precipitation was statistically analysed across all five of the gridded datasets at two temporal 

resolutions (daily and monthly). MSWEPv2.2 has the best score at the daily scale whilst 

GLDAS2.0 has the poorest score at both daily and monthly scales. However, the results show 

B
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BNMD 

Figure 3.1 Air temperature at site BAN where a). shows partial contributions to the MSE for each gridded dataset and b). 
shows the monthly time series of all gridded datasets for air temperature over the operation period of the flux tower 
(observation data in bold). 
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that the BNMD dataset has the best overall monthly precipitation out of all gridded products 

compared. 

Figure 3.2 and Figure 3.3 illustrate the partial contributions to the MSE at daily and monthly 

temporal resolutions respectively. From Figure 3.2 we can see that the correlation contribution 

to the MSE is the predominant source of error, but some sites also show errors due to variability 

(e.g. RJA and K34). It is worth noting that the bias contribution at the daily scale contributes 

almost nothing to the overall MSE but this changes at the monthly scale (Figure 3.3). Large 

spikes in the bias contribution can be seen at the northern Amazonian flux tower sites (K67, 

K77 and K83) for the ERA5-Land dataset which arise due to the consistent overprediction of 

monthly rainfall. Contributions to the variability are larger at sites RJA and USR as although 

  Daily 

  BNMD ERA5-Land GLDAS2.0 GLDAS2.1 MSWEPv2.2 

Wind Speed (m s-1) 2.55 1.64 3.27 2.55 - 

Air Temperature (°C) 3.36 1.09 3.64 1.91 - 

Pressure (hPa) 2.18 1.82 2.82 3.18 - 

Solar rdn in (W m-2) 3.55 1.36 2.36 2.73 - 

Thermal rdn in (W m-2) - 1 2.2 2.8 - 

Precipitation (mm) 2.04 2.62 3.42 2.33 1.6 

Specific Humidity (kg kg-1) 4 1.18 2.45 2.36 - 

Average Rank (exc. Thermal) 2.95 1.62 2.99 2.51 - 

      

 Monthly 

Wind Speed (m s-1) 1.91 2 3.36 2.73 - 

Air Temperature (°C) 3.27 1 3.27 2.45 - 

Pressure (hPa) 2.18 1.82 2.82 3.18 - 

Solar rdn in (W m-2) 2.73 3 1.91 2.36 - 

Thermal rdn in (W m-2) - 1 2.6 2.4 - 

Precipitation (mm) 1.6 3.13 3.2 2.26 1.82 

Specific Humidity (kg kg-1) 4 1.27 2.36 2.36 - 

Average Rank (exc. Thermal) 2.62 2.04 2.82 2.56 - 

 

Table 3.4 Overall ranks for MSE. MSE is taken per variable per site and ranked. Ranks are then averaged for all sites to produce 
an overall rank for daily and monthly data. Both the lowest (bold) value (i.e. best performance) and highest (italics) value (i.e., 
worst performance) in each row are identified. Dashed cells (-) indicate no data available. Ranking for precipitation has been 
scaled to be included in the average rank. 
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most datasets adequately reflect the total rainfall for the dry months the wet season is 

consistently overpredicted. MSWEPv2.2 did not perform best at all sites; in fact, it performed 

worst at site K83 at the daily scale where the timing of rainfall peaks was predicted less well 

during the wet season causing a large MSE with a high correlation contribution. Furthermore, 

at the monthly scale, it performed worst at site BAN where an overprediction of peaks during 

the wet months lead to larger contributions to bias and variability. 

3.4.2 Air Temperature 

Air temperature was analysed across four of the gridded datasets. ERA5-Land performed 

best whilst GLDAS2.0 performed least well at both daily and monthly scales (Table 3.4). The 

ranking of 1 and 1.09 indicates that ERA5-Land had the lowest MSE when compared with 

every other dataset across all sites at the monthly scale and all sites except one (CRA) at the 

daily scale respectively. The monthly BNMD dataset performed equally as poorly as 

GLDAS2.0 meaning the ranking system is unable to identify which dataset reflects the in-situ 

observations least well. Correlation error has the largest contribution to the MSE for the daily 

datasets with the bias contribution also having some influence (Figure 3.2). However, at the 

monthly scale, the bias contribution is the greatest source of error across all datasets and sites 

whilst the correlation error carries less weight (Figure 3.3). 

Both the BNMD and GLDAS2.0 datasets consistently overpredict temperature explaining 

the bias contributions for both monthly and daily datasets. Although performing well overall, 

the monthly GLDAS2.1 dataset had the largest variability contributions which are explained 

by overpredicting temperatures in the hotter months and underpredicting them in the cooler 

months (K34, K67, K77 & BAN). The ERA5-Land dataset followed the mean of the 

observation data most closely but varied in either overpredicting or underpredicting 

temperature at different sites. 
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Figure 3.2 Partial contributions to the MSE between each observation site and gridded dataset (x-axis) for each 
variable (y-axis) at the daily scale. Precipitation includes MSWEPv2.2 errors. 
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 Figure 3.3 Partial contributions to the MSE between each observation site and gridded dataset (x-axis) for each variable 
(y-axis) at the monthly scale. Precipitation includes MSWEPv2.2 errors. 
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3.4.3 Other Meteorological Variables 

Besides precipitation and temperature, five other meteorological variables were analysed; 

wind speed, pressure, downward shortwave and longwave radiation fluxes (solar and thermal 

in Table 3.4 respectively), and specific humidity.  

For wind speed, GLDAS2.0 performed most poorly at both temporal resolutions whilst 

ERA5-Land performed best at the daily scale and BNMD at the monthly scale. Large bias 

errors can be seen at site FNS over all datasets due to the gridded datasets underpredicting the 

observation data by means ranging 45-75% lower than that of the observation data. The large 

variability and bias contribution to the MSE can be seen at site CRA whereby the datasets 

underpredict the observation data from 2009-2013 after which the observation data drops 

uncharacteristically leaving the gridded products overestimating for the final year (2013-14). 

ERA5-Land proved to have the lowest MSE on average whilst GLDAS2.1 performed least 

well at both temporal resolutions when analysing pressure. It is worth noting that the ranking 

did not change between daily and monthly scales for pressure as performance consistency was 

unaffected between daily and monthly datasets. The errors associated with pressure are heavily 

dominated by the bias contribution (Figure 3.2 and Figure 3.3). Contributions to the variability 

error are visible for the BNMD dataset as pressure was estimated using the elevation of the site 

using the standard FAO method (Allen et al. 1998) and kept as a constant figure. Its relatively 

low MSE when compared to other datasets tells us that estimating a single value for pressure 

can sometimes more accurately reflect the observation data. The large consistent biases at sites 

K67 and RJA are due to an overprediction and underprediction of 23 hPa and 19 hPa on 

average, respectively, for all datasets. 

ERA5-Land performed best again at the daily scale for the variable, downward shortwave 

(solar) radiation whilst the BNMD dataset performed least well. Surprisingly, however, ERA5-
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Land performed least well at the monthly scale while GLDAS2.0 performed best. The 

correlation contribution to the MSE dominated across all sites at both daily and monthly scales, 

but as temporal resolution decreases, so does the correlation contribution resulting in lower 

overall MSEs. Large bias contributions are evident at site K67 over both temporal resolutions 

as the gridded datasets consistently overpredict the observation data by around 40 W m-2. The 

observation data tends to have a downwards trend over the entire recording period resulting in 

an increased bias towards the end of the time series when comparing to the gridded products. 

Only three of the gridded data products and five sites recorded measurements of downward 

longwave (thermal) radiation leading to its exclusion in the overall ranking across all variables 

in Table 3.4. ERA5-Land performed best at all sites across both time scales whilst GLDAS2.1 

and 2.0 performed least well at the daily and monthly scales, respectively. All datasets tend to 

underpredict at every site, with contributions to all three components of the MSE visible at 

both time scales. However, the scale of the errors is not large, ranging between 1-7% error 

across the spread of the data. 

With regards to specific humidity, ERA5-Land outperformed the other gridded datasets 

again whilst the BNMD had the weakest performance at both time scales. The BNMD’s large 

biases are due to the estimation of vapour pressure from the minimum and maximum 

temperatures and a constant estimate for pressure (see Methodology, 3.3.5). Biases associated 

with air temperature for the BNMD can therefore be expected to be seen in specific humidity. 

Similarly, the variability contributions to the BNMD MSEs found at sites PDG, CRA, VCP 

and USR are associated with the variability errors in pressure as this was also utilised in the 

calculation. 
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The ranks were averaged for all shared variables for the BNMD, ERA5-Land, GLDAS2.0 

and GLDAS2.1 across both time scales. ERA5-Land performed best on average whilst 

GLDAS2.0 performed least well at both monthly and daily scales. 

3.4.4 Seasonality in Errors 

Errors throughout the year can change if the datasets fail to capture the correct range of 

seasonality. For example, dry seasons may have low errors in precipitation because the mean 

rainfall will be closer to 0. Figure 3.4 shows this behaviour across almost all sites for the best 

performing precipitation dataset, MSWEPv2.2. Similarly, biases may occur if datasets 

overpredict temperatures in the warmer seasons as seen in Figure 3.5 at sites, BAN and FNS. 

It is clear from Figure 2.2 (Chapter 2) that seasonality changes with latitude and that sites 

located further south have a higher range of temperature between seasons. This increased 

seasonality helps explains the relatively large errors seen at sites CRA and USR in Figure 3.5. 

Comparing the errors spread over of the year between datasets helps us determine which ones 

best predict the seasonality. For example, with BNMD air temperature, the correlation 

component’s contribution to the MSE increases in the summer months the further south the 

site, suggesting there is a weakness in the datasets ability to predict seasons. Further graphical 

representations of this can be found in Appendix A. 
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Figure 3.4 Partial contributions to the MSE averaged by month over all operational observation years for 
MSWEPv2.2 precipitation across all sites. Sites are in descending order from distance from equator. 
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 Figure 3.5 Partial contributions to the MSE averaged by month over all operational observation years for ERA5-
Land air temperature across all sites. Sites are in descending order from distance from equator. 
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3.5 Discussion 

Five gridded data products (BNMD, GLDAS2.0, GLDAS2.1, ERA5-Land, and 

MSWEPv2.2) were evaluated with in situ measured meteorological variables across multiple 

biomes in Brazil. The products were evaluated against 11 flux tower stations for seven 

meteorological variables (air temperature, wind speed, pressure, downward shortwave and 

longwave radiation, and specific humidity). Stations are spread over a variety of different 

Brazilian climates, and daily and monthly observational averages (or totals) were compared 

against the gridded products. The MSE scaled to the RMSE was calculated and intercompared 

among different products using a ranking system. Three statistical moments (the correlation 

contribution, the variance contribution, and the bias contribution) were also computed to 

provide further insight into the cause of error. 

3.5.1 Which product is recommended overall? 

It was found that the data product that performed best collectively, taking all meteorological 

variables into consideration for the ranking, was ERA5-Land at both the monthly and daily 

scales. Considering its place in this study as the newest and highest resolution global dataset, 

these findings coincide with multiple reports arguing its superiority as a global meteorological 

dataset (Jiang et al. 2020; Pelosi et al. 2020; Zandler et al. 2020). 

However, as found with similar studies exploring errors with gridded datasets over different 

climates (Decker et al. 2012; Wang et al. 2012; Blankenau et al. 2020), we also found that no 

single data product is superior to others for all variables at both the daily and monthly scales. 

3.5.2 Which product is recommended for each variable? 

At the daily scale ERA5-Land outperformed in all variables except precipitation where 

MSWEPv2.2 matched the observations more closely. At the monthly scale ERA5-Land has the 

best representation of pressure, air temperature, longwave radiation, and specific humidity, 
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whilst it was the BNMD dataset for wind speed and precipitation, and GLAS2.0 represented 

shortwave radiation best. 

3.5.3 What are the dominant types of error? 

The dominant sources of error change depending on variable and time scale. At the smaller 

time scale the correlation error appears to be the largest contribution for most variables 

(precipitation, air temperature, solar radiation, and thermal radiation), whilst errors associated 

with bias contribute majorities for pressure and specific humidity. Wind speed has similar 

overall contributions from both correlation and bias errors over the sites. A shift in the 

dominant contribution of error can be seen when moving from the daily to monthly time step. 

The relative contribution of bias increases over all variables whilst the relative contribution of 

correlation decreases. This is expected as the time lag associated with correlation contributions 

is smoothed out by decreasing temporal resolution, consequently increasing the relative 

contribution of bias to the error. 

The bias associated with wind speed is most likely due to assumptions when vertically 

interpolating each dataset. Pressure is a relatively stable variable and therefore the errors 

associated with it are simply either an over prediction or underprediction resulting in bias. 

Specific humidity utilises the pressure variable meaning it will be sensitive to its errors. 

3.5.4 How do these errors vary by location and time of year? 

It was found that some errors, such as precipitation and solar radiation, were seasonal 

resulting in smaller errors in the drier seasons and increased errors in the wetter season. 

Precipitation error is expected as there is higher chance for error with more rain. Solar radiation 

error could be associated with increased cloud cover as it follows a similar pattern and are more 

difficult to replicate in modelled systems such as LSMs. 
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It is more difficult to speculate on latitudinal impact on error, as there do not appear to be 

patterns. This does not necessarily mean latitude has no influence, other factors such as the 

dominant vegetation type may obscure potential patterns. One notable finding was the 

correlation contribution in air temperature did appear to be affected, with most errors increasing 

with distance from the equator. 

3.5.5 Comparative literature 

Several similarities can be drawn from the study carried out by Decker et al. (2012) who 

compared meteorological variables from several reanalysis products against flux towers across 

North America. Although they compared previous versions of some of the gridded products 

analysed in this study (ERA-Interim, ERA-40 and GLDAS1.0), they concluded ERA-Interim 

(the predecessor of ERA5/ERA5-Land) outperformed the other products across most variables. 

Furthermore, they acknowledged that the correlation contribution was more prominent at the 

daily and sub-daily scale and the bias contribution more so at the monthly scale, similarly also 

found in this study. 

Furthermore, as mentioned earlier, similar studies also found that there was no single 

reanalysis that was superior to others for all variables at different time scales (Decker et al. 

2012; Wang et al. 2012; Blankenau et al. 2020) suggesting that the use of multiple datasets 

could be beneficial if forcing models with different meteorological variables. ERA-Interim also 

performed well when compared to flux tower measurements across the Tibetan Plateau (Wang 

et al. 2012) performing best at both daily and monthly air temperatures and producing low 

biases and high correlations in other variables such as precipitation. As the predecessor of 

ERA5-Land, where many of the techniques in producing the dataset are parallel, we can assume 

a similar performance should be expected in this study. More surprisingly GLDAS performed 

best in Wang et al.’s study whilst its successor (GLDAS2.0) performed worst at both time 

scales. The implication is that different datasets are not performing consistently globally and 
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may be superior to others over different regions and climates underlining the importance of 

regional validation on global products. 

MSWEP has been proven to perform well consistently at various regions around the globe 

where limited data products are available (Alijanian et al. 2019; Xu et al. 2019), as well as in 

South America (Moreira et al. 2019), therefore, its superior performance at the daily scale was 

expected. However, when the temporal resolution is increased to the monthly scale the BNMD 

dataset performs best suggesting that despite capturing daily patterns less well it captures the 

overall seasonality better than MSWEP. An explanation for this could be that the BNMD 

dataset has a greater correlation error but lower errors in variation and bias at the daily scale. 

When both datasets are “smoothed out” with the increase in temporal resolution the BNMD’s 

correlation error drops the overall MSE more than MSWEP. Both products use an extensive 

network of rain gauges to create the gridded product but use different methods of interpolation 

(as well as inevitably a few different sources). It is with interest that they outperform each other 

at different scales as this proves that different approaches to the creation of data products could 

prove suitable depending on the concerning temporal scale. 

GLDAS2.0 outperformed other data products only in incoming short-wave radiation at the 

monthly scale. Similar studies found former GLDAS products to perform well for this variable 

on different continents (Decker et al. 2012; Wang et al. 2012). The GLDAS2.0 product is 

forced using the Princeton dataset which combines the incoming short-wave radiation from 

NCEP reanalysis and NASA Langley which is monthly data which could explain it superiority 

at the monthly scale as the monthly signal from the Langley data is conserved. 

The observation data underwent some quality control, but Flux Tower instrument errors and 

deterioration of accuracy can still cause some concern when comparing results (Hollinger and 

Richardson, 2005). All data that was inside the scope of the variability, and therefore could not 
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be rejected, was kept. Flux Towers are expensive to operate and maintain and therefore, are 

often only operational episodically. Due to the intermittent operation of the flux towers the 

availability of ground truth data varies through time. Furthermore, differences in reanalysis and 

interpolation methodology are in part responsible for discrepancies in error as well as a range 

of sensitivity factors associated with the spread of the sites. The spatial resolution also appears 

to be a limitation at shorter time-steps, but this seems to become less so as the temporal 

resolution decreases. 

3.6 Implications and Conclusions 

This study evaluated five high-resolution meteorological global data products against 11 flux 

tower observations across Brazil. It is found that no one data product is superior for all variables 

at both daily and monthly scales although the higher spatial and temporal resolution products 

(ERA5-Land and MSWEP) appear to outperform the lower resolution ones (GLDAS2.0, 

GLDAS2.1 and BNMD) at the daily scale. As an overall product, the ERA5-Land dataset 

outperformed the others at both daily and monthly time-steps. 

Decomposition of the MSE provides useful insight into understanding the dominant sources 

of error for certain variables which could help in the selection of a product for model use. The 

study spans multiple climates and uses high quality observation data covering different time 

periods giving useful insight into the robustness of each product. 

Combined high-resolution reanalysis products such as ERA5-Land and MSWEP have the 

potential to increase model predictive power, but site-specific validation would always benefit 

the performance before selection of any dataset is made. A lack of observation data or time 

constraints can prevent this and studies validating the gridded datasets over multiple 

climatological regions become important.  
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This chapter, along with other comparative studies mentioned throughout, makes it clear that 

caution should be taken before selecting a gridded data product for use in applications. Bias 

correction methods and data processing not considered in this study could alter the ability of 

one product to outperform another. Furthermore, application use should also be considered 

when selecting a suitable data product, for example, if evaluating evapotranspiration for 

agricultural farming then products that perform best in the dry season may be most suitable 

(Blankenau et al. 2020). However, to study long term responses of naturally growing 

ecosystems over time then data products that perform best annually over extended periods of 

time would be most appropriate (Schymanski et al. 2015). 
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4. Chapter 4: How can we use Carbon-

Water mechanisms to understand 

hydrological fluxes? 

 

4.1 Introduction 

In this chapter we look at how the concept of vegetation optimally adapting to its 

environment to maximise growth can be used across multiple land uses and climates to describe 

hydrological fluxes such as evapotranspiration (ET). 

Vegetation plays an important role in hydrology as it acts as the main conduit for water in 

land-surface interactions (Graham & Bergström, 2000). It directly affects the surface water 

balance through root absorption, canopy interception, and stomatal transpiration, as it 

maintains and maximises growth, sometimes referred to as gross primary productivity (GPP). 

This impacts various hydrological processes through horizontal distribution and vertical 

structure redistributing both water and energy (Makarieva and Gorshkov, 2010). These 

interactions are often simplified in hydrological models and quantifying them to gain reliable 

estimates of ET remains a significant challenge (Duethmann et al., 2020). 

Hydrological models, which primarily focus on solving the water balance, contain rather 

conceptual ET components (Graham and Bergström, 2000; Overgaard et al., 2006). Current 

models tend to use either integrated converting methods or classification gathering methods to 

estimate ET (Zhao et al., 2013). The former includes methods such as estimating potential 

evapotranspiration and converting it to actual evapotranspiration applying the Soil Moisture 

Extraction Function (Dyck, 1985; Maidment, 1992; Zhao et al., 2013), while the latter 
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estimates water surface, soil and vegetation evaporation and transpiration separately before 

combining them based on land use patterns, usually associated with physically based 

hydrological models (Refsgaard, 1996). However, the use of empirical equations in integrated 

converting methods have been reported to cause large uncertainties in evaporation simulations 

despite achieving good fits between simulated and observed (Bai et al., 2016; Rakovec et al., 

2016). 

Compared with land surface models, conceptual hydrological models tend to generalise 

vegetation functionality to decrease complexity. However, this requires intensive model 

calibration and in areas where vegetation dominates, such as the Amazon basin, these models 

can struggle to estimate the influence of vegetation on hydrological processes such as ET or 

soil moisture dynamics (Ávila et al., 2022). Distributed physically based hydrological models 

can provide a better representation of the movement of water through vegetation but tend to 

require a large number of parameters to do so creating greater uncertainty (Beven, 2001; Troch 

et al., 2013). Yet, if parameters can follow a certain ‘goal’ function, they have the potential to 

be optimised by the system and therefore can be calculated a priori and do not need intensive 

parameterisation or calibration (Schymanski et al., 2009). 

New approaches in modelling plant physiological interactions through the adaptive nature 

of vegetation in response to its environment can lead to an improved understanding of 

hydrological fluxes (Franklin et al., 2020). If parameters controlling dynamically changing 

traits such as root depth, stomatal conductance, water use efficiency and coverage are based on 

informed guesses or accepted as static, the ability of vegetation to adapt to seasonal or long-

term environmental shifts is constrained. Understanding how plants or plant communities adapt 

to control their water use over different climates can help us quantify their physiological 

processes and play an important part in the development of hydrological models (Donohue et 

al., 2007). 
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In contrast to hydrological models, land surface models, which focus on solving the energy 

balance, tend to have extensive soil, rooting, and vegetation parameters. However, despite land 

surface models attempt to simulate vegetation dynamics, model intercomparison studies have 

revealed persistent deficiencies in estimating gross primary productivity (GPP) (Christoffersen 

et al., 2014; Whiteley et al., 2016; Restrepo-Coupe et al., 2017; Restrepo-Coupe et al., 2021; 

Teckentrup et al., 2021). For example, Restrepo-Coupe et al. (2017) compared how well four 

state-of-the-art dynamic global vegetation models simulated seasonality of carbon fluxes in the 

Amazon tropical rainforests and found that the modelled dry season periods produced a 

reduction in GPP in contrast to the observed increases. These were found to be driven by 

modelled ‘soil-water stress’ which was not apparent at any of the observed northern Amazonian 

sites. In the case of tropical rainforests, they conclude that simulated flux seasonality requires 

a greater understanding of the internal biophysical mechanisms in future model developments. 

This highlights the need for a better representation of carbon-water dynamics in models if 

we are to successfully capture hydrological processes in vegetation dominated areas. The 

incorporation of plant physiology could significantly progress the predictive power of 

hydrological models but transferability over different climates and land-uses remains an issue. 

An alternative approach at modelling vegetation that uses physical principals rather than 

conceptual ones may be necessary. 

Over millennia vegetation has evolved along with the changing environment to create unique 

ecosystems across the planet driven by natural selection. This natural progression is a result of 

vegetation optimally adapting to these given environmental conditions (Givnish, 1988). 

Therefore, regardless of the inherent complexity of interactions between communities, 

organisms, and ecosystems, natural selection can be a source of predictability in vegetation 

driven systems (Franklin et al., 2020). This concept allows models to predict while requiring 

less parameter information ultimately improving their predictive capability and our 
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understanding of the systems they describe. For example, as vegetation growth is constrained 

by either energy, water, or carbon dioxide then it may be assumed that vegetation will grow to 

its maximum potential until one of these constraints prevents it. It is then possible to group 

plants in a collectively spatial manner which can produce patterns in vegetation structure that 

offer both feasible ways to reduce model complexity and improve scientific insight at the 

ecosystem level. 

Vegetation optimality modelling assumes that through natural selection, vegetation has 

adapted to self-optimise by maximising the difference between carbon used on maintenance of 

its uptake organs and carbon acquired through photosynthesis (i.e., carbon available for growth 

called here the Net Carbon Profit, NCP), finding the optimal vegetation for given 

environmental conditions (Schymanski et al., 2007). The theory of ecological optimality is not 

novel and has been well described by Eagleson in terms of maximizing net primary 

productivity (Eagleson 1982; Eaglson and Tellers, 1982; Eagleson and Segarra 1985). 

However, despite its growing use in land-surface models to improve vegetation responses to 

climate (Eller et al., 2018; Eller et al., 2020), its application in hydrological models is still 

relatively uncommon but is gaining recognition through positive results (Schymanski et al., 

2015; Franklin et al., 2020; Nijzink et al., 2021; Nijzink and Schymanski, 2022). 

The Vegetation Optimality Model (VOM) (Schymanski et al., 2008, 2009, 2015) is a coupled 

vegetation dynamics – water balance model. It provides an approach to understanding 

hydrological processes based on the concept of vegetation optimality and has been applied 

successfully over multiple land-uses and climates from wheat and maize crops in northern 

China (Lei et al., 2008) to tropical savanna sites of different climates in Australia (Nijzink et 

al., 2021). Using vegetation optimality to understand hydrological processes in Brazil is 

relatively unexplored territory. The tropical rainforests and savannas of Brazil contribute 

considerably to regional and global water balance and a better understanding of the role 



Chapter 4: How can we use Carbon-Water mechanisms to understand hydrological fluxes? 

64 

 

mechanisms in vegetation play is needed from a hydrological modelling perspective. If 

vegetation optimality can successfully describe key hydrological processes, such as ET, across 

major biomes in Brazil, either naturally formed or cultivated, it could enhance our 

understanding of how these processes may change under predicted land use or climate changes. 

It can also improve our awareness of crucial regions of hydrological importance based on 

vegetation cover in areas lacking observation data. This can benefit studies in water resources 

planning, prediction of agricultural yields, and the hydrological impacts of climate change. 

Furthermore, testing optimality across multiple environments and ecosystems leads to a clearer 

understanding of the shortcomings and highlight areas for improvement in the model. 

As the VOM is based on natural evolution theory and maximises carbon profit for growth 

under given environmental conditions, it aims to represent a naturally occurring ecosystem. 

Cultivated land differs from this due to the strong impacts of anthropogenic activities such as 

deforestation, irrigation, harvesting, planting, and maintaining. The model may therefore 

struggle to represent heavily modified or cultivated ecosystems without undergoing some 

alterations. 

In this chapter we apply the VOM over five biomes across Brazil using the 11 flux tower 

sites described in Chapter 2. The chapter contained research questions we will try to answer 

are defined below. 

4.1.1 Chapter Contained Research Questions 

1. To what extent can the VOM predict ET across  

a. different climates in Brazil? 

b. natural ecosystems? 

c. cultivated ecosystems? 
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2. What are the important water and plant interactions captured by vegetation optimality in 

the study areas? 

4.2 The Vegetation Optimality Model 

The VOM (https://github.com/schymans/VOM) can be split into two sub-models, one which 

simulates vegetation dynamics and the other that controls water balance. These sub-models are 

coupled together by root water uptake and leaf transpiration feedback. VOM optimizes 

vegetation properties to maximise the NCP. Schymanski et al. (2008, 2009, 2015) describe the 

model in more detail and recent alterations relevant to the version of the model used in this 

study can be found in the technical note by Nijzink et al. (2021). For comprehensiveness the 

model is briefly described below, and a simplified visual conception of the model is illustrated 

in Figure 4.1. 

4.2.1 Vegetation model 

The model canopy is represented by two ‘big leaves’, one of variable size representing 

seasonal vegetation (e.g., grasses) and the other of constant size representing perennial 

vegetation (e.g., trees). Photosynthesis is calculated through a canopy gas exchange model 

using the optimal water-use hypothesis (Schymanski et al., 2007a). This is achieved by 

adjusting stomatal conductance, which controls water loss and gas exchange, in response to 

environmental conditions to optimise its water use efficiency (Buckley et al., 2017). Root 

depths, foliage cover and photosynthetic capacity dynamically change under this theory to 

ultimately maximise the NCP for the complete simulation period. Carbon spent to allow the 

process of photosynthesis is defined by maintenance costs in respiration, projected cover to the 

maintenance and turnover of leaf area. Stomatal conductance is connected to transpiration and 

therefore root water uptake costs and limitations. The root system is vertically distributed in 

https://github.com/schymans/VOM
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the soil profile and is optimised to satisfy the water demand of the canopy with the least total 

root surface area. 

4.2.2 Carbon costs and benefits 

Different plant organs require maintenance which costs carbon. These costs are defined by 

the cost functions for the maintenance of foliage, the root system, and the plant hydraulic 

system. The cost function for foliage maintenance is defined in equation (4-1), where MA,p is 

the perennial vegetation cover fraction, ctc, the turnover cost factor of a leaf (set to 0.22 μmol-

1 s-1 m-2; Schymanski et al., 2007a), and LAIc is the clumped leaf area (set to 2.5). 

The cost function for root system maintenance is defined in equation (4-2) as root respiration 

per unit catchment area (Rr, mol s-1 m-2) which is a function of root surface area per unit ground 

area (SAr, m
2 m-2), and root radius (rr, m), where cRr is the respiration rate per fine root volume 

(0.0017 mol s-1 m-3) and rr = 0.3 x 10-3 m for citrus fine roots (Schymanski et al., 2008). 

Water absorbed by fine roots needs to be transported upwards to leaves where it is transpired. 

The cost for this transportation changes with root depth and structure, however, due to a lack 

of literature, it has been assumed here that the carbon costs related to the maintenance of the 

vascular system (Rv) are a linear function of the horizontal extent of the vegetation (MA) and 

rooting depth (yr). This is described in equation (4-3) where crv (mol m-3 s-1) is an unknown 

proportionality constant acting as a cost factor for water transport. As this factor relates water 

transport costs to rooting depth and fractional cover of the respective vegetation type (perennial 

or seasonal) it may vary depending on the ecosystem. Deeper root systems and larger above-

𝑅𝑓 = 𝐿𝐴𝐼𝑐 ∙ 𝑐𝑡𝑐 ∙ 𝑀𝐴,𝑝 (4-1) 

𝑅𝑟 = 𝑐𝑅𝑟 ∙ (
𝑟𝑟

2
∙ 𝑆𝐴,𝑟) (4-2) 

𝑅𝑣 = 𝑐𝑟𝑣 ∙ 𝑀𝐴 ∙ 𝑦𝑟 (4-3) 
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ground extents require more water transport infrastructure which is determined by crv. 

Vegetation types with shallow root systems and varying fractional vegetation cover (such as 

seasonal grasses) will have a higher cost factor than deeper rooted systems (such as trees). This 

cost factor cannot be easily estimated from empirical data and was previously set to 1.2 μmol 

m-3 s-1 by Schymanski et al. (2009) after sensitivity analysis on Howard Springs. More recently 

Nijzink et al. (2022) carried out sensitivity analysis on this cost factor ranging the value 

between 0.2 to 3.0 μmol m-3 s-1 for multiple sites. They found that values of the cost factor that 

best represented observed vegetation cover ranged between 0.6 and 2.6 μmol m-3 s-1 across 

sites. For this reason, crv has been “tuned” between 0.01 and 3 μmol m-3 s-1 in this study to 

account for this uncertainty. It is also worth noting that Rv should increase with canopy height, 

however, as this has not been modelled the effect has not been included. 

The carbon benefits are defined as total CO2 assimilation across all plants. These have been 

calculated following a physiological canopy gas exchange model described by Schymanski et 

al. (2007) and modified so that the canopy was represented by both perennial and seasonal 

vegetation components. These were modelled separately as a function of their respective 

stomatal conductivities and electron transport rates. The photosynthetic pathway was modelled 

to represent C3 plants neglecting the C4 pathway. This increases model uncertainty but was 

accepted in return for greater generality. Despite this Schymanski et al. (2008, 2009, 2015) 

were able to capture the observed daily and diurnal dynamics of the fluxes as accurately in the 

C4-dominated season as in the C3-dominated season suggesting that the ET assimilation curves 

may not be entirely dissimilar for the different photosynthetic pathways. Furthermore, Lei et 

al. (2008) were able to adequately represent photosynthetic trends in C4 maize through 

parameter alteration potentially capturing the costs and benefits associated with this alternate 

pathway but this has not been explored here.  
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The objective function of the optimisation is the maximization of the NCP which is defined 

as the total CO2 uptake of all seasonal and perennial plants over the entire period, take away 

the maintenance costs described above. This is described in equation (4-4) where Ag,tot is the 

assimilation of CO2 by all plants, Rf (equation (4-1)) represents foliage costs of all plants, Rr 

(equation (4-2)) are the root costs of all plants totaled over all soil layers, and Rv (equation 

(4-3)) are the costs related to the vascular systems of all plants. As the cost factors are fixed for 

each model run there is no appreciation of how temperature might affect this value which may 

need to be explored in future model developments. 

 

4.2.3 Water balance model 

The simple coupled water balance model is an adaptation of a ‘Representative Elementary 

Watershed’ approach outlined by Reggiani et al., (2000). It comprises of a drainage block 

containing a saturated and unsaturated zone both of dynamically changing thickness 

(Schymanski et al., 2008). The approach is extended to allow the vertical distribution of water 

to be calculated within the unsaturated zone which occurs through each soil layer (set to 0.2m 

in this study). For simplicity, the hydrological parameters represent a freely draining system 

whereby precipitation falling onto the soil block can either immediately run off the surface or 

infiltrate. In the case of the latter, soil evaporation, root water uptake or free drainage through 

the bottom of the profile can occur. Details of their formulations can be found in Schymanski 

et al. (2008, 2015). Soil parameters, defined by Van Genutchen, (1980) control the hydraulic 

conductivity and water transport rates through soil layers. The catchment geometry parameters 

for the model include the soil profile depth and water table depth. To compensate for the 

singular dimensionality of the model the slope angle to the channel (set to 0.02 radians for all 

𝑁𝐶𝑃 = ∫ (𝐴𝑔,𝑡𝑜𝑡(𝑡) − 𝑅𝑓(𝑡) − 𝑅𝑟(𝑡) − 𝑅𝑣(𝑡)) 𝑑𝑡 (4-4) 
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sites) and a hydrological length scale (set to 2 m across all sites) represent the speed at which 

water can reach the channel and drain from the model. 

  

Figure 4.1 A simplified visual conception of the Vegetation Optimality Model coupling a vegetation dynamics model with a 
water balance model detailing inputs, outputs and main interactions between carbon and water. 
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4.2.4 Model Optimisation 

The model allows for both long and short-term optimisation of adaptive vegetational traits. 

Long-term parameters are assumed to be static and not undergo considerable change over a 

20–30-year period and are optimised for the full length of the simulation. These include the 

foliage projected cover of the perennial vegetation, the rooting depths of both seasonal and 

perennial vegetation, and water use strategy parameters for both seasonal and perennial 

vegetation. However, root surface area distributions of both seasonal and perennial vegetation, 

photosynthetic capacities and seasonal vegetation cover vary at the daily scale to maximse 

daily NCP. 

The model optimises the vegetation properties for maximum NCP using the Shuffled 

Complex Evolution algorithm (SCE, Duan et al., 1994) spanning the simulation period of 36 

years (1-1-1981 to 31-10-2017). The complex starts with a random seed and then the algorithm 

splits the parameter sets into a predetermined number of complexes (here set to 2), where it 

performs local optimisation within its complex then mixes complexes to converge to a global 

optimum. The model requires a longer period to reach optimality and therefore the first 5 years 

are disregarded when viewing results. 

4.3 Methodology 

4.3.1 Model forcing data 

For optimisation purposes the VOM requires a long time series of daily meteorological data 

(20-30 years) and therefore flux tower observation data were not suitable for forcing. Instead, 

the datasets that produced the lowest errors at the daily timestep in Chapter 3 were used to force 

the model. All meteorological forcing data used were obtained from ERA-Land, except for 

precipitation, which was obtained from MSWEPv2.2. A static concentration from the Mauna 

Loa CO2 record (Keeling et al., 2005) was selected for the mean crossover year for all study 
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sites (377 ppm, in 2004). Perennial coverage, rooting depth and some water use parameters are 

known to adapt over time to trends in CO2 (J. G. Huang et al., 2007; Franks et al., 2013; Quirk 

et al., 2019). However, as the VOM assumes that these parameters are static, it would not 

capture trends in these (Hutley et al., 2022; Nijzink et al., 2022). Nevertheless, there is capacity 

to assess how far the static properties might change in response to CO2 using simulations at 

different static CO2 concentrations. This is evaluated extensively in Chapter 5.                                                      

 

4.3.2 Soil hydraulic properties 

The VOM also requires soil parameters to govern hydraulic conductivities and soil water 

retentions. Tomasella and Hodnett (1998, 2004; Tomasella et al., 2000; Hodnett and Tomasella, 

2002) conducted analysis on soil water retention characteristics and pedotransfer functions 

across Brazil. They developed a linear regression for estimating soil parameters (Cosby et al., 

1984) for tropical soils across Brazil, which has since been adapted by Marthews et al. (2014) 

to create high-resolution hydraulic parameter maps for surface soils in across tropical South 

America, which is used in this study. These parameters describe the spatial soil profile water 

movement to 30 cm depth. In this study, the soil profile is vertically uniform, and accounts  for 

consistency across all sites and which has been crosschecked against site specific literature 

(Table 4.1). Homogeneity of soil layers is common across the central Brazilian plateau (Reatto 

et al., 2007), and while there is limited data available across all sites, properties in water 

retention at the Amazonian site K83 have been found to be relatively uninform in depths down 

to 10m (Bruno et al., 2006).  Saturated hydraulic conductivity (Ksat) measurements were cross 

checked again the Hydrophysical database for Brazilian Soils (HYBRAS) (Ottoni et al., 2018) 

and where there was discrepancy the value most consistent with similar literature was selected. 
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Table 4.1 Soil characteristics of the Brazilian study sites, based on the High resolution South American hydraulic parameter 
map (Marthews et al., 2014). ϴr and ϴs refer to residual and saturated soil moisture content, respectively, α and n the Van 
Genuchten soil parameters (Van Genuchten, 1980) and Ksat the saturated hydraulic conductivity.  

 Site Soil type ϴr ϴs α (1/m) n Ksat (m/s) 

N
at

u
ra

l 

K34 Clay oxisol 0.18135 0.45469 5.95964 1.53543 3.34E-07* 

K67 Clay oxisol 0.23003 0.51454 4.46687 1.58093 3.34E-07* 

K83 Clay oxisol 0.23003 0.51454 4.46687 1.58093 3.34E-07* 

BAN Sandy soil 0.18296 0.47791 2.91314 1.42782 6.73E-06 

RJA Sandy loam 0.2188 0.49146 3.82617 1.4397 4.82E-06 

PDG Quartz sand 0.1796 0.4542 3.62293 1.49797 7.25E-06 

C
u

lt
iv

at
ed

 

K77 Clay oxisol 0.23003 0.51454 4.46687 1.58093 7.06E-06 

FNS Sandy loam 0.15532 0.45826 2.80064 1.41704 7.47E-06 

VCP Quartz sand 0.1796 0.45422 3.62293 1.49727 7.25E-06 

USR Sandy oxisol 0.1796 0.45422 3.62293 1.49727 7.25E-06 

CRA Typic Haplorthox 0.14318 0.44485 3.82237 1.56442 1.14E-05 

 

4.3.3 Adjustable vegetation parameters 

Some aspects of the model were adjusted to represent the land-use type of the site more 

accurately. For natural rainforest sites with closed canopies, no seasonal grasses/plants are 

present, therefore, this part of the model is “switched off” (big leaf 2, Figure 4.1). Similarly 

with deforested pasture and crop sites, the perennials section of the model (big leaf 1, Figure 

4.1) was “switched off”.  This was done by setting the maximum and minimum rooting depth 

parameters both to 0 to switch off either the seasonal or perennial vegetation. Sites that have 

both perennial and seasonal vegetation such as the savanna sites were left unaltered. A more 

in-depth explanation of the adjustable vegetation properties and associated trade-offs can be 

found in Schymanski et al. (2015). 

4.3.4 Tuning vegetation parameters 

The soil profile depth, water table depth, and rooting depth were initially derived from 

literature (Fan et al., 2013; Fan et al., 2017). Together these parameters determine the potential 

access vegetation has to water through dry periods. Fan et al. (2013) have derived a 30 arc-

second (~1 km) map of global observations of water table depth, assembled from literature, 

* Ksat measurements taken from HYBRAS (Ottoni et al., 2018) 
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government archives and groundwater modelling which was used as a starting point for water 

table depth. This figure was followed loosely due to the variability of the surrounding grid 

depths (Table 4.2) and a noticeable lack of observation data across the less densely populated 

areas of Brazil. A combination of the mapped data, surrounding variability and literature for 

each site were used to fine tune the model. Similarly, Fan et al. (2017) also produced a global 

map of maximum rooting depths using observations across multiple climates and species at a 

30 arc-second grid scale which have been extracted for vegetation starting parameters (Table 

4.2). However, they concluded that observed rooting depths reveal strong sensitivities to local 

soil water profiles governed by groundwater table depth from beneath and precipitation 

infiltration from above. Again, with poor representation of observations across Brazil these 

depths are taken somewhat sceptically and fine-tuned in the model. 

Table 4.2 The initial conditions and for water table depth and maximum rooting depth set in VOM with the minimum and 
maximum depths of the grid cells surrounding the site. Water table depths taken from Fan et al. (2013), and maximum 
rooting depths taken from Fan et al. (2017). All depths are given in meters above ground level to provide a negative value. 

  Water Table Depth (m) Max root 

depth (m) Site 3x3 Grid Min At Location 3x3 Grid Max 

K83 -37.49 -28.66 -12.12 -10.15 

K34 -28.70 -7.40 0.00 -3.86 

K77 -44.97 -0.03 -0.03 -0.09 

K67 -28.99 -16.53 -11.60 -9.00 

CRA -45.15 -34.30 -0.02 -2.88 

VCP -104.74 -104.74 -78.89 -7.06 

PDG -81.24 -49.74 -20.68 -12.85 

USR -51.55 -32.38 0.00 -11.15 

BAN -0.67 0.00 0.00 -0.00 

FNS -36.59 -36.59 0.00 -8.59 

RJA -33.31 -33.31 -0.37 -12.12 

 

The rate at which roots uptake water from the soil is determined in the model by a cost factor 

for water transport (crv). It is difficult to estimate this factor from empirical data, and a lack of 

literature lead us to initially set this to 1.2 μmol m-3 s-1 based on previous studies by Schymanski 

et al. (2009, 2015). Bruno et al. (2006) tested the sensitivity of this value at site K83, where 
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soil moisture through a 10m column had been measured from March 2002 to December 2003 

for comparability. The sensitivity of water uptake varied across different land uses and a range 

between 0.01-3.0 μmol m-3 s-1 was explored for each site. 

4.3.5 Model evaluation 

Observational data from the flux tower sites (Chapter 2) of latent heat flux (LE), which was 

converted to evapotranspiration (ET), assuming the evaporative energy cost of water is 2256 J 

g-1, is compared to the VOM outputs. Prior to conversion, nighttime LE was determined by 

analysing hours per month to acquire a more complete dataset. Solar irradiance which fell 

below 15 W m-2 were set to 0. Daytime hours were then linearly interpolated for a maximum 

of one hour before converting full days (no hourly gaps) to daily totals. The VOM was 

evaluated for the comparable period for flux tower observations and model runs for each site 

(Chapter 2, Table 2.1). 

 The parameter interaction of the VOM is complex due to the number of vegetation 

properties it optimises. As mentioned earlier, the availability of soil moisture content data at 

K83 allowed soil water dynamic comparisons using a saturation index. To do this volumetric 

soil moisture data from Bruno et al. (2006) was converted to soil saturation degree using the 

function described by Vogel et al. (2001) (Equation (4-5), where su,i represents the soil 

saturation degree, ϴi the volumetric water content, and ϴr and ϴs the empirical soil properties 

(residual and saturated soil moisture content respectively) (van Genuchten, 1980). 

Measurements for ϴr were unavailable, therefore, the value was taken from Marthews et al. 

(2014), consistent with the model input. 

 

𝑠𝑢,𝑖 =
𝜃𝑖 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
 (4-5) 
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The irregular depth measurements of the observation data were broken into smaller layers 

and then filled to interfaces between each measurement height, changing at the interface layer 

for comparability with the finer modelled layers. This is done to ensure that observations follow 

the same layering prescribed in VOM while preserving the total amount of soil water obtained 

at each measurement depth. 

Performance was assessed through a combination of metrics including the root mean square 

error (RMSE), Pearson’s correlation coefficient (r), the difference in means (referred to as bias 

hereon) (μs - μo), and the difference in standard deviations (referred to as variability hereon) (σs 

- σo). Observed means were subtracted from simulated to work out the variability and bias, 

therefore, positive bias and variability equate to an overprediction of the mean and greater 

variability for the simulated ET. Conversely, a negative bias and variability equates to an 

underprediction of the mean and a lack of variability for the simulated ET. This provides an 

informative view into the deficiencies of the model at a site-specific level. Differences in levels 

of these metrics are expected due to the diversity of climate and land use therefore errors must 

be assessed on an individual basis.  

4.4 Results 

4.4.1  VOM parameter sensitivity analysis using K83 

To investigate the model’s ability to represent soil moisture dynamics, comparisons were 

made at site K83 between data collected by Bruno et al. (2006) and the VOM outputs. This 

comparison helped explore the parameter interaction and sensitivity whilst improving 

understanding of soil water storage and response rate of the water balance model to vegetation 

dynamics and ET and hence the models’ ability to simulate observed physical processes. 
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Figure 4.2 exemplifies this and we can see from the observation data (Figure 4.2a) that the 

top soil layers (1-2 m) have the greatest variability in saturation degree losing moisture through 

the dry season (Aug-Dec). At a depth of 10 m, however, the moisture content in the soil remains 

close to fully saturated all year round. An explanation for evapotranspiration increasing in the 

dry period, could reflect available energy suggesting soil moisture is not limiting hence 

suggesting deeper roots are able to access the saturated soil layers during this time. Although 

this is maintained throughout the dry season in the observation data ET decreases after a few 

months when soil moisture becomes a limiting factor. 

We can see much more definition of soil response looking at the modelled soil saturation 

degree. In this simulation the optimal root depth found to maximise the NCP was 4 m, which 

explains the distinct change in saturation content through time at that depth. The speed at which 

precipitation drains through the soil occurs at temporal periods which coincide with the two 

Figure 4.2 Comparison of ET, precipitation, and soil moisture saturation for a). observation measurements taken at site K83 (Bruno et al., 
2006) and b). the VOM modelled soil moisture and ET results predicted by the VOM 

a). b). 
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wet seasons. We can also see that the soil drains slowly after precipitation events causing an 

increase in ET through the beginning of the dry season (Jul-Aug 2007). However, as the roots 

take in more moisture, soil saturation degree drops to <0.5 and ET falls (except for short rainfall 

bursts). 

Simulations using the literature-based water transport cost factor (crv) (1.2 μmol m-3 s-1) 

resulted in reduced ET during the dry season. This parameter was isolated through multiple 

simulations, to investigate its sensitivity on other factors. Values ranged from 0.1-1.8 μmol m-

3 s-1 and were evaluated through its impact on ET (Figure 4.3) and the associated error with 

observations (Table 4.3). Within a small range crv had a considerable influence on ET, 

especially the vegetations ability to access water during the dry season (Figure 4.3a). Above 

1.0 μmol m-3 s-1 the cost factor has no impact on the vegetations ability to take up water (Table 

4.3a) but when it drops below this the seasonality of ET changes to increased ET in the dry 

season. This means the vegetation is able to access water in the deeper soil which is consistent 

with results found by Nijzink et al. (2021). When they tested the sensitivity of crv across 

multiple sites in Australia, however, they recorded that the sensitivity and range changed 

dependent on site characteristics. Therefore, despite finding a suitable value of 0.2 μmol m-3 s-

1 for site K83, a range of values for crv was tested at each site using this method. Differences in 

seasonality between sites mean some discretion is needed when determining the most suitable 

crv value. For example, if there is strong seasonality in ET at a site, a correlation statistic may 

tell us the most about suitability of the parameters. However, in areas that lack seasonality 

(such as in the northern Amazon) a combination of bias (μs-μo) and variability (σs-σo) may be 

the most appropriate indicator. 
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Table 4.3 ET errors between VOM results and observations at site K83 for different crv values. Table a) represents initial 
sensitivity analysis whilst table b) represents finer analysis. Units for crv, (σs-σo), (μs-μo) and RMSE are given in (μmol m3 s-1). 
The value of crv with the lowest combination of errors has been highlighted and this was used to run the final simulation. 

a)      crv r (σs-σo) (μs-μo) RMSE  b)      crv r (σs-σo) (μs-μo) RMSE 

0.1 0.274 0.426 0.312 1.21  0.10 0.274 0.426 0.312 1.21 

0.2 0.305 0.339 -0.001 1.079  0.12 0.294 0.384 0.342 1.172 

0.4 0.239 0.336 -0.53 1.24  0.14 0.304 0.373 0.294 1.145 

0.6 0.106 0.672 -1.381 2.033  0.16 0.32 0.357 0.177 1.096 

0.8 0.17 0.663 -1.385 2.029  0.18 0.322 0.358 0.115 1.087 

1.0 0.12 0.618 -0.976 1.736  0.20 0.305 0.339 -0.001 1.079 

1.2 0.12 0.616 -0.977 1.734  0.22 0.314 0.358 0.052 1.089 

1.4 0.12 0.616 -0.977 1.734  0.24 0.302 0.356 -0.108 1.1 

1.6 0.12 0.618 -0.976 1.736  0.26 0.293 0.343 -0.206 1.11 

1.8 0.121 0.61 -0.981 1.732  0.28 0.287 0.313 -0.686 1.273 

a) 

b) 

Figure 4.3 VOM ET results for altered values of the cost factor (crv) (colour bar) for site K83 overlapping with observations 
(black line) July 2000-March 2004. crv values for the more coarse sensitivity seen in  a)  are  associated with those in Table 
4.3a whilst crv values for the finer sensitivity analysis are found in Table 4.3b. All data are weekly averages of daily total ET. 
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4.4.2 Model performance at sites representing natural ecosystems 

Figure 4.4 and Figure 4.5 present the daily ET rates for both VOM simulations and flux 

tower observations which are used to explain the seasonal differences presented in Figure 4.6. 

Table 4.4 presents the breakdown of errors numerically quantifying the visual graphical 

differences. Together these are used to assess the success of the model performance. 

The model was optimised for only the perennial part of the model (representing trees) for 

closed canopy perennial forests which included (K34, K67, K83 and RJA). The savanna sites 

(BAN and PDG) were optimised for both perennial and seasonal (grasses) vegetation.  

Through the northern Amazonian sites (K34, K67, and K83) the VOM simulations of ET 

had varying levels of success in following observations. There is a large bias at K34 (1.909 

mm d-1, Table 4.4) with the model constantly overpredicting ET leading to the largest RMSE 

of all sites. However, variability is low and correlation shows reasonable capture of the annual 

signature. At K67 the overprediction of the mean was much lower but still noticeable (0.603 

mm d-1) as the model consistently overpredicted ET between March-September (Figure 4.6). 

However, the steep declines in ET in September (Figure 4.4) and an underprediction between 

October-February also led to some variability and a low correlation. The simulation at K83 had 

the strongest agreement with observations and followed the observed mean with some variation 

(0.339 mm d-1). The model captured the slight increase in ET during the dry season although 

there were some sharp uncharacteristic declines in December and January (2002 and 2003) 

which resulted in the underpredictions for ET for these months (Figure 4.4).  

At the tropical savanna site, BAN, the model was again able to capture the mean trend but 

struggled in maintaining variability (0.51 mm d-1). Steep declines in ET led to underpredictions 

in the dry season (Figure 4.6) whilst consistently large spikes in ET uncharacteristic of the site 
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caused overpredictions in the wet season. Although minimal, there was seasonality in observed 

ET which the model captured. 

Table 4.4 Errors between VOM simulation and flux tower observations at all sites seperated into natural and cultivated 
ecosystems. Showing the land cover type, Pearson’s correlation coefficient (r), difference in standard deviations (σs-σo), 
difference in means (μs-μo) and the root mean square error (RMSE). Units for (σs-σo), (μs-μo) and the RMSE are in mm d-1. 

Natural Ecosystems     

Name Land Cover r (σs-σo) (μs-μo) RMSE 

K34 Tropical Rainforest 0.362 0.247 1.909 2.486 

K67 Tropical Rainforest 0.253 0.441 0.603 1.461 

K83 Tropical Rainforest 0.305 0.339 -0.001 1.079 

BAN Woodland Savanna 0.418 0.51 0.003 1.356 

RJA Tropical Dry Forest 0.216 0.297 1.832 2.34 

PDG Savanna 0.623 0.243 0.128 1.281 

      

      

Cultivated Ecosystems     

Name Land Cover r (σs-σo) (μs-μo) RMSE 

K77 Cropland (Pasture) 0.453 -0.215 -0.327 1.416 

FNS Cropland (Pasture) 0.098 0.663 1.882 2.417 

VCP Cropland (Eucaliptus) 0.689 -0.713 -0.902 1.721 

USR Cropland (Sugarcane) 0.458 0.127 0.153 1.331 

CRA Cropland (Soybean) 0.472 -0.465 -0.12 1.727 

 

The VOM simulation failed to follow the observed ET at the southern Amazonian site, RJA. 

The model overpredicted ET by an average of 1.83 mm d-1 (Table 4.4) and despite a weak 

correlation it was unable to maintain the lack of observed seasonality and steep declines in ET 

in July (mid-late dry season) can be found (Figure 4.4). In contrast, the model performed well 

at the most southerly site, PDG. There was low bias and variability and a high correlation 

because the model caught the strong seasonal signature of the site. There was a slight 

overprediction of ET during the wettest months in January and February. 
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Figure 4.4 Final VOM simulation (red) and flux tower observation (black) ET for the overlapping period for 
sites representing natural ecosystems. Results are displayed descending with distance from the equator. 



Chapter 4: How can we use Carbon-Water mechanisms to understand hydrological fluxes? 

82 

 

 

Figure 4.5 Final VOM simulation (red) and flux tower observation (black) ET for the overlapping period for sites 
representing cultivated ecosystems. Results are displayed descending with distance from the equator. 
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Figure 4.6 ET rate averaged by month for the final VOM simulations (red) and flux tower observations (black) at all sites, natural 
and cultivated. Average monthly forcing precipitation is shown with grey bars on the secondary axis. Simulations were only 
averaged for the overlapping period with observations. 
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4.4.3 Model performance at sites representing cultivated ecosystems 

The model was optimised for only the seasonal part of the model (grasses) for all cultivated 

sites except for the Eucalyptus plantation (VCP), where perennials were also optimised. The 

northern Amazon pasture site, K77, captured the observed seasonality of ET following 

increases in the wet season and decreases in the dry season. The mean was slightly 

underpredicted and the strength of the seasonality was slightly less than observed which had 

consistently higher rates of ET towards the end of the wet season (April-June) (Figure 4.5, 

Figure 4.6, Table 4.4). Conversely, the VOM was unable to capture observed trends in ET at 

the southern Amazonian pasture site, FNS. A high bias and variability combined with no visible 

correlation equates to the models lack in ability to replicate the hydrological processes at this 

site. The model shows strong seasonality with decreased ET in the dry season and high ET in 

the wet season which does not align with the lack of seasonality displayed by the flux tower 

observation data. 

The VOM simulations for the Eucalyptus plantation, VCP, showed strong correlations as it 

captured ET seasonality. However, a constant underprediction during the wet season led to a 

greater difference in the means and not enough variability. The model did manage to capture 

ET in the dry season well as it did also in 2009 during the wet season (Figure 4.5). At site USR, 

the sugarcane crop, the model performed simulated ET well following the observed mean and 

variation. From Figure 4.5 it looks like the seasonality was also well captured but when 

averaged by month (Figure 4.6) there is a slight delay as observed ET increases during the dry 

season after May (r = 0.458) whereas in the simulation recovery does not start until the wet 

season in September. 

Unsurprisingly, the strongest observed seasonality occurred at the most southerly site, CRA. 

Simulated ET followed observations closely from May through to November capturing the 
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seasonal signature but consistently underpredicted during the hottest months (December-

February) ((σs-σo) = -0.465). Mean ET was almost identical for both simulated and observed. 

4.5 Discussion 

The sites are grouped into five different climates (Table 4.5). The northern Amazonian sites 

(K34, K67, K77 and K83) span two tropical climates, the most westerly of which receives more 

rainfall than the other sites. However, there is a markedly reduced rain period of 1-3 months 

varying between July and October at K34 (Araújo et al., 2002) and some studies have grouped 

the three forest sites together climatologically as they have a similar dry season spanning 

August-November (da Rocha et al., 2009; Restrepo-Coupe et al., 2013; Christofferson et al., 

2014; Araújo et al., 2016; Almeida et al., 2018; Smith et al., 2020). Although less defined than 

other sites K34, K67 and K83 have seasonal ET cycles with a middle of the dry season peak 

due to a lack of soil moisture stress following trends in solar radiation suggesting they are light 

limited (Chapter 2, Figure 2) (da Rocha et al., 2004; Hutyra et al., 2007; Restrepo-Coupe et al., 

2013, 2017, 2021; Christofferson et al., 2014). Nepstad et al. (1994) suggest that evergreen 

forests in the Af climate (e.g., K34) have a steady supply of water throughout the year and 

therefore roots do not need to penetrate deep soils to access more during dry seasons as Am 

forests do. The modelled and observed ET reflects this lack of soil moisture stress at all three 

sites with predictions matching dry season ET peaks which other models, during 

intercomparison studies, have struggled to predict (Restrepo-Coupe et al., 2017, 2021) 

suggesting VOM has a better understanding of hydrological processes. However, there is a 

consistent overprediction of ET at K34 by almost 2 mm d-1 (similar to Restrepo-Coupe et al, 

2017, 2021). All the significant incoming and outgoing radiation terms are measured, so in 

principle, they should balance. However, it is common for there to be a mismatch owing to 

measurement uncertainty. Hasler and Avissar (2006) assessed the energy balance closure of 
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K34 by calculating the energy balance ratio using turbulent fluxes to net radiation. They 

calculated an energy balance closure of 77% throughout the wet and drier season concluding 

that the imbalance could cause an underprediction of observed latent heat flux, but due to a 

lack of temporal variation of imbalance over the forest, seasonal trends were not impacted 

confirming ET peaks in the late dry season. This is a standard lack of closure for forest sites 

and could account for a large percentage of the bias between observed and modelled (McMillen 

1988; Baldocchi and Vogel 1996; Goulden et al., 1996; Wilson and Baldocchi 2000, Araújo et 

al., 2002, Mahli, et al., 2002). 

Table 4.5 All study sites grouped by their Köppen climate classification. Derived from (Alvares et al., (2014) and literature. 

Köppen climate 

Sites Symbol Description 

Af Tropical without dry season K34 

Am Tropical monsoon K67, K77, K83 

Aw Tropical with dry winter BAN, FNS, RJA 

Cwa Humid subtropical with dry winter, hot summer PDG, USR, VCP 

Cfa Humid subtropical without dry season, hot summer CRA 

 

Modelled water stress was reduced at K67 and K83 by altering the water transport cost factor 

(crv) which allowed roots to penetrate deeper accessing more saturated soils over the dry period 

and sustaining ET throughout the year. The roots of perennial trees can grow down to 18m to 

access water throughout the dry period (Nepstad et al., 1994; Bruno et al., 2006). However, 

steep declines in ET towards the end of the dry season at K67 and K83 (Figure 4.4 and Figure 

4.6) indicate that the modelled root system is not finding enough water to sustain the perennials 

throughout the dry period like we see in the observations. The freely draining nature of the 

water balance model could result in this underestimation of dry season water use (Nijzink et 

al., 2021). Energy balance closure was high at K83 (96%) but much lower at K67 (79%) which 

would account for the bias in predicted ET and bring observed ET up to a similar rate to that 

of K83 (Hasler and Avissar, 2006). 
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As K77 is a pasture site, only the part of the model representing seasonal vegetation was 

employed. The difference in observed ET seasonality at the perennial sites to K77, can be 

explained by water stress to short grass roots during the dry season caused a reduction in ET. 

The grass roots of the model only accessed the top 0.4 m of soil allowing a successful 

replication of site ET at this climate. Comparing the observations and simulations at this site 

to K67 and K83 outlines the importance of understanding rooting depths in this climate. Sakai 

et al (2004) calculated a reasonable average energy balance closure of 92%. 

Three sites are classified as tropical dry winter climates: BAN, FNS and RJA. However, the 

model struggled to replicate observed ET at all three sites, overpredicting seasonality at BAN, 

mean ET at RJA and both mean and seasonality at FNS. Seasonal flooding occurs between 

February and June at BAN causing difficulties when prescribing static water table depth to the 

model (Borma et al., 2009). Fan et al. (2013) prescribed a water table depth at this location and 

the surrounding area between 0 – 0.6 m giving very little room for modelled root growth. 

Borma et al. (2009) measured groundwater at the tower which fell to ~4m depth between floods 

which was used instead in the model. They also measured soil moisture content down to 2 m 

and showed a slow top-down drying of the column which took around 4 months to dry out at 

2 m depth to approximately 60% moisture during the dry season post flooding in 2004 and 

2006. This correlated with a slow reduction of ET concluding that vegetation was able to extract 

water from below 2 m depth to maintain transpiration during the dry season. It is also likely 

that capillary action through the soil column driven by a high groundwater level helped keep 

moisture. The model struggled to replicate this overpredicting ET during floods and 

underpredicting ET during the dry season. Borma et al. (2009) calculated only a 78% energy 

balance closure on average over the wet and dry seasons and suggested that the eddy covariance 

measurements lead to underpredictions in ET. It was also noted that latent heat flux 

measurements were likely to be disturbed by evaporation from flooded areas leading to greater 
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uncertainty in observations over the wet season. If an underprediction of observation data 

increases mean ET throughout the wet and dry season, modelled ET in the late dry season is 

underpredicted even more (although wet season predictions may seem more in line). The 

model’s only hydrological input is precipitation, and its singular dimensionality does not 

account for other external inputs raising the water table during the dry season such as streams, 

springs, and rivers. The VOM’s inability to capture catchment dynamics, (i.e., catchment 

capture, storage, and release over the dry season) is a problem in runoff or groundwater fed 

areas that may sustain soil moisture throughout the dry season such as BAN. This along with 

the freely draining nature of the water balance model could then explain the underprediction in 

ET throughout the dry season. 

Like at K34, VOM at RJA overpredicted ET throughout the year by ~1.7 mm d-1. Von 

Randow et al. (2004) analysed the energy fluxes at RJA and FNS and reported that the energy 

balance closure was poor at both sites. They applied two energy closure methods to adjust 

sensible and latent heat fluxes (from Twine et al., 2000) by identifying a potential range of 

values for the fluxes. When employed, average latent heat flux increases by 20-30% at RJA 

(the lack of seasonality remained the same). The observed results shown here are presented 

without closure correction which explains a large portion of the bias seen at RJA. Despite high 

seasonality in precipitation the forest is fed by many springs and streams suggesting there is a 

high water table (IBAMA, 2006). These supply moisture throughout the year to the vegetation, 

which are thought to help maintain ET levels throughout the dry season. It has also been 

reported that root systems grow beyond the soil layer often deep into weathered or fractured 

bedrock (Wright et al., 1996). Deep root access to water fed by springs or streams through 

fractured bedrock, may help maintain a constant level of ET throughout the year (von Randow 

et al., 2004). Bedrock is recorded from 1-2m depth (Hodnett et al., 1996) yet the water table 

depth is estimated to be 33 m deep (Fan et al., 2013, Table 4.2). As uniformity in soil structure 
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was assumed when modelling across all sites for consistency (as well as a lack of available 

data), the different hydraulic physical properties in bedrock compared to the top soil layer may 

account for some modelled water stress in the late dry season (July-August). Altering the soil 

structure profile and more site-specific knowledge of the profile’s hydraulic properties might 

result in a better prediction. 

When von Randow et al. (2004) applied the energy closure method at the pasture site, FNS, 

they documented a change in observed seasonality and a well-defined wet and dry season ET 

became obvious, supported by their measured soil moisture storage profiles. In their 

comparison study, average ET was 20% and 41% lower during the wet and dry season 

respectively at the pasture site (FNS) than the forest site (RJA). Similar results were also found 

by Hasler and Avissar (2006) when they applied energy closure corrections. As with RJA, 

observed results are presented without energy closure correction which would account for the 

difference between modelled and observed ET. 

PDG, USR and VCP fall into the humid subtropical dry winter/hot summer climate category 

and are all located within 20 km of each other. All sites have strong climatic seasonality with 

hotter wetter summers (October-March) and drier winters (April-September). ET follows 

trends in precipitation, solar radiation, and temperature with peaks in the summer and lows in 

the winter. The model predicted these trends in ET correctly across all sites. Slight 

overpredictions in peak summer can be seen at PDG which could be due to a lack of data 

availability during these months, but these are considered marginal given the strong correlation 

and low differences in standard deviations and means (Table 4.4). The energy balance closure 

for PDG was 99% providing confidence in the observation measurements (Cabral et al., 2015). 

A distinct lack of data availability (only 36.2%) at the sugarcane site, USR makes it difficult 

to draw conclusions regarding model performance. The model predicts lower rates of ET later 
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in the dry season than observed, increasing and decreasing with precipitation. Given the 

agreement in modelled results and observations at PDG, it is likely that this observed trend is 

due to a lack of data. Data that was available had a high energy balance closure of 97% (Cabral 

et al., 2012), however, cultivated sugarcane sites may be subject to irrigation during the dry 

season which could alter natural trends in ET unable to be captured by the model. 

Strong seasonality in ET was seen at the Eucalyptus plantation, VCP. Cabral et al. (2010) 

established that full energy balance closure was accounted for, and very high daily rates of ET 

were observed up to 11 mm day-1 during the wet summers. They calculated that ET over the 

Eucalyptus site was strongly dominated by transpiration (87%) and accounted for 77% of total 

rainfall. The rapid rate of growth and water use of Eucalyptus in Brazil has been documented 

by Stape (2002) and appears to be the highest recorded for woody vegetation (Whitehead and 

Beadle, 2004). As the VOM predicts natural vegetation adaptation based on NCP, the model 

will fail to reproduce rates of ET from monoculture and non-native trees that over exploit water 

availability, such as Eucalyptus, explaining the bias over the wet season. Rates of ET over the 

dry season were captured well by the model suggesting the rooting depth and soil moisture 

dynamics were represented well. Furthermore, the VOM assumes the prior establishment of 

perennial vegetation and that a growth equilibrium has already been reached. Trees grew 

rapidly at the site from 12 m to 21 m during the measurement period (2005-2009) which could 

not only explain the increased rates of ET during 2006 and 2007 but also account for well-

matched ET during the 2009 wet season assuming vegetation was nearing full growth. 

The most southerly site in this study is CRA, a soybean site with a humid subtropical climate 

without a dry season and with a hot summer. ET trends closely follow the well-defined winter-

summer patterns of temperature and solar radiation. Confidence in observed latent heat flux is 

supported by an energy balance closure of 95% (Webler et al., 2012). Mean ET was well 

captured by the model although there was an underprediction at summer peaks. This could be 
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the product of a high soil saturated hydraulic conductivity parameter estimated by Marthews 

et al. (2014) which has been estimated to be lower around this region for pasture/crop (down 

to 1.1 x 10-6 m s-1) in comparison to forest sites in southern Brazil (Lozano-Baez et al., 2018). 

Lower hydraulic conductivity could maintain soil moisture in the summer months increasing 

peak ET. 

Although extreme biases may be partially attributed to a lack of energy balance closure at 

the site, the fact remains that five of the six strongest correlations were found at cultivated sites. 

This suggests that the model represents the biophysical processes over farmed ecosystems to a 

greater extent than its intended use over natural ecosystems. Biases suggest that the model 

consistently underpredicts ET at natural ecosystems implying that some physical processes are 

underrepresented. This could be partially explained by the greater uncertainties when 

modelling processes in perennial vegetation such as deeper, more complex rooting systems and 

the mechanisms in the vascular system that differ with differences in canopy height (which are 

not addressed in this model). Interestingly, biases for cultivated sites appear to be much more 

random suggesting that errors are not related to a consistent negligence of a particular process. 

Despite this, three of the five sites are dominated by vegetation with C4 photosynthetic 

pathways (K77, FNS, and USR) which could attribute to their errors. However, statistically 

K77 and USR perform no better or worse than the C3-dominated site CRA, whilst the C4-

dominated site, PDG, outperformed almost all other sites. This suggests there is no obvious 

detriment in using the C3 photosynthetic pathway in this form of vegetation optimality 

modelling at these sites and that perhaps it is acceptable in return for greater generality 

(Schymanski et al., 2009). 

It is important to acknowledge that disparities in simulated and observed ET could also be 

due to model incompetence. Other than the negligence of the C4 photosynthetic pathway and 

canopy height/structure the model also does not account for nutrient uptake which could have 
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a large impact on ecosystems that suffer from poor soil conditions and nutrient deficiencies 

causing this to limit growth affecting ET rates. Additionally, the model lacks site specific 

hydrological conditions allowing free drainage. This could lead to an underestimation of water 

use in dry seasons as found by Nijzink et al. (2022). Furthermore, the transport of water from 

deeper soil layers to the canopy and its distribution over vegetation require a complex water 

transport infrastructure here simplified resulting in the ‘tuning’ of the crv parameter. It was 

found that ET was very sensitive to the parameterisation of these costs and as such more 

research into how these water transport processes operate in relation to environmental 

conditions will most likely improve the modelling capabilities. 

It is worth noting that improvement of the VOM’s performance over monocultural 

agriculture might be achieved by altering vegetation parameters in the model to represent that 

of the species rather than general vegetation (Lei et al., 2008), however, this decreases the 

generality of the model. 

4.6 Conclusions 

In this chapter we analysed the performance of the Vegetation Optimality Model, which 

optimises net carbon profit using carbon-water mechanisms, to understand hydrological fluxes 

across 11 different sites over Brazil by comparing measured and predicted ET. Performance 

was assessed by the ability to answer the original research questions below. 

4.6.1 To what extent can the VOM predict ET across different climates? 

The VOM successfully captured observed trends in ET across five different climate 

classifications with no obvious failure linked to any one climate. Discrepancies in results at 

K34, K67, RJA and FNS were largely due to underpredictions in latent heat flux proven by 

poor energy balance closures (von Randow et al., 2004; Hasler and Avissar, 2006). With some 

calibration of the crv, the VOM correctly predicted dry season peaks in ET in the northern 
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Amazonian rainforest sites which has been a common challenge when modelling hydrological 

processes in tropical rainforests (Christoffersen et al., 2014; Restrepo-Coupe et al., 2017; 

Restrepo-Coupe et al., 2021). Soil moisture analysis at K83 proved that the model was able to 

successfully replicate moisture extraction from deeper soils for most of the dry season, 

however, apparent water stress in the late dry season at K67, K83 and RJA means either i) the 

model lacked of understanding of some carbon-water mechanisms enabling deeper root growth 

to access moisture during the dry season, ii) more knowledge is needed regarding the soil 

physical properties at the site (potentially impacting or changing free drainage from the water 

balance model), or iii) a combination of both. 

The model also struggled to represent hydrological fluxes at the seasonally flooded site, 

BAN which maintained mean ET throughout the dry season. This highlighted 1-dimensional 

limitations in VOM and its inability to capture catchment dynamics where water may be 

supplied by a hydrological process other than precipitation. However, general seasonality was 

captured, and ET rates may be realistically modelled after energy balance closure during the 

wet season. 

4.6.2 To what extent can the VOM predict ET in natural ecosystems? 

The model was adjusted to represent either perennial only or perennial and seasonal 

vegetation depending on the characteristics of the natural ecosystem sites. K34, K67, K83 and 

RJA are classified as primary forest with no seasonal vegetation whilst BAN and PDG 

comprise of both. Realistic predictions of ET were made over three natural ecosystem types; 

tropical rainforest, savanna (Cerrado), and tropical dry forest suggesting this modelling 

approach is useful across multiple different vegetation types without the need to prescribe 

vegetation specific parameters. It shows that vegetation maximises the growth of carbon to the 

limitations of climatic and soil conditions across three major Brazilian biomes. However, 

modelled water stress in the late dry season at K67 and K83 implies it was unable to fully 
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capture the Amazon vegetation adaptive mechanisms of deep and efficient root systems. 

Furthermore, the VOM struggled to model ET over the transitional woodland savanna site, 

BAN, underlining limitations in modelling groundwater dominated ecosystems. 

4.6.3 To what extent can the VOM predict ET in cultivated ecosystems? 

Crop and pasture sites were represented by seasonal vegetation (CRA, FNS, K77 and USR) 

whilst the Eucalyptus plantation (VCP) was represented by both perennial and seasonal. The 

model realistically predicted ET at all crop and pasture sites without the adjustment of any 

vegetation parameters (aside from crv) suggesting that these agricultural sites can be generalised 

across ecosystems. The inability of the model to capture high ET at the Eucalyptus plantation 

could be a combination of a) different hydrological processes that arise from the monoculture 

of a non-native species with high ET rates b) and a newly developing ecosystem with fast 

growth rates which hasn’t yet reached stability. This conclusion can be drawn given its 

proximity to the natural savanna site, PDG, and shared soil hydraulic physical properties and 

climate. 

4.6.4 What is the sensitivity of the VOM to poorly constrained parameters in these 

environments? 

Alterations of water transport cost factor (crv) had the ability to change seasonal ET by 

affecting the optimal rooting depth of vegetation at K83 resulting in the need for calibration of 

this parameter at all other sites. This proved that hydrological fluxes were highly sensitive to 

changes of crv and root water uptake in the vertical soil profile plays an important role that is 

not easily optimised. The value of the crv differed with land use type and climate to better 

predict observed variations in ET during the wet and dry (or summer and winter) seasons. The 

final values ranged from 0.08 – 1.2 μmol m-3 s-1 (initally 1.2 μmol m-3 s-1 (Schymanski et al., 

2009,2015)). It is important to note that the alteration of this factor and its influence on ET may 
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be compensating for incorrect or generalised soil physical properties which were unaltered 

during calibration. 

4.6.5 What are the important water and plant interactions captured by vegetation 

optimality in the study areas? 

At the primary forest sites vegetation optimality allowed trees to search for the rooting depth 

that maximised the net carbon profit throughout the 30-year run period. The ability of 

vegetation to utilise water stored in deeper soil layers during the dry season to maximise growth 

was an important interaction when trying to realistically predict ET as it removed water stress 

as a limitation to growth and ET then followed patterns in temperature or light availability. 

Feedbacks between the catchment water balance and vegetation water use derive important 

rooting costs and vegetation optimality allows CO2 and water fluxes to be modelled on a daily 

and yearly basis without prior vegetation assumptions across different ecosystems over Brazil. 

4.6.6 Overall conclusions 

The overall conclusion is that, through calibration of the water transport cost factor 

(controlling root water uptake rate) and prescribed soil physical properties, with no prior 

knowledge of vegetation other than seasonal or perennial growth, the VOM can consistently 

represent hydrological processes in both natural and cultivated ecosystems across multiple 

climates in Brazil. However, limitations in the model arise from its singular dimensionality and 

inability to represent ecosystems prone to two-dimensional hydrological influences such as 

seasonal flooding. 

Using carbon-water mechanisms, vegetation optimality provides a novel approach to study 

hydrological processes in vegetation dominated ungauged catchments. Furthermore, there is 

potential to predict changes in hydrological fluxes between prospective natural vegetation and 

cultivated vegetation allowing assessments of the impact of land use change on the 



Chapter 4: How can we use Carbon-Water mechanisms to understand hydrological fluxes? 

96 

 

hydrological cycle. ET predictions from vegetation optimality modelling could further be used 

as inputs to catchment runoff models that lack adequate representation of that component. 

Importantly it also allows for the potential to predict water use under long-term climate change 

scenarios based on vegetation properties. 
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5. Chapter 5: How sensitive are 

hydrological processes in vegetation 

to changes in atmospheric CO2 

concentration? 

 

5.1 Introduction 

This chapter discusses potential long-term and short-term vegetation responses as it 

optimally adapts by maximising net carbon profit to changes in atmospheric CO2 

concentrations (Ca). Long-term responses consist of changes in ecosystem structure including 

maximum rooting depth and vegetation cover whilst short term effects are linked to stomatal 

closure and water use efficiency. We look at how these responses affect hydrological processes 

across a variety of key Brazilian ecosystems. As discussed in Chapter 4 we now know that the 

VOM can predict key eco-hydrological fluxes in tropical and sub-tropical regions in Brazil in 

both naturally occurring and cultivated ecosystems. This allows us to isolate further impacts to 

these ecosystems using the VOM.  

Understanding the ecosystem responses to changes in CO2 concentration is important for 

eco-hydrology because of its potential impact on regional and global water balance. Increases 

in atmospheric CO2 concentrations (Ca) are largely thought to increase water use efficiency, 

reducing stomatal conductance and transpiration (Wong et al., 1979; Field et al.,1995; Sellers 

et al., 1996; Drake et al., 1997). This is known as the ‘physiological effect’ (e.g., Betts et al., 

2007, 2011, 2012), and modelling this has led to some conclusions that elevated atmospheric 

CO2 concentrations (eCO2) has resulted in regional to global shifts in the water balance due to 
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increased river discharge (e.g. Costa et al., 1997; Gedney et al., 2006; Betts et al., 2007; Magrin 

et al., 2014), and shifting the Bowen ratio more in favour of sensible heat (Lemordant et al., 

2018) which in turn enhances warming and decreases relative humidity reducing the fraction 

of low cloud cover (Cao et al. 2010; Andrews et al., 2011). In contrast, other studies have 

reported that eCO2 increases leaf area index (LAI) and greening through the “CO2 fertilisation” 

effect which counteracts the reduction in water use through transpiration (Wu et al., 2012; 

Donohue et al., 2013a; Niu et al., 2013). 

It has been well documented that the physiological effect may play a bigger role than the 

radiative effect in driving changes in the hydrological cycle in the rainforests of Brazil (Costa 

et al., 1997; Abe et al., 2015; Chadwick et al., 2017; Skinner et al., 2017; Lemordant et al., 

2018; Richardson et al., 2018). Through modelling elevated atmospheric CO2 Richardson et 

al. (2018) argue that due to abundant vegetation and water recycling through evapotranspiration 

(ET), the physiological effect could cause a reduction in precipitation over the Amazon, whilst 

Lemes et al. (2022) provide evidence for large increases in temperature with decreases in ET, 

and changes in moisture balance causing large atmospheric circulation shifts due to deep 

convection. Considerably less research has been done on the effects of eCO2 on natural 

vegetation in the Cerrado (Brazilian savanna). However, Souza et al. (2016) recorded that eCO2 

increased the biomass of native Cerrado woody species, even under water stress, due to 

increased water use efficiency (WUE) and potentially the growth of a deeper rooting system. 

This supported the hypothesis by Bond et al. (2003), that savanna ecosystems can become 

denser, reducing light availability to herbaceous species changing the composition of the 

natural vegetation strata. Additional studies have also been carried out investigating the 

physiological effect on Brazilian crops, confirming increased growth rates but suggesting 

dependence on precipitation, closely linked to the ET of the surrounding forests (Costa et al., 

2009; Marin et al., 2013; Oliveira et al., 2013).  They confirmed an increase in WUE under 
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eCO2 due to a decrease in stomatal conductance and a potential increase in yield, however, 

Oliveira et al. (2013) warn that the replacement of natural ecosystem with agricultural crops 

could decrease water availability offsetting the increases due to increased WUE. 

These scenarios suggest that stomatal closure is the initial step in a deluge of potential effects 

of eCO2. These are not limited to, but could involve, shifts in ecosystem stratification, 

vegetation cover, perennial rooting depth, decreased annual ET and increased runoff linked to 

the reduction in water cost (through transpiration) to fix CO2 in eCO2. However, changes in 

perennial ecosystem structure are only likely to be seen through decades of adaptational 

change. 

There is much variation in modelled stomatal response which is impacted by both eCO2 and 

temperature (Rogers et al., 2017). In a perturbed parameter experiment Booth et al. (2012) 

found the effect of temperature on photosynthetic rate to be the most prolific source of carbon 

cycle uncertainty, but that atmospheric CO2-termperature feedback systems are complex and 

poorly understood in current models. These uncertainties highlight the importance of isolating 

the effect of Ca on vegetation. Efforts are being made to examine the separated effect of Ca on 

different plant species from other climatic changes. These are known as large-scale free-air 

CO2 enrichment (FACE) experiments but have primarily been focused on temperate ecosystems 

(Ainsworth and Long 2005). There is, however, one FACE experiment proposed by Norby et al. 

(2016) in the Amazon north of Manaus and site K34, which is currently ongoing and will 

provide important information on tropical broadleaf evergreen ecosystem response to eCO2, 

however, there has been a severe delay in the start of this project. Eventually, results will 

provide insight to the short-term vegetation responses, but this project is not intended to study 

long-term dynamics and is only limited to one ecosystem of Brazil. 
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It is key to identify the difference between the short and long-term responses to eCO2 across 

distinct ecosystems. As mentioned before long-term responses consist of changes in ecosystem 

structure, whilst short term effects are linked to stomatal closure and water use efficiency. 

These responses may differ in hydrological processes as, given time to adapt (long-term), 

increased perennial vegetation cover and root growth could increase ET rates and decrease 

runoff, dampening or even reversing short-term responses of decreased ET. For example, some 

authors have linked vegetation responses to increasing Ca with observed global increases in 

perennial vegetation cover (known as ‘woody thickening’) (Bond & Midgley, 2000; Donohue 

et al., 2013a; Stevens et al., 2017; Melo et al., 2018). However, theoretical considerations differ 

as to the main drivers of this. As distinct ecosystems differ in energy and water limitations, 

perennial vegetation patterns and rooting depths, the long-term response to eCO2 will be unique 

to each one, highlighting the importance to model potential changes to the water balance across 

climates. 

Schymanski et al. (2015) were able to study the short and long-term effects of eCO2 across 

four climatically different sites in Australia using the Vegetation Optimality Model (VOM), 

which incorporates dynamic feedbacks between vegetation and water balance (Schymanski et 

al., 2009). They presented theoretical support for decreases in ET due to a positive eCO2 

vegetation feedback causing reductions in plant water use from simulations. The benefit of this 

model is that it assumes that vegetation self-optimises maximising its net carbon profit (NCP) 

finding the optimal vegetation given environmental conditions rather than prescribing response 

to environmental change. 

In this chapter, we conduct modelling experiments using VOM to evaluate both short and 

long-term vegetation responses to historic climate-Ca combinations at selected sites in Brazil 

(Chapter 2) in which the model has previously shown good performance (Chapter 4). We use 

the model simulations to help answer the following chapter contained research questions. 
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5.1.1 Chapter contained research questions 

1. What would be the difference in predicted average annual ET rates in (sub)tropical 

regions if: 

a. only daily to sub-annual varying vegetation properties were permitted to respond 

to eCO2 (short-term response)? 

b. all vegetation properties were permitted to optimally adapt to eCO2 (long-term 

response)? 

2. Does increased Ca have comparable effects on ET across different Brazilian ecosystems 

for both the short and long-term responses? 

5.2 Methodology 

5.2.1 Selection of sites 

Sites selected for analysis were based on model performance in Chapter 4 and how 

successfully simulations followed observed trends in ET seasonality and annual mean. The 

seasonally flooded dry forest site, BAN, has not been included in this study as the model was 

not able to capture the correct hydrological processes. The Eucalyptus site, VCP, was also 

excluded as the model was not able to capture the high ET rates in the wet season due to 

monoculture and the species unusually high ET rates. Due to their proximity (~15km apart) 

and the presence of both perennial and seasonal vegetation at both sites, the climate and model 

parameters at VCP are almost identical to the natural tropical savanna site, PDG, therefore, 

vegetation responses to eCO2 in this climate are assessed at PDG. Similarly, due to their 

proximity and hence similarities in climate forcing, vegetation, and soil properties the northern 

tropical forest sites K67 is excluded and assumed to be represented by K83 in this chapter 

(chosen over K67 due to the availability of soil moisture analysis carried out in Chapter 4). In 

contrast to some studies (e.g., da Rocha et al., 2004; Restrepo-Coupe et al., 2013; 
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Christoffersen et al., 2014) K34 was not grouped with K67 and K83 because of its significantly 

higher rainfall and the potential difference this may have on root depth and distribution to 

sustain perennial vegetation throughout the drier period (Nepstad et al., 1994). 

Despite clear differences in observed and modelled ET seasonality, the southern Amazonian 

pasture site, FNS, has been included due to energy balance closure failures and corrections that 

imply the model better represents ET than the observations (von Randow et al., 2004). The 

same reasoning follows for the northern and southern Amazonian forest sites, K34 and RJA 

respectively. For clarity Table 5.1 lists the sites used in this chapter giving their land use type 

and Köppen climate classification. Results from sites excluded in this chapter are still available 

in Appendix C. 

 

Table 5.1 Sites analysed in this chapter with their respective land cover and Köppen climate classification (Alvares et al., 
2013). 

5.2.2 Justification of simulated atmospheric CO2 concentrations 

The same climatological forcing data that was used to run simulations for the VOM in 

Chapter 4 (Table 4.1) has been used in this chapter spanning 36 years of data (1980-2016). 

According to the Mauna-Loa records (Keeling et al., 2001) observed Ca over this period 

increased by 19.37% from 339 to 404ppm coinciding with an 1°C rise in average temperature 

over Brazil (Figure 5.1).  

Name Land Cover Climate 

K34 Tropical Rainforest Af 

K83 Tropical Rainforest Am 

K77 Cropland - Pasture Am 

RJA Tropical Dry Forest Aw 

FNS Cropland - Pasture Aw 

PDG Savanna Cwa 

USR Cropland - Sugarcane Cwa 

CRA Cropland -Soybean Cfa 

 



Chapter 5: How sensitive are hydrological processes in vegetation to changes in atmospheric 

CO2 concentration? 

104 

 

The VOM theory assumes the evolution of natural vegetation evolving with its environment 

over a long period of time resulting in a composition of plants that have optimally adapted to 

the given conditions (although this can be manipulated to represent crops through “switching 

off” perennial representation, Chapter 4). This adaptation is modelled by permitting changes 

of unique vegetation properties over different time scales (Schymanski et al., 2007c, 2009). 

Properties such as rooting depth, tree cover and water use parameters vary over decades and 

are therefore assumed to be static in the VOM. Trends in CO2 also occur over decades meaning 

the model would not be able to capture these trends if dynamic CO2 were used. Therefore, we 

can assess how far the static properties might change in response to CO2 using simulations at 

different static CO2 concentrations. 

Three CO2 concentrations were selected from historic yearly observations recorded at the 

Mauna Loa observatory; Ca = 339, 377, and 416 ppm, respresenting 1980, the start year of the 

forcing data, 2004, the mean overlapping year for all flux tower observation periods and 

modelled concentration in Chapter 4, and 2021, present day levels, respectively. The difference 

Figure 5.1 Annual average atmospheric CO2 concentrations from Mauna Loa observatory (blue), and 
temperature (red) and precipitation (blue) over Brazil from ERA5 1980 – 2021. Black triangles indicate 
the selected [CO2] used in this study at years 1980, 2004 and 2021. 
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between the results for 339 and 377 or 416 ppm were then taken as the response to eCO2. The 

same 36 years of meteorological forcing data at each site were used for each CO2 concentration, 

simulating a similar model to the similar to the FACE experimental set up (Nowak et al., 2004; 

Ainsworth & Rogers, 2007; Hickler et al., 2008; Leakey et al., 2009; Norby & Zak, 2011; 

Norby et al., 2016). By using three static atmospheric CO2 concentrations we are able to assess 

the long term vegetation response and link differences in maximum rooting depth, and water 

use efficiency as vegetation response to eCO2. 

5.2.3 Simulating short and long-term vegetation responses 

Long-term adaptation of vegetation is modelled by optimising seven parameters to maximise 

NCP.  These consist of four factors relating to the water-use function in both seasonal and 

perennial vegetation, the fractional cover of the perennial vegetation, and the maximum rooting 

depth of both perennial and seasonal vegetation (Schymanski et al., 2015). These are optimised 

using the shuffled complex evolution (Duan et al., 1994) which seeks the global optimum by 

repeatedly running the 36-year simulation with different parameter values. Each simulation, 

daily dynamically varying parameters (fractional seasonal vegetation cover, electron transport 

capacity of seasonal and perennial plants, and root surface areas of seasonal and perennial 

plants) are optimised. More detailed explanations of parameters, algorithms and plant 

physiological processes can be in Schymanski et al., (2007, 2009, 2015b). This model 

optimisation of all parameters was completed independently at each site under each Ca level. 

Short term responses were simulated by using the seven long-term optimised parameters for 

the Ca = 339 ppm to re-run the model at Ca = 377 and 416 ppm, only permitting parameters 

that vary at the daily scale to optimise. This means maximum rooting depths, fractional 

perennial vegetation cover, and plant water use factors, were prevented from changing at the 

higher Ca levels but only stomatal conductance, root surface area and seasonal vegetation cover 
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were allowed to optimise. This allows us to evaluate the short to long-term responses of 

hydrological quantities such as ET and runoff/discharge separately. 

5.2.4 Variables showing simulated response 

Variables chosen to show simulated vegetation response to eCO2 were derived directly from 

model outputs. Maximum root depths were separated into seasonal and perennial which were 

kept as constant when simulating short-term adaptation. Fractional percentage cover of 

vegetation (FPC) was combined seasonal and perennial cover, and discharge (Q) was 

calculated from combined surface runoff and drainage from the model. To numerically assess 

the physiological effect, water use efficiency (WUE) was calculated by the mole-to-mole ratio 

of total carbon assimilated (CO2 uptake rate, Ag) to total transpiration (Et) (Equation (5-1). The 

water-use efficiency (WUE) value can be a measure of stomatal closure through the ability to 

fix more CO2 at the cost of releasing water through transpiration. Equation 1 assumes the molar 

mass of water as 18.015 g and 365 days in the year, Ag (mol m2 year-1), Et (mm year-1) and 

WUE (mmol mol-1). 

 

 

𝑊𝑈𝐸 =  
𝐴𝑔

(𝐸𝑡 ×
1000

18.052
× 1000)

 
(5-1) 

5.3 Results 

5.3.1 Evapotranspiration, Discharge and Roots 

Natural ecosystems 

All simulations of natural ecosystems resulted in a decrease of ET in response to an overall 

increase of 77 ppm in Ca (339 to 416 ppm) (Figure 5.2). ET simulated under short-term 

adaptation had a much greater decrease (decreasing 32-65 mm year-1), than simulated ET under 



Chapter 5: How sensitive are hydrological processes in vegetation to changes in atmospheric 

CO2 concentration? 

107 

 

long-term response (decreasing 12-46 mm year-1) (Table 5.2). The short-term response always 

resulted in a greater decrease than the long-term response at every site. The largest difference 

in ET between the two adaptations was found at the southern Amazonian forest site, RJA (54 

mm year-1). Long-term adaptation at this site involved an increase in maximum perennial 

rooting depth (from 6.6 – 6.8 m). Maximum perennial rooting depth also increased at K83 

(from 3.8 – 4 m) and PDG (from 2 – 2.2 m) under long-term adaptation. 

In contrast, the wettest site, K34, long-term adaptation saw a decrease in maximum perennial 

rooting depth (from 4.4 – 4.2 m) accompanied by the greatest percentage decrease in ET (-

2.3%, amounting to 46 mm year-1). All decreases in ET are paired with increases in discharge 

with long-term adaptations ranging from a 4.8% increase at K83, to a 15% increase at K34, 

and short-term adaptations ranging from a 13.8% increase at PDG to a 30.1% increase at RJA. 

The results show a magnitude in differences between percentage decreases in ET and increases 

in discharge, the greatest of which occur at the wettest Amazonian sites and under short-term 

adaptation to eCO2. Furthermore, without allowing perennials to optimally adapt or allow 

vegetation to maximise rooting depth decline in ET can be seen as a linear relationship with 

increasing Ca. Long term adaptation changes this relationship across the four ecosystems. 

There are no significant differences to changes in long-term responses of ET from 339 ppm 

to 377 ppm for any site, and there is no significant change in mean simulated ET over the entire 

in Ca at RJA. Significant differences in the mean only occur at sites K34, K83, and PDG 

between 339 ppm and 416 ppm. However, there is a significant difference in simulated ET to 

short-term response at K34, K83 and RJA at each Ca interval. 

Cultivated ecosystems 

As with the natural ecosystems, eCO2 resulted in a decline in ET across all sites. With the 

exception of K77, this decline was less exaggerated when simulating long-term adaptation 
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rather than short-term adaptation to eCO2 (Figure 5.2). At the sugarcane site, USR, there was 

no significant change in annual ET when simulating long-term adaptation over an increase of 

77 ppm Ca. Furthermore, both USR and the soybean site, CRA, showed no significant change 

in ET when simulating short-term responses between an increase of Ca from 339 to 377 ppm. 

However, both sites predicted a significant decline in ET of ~2.5% when Ca increased from 

339 to 416 ppm. There was invariant difference between long and short-term response of 

vegetation to eCO2 at CRA. Maximum root depth at USR increased by 50% when Ca = 416 

ppm (from 0.4 – 0.6 m) but remains unaltered for CRA. 

The southern Amazonian pasture site, FNS, showed a more gradual decline in ET when 

vegetation was allowed to respond to long-term adaptation whilst rooting depth increased by 

25% overall. A faster decline was simulated when only short-term responses were permitted to 

adapt. However, the opposite occurred at the eastern Amazonian pasture site, K77. Significant 

differences in annual ET are simulated at each change in Ca for both long and short-term 

adaptations. This is the only site where simulated long-term responses of vegetation to 

increased Ca resulted in a greater decline in ET than when simulating short-term responses 

(long-term = -6%, short-term = -4%). Long-term responses at K77 included a 100% increase 

in maximum root depth with the first increase in Ca (339 – 377 ppm) which it maintained when 

simulating responses at Ca = 416 ppm. 

Differences in discharge between both adaptation responses were much less exacerbated for 

the cultivated sites than at the natural sites, however, increased rooting depth and decreased ET 

cause a decrease in total discharge when long-term responses are taken into consideration. A 

similar range of increases in discharge can be seen when simulating long-term adaptation (1.9 

– 8.2%) as there can be for short-term adaptation (5.1 - 7.7%). 
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5.3.2 Water Use Efficiency 

Natural ecosystems 

WUE increased at every site with increasing Ca when simulating both long and short-term 

adaptation (Table 5.2). The lowest increases in WUE were found at the two Amazonian forest 

sites with the heaviest annual rainfall (K34, and RJA), which were also the least water use 

efficient (2.60 and 2.73 mmol mol-1 respectively). The greatest increase in WUE occurred at 

the driest natural site in the Cerrado, PDG, which had the highest WUE at Ca = 339 ppm (4.18 

mmol mol-1) suggesting that increases in WUE follow the precipitation gradient as found by 

Schymanski et al. (2015). 

Although marginal, the three Amazonian forest sites (K34, K83, and RJA), saw greater 

increases in WUE under short-term adaptation to eCO2 (15.8% – 18.1%) than under long-term 

adaptation (13.7% – 15.6%). However, at PDG, there was very little difference in WUE 

increases between long and short-term adaptation (LT 20.4%, ST 19.4%). WUE increased 

linearly with eCO2 at all natural ecosystem sites. 

Cultivated ecosystems 

WUE also increased with increasing Ca at every site under both long and short-term 

adaptation (Table 5.2). These increases were generally much higher than their neighbouring 

natural ecosystem sites (see Chapter 2, Figure 2.2 for location reference). The lowest increase 

occurred at the soybean site in Cruz Alta (CRA), the most southerly site, and there was little 

difference under long and short-term adaptations, which is reflected in the differences in ET 

(Figure 5.2). Similarly to the nearby Cerrado site, PDG, WUE at the sugarcane site, USR, 

increased more under long-term adaptation than short (LT 22.2%, ST 20.3%). The eastern 

Amazonian pasture site, K77, saw the largest increase in WUE under long-term adaptation 

(28.6%), much greater than under short-term (20.9%). FNS saw similar increases in WUE 
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when simulating long-term adaptation as with simulating short-term (LT 20.1%, ST 20.6%). 

As expected, the wetter sites, FNS and K77 have a lower simulated WUE than the more 

seasonal sites with longer dry seasons. However, differences in WUE between long and short-

term adaptations are small at FNS, USR and CRA, suggesting this is not the sole contributor 

to differences in ET between the two responses. 

5.3.3 Fractional Vegetation Cover 

The mean fractional vegetation cover (FVC) responded positively to eCO2 in all simulations 

(Table 5.2), unless the maximum cover had already been achieved at low Ca (339 ppm) as with 

the rainforest sites K34, K83 and RJA. In general, FVC increased to a greater extent under 

long-term adaptation responses than it did under short-term adaptation responses. The largest 

increase in FVC occurred at the Cerrado sugarcane site, USR (LT +5.1%, ST +2.9%), followed 

closely by the eastern Amazonian pasture site, K77 (LT 4.7%, ST 2.4%). There were no 

differences in cover between long and short-term adaptations at CRA. Despite FVC 

observations lacking analysis in this study, it is important to consider that this may impact the 

predicted ET output of the model.  
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Figure 5.2 Simulated mean annual ET rates for varying Ca. ‘Long-term’ (blue) refers to simulations where all 
vegetation properties were optimised for each Ca. ‘Short-term’ (red) refers to simulations where ‘long-term’ 
optimised parameters for Ca = 339 ppm were kept for Ca = 377 and 416 ppm simulations. The black dashed line is 
ET at Ca = 339 ppm simulations for reference. 
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Figure 5.3 Simulated mean monthly ET rates for varying Ca at natural Brazilian ecosystems. ‘Long-term’ (right) 
refers to simulations where all vegetation properties were optimised for each Ca. ‘Short-term’ (left) refers to 
simulations where ‘long-term’ optimised parameters for Ca = 339 ppm were kept for Ca = 377 and 416 ppm 
simulations. Grey bars represent precipitation for reference between water limiting and energy limiting periods. 
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Figure 5.4 Simulated mean monthly ET rates for varying Ca at cultivated Brazilian ecosystems. ‘Long-term’ (right) 
refers to simulations where all vegetation properties were optimised for each Ca. ‘Short-term’ (left) refers to 
simulations where ‘long-term’ optimised parameters for Ca = 339 ppm were kept for Ca = 377 and 416 ppm 
simulations. Grey bars represent precipitation for reference between water limiting and energy limiting periods. 
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Table 5.2 Simulated responses to increasing Ca. The first column in each variable block gives actual values for Ca = 339 ppm, while the subsequent columns in italics give the percentage 
difference from this value. Decreases, or negative differences, are shown in red. P, precipitation, ET, evapotranspiration, Q, discharge,  WUE, water use efficiency (Equation(5-1), FVC, fractional 
vegetation cover of all vegetation (perennial and seasonal), RAI, root area index (fine root surface area per ground area), Rt depth, maximum rooting depth of perennials, Rg depth, maximum 
rooting depth of seasonal vegetation. a) shows vegetation short-term adaptation, b) shows long-term adaptation. Shaded cells indicate that the means of ET were significantly different 
(p<0.05) when compared to the mean of the lowest Ca run (339ppm). 

a) 

 

 

 

 

Variable 

Ca 
P ET (mm year-1)  Q (mm year-1)  WUE (mmol mol-1)  FVC  RAI (m2 m-2)  

Site (mm year-1) 339 377 416  339 377 416  339 377 416  339 377 416  339 377 416  

K34 2396 1979 -1.5 -3.1  316 9.8 20.5  2.60 8.0 15.8  1.00 0.0 0.0  0.04 -2.0 -4.0  

K83 1833 1438 -1.3 -2.8  283 6.4 14.1  3.90 9.0 18.1  1.00 0.0 0.0  0.04 -2.0 -4.2  

RJA 2124 2124 -1.7 -3.6  238 14.5 30.1  2.73 8.9 17.6  1.00 0.0 0.0  0.06 -2.5 -4.9  

PDG 1363 1148 -1.3 -2.8  223 6.5 13.8  4.18 9.7 19.4  0.94 1.1 1.9  0.02 -3.6 -7.9  

K77 1806 983 -2.0 -4.0  803 2.8 5.6  3.99 10.3 20.9  0.88 1.1 2.4  - - -  

FNS 1993 1299 -2.0 -4.1  696 3.8 7.7  3.62 10.2 20.6  0.95 0.9 2.1  - - -  

USR 1335 895 -1.2 -2.5  442 2.4 5.1  4.63 10.3 20.6  0.88 1.3 3.0  - - -  

CRA 1587 1102 -1.2 -2.5  423 2.7 5.3  4.63 8.6 17.2  0.99 0.1 0.2  - - -  

Variable 

Ca P 
ET (mm year-1) Q (mm year-1) WUE (mmol mol-1) FVC RAI (m2 m-2) Rt depth (m) Rg depth (m) 

Site (mm year-1) 339 377 416 339 377 416 339 377 416 339 377 416 339 377 416 339 377 416 339 377 416 

K34 2396 1979 -0.6 -2.3 316 4.3 15.0 2.60 6.7 14.2 1.00 0.0 0.0 0.04 -0.7 -4.8 4.4 0.0 -4.5 - - - 

K83 1833 1438 0.0 -0.9 283 0.4 4.8 3.90 7.9 15.6 1.00 0.0 0.0 0.04 1.7 0.4 3.8 5.3 5.3 - - - 

RJA 2124 2124 0.2 -0.7 238 -1.0 6.0 2.73 6.7 13.7 1.00 0.0 0.0 0.06 0.7 -0.2 6.6 3.0 3.0 - - - 

PDG 1363 1148 -0.5 -2.2 223 2.4 11.1 4.18 9.9 20.4 0.94 1.7 2.9 0.02 -1.0 -3.5 2.0 10.0 10.1 0.6 0.0 0.1 

K77 1806 983 -3.4 -6.0 803 4.7 8.2 3.99 16.4 28.6 0.88 3.5 4.7 - - - - - - 0.2 100.0 100.0 

FNS 1993 1299 -0.9 -2.4 696 1.7 4.5 3.62 8.5 20.1 0.95 1.3 3.2 - - - - - - 0.8 0.0 25.0 

USR 1335 895 -0.3 -1.0 442 0.5 1.9 4.63 8.9 22.5 0.88 1.3 5.1 - - - - - - 0.4 0.0 50.0 

CRA 1587 1102 -0.8 -2.4 423 1.7 5.2 4.63 7.7 17.1 0.99 0.1 0.2 - - - - - - 1.8 0.0 0.0 

b) 
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5.4 Discussion 

The simulations presented are not climate scenarios but intended to give insight to 

hydrological changes through vegetation response to eCO2 over different spatial and temporal 

scales using an optimality hypothesis. In other words, here we are focusing on evaluating the 

specific influence CO2 has on vegetation water use enabling us to isolate potential climate 

change effects rather than dealing with the uncertainty future climate scenarios offer. 

Consequently, no changes to the model were made to improve any results through further 

parameter tuning. One advantage of using an optimality model is simulating plant adaptations 

to their environment through a principle based on natural selection which alters as the 

environment changes increasing the performance of future predictions. 

5.4.1 Hydrological responses to eCO2 across natural ecosystems 

Modelled responses to eCO2 varied depending on whether the ecosystem was either water 

or energy limited. RJA and K34 experience high annual rainfalls and are energy limited for 

most of the year. This can be seen by the low WUE values and high ET rates (Table 5.2). At 

these two rainforest sites, only perennial vegetation was allowed to grow to represent 

ecosystem composition more closely. Modelling the short-term response of vegetation to 

increasing Ca led to less demand for water to maintain growth rate. As the adaptation of plant 

water use factors, and maximisation of rooting depths are prohibited in short-term responses 

the increase in WUE is caused by a modelled increase in stomatal closure. As perennial 

vegetation cover was already at 100%, water was not used for plant growth and the reduction 

in ET resulted in greatly increased runoff and drainage (20-30% increases). 

However, at RJA, when perennial vegetation was permitted to adapt over time, increases in 

WUE were reduced and maximum rooting depth increased maintaining ET across the Ca 

gradient and reducing the increase in discharge by 24%. Modelling long-term adaptations 
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allowed perennial vegetation to access water deeper in the soil and maintain growth and ET 

when water started becoming the limiting factor (Figure 5.3). Similar long and short-term 

adaptations and differences in ET were found by Schymanski et al., (2015) when modelling 

the effect of eCO2 on a tropical rainforest site in Australia, Cape Tribulation. Long-term 

adaptation at RJA was predicted to lead an increase in ET from short-term modelled response 

by a significant amount of almost 60 mm year-1, posing important questions about the 

consideration of modelling long-term adaptation to future climate scenarios in similar 

ecosystems. 

K34 is subject to a less well-defined seasonal cycle (non-water limited) and long-term 

adaptation to eCO2 resulted in a decrease in maximum rooting depth, as growth and 

maintenance were possible with less water, rendering deeper roots an unnecessary cost. WUE 

increased at a slightly dampened rate compared with short-term adaptation resulting in a 5% 

decrease in discharge. Changes in root system structure and long-term adaptation to improve 

WUE can help vegetation maintain longer growing periods and higher rates of ET, as can be 

seen by the difference in soil evaporation between long and short-term adaptation simulations 

(Table 5.2). Another factor influencing the difference in ET between long and short-term 

adaptation simulations could be increased biomass such as leaf are index, however, this 

analysis is beyond the scope of this chapter and more information regarding why differences 

occur between these temporal scales at wet tropical rainforest sites can be found in Schymanski 

et al. (2015). 

The eastern Amazonian forest site, K83, has a more pronounced dry season than K34. This 

water stress is captured by the higher initial WUE at Ca = 339 ppm (Table 5.2). There is little 

change in WUE between long and short-term adaptations, however, increases in maximum 

rooting depth modelled by long-term response alleviate the change in hydrological responses 

modelled through short-term adaptation. Short-term adaptation simulations result in higher 
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WUE and an overall decrease in below ground biomass over the Ca gradient implying water 

limitations prevent plant growth and decrease transpiration. However, when perennial 

vegetation properties were allowed to adapt, increases in both root area index (RAI) and 

maximum root depth were simulated prolonging the water availability and increasing the 

growing season. Despite a lack of eCO2 experiments in tropical rainforests, these simulated 

adaptations align with results seen at other FACE experiments at water limited ecosystems 

which recorded increases in soil moisture, tree rooting depths and below ground biomass 

(Norby & Zak, 2011; De Kauwe et al., 2013). 

The Cerrado site, PDG, is the most water limited of the natural sites and has the highest 

initial WUE and increase over the change in Ca. Short-term adaptations also show an 8% 

decline in RAI as less energy is needed to be spent on drawing water for photosynthesis. This 

was accompanied by an increase in seasonal vegetation cover of 2% supporting the greening 

theory of the CO2 fertilisation effect (Donohue et al., 2013b). There is little change in modelled 

ET and WUE between long and short-term adaptations, however, perennial rooting depth and 

fractional vegetation cover both increase in long-term simulations. This increase in perennial 

plant cover causes a shift in ecosystem structure implicating eCO2 as a contributor to ‘woody 

thickening’. Melo et al. (2018) reported observations on the selective advantage of a typical 

endemic ‘woody’ cerrado species (Hymenaea stigonocarpa) over a herbaceous grass (Melinis 

minutiflora) under eCO2, observing increases in biomass allocation to shoots and leaf area ratio 

in H. stigonocarpa. In the VOM, perennial vegetation can access water in deeper soils and can 

expand its FVC freely whilst seasonal vegetation cannot exceed a fraction of 1 minus the 

perennial FVC. Through its impact on WUE, eCO2 alters ecosystem composition shifting 

water-limited environments towards energy-limited environments, where perennials have a 

selective advantage as observed by Melo et al. (2018). 
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5.4.2 Hydrological responses to eCO2 across cultivated ecosystems 

Only seasonal vegetation was prescribed at the cultivated sites, meaning the only difference 

between long and short-term adaptations are seasonal maximum rooting depth and water use 

efficiency factors.  Some level of greening occurred at every cultivated site, and this was 

exacerbated through long-term adaptation. A shallower rooting system intensifies water stress 

driving the large increases in WUE with the CO2 gradient across all sites (Table 5.2). Declines 

in ET across all sites can therefore be attributed to the physiological effect. 

Despite a greater increase in vegetation cover, long-term adaptations to eCO2 surprisingly 

caused a greater decline in ET at the eastern Amazonian pasture site, K77, than short-term 

adaptations did. This seemingly paradoxical result can be explained through a combination of 

seasonality and increased WUE. Increased WUE reduces ET during the wet season offsetting 

increased ET from increased FVC (Figure 5.4). However, increased ET from increased FVC 

and maximum rooting depth is apparent when water becomes limiting in the dry season, which 

is hidden in annual totals as it is offset by the reduction in ET during the wet season. At this 

site the VOM predicts the long-term adaptations will increase drying through the physiological 

effect which outweighs the contribution of greening through the CO2 fertilisation effect, which 

is the opposite of what we see and the neighbouring natural rainforest site, K83. 

Different results were predicted at the southern Amazonian pasture site, FNS, where there 

was almost no change in WUE between the two temporal adaptation scales. In this case short-

term adaptations linked to increased stomatal closure occur in non-water limiting 

circumstances during the wet season. Declines in ET were more prominent under short-term 

adaptation than long-term as an increase in vegetation cover led to increased transpiration. A 

slight shift in seasonal ET occurred under long-term adaptation Ca = 416 ppm which can be 

explained by the increase in maximum rooting depth. Despite declines in ET during the wetter 

months, increased access to soil moisture resulted in increased ET over the drier months, 
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similar to K77. The increased dry season ET offsets the decrease in ET over the wet season 

driven by increased WUE leaving the observed difference in results between long and short-

term adaptation simulations at Ca = 416. 

Despite having a much lower annual rainfall increased seasonality, similar adaptation 

patterns to FNS occurred at the Cerrado sugarcane site, USR. Long-term adaptation responses 

saw that decreases in ET over the wet season through increased WUE were offset by increases 

in maximum rooting depth and vegetation cover increasing ET in the dry season (Figure 5.4). 

The long-term adaptation of maximum rooting depth in seasonal vegetation caused 

significantly more vegetation growth or ‘greening’ to occur at cultivated sites which can be 

seen by comparing results to the southern Brazilian soybean site, CRA. 

Interestingly there was no increase in maximum rooting depth when modelling long-term 

adaptations to eCO2 at CRA. Annual precipitation is relatively stable throughout the year and 

seasonality in ET is driven by environmental changes in energy. As soil moisture levels are 

maintained over the summer months through precipitation increasing root depth becomes a 

waste of resources. This resulted in no substantial difference between the two temporal 

adaptation scales suggesting that maximum rooting depth plays an important role in regulating 

hydrological processes at water limited environments (Donohue et al., 2007; Fan et al., 2017). 

5.4.3 The importance of perennial responses to eCO2 on hydrological processes 

It has been shown that long-term adaptation in perennials alters the water balance under 

changing Ca, but it is important to look at differences in hydrological processes between these 

perennial dominated sites and their associated nearby cultivated sites (dominated by seasonal 

vegetation) (K83:K77, RJA:FNS, and PDG:USR). These sites share similar climatic pressures 

and thus can give us an indication on the impact of perennial cover. The most considerable 

difference in simulated ET under long-term adaptation of vegetation to eCO2 occurred between 
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the eastern Amazonian rainforest site K83 and nearby pasture site K77 (an increased difference 

in ET of 45 mm year-1 due to long-term adaptation; 455 mm year-1 at Ca = 339 ppm to 500 mm 

year-1 at Ca = 416 ppm). At both K83 and RJA, long-term adaptation of perennials maintained 

ET rates across the Ca gradient, whilst decreases in ET were predicted at the associated nearby 

pasture sites K77 and FNS. Differences in vegetation composition between the sites suggest 

more exaggerated differences in ET through long-term adaptation to eCO2. 

In contrast the Cerrado sites PDG and USR showed little difference in hydrological 

responses between long and short-term adaptations despite an increase in perennial cover at 

PDG. However, it is important to note that both sites showed an increase in vegetation cover 

which, although not enough to offset increases in WUE, prevented steeper declines in ET. A 

difference of 235 mm year-1 was predicted at Ca = 416 ppm between the two sites indicating 

the importance of perennials in these water-stressed environments. 

5.4.4 Synthesis and limitations 

In summary, the results suggest that the primary effects of eCO2 are an increase in WUE 

irrelevant of ecosystem causing a decrease in ET. When possible, this resulted in assimilated 

carbon to be redistributed to growth increasing vegetation coverage at all sites. When 

modelling long-term adaptation, the enhanced WUE allows the production of a deeper rooting 

system in water-limited environments acting to allow the vegetation to maintain photosynthesis 

during the drier months for longer. The net effect is to maintain or enhance plant growth per 

unit ground area for the least amount of energy spent. It is also worth noting that, although over 

different gradients, WUE increases almost linearly with Ca.  

Although conclusions can be drawn as to the general ecosystem response to eCO2, as 

discussed in Chapter 4, results may not truly represent ecosystem response due to the 

limitations of the model. A lack of model understanding regarding groundwater hydrology and 
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water transport cost factors from deep roots to the canopy may cause some uncertainty. For 

example, if deeper roots penetrated a confined aquifer which could occur at sites similar to 

RJA, conditions would change to energy limiting and the distribution of carbon would 

ultimately be different. Furthermore, the model neglects the C4 photosynthetic pathway which 

favours vegetation during drought conditions (i.e. in heavily water-limited environments). It is 

unclear and beyond the scope of this study whether increasing Ca would have a comparable 

effect with C3-dominated vegetation, but similar responses in C4 plants to elevated Ca have 

been found. Da Faria et al. (2018) and da Silva et al. (2020) report decreased transpiration rates 

and stomatal conductance presenting advantages and increased plant growth in high CO2 

environments, whilst Bordingnon et al. (2019) present an argument that C4 plants became 

structurally more resilient with growth under eCO2 suggesting that C4 plant species in different 

ecosystems could be expected to act similarly globally. 

5.5 Conclusions 

In this chapter we analysed the potential long and short-term vegetation responses as they 

optimally adapted to changes in atmospheric CO2 concentrations (Ca) through maximising net 

carbon profit (Schymanski et al., 2008, 2009, 2015). We looked at how hydrological processes 

varied over eight key Brazilian ecosystems by focusing on changes in evapotranspiration. 

Analysis shows that the economics of carbon gain and vegetation water use lead to results 

comparable to observed patterns leading to overall reductions in evapotranspiration (ET) at all 

sites. The increase in WUE was the most consistent response to eCO2 across all simulations, 

with responses varying between 6.7% and 28.6% (Table 5.2), and generally doubling at most 

sites for a doubling in Ca, agreeing with results found at temperate sites in Free Air CO2 

Enrichment (FACE) studies (De Kauwe et al., 2013). All sites supported the theory of the 

physiological effect (Cowan, 1978; Betts et al., 2007) as both long and short-term responses 
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resulted in reductions in stomatal conductance and transpiration and increased discharge at all 

ecosystems. These predictions fall in line with multiple studies analysing the effect of eCO2 on 

vegetation through both observations and modelling (Norby & Zak, 2011; Souza et al., 2016; 

Dos Santos et al., 2018; Richardson et al., 2018; da Costa Santos et al., 2020; Rezende et al., 

2022; Ruv Lemes et al., 2023). It was also found that adaptations in vegetation differed with 

limitations. Sites that were more water-limited saw greater increases in WUE than sites that 

were more energy limited. These adaptations pointed towards potential shifts in seasonality of 

ET and ecosystem dynamics. 

From the results we may also conclude that modelling the responses of perennials to eCO2 

at all natural ecosystem sites could ultimately change our understanding of hydrological 

processes in vegetation, depending on temporal scale and perennial adaptation factors. 

Amazonian forest sites significantly alter the hydrological processes through changes in plant 

water use factors and maximum rooting depth, whilst the Cerrado site caused a shift in 

vegetation composition towards increased perennial cover which may have implications on 

water availability and resources (Souza et al., 2016). The findings provide theoretical support 

for an elevated CO2 (eCO2) – vegetation feedback which may dampen reductions in ET when 

maximum rooting depth is allowed to adapt optimally to its environment, concurrent with 

results presented by Schymanski et al. (2015). 

Modelling long-term adaptations of ecosystems could provide insight into shifts in 

seasonality as increased rooting depths prolong vegetation growth during the dry season and 

increased WUE decreases transpiration during the wet season. Furthermore, results suggest 

more exaggerated differences in ET and discharge between rainforest and pasture sites under 

increased Ca when considering long-term adaptation in vegetation. 
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In summary, vegetation optimality modelling can be a powerful tool for predicting 

hydrological responses under changing environments as results suggest that model adaptations 

closely follow observed patterns over multiple contrasting ecosystems across Brazil. At the 

very least long-term adaptation of vegetation should be considered in future hydrological 

modelling under climate change across all ecosystems. 
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6. Chapter 6: Conclusions and Outlook 

 

6.1 Summary 

Understanding carbon-water dynamics is essential to accurately model and predict water 

availability in hydrological systems, ecosystem dynamics and the impacts of climate change, 

however, interrelationships over different environmental conditions make these difficult to 

incorporate into hydrological modelling. These interactions are especially important when 

trying to understand hydrological processes in vegetation dominated (sub)tropical regions. 

Vegetation optimally is the theory that plants adapt to given environmental conditions by 

maximizing their net carbon profit through CO2-water dynamics. This thesis provides evidence 

using vegetation optimality modelling to attempt to answer the following questions: 

1. How can we use Carbon-Water mechanisms to understand hydrological fluxes 

particularly for (sub)tropical regions? 

2. How sensitive are hydrological processes in vegetation to changes in atmospheric CO2 

concentration in these regions? 

As a preliminary step in answering these questions we also analysed widely used, high-

resolution global gridded data products for model forcing across various ecosystems over 

Brazil. One of the largest countries in the world, Brazil has a diverse range of hydroclimates 

and biomes, with a history of research at multiple sites providing potential to valuable insight 

into hydrological modelling. This thesis advances our knowledge in relation to the questions 

above improving our understanding of modelling hydrological processes in vegetation 
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dominated environments across Brazil. The key findings of each chapter are summarised 

below, succeeded by an overarching discussion and direction for future research. 

How can we choose accurate meteorological forcing data in the region? (Chapter 3) 

In the past decade, the scientific community has seen an increase in the number of global 

hydrometeorological products. This has been possible with efforts to push global hydrological 

and land surface modelling to hyper-resolution applications. As the resolution of these datasets 

increase, so does the need to compare their estimates against local in-situ measurements. This 

is particularly important for Brazil, whose large continental scale domain results in a wide 

range of climate and biomes. Eleven flux towers (for periods between 1999-2010) covering 

Brazil’s main land cover types (tropical rainforest, woodland savanna, various croplands, and 

tropical dry forests) were used to examine the reliability and suitability of five high-resolution 

(0.1 - 0.25 deg) meteorological gridded products (ERA5-Land, GLDAS2.0, GLDAS2.1, 

Brazilian National Meteorological Database (referred here as BNMD, and MSWEPv2.2 

(precipitation only)) for seven variables (precipitation, air temperature, wind speed, pressure, 

specific humidity and downward shortwave and longwave radiation). Data products were 

evaluated for their ability to reproduce the daily and monthly meteorological observations at 

flux towers. A ranking system for data products was developed based on the mean squared 

error. To identify the possible causes for these errors, contributions of correlation, bias, and 

variation to the MSE were analysed. Results show that, for precipitation, MSWEPv2.2 

outperforms the other datasets at daily scales but at a monthly scale BNMD performs best. For 

all other variables, ERA5-Land achieved the best ranking (smallest) errors at the daily scale 

and averaged the best rank for all variables at the monthly scale. GLDAS2.0 performed least 

well at both temporal scales, however the newer version (GLDAS2.1) was an improvement of 

its older version for almost every variable. BNMD wind speed and GLDAS2.0 solar radiation 

outperformed the other datasets at a monthly scale. Discrepancies at the daily scale were mostly 
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contributed to by correlation errors, whilst at the monthly scale it was the bias contribution. 

ERA5-Land is recommended when using multiple hydro-meteorological variables to force 

land-surface models within Brazil. 

How can we use Carbon-Water mechanisms to understand hydrological fluxes? 

(Chapter 4) 

Plant growth can be understood as a carbon capture cost-benefit system. The carbon-water 

dynamics of this system can help us to quantify these physiological processes allowing 

transpiration to be calculated from a biological perspective. The Vegetation Optimality Model 

(VOM) attempts to describe these processes and we analyse the output of evapotranspiration 

(ET) at the 11 Brazilian flux tower sites using the two best performing daily gridded data 

products from chapter 3 to force the model. We show that through calibration of the water 

transport cost factor (controlling root water uptake rate) the VOM is successfully able to 

reproduce patterns of ET with no prior knowledge of vegetation other than seasonal or 

perennial growth (r values ranging 0.25 – 0.69 across sites). Stronger correlations are observed 

at more seasonal sites with increased water stress. Unsurprisingly the model struggles with 

some environments such as a seasonal flooding and some farmed sites. Root dynamics play an 

important role in the success of the model and minimal calibration per site credits the 

physiological understanding behind the model. Results prove that through modelling carbon-

water mechanisms, vegetation optimality can provide a novel approach to study hydrological 

processes in vegetation dominated ungauged catchments. The optimality approach provides 

potential to predict changes in hydrological fluxes between natural and cultivated vegetation 

allowing future predictions of land use change on the hydrological cycle. Modelled ET 

predictions could further be used to force catchment runoff models lacking adequate 

representation. Furthermore, the model can be used to study hydrological responses to 

vegetation adaption under different forced climate conditions. 
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How sensitive are hydrological processes in vegetation to changes in atmospheric CO2 

concentration? (Chapter 5) 

As atmospheric CO2 concentrations continue to increase, the future impact it will have on 

hydrological fluxes becomes even more important to predict. The VOM allows us to analyse 

how vegetation might optimally adapt in response to elevated CO2. Through “switching” on or 

off vegetation adaptation properties thought to occur at the yearly-decadal timeframe, we 

analyse the potential long and short-term vegetation responses to changes in atmospheric CO2 

(Ca). Three static Ca levels are forced (291, 377, and 420 ppm) through the VOM to assess ET 

at eight of the flux tower sites across Brazil representing different ecosystems that performed 

successfully in chapter 4. ET response was validated against observations for Ca = 377 ppm 

(Ca in 2004, the mean active year for observations). Results showed that the economics of 

vegetation carbon gain and water use led to results comparable to observed patterns and an 

overall reduction in ET at all sites considering both long and short-term adaptations (reductions 

from 0.7-6.0% over an increase of 77 ppm CO2). Water use efficiency (WUE) rose across all 

simulations generally increasing linearly with Ca. Long-term adaptation of vegetation tended 

to dampen the reduction of ET across sites except for one pasture site indicating the importance 

of modelling the adaptation of maximum rooting depth. Seasonal trends included decreased 

ET during wet periods and increased ET over dry periods. Furthermore, results underline the 

importance of incorporating long-term adaptation into hydrological modelling when assessing 

the impact of future climate changes in vegetation dominated catchments. 

6.2 Overarching remarks 

This thesis started by outlining the role of carbon-water dynamics and questioning what 

implications they might have on hydrological models. In Chapter 1 we discussed how the 

parameterisation of vegetation can be inadequate in traditional hydrological models, neglecting 
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important hydrosphere-biosphere interactions, especially the temporal dynamics of vegetation 

(Gerten et al., 2004). These temporal dynamics help capture hydrological effects resulting from 

variations in vegetation distribution and composition which are likely to arise in response to 

climate change (Gitay et al., 2001). Furthermore, we discussed how vegetation dynamics 

models consider these interactions, incorporating vegetation coverage, type, and rooting depth 

dynamically into them. However, increased understanding of biophysical processes increases 

complexity (Franklin et al., 2020) and many of these models need numerous parameters (Shen 

et al., 2013; Lei et al., 2014) decreasing in robustness, predictive power, and transparency 

(Prentice et al., 2015). 

To avoid this, we tested a vegetation optimality model, the theory of which is based on self-

organisation, natural selection, and entropy maximisation (Schymanski et al., 2009; Franklin 

et al., 2020). More directly, it is based on the maximisation of net carbon profit achieved 

through optimising water use traits such as stomatal conductance and root growth to minimise 

water used per carbon gained. We explored its robustness and predictive power by trying to 

recreate hydrological observations over multiple land uses and climates in Brazil. The model 

had never been tested in this region of the world before and its limitations were explored 

through extensive analysis of is ability to accurately model fluxes in evapotranspiration and 

soil moisture in Chapter 4. However, before testing the model, suitable forcing data had to be 

validated first. 

Data underlie our theories, our understanding and hence our models. To model long term 

adaptation properties and vegetation composition, extensive and complete meteorological 

datasets are needed to force them. Therefore, we first established which gridded datasets were 

the most accurate to our specific observation sites, outlining a clear methodology to deliver 

results that could provide insight to anyone attempting to choose forcing data across Brazil 

(Chapter 3). The results outlined the most suitable product for each meteorological variable at 
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both daily and monthly temporal scales whilst also detailing the contributions to error for each 

data product tested. We provided insight into the performance and robustness of each product 

spanning multiple climates and biomes over Brazil. To our knowledge this is the first 

comparison of recent high-resolution meteorological datasets using representative flux towers 

spanning multiple climates and ecosystems in Brazil. The results from our study provide 

important information when a lack of data or time can prevent site-specific validation or 

complete datasets are needed to force models. They highlight areas where data products could 

improve and, less specifically, can be tools in data selection and validation, quality assurance, 

uncertainty estimation, model validation, decision-making processes, and climate studies 

across Brazil and globally. 

We used our results from Chapter 3 to choose our forcing data to run our vegetation 

optimality model exploring its ability to recreate observed evapotranspiration across Brazil 

(Chapter 4). The model successfully reproduced observed patterns in evapotranspiration across 

Brazil and required very little parameter estimation significantly improving the objectiveness 

of the carbon-water flux estimates and decreasing human error. The method offers a prominent 

alternative to more parameter intensive and empirically based approaches, with emphasis on 

predicting possible consequences of environmental change. The ability to optimise and adapt 

root systems below ground with low computational demand combined with above-ground 

optimality, could make it an influential tool to simulate the impacts of long-term environmental 

change on water balance and vegetation (Nijzink & Schymanski, 2022; Zhu et al., 2023). 

Chapter 5 looked at exploring one avenue of environmental change. We adjusted the input 

atmospheric CO2 concentration to look at how potential adaptations of long and short-term 

vegetation responses affect hydrological processes (Chapter 5). We were able to study the 

direct impact of this isolated change and explain results through carbon-water mechanisms. We 

presented findings that suggested a “drying” across all sites under all scenarios and gave insight 
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into how modelling long-term adaptations might cause shifts in ecosystem seasonality. We 

highlighted differences in resilience to “drying” by comparing natural ecosystems to cultivated 

ones proposing that deeper roots systems from perennials play an important role in regulating 

water use in ecosystems. We present vegetation adaptation and water use efficiency changes 

as reasonable explanations of the results backed by successful model validation. Although only 

providing theoretical support for these scenarios, the findings underline the importance of 

including long-term optimisation in hydrological modelling under environmental change 

across multiple ecosystems over Brazil. 

Predicting water availability under constantly changing land uses and climates remains one 

of the most challenging yet essential scientific aims presently and for the future (Biswas and 

Tortajada, 2022; Daneshi et al., 2021; Mishra et al., 2021; Moumen et al., 2019). 

Computational power, data availability, human error and understanding processes all play a 

part in limiting our ability to do this. Understanding carbon-water mechanisms – that is, 

understanding the relationship and interactions between vegetation, soil, water, and climate – 

would enable us to predict the distribution of water across the globe and the consequences of 

land use change. It would become a powerful tool in areas such as water security and 

agricultural planning perhaps even into the future and under different climate scenarios. It 

would aid model development increasing the realistic representation of vegetation-water 

feedbacks without having to rely on calibration. While this thesis cannot fully reach these aims, 

through scrutinising our available resources and testing optimality modelling over new regions, 

it contributes to it and provides answers that will hopefully bring us a little closer to it. 

6.3 Directions for future research 

There are many research ideas that could build or expand on this thesis. We have focused on 

the extent to which a vegetation optimality model works across different climates and 
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ecosystems over Brazil at a single point scale. Furthermore, we were only able to assess sites 

where data was readily available. Analysing representative sites not considered in this study 

would further test the resilience and limitations of the model. For example, we have already 

shown that it struggles in flooded environments. Further to this the model itself has some 

limitations that could explored. No effect of fire or nutrient availability is considered, the 

former occurs either naturally or anthropogenically and has increased in size and regularity 

over Brazil in recent years (Andrade, 2019; Pivello et al., 2021), whilst the latter has been 

proven to constrain photosynthetic capacity in CO2 enrichment studies (Leakey et al., 2009). 

However, it is remarkable that a vegetation model, never used before in this part of the world, 

can simulate reasonable hydrological processes to match observations with minimal calibration 

over a wide range of climates and land use types. This provides an opportunity to speculate on 

the future capability of using a vegetation optimality model in Brazil or even globally. Here we 

focus on examples of how understanding carbon-water mechanisms might increase our 

knowledge across the wider field of hydrometeorology. 

An uncalibrated runoff model in ungauged catchments 

Catchment models are vital for understanding hydrological processes and water resources 

management, providing insight into how water is stored and moves through a watershed whilst 

responding to various topographic inputs. Currently, the VOM is one-dimensional and only 

describes ecohydrological processes vertically. The optimisation of biophysical processes 

described in the VOM could be integrated with a physically based hydrological or climate 

model to supply a more complete understanding of the interactions between water, vegetation, 

and climate. This could increase predictive power especially over vegetation dominated 

catchments with high evapotranspiration rates and complex root systems. Due to high 

information requirements, simplified empirical methods are often used to calculate potential 

and actual evapotranspiration in hydrological models (Zhao et al., 2013). These simplifications 
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cause greater uncertainty when attempting to model evapotranspiration under changing 

climates and environments. As the optimisation in the VOM is entirely independent of 

observed evapotranspiration it does not need calibration to predict it (although it does require 

an accurate description of soil and topographical properties). In this way it could increase the 

accuracy of the evapotranspiration component either integrated in models or it could be used 

to create a forcing dataset for models such as lumped rainfall runoff or water balance models 

that require estimates over data limited areas. Furthermore, optimisation naturally requires less 

parameterisation than other modelling techniques, decreasing the complexity of understanding 

parameter interactions and uncertainty.  

Alternatively, lateral flow could be incorporated to create a distributed model (Chen et al., 

2022) whereby VOM is run for each individual grid cell. However, this approach would be 

computationally intensive, and more validation studies would be needed if catchments spanned 

multiple land uses not yet validated. Upscaling based on representative areas within a 

catchment could be a less computationally expensive approach and it would be relatively 

simple to test reliability by comparing the discharge output against streamflow observations. 

Through assigning grid cells with soil properties, flow direction, and lag to each cell, optimality 

modelling could be a leap towards an uncalibrated runoff model increasing predictive power 

in ungauged basins. 

Increasing ecosystem functionality and resilience 

Throughout this thesis we investigated a combination of sites representing both natural and 

agricultural ecosystems. In Chapter 4 we were able to successfully model both natural 

ecosystems and nearby areas that had been cultivated for crop or pasture with similar soil 

properties and climatic stresses. Through calibrating the VOM for cultivated sites, as outlined, 

it is then possible to run the naturalisation of the ecosystem to assess the depletion of water in 
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deforested or cultivated areas. Similarly, the reverse could be done to assess water availability 

in potential restoration/reforestation projects. In Chapter 5 we showed potential differences in 

vegetation/ecosystem response to elevated CO2. Expanding on this, future water security could 

be assessed by forcing the model with potential climate change scenarios and comparing the 

hydrological differences between ecosystems, such as changes in the water balance 

components (Marhaento et al., 2018). Catchment response time gives invaluable insight into 

the prediction of floods and droughts and is critical for assessing the future of ecosystem 

functionality and resilience and hence water and food security to climate change. The role of 

vegetation optimality in increasing ecosystem functionality and resilience underlines the 

importance of its application in management and policy contexts. So far, its application is 

predominantly in experimental research, but it may be time to assess the potential for these 

models for informing land management decisions including land-use optimisation, 

conservation planning, and vegetation restoration. By evaluating the ecological and economic 

repercussions of different vegetation strategies we can gain beneficial insights for sustainable 

water resource and land management. 

Examining the influence of climate change through vegetation response 

In Chapter 5 we explored how the VOM responded to isolated changes in atmospheric CO2, 

touching on one aspect of climate change. In a similar fashion, the VOM could be used to 

explore the impacts of other isolated climatic variables such as changes in precipitation 

patterns, and temperature. Understanding how carbon-water mechanisms optimise under 

different environments and climates by adjusting just one climatic variable allows us to 

understand responses, such as increased water use efficiency under elevated CO2, which might 

be offset by other variables masking their impact in climate change studies. Furthermore, 

studying long and short-term responses to climatic variables could lead to a better 

understanding of how shifts in climate may influence ecosystem characteristics. In a study 
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focusing on Australian sites, Nijzink & Schymanski (2022) recently provided strong evidence 

that vegetation optimality may explain the distribution of catchments along the Budyko curve 

(an empirical equation for estimating mean annual runoff and evaporation from observed 

precipitation and net radiation, Budyko, 1974) suggesting that catchment characteristics may 

alter as vegetation adjusts to new climates over decades. This provides strong incentive to 

continue exploring climatic pressures on hydrological processes through vegetation optimality 

testing this theory across other climates, such as Brazil, as it could establish a new foundation 

for the prediction and evaluation of catchment responses to climatic shifts. 

What is the capacity of the model outside of the tropics? 

Although the theory behind the VOM is transferable the model was developed and tested in 

various ecosystems in Australia (including tropical rainforests). This thesis is the first 

comprehensive use of the model in (sub)tropical South America, and assessed its applicability 

to different ecological, geographical, and climatic conditions to those it was developed under. 

However, very little research has been done testing the VOM outside the tropics. 

Environmental conditions vary greatly over the globe including precipitation patterns, 

temperature, vegetation composition and soil types. By evaluating the VOM’s performance in 

diverse environments such as temperate regions with more extreme seasonal temperatures, we 

will be able to determine the extent to which it encapsulates fundamental ecological principles. 

Through integrating results from regions across the globe, we can enhance our understanding 

of carbon-water mechanisms driving hydrological processes. 

Recommendations for future VOM work 

Using VOM in this study has highlighted areas for potential improvement. The application 

of optimality theory in this study has revealed the sensitivity of vegetation adapting to soil 

water stresses. The current model does not acknowledge site specific hydrological conditions 
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and the water balance component allows free drainage leading to an underestimation of dry 

season water use. A more developed groundwater component with an understanding of aquifer 

types could lead to a more accurate representation of water use during periods of limited rainfall 

and increase drought resilience of the model. Furthermore, in some cases where the water table 

is relatively shallow, groundwater can potentially be a primary source of hydration for plant 

roots and understanding its dynamics and interactions with the root zone could improve the 

temporal and spatial variability of water accessibility to vegetation. 

It was found that the model was very sensitive to the carbon costs associated with water 

transport from the root system to the canopy. There is ambiguity surrounding the costs of 

deeper, more complex rooting systems which led to the tuning of the water transport cost factor 

(crv). The model would benefit from further research into the quantification of these costs and 

its relationship to environmental conditions. 

Another area the model might benefit from is the distinction between C3 and C4 pathways. 

The C4 photosynthetic pathway was not acknowledged in the model in return for greater 

generality. Despite positive results modelling C4 ecosystems in this study, it remains unclear 

if the model would still simulate coherent results under more extreme environmental or climatic 

stresses when modelling future climate scenarios. The model may therefore benefit from the 

incorporation of a C4 pathway which could be set as a parameter depending on the dominant 

vegetation type. However, with the addition of extra parameters the model would lose 

generality and transferability and potentially increase uncertainty when modelling ecosystems 

dominated by both C3 and C4 plants. 
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A. Appendix A: Supporting Information for 

Chapter 3 

 

  

A.1 An overview of errors and their contribution to the MSE 

Ranking systems notorious for oversimplifying complex information and causing a loss of 

information. They require subjective choices in defining the criteria which can introduce bias 

to the results. They can also be highly sensitive to small differences in data values and therefore 

may not reflect the significance or true difference between the datasets. Large quantities of data 

were analysed and compared before reaching the final ranks presented in Chapter 3 (Table 3.4). 

Errors were calculated for each meteorological variable when observation data for each Flux 

Tower sites were compared to each gridded dataset at both daily and monthly temporal scales. 

For purposes of transparency all errors are presented in this supporting information so that 

individual assumptions regarding the quality of the datasets may be drawn. 

All errors have been scaled to the RMSE to conserve units (including the MSE) and for 

comparability with results presented graphically. The MSE has been decomposed into parts as 

outlined in Chapter 3 for users to acquire a better understanding of the contributions to the 

error. The correlation, bias and variation contributions to the MSE and the MSE for errors at 

the daily scale are presented below (Table A.2, Table A.3, Table A.4,  Table A.5, respectively) 

and are associated with Figure 3.2 (Chapter 3), whilst the tables following this (Table A.6, 

Table A.7, Table A.8, and Table A.9) are associated with errors at the monthly scale and Figure 
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3.3 (Chapter 3). Only the total MSE values given in Table A.5 and Table A.9 were used in the 

ranking system to find the best performing dataset. 

A.2 Seasonality in errors 

Seasonality in errors were assessed to gain a deeper understanding of errors between 

observations and the gridded products. This was achieved by looking at the average monthly 

contributions to errors to see if patterns occurred in line with fluctuations in seasonal patterns. 

Due to the quantity of data being analysed we focused on overarching trends across all sites, 

and datasets for each variable to explain the causes of error. Less time was spent looking at 

errors at individual sites. Trends in seasonal errors are easier to spot through graphical 

representation and useful information can be captured when presenting the MSE decomposed. 

For example, an increase in bias can be seen during the dry season at the Amazon sites (K34, 

K67, K77, RJA and FNS) when comparing observed specific humidity to GLDAS2.1 (Figure 

A.4d). Other important inferences may be made from the decomposition, for example, seasonal 

error may not appear apparent when analysing the MSE alone but shifts in the dominant 

contribution can change as we see for site VCP when looking at air temperature (Figure A.2). 

Despite maintaining a constant annual MSE the dominant contribution changes from bias in 

the wet summer to correlation in the dry winter. For these reasons the below graphs have been 

added as supporting information detailing comparisons between observations and gridded 

datasets for variables with the strongest seasonal signatures (precipitation, temperature, solar 

radiation, and specific humidity) not presented in Chapter 3.  

A.3 Gridded meteorological forcing data availability 

URLs to download the gridded meteorological forcing datasets used in Chapter 3 can be 

found in Table A.1. 
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A.3.1 Seasonal errors in precipitation (mm) 

a) 

 

 

 

 

 

 

 

 

b) 
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c) 

 

 

 

 

 

 

 

 

 

d) 

  

Figure A.1 Partial contributions to the MSE averaged by month over all operational observation years for precipitation 
across all sites for gridded datasets a) BNMD, b) ERA5-Land, c) GLDAS2.0, and d) GLDAS2.1. Sites are in descending order 
from distance from equator. 
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A.3.2 Seasonal errors in Air Temperature (°C) 

a) 

 

 

 

 

 

 

 

 

 

b) 
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c) 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A.2 Partial contributions to the MSE averaged by month over all operational observation years for Air Temperature 
across all sites for gridded datasets a) BNMD, b) GLDAS2.0, and c) GLDAS2.1.  Sites are in descending order from distance 
from equator. 
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A.3.3 Seasonal errors in Incoming Solar Radiation (W m-2) 

a) 

 

 

 

 

 

 

 

 

 

b) 
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c) 

 

 

 

 

 

 

 

 

 

d) 

  

Figure A.3 Partial contributions to the MSE averaged by month over all operational observation years for precipitation 
across all sites for gridded datasets a) BNMD, b) ERA5-Land, c) GLDAS2.0, and d) GLDAS2.1. Sites are in descending order 
from distance from equator. 
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A.3.4 Seasonal errors in specific humidity (kg kg-1) 

a) 

 

 

 

 

 

 

 

 

b)  
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c) 

 

 

 

 

 

 

 

 

 

d) 

  

Figure A.4 Partial contributions to the MSE averaged by month over all operational observation years for specific humidity 
across all sites for gridded datasets a) BNMD, b) ERA5-Land, c) GLDAS2.0, and d) GLDAS2.1. Sites are in descending order 
from distance from equator. 
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B. Appendix B: Supporting Information for 

Chapter 4 

 

B.1 Energy balance closure at RJA and FNS 

In Chapter 4 we argued that the reason for a large bias between simulated and observed ET 

at sites K34, RJA and FNS was due to a lack of closing the energy balance causing an 

underprediction in observations. Through personal contact with von Randow, we acquired 

closed energy balance data for FNS and RJA, which involved using latent heat flux as a residue 

of the energy balance or the Bowen ration to adjust sensible heat flux and latent heat flux to 

close the balance. Due to incomplete data, adjusted values were intermittent, and a complete 

dataset could not be compiled after performing closure adjustments. As such, it was only 

possible to assess the average diurnal cycle which we split into wet and dry seasons.  

 

Figure B.1 Average diurnal cycles comparing evaporation after applying the energy balance closure to 
latent heat flux and unaltered measured latent heat flux at site FNS. 
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Both FNS (Figure B.1) and RJA (Figure B.2) show a large increase in evaporation after 

closing the energy balance explaining the bias between observed and simulated at each site. 

Furthermore, the seasonality of evaporation is reversed at site FNS after applying the closure 

again supporting modelled results. 

B.2 Parameter values for the Vegetation Optimality Model 

A list of the parameters set for each site to achieve the results presented in Chapter 4 are 

presented in Table B.1.   

B.3 Data and model code availability 

URL links to the data sources used in Chapter 4 and the Vegetation Optimality Model can 

be found in Table B.2. 

 

  

Figure B.2 Average diurnal cycles comparing evaporation after applying the energy balance 
closure to latent heat flux and unaltered measured latent heat flux at site RJA. 
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C. Appendix C: Supporting Information for 

Chapter 5 

 

C.1 Results for sites excluded sites 

In Chapter 5, the seasonally flooded dry forest site, BAN and the Eucalyptus site, VCP were 

excluded from analysis as the VOM was not able to capture the correct hydrological processes. 

Model predictions failed because of the model’s inability to account for seasonal flooding or 

the high ET rates of Eucalyptus trees. However, the VOM can still provide useful information 

and insights into trends in ET for ecosystems with similar climatic characteristics. For this 

reason, simulations were run on these sites to evaluate how seasonality might change in 

response to eCO2. The results are presented below (Figure C.1, Figure C.2, Table C.1). 

  

a) b) 

Figure C.1 Simulated mean annual ET rates for varying Ca at excluded sites BAN and VCP. ’Long-term’ (blue) refers to 
simulations where all vegetation properties were optimised for each Ca. ‘Short-term’ (red) refers to simulations where ‘long-
term’ optimised parameters for Ca = 339 ppm were kept for Ca = 377 and 416 ppm simulations. The black dashed line is ET at Ca 
= 339 ppm simulations for reference. 
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a) 

b) 

Figure C.2 Simulated mean monthly ET rates for varying Ca at excluded sites a) BAN and b) VCP. ‘Long-term’ (right) refers to 
simulations where all vegetation properties were optimised for each Ca. ‘Short-term’ (left) refers to simulations where ‘long-
term’ optimised parameters for Ca = 339 ppm were kept for Ca = 377 and 416 ppm simulations. Grey bars represent 
precipitation for reference between water limiting and energy limiting periods. 
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