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Abstract 
According to several climate change projections, precipitation in the Netherlands shifts 
from summer to winter and potential evaporation (here defined as the sum of potential 
plant transpiration, soil evaporation, and evaporation from canopy interception) in 
summer increases. These changes lead to more frequent and more intense dry spells. How 
these meteorological changes affect the water balance of nature areas on elevated sandy 
soils is unknown, because of a lack of fundamental knowledge about the actual 
evaporation rate in the various land covers, especially in early successional stages (often 
protected habitats, e.g. habitat type 2130 Grey dunes of the European Habitat Directive). 
This thesis provides quantitative insights into the evaporation rate of dry dune vegetation 
in early successional stages (bare soil, moss, dry grass and heather). These insights may aid 
sustainable management of important groundwater resources and allows quantification of 
the benefit of nature conservation in terms of groundwater recharge.  

Commonly, it is assumed that more vegetation (i.e. more biomass) will lead to more 
evaporation. This rule of thumb does not hold for mosses. With laboratory experiments, 
lysimeter measurements and modelling, we discovered that certain moss and lichen 
species evaporate less than bare dune soil. Mosses are fundamentally different from 
vascular plants because they do not have leaf stomata and most mosses do not have an 
active water transport mechanism. The maximal effects of mosses on evaporation in the 
Netherlands, quantified in this thesis, were +62 mm/y to −91 mm/y compared to the 
same dune soil without moss. With an annual precipitation of 820 mm/y, such 
evaporation differences are approximately equal to +10% and −15% of the annual 
groundwater recharge of bare dune soil. It is therefore important to represent mosses in 
hydrological models of dry dune areas.  

We performed measurements of energy and water fluxes to quantify the energy 
balance of bare sand, moss, dry grass and heather and to parameterize models to simulate 
these fluxes. The net longwave radiation was larger or about equal to the latent heat flux 
and was poorly represented by the widely applied FAO-56 approach to simulate net 
longwave radiation. We therefore developed a model to describe the diurnal pattern in 
surface temperature, which improved net longwave radiation simulations considerably. 
During our measurement campaign in 2013, a dry spell with a return period of 5 years 
occurred at the end of July, which allowed us to assess the effect of this dry spell on 
potential and actual evaporation of dry grass and heather. Directly after the dry spell, parts 
of the vegetation desiccated and died off, leading to a drop in both potential (-37 mm and 
-61 mm, respectively) and actual evaporation (-29 mm and -29 mm, respectively) during 
the remainder of the year. Without accounting for feedbacks of dry spells on evaporation, 
our models would overestimate evaporation.  

Based on field measurements and modelling, we simulated how succession of soil 
and vegetation in grey dunes affect evaporation. Starting with bare sand, after 52 to 76 
years of soil and vegetation succession, the observed change in soil properties and 
vegetation cover led to an increase of 94 mm/y in modeled actual evaporation. The 



 

 

Abstract vii 

increase in actual evaporation was predominantly caused by soil development (an increase 
of the water holding capacity) and to a lesser extent by an increase in vascular plants. Our 
simulations show that biotic processes (soil and vegetation succession) in the soil water, 
plant, atmosphere system are of great importance for groundwater recharge. Therefore, 
projections of groundwater recharge under climate change scenarios require a dynamic 
ecosystem model, which includes the coupled interactions between climate, soil, 
hydrology and vegetation. Because of feedback mechanisms, such a model may yield 
counterintuitive results. For example, for sandy equator facing dune slopes, we found that 
more energy for evaporation and more rain did not lead to an increase in actual 
evaporation because of the development of a vegetation more dominated by non-rooting 
species (mosses en lichens) and a soil with a poorer water holding capacity. 

Additionally to above insights, we developed a lysimeter to measure actual 
evaporation. Next, we tested a measurement system with which it is possible to spatially 
extrapolate lysimeter measurements with thermal images. By comparing the energy 
balance and the remotely sensed surface temperature of lysimeters with those of the 
undisturbed surroundings, we were able to assess the representativeness of lysimeter 
measurements and to quantify differences in evaporation caused by spatial variations in 
soil moisture content. To our knowledge, this is the only system that allows measuring 
evaporation from a large undisturbed area (e.g. 100 m × 100 m) in such a direct way. This 
measurement method could be adapted to the required spatial scale and may bridge the 
gap between point measurements and field scale estimates of evaporation (e.g. based on 
satellite images or eddy correlation systems).   
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Nederlandse samenvatting  
Volgens verschillende klimaatprojecties verschuift een deel van de neerslag in Nederland 
van de zomerperiode naar de winterperiode en neemt de potentiële verdamping 
(gedefinieerd als de som van potentiële transpiratie, bodemverdamping en 
interceptieverdamping) in de zomer toe, wat betekent dat droge periodes vaker 
voorkomen en extremer worden. Wat de effecten van deze meteorologische 
veranderingen zijn op de waterhuishouding van natuurgebieden op hoge zandgronden is 
onbekend vanwege het gebrek aan fundamentele kennis over de werkelijke verdamping 
van de verschillende begroeiingstypen, vooral in vroege successiestadia (vaak beschermde 
habitats, bijvoorbeeld Habitattype 2130 Grijze duinen van de Europese Habitatrichtlijn). 
Dit proefschrift biedt kwantitatieve inzichten in het verdampingsgedrag van droge 
duinvegetatie in vroege successiestadia (kaal zand, mos, gras en heide). Deze inzichten 
helpen bij duurzaam grondwaterbeheer en maken het mogelijk om de baten van 
natuurbescherming in termen van grondwateraanvulling te bepalen. 

Op basis van laboratoriumexperimenten, lysimetermetingen en modelsimulaties 
bleek dat bepaalde mossen en korstmossen minder verdampen dan een kale duinbodem. 
Dat is opmerkelijk, omdat algemeen wordt verondersteld dat meer vegetatie (d.w.z. meer 
biomassa) zal leiden tot meer verdamping. Deze vuistregel geldt dus niet voor mossen. 
Mossen verschillen fundamenteel van vasculaire planten omdat mossen geen 
huidmondjes en meestal geen actief watertransportmechanisme hebben. Bepaalde mossen 
schijnen slechtere waterretentie-eigenschappen te hebben dan kale grond. De effecten van 
mossen op verdamping in Nederland, gekwantificeerd in dit proefschrift, waren maximaal 
+62 mm/j tot −91 mm/j in vergelijking met dezelfde duinbodem zonder mos. Met een 
jaarlijkse neerslag van 820 mm/j zijn dergelijke verdampingsverschillen ongeveer gelijk 
aan +10% en −15% van de jaarlijkse grondwateraanvulling van een kale duinduinbodem. 
Het is daarom belangrijk effecten van mossen op de verdamping te simuleren in 
hydrologische modellen waarin droge duinen voorkomen. 

Op basis van veldmetingen hebben we de energie- en waterbalans opgesteld voor 
kaal zand, mos, gras en heide en modellen geparametriseerd om verdamping en 
energiefluxen te simuleren. De netto langgolvige straling was groter dan of vergelijkbaar 
met de latente warmteflux en werd slecht beschreven door de veel gebruikte FAO-56 
benadering om langgolvige straling te simuleren. We hebben een model ontwikkeld om 
het dagelijks verloop van de oppervlaktetemperatuur te beschrijven, wat de simulaties van 
langgolvige straling aanzienlijk verbeterde. Tijdens onze meetcampagne vond eind juli in 
2013 een droge periode plaats (met een herhalingstijd van 5 jaar). Van deze periode 
hebben we berekend wat het effect op de potentiële en werkelijke verdamping van gras en 
heide is geweest. Direct na de droge periode stierf een deel van de gras- en 
heidebegroeiing af waardoor tijdens de rest van het jaar zowel de potentiële verdamping 
daalde (met respectievelijk -37 mm en -61 mm) als de werkelijke verdamping 
(respectievelijk -29 mm en -29 mm). Zonder rekening te houden met de terugkoppelingen 
van droge perioden op verdamping, overschatten onze modellen dus de verdamping. 
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Op basis van veldmetingen en modelsimulaties hebben we berekend wat het effect is 
van bodem- en vegetatiesuccessie in grijze duinen op de verdamping. Startend met kaal 
zand, leidde 52 tot 76 jaar van successie, met waargenomen verandering in 
bodemeigenschappen en vegetatiebedekking, tot een toename van 94 mm/j in werkelijke 
verdamping. De toename van de werkelijke verdamping werd grotendeels veroorzaakt 
door bodemontwikkeling (een toename van de waterretentie) en in mindere mate door 
een toename van vaatplanten. Onze simulaties laten zien dat bodem- en vegetatiesuccessie 
van groot belang zijn voor de grondwateraanvulling. Projecties van grondwateraanvulling 
onder klimaatscenario's vereisen daarom een dynamisch vegetatie- en 
bodemontwikkelingsmodel om de gekoppelde interacties tussen klimaat, bodem, 
hydrologie en vegetatie te simuleren. Als we rekening houden met dit soort processen in 
klimaatprojecties, kan dit leiden tot contra-intuïtieve resultaten, zoals we hebben 
waargenomen voor duinhellingen met verschillende hellingshoek en oriëntatie: meer 
inkomende energie en neerslag leidt niet noodzakelijkerwijs tot een toename van de 
werkelijke verdamping, omdat dit soort extreme milieus minder vaatplanten herbergen en 
bodems hebben met een lager vochtleverend vermogen. 

Naast bovenstaande inzichten hebben we een lysimeter ontwikkeld om de werkelijke 
verdamping te meten. We hebben vervolgens een meetsysteem getest waarmee 
lysimetermetingen met behulp van thermische beelden ruimtelijk worden geëxtrapoleerd. 
Door de energiebalans en de oppervlaktetemperatuur van lysimeters te vergelijken met die 
van de ongestoorde omgeving, konden we de representativiteit van lysimetermetingen 
beoordelen en verschillen in verdamping kwantificeren als gevolg van ruimtelijke variaties 
in het bodemvochtgehalte. Voor zover wij weten, is dit het enige systeem waarmee de 
verdamping van een groot onverstoord afgebakend gebied (bijvoorbeeld 100 m × 100 m) 
op een dergelijke directe manier kan worden bepaald. Deze meetmethode kan worden 
aangepast aan de vereiste ruimtelijke schaal en kan de kloof overbruggen tussen 
puntmetingen en schattingen van de verdamping op veldschaal (bijvoorbeeld op basis van 
satellietbeelden of eddycorrelatiesystemen). 
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Introduction 1 

Setting the scene 
In this thesis we will present quantitative insights into the evaporation rate of dry dune 
vegetation in early successional stages in the Netherlands (bare soil, moss, dry grass and 
heather). These insights will aid in the sustainable management of import groundwater 
resources.  

Providing the water requirements of nature, agriculture, industry and drinking water 
production in the Netherlands is under pressure due to increasing water demands, 
urbanization, and climate change. Under a warming climate the water quality of large 
rivers might degrade (Delpla et al., 2009), especially during dry periods with low river 
discharge (van Vliet and Zwolsman, 2008; Zwolsman and van Bokhoven, 2007). 
Moreover, according to several climate change projections, in the coming decades 
precipitation shifts from summer to winter and potential evaporation (here defined as the 
sum of plant transpiration, soil evaporation, and evaporation from canopy interception) 
increases in summer, meaning that dry spells will occur more frequently and intensively 
(KNMI, 2014). Dutch authorities are particularly concerned about the availability of water 
for agriculture and nature in the elevated sandy southern and eastern regions of the 
Netherlands. The sandy soils in these regions have a poor water holding capacity, which 
renders them more vulnerable to dry spells. Therefore, various programs were initiated, 
such as Deltaplan Hoge Zandgronden (www.deltaplanhogezandgronden.nl), Landbouw op peil 
(www.landbouwoppeil.nl) and CARE (Climate Adaptation for Rural arEas; van den Brink 
et al. (2012)) to prepare rural areas for upcoming changes in water availability.  

To ensure sufficient and high quality water at acceptable costs, it is likely that the 
dependency on groundwater in the Netherlands needs to increase. This implies that, for 
example, drinking water companies need to search for new water production sites, or 
intensify current groundwater extractions. More numerous or intensive groundwater 
extraction will lead to lower discharge in streams and canals, to drawdown of the 
groundwater head, and to less upwelling of groundwater in seepage dependent 
ecosystems. These hydrological changes may have detrimental effects on land-use 
functions, particularly on agriculture and nature. For sustainable use of groundwater 
resources, groundwater extractions together with the amount of precipitation that 
percolates to the saturated zone, i.e. the natural groundwater recharge, should be balanced 
with the water requirements of these land-use functions.  

More than half the amount of precipitation water reaching the earth surface does not 
lead to groundwater recharge as it turns into evaporation. This rule of thumb holds for 
elevated sandy soils of the Netherlands, as well as all the continents of the world (Gleick, 
1993; Zhang et al., 2016). Because evaporation is a large component of the water balance, 
small errors in evaporation represent rather large volumes of water. An error of for 
example 20% in the estimated evaporation rate of the Veluwe (an elevated sandy region in 
the Netherlands of 1250 km2) is approximately equal to the total amount of drinking 
water extractions of this area (Figure 1.1), i.e. 0.8-1.0 109 m3/year, which is equivalent to  
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Figure 1.1. Annual loss terms of the water balance of the Veluwe (1250 km2), which has an average 
precipitation of 830 mm/y. After: Driessen (2007) and Gehrels (1999). 

the annual water use of about 2 million people. Therefore, accurate estimates of 
evaporation are required for understanding and managing water resources systems.  

The water loss by evaporation can be influenced by management, through changes 
in vegetation type and distribution. In the past century a large change in vegetation cover 
on elevated sandy soils occurred due to afforestation with scots pine and natural 
succession, stimulated by increased atmospheric N-deposition and budget-cuts on 
vegetation management. Most drift sand ecosystems disappeared and heather vegetation 
was converted into conifer and broadleaved forest. If current succession rates continue, 
drift sand landscapes in the Netherlands will have completely disappeared in 2050 – 2077 
Nijssen et al. (2011). This will reduce water availability considerably, since evaporation in 
drift sand landscapes is 60% to 70% smaller than evaporation in forests (Stuyfzand, 
1993).  

To cope with future droughts and optimize the water availability for nature, 
agriculture, industry and drinking water, we could decide to undo past changes in nature 
areas and actively reduce evaporation by vegetation management (also referred to as 
“ecological rainwater harvesting” or “rainwater harvesting”). A well know strategy for 
improving water availability in elevated sandy soils is the conversion of pine forest into 
broadleaf forest. The major difference between the two types of forest is in the 
interception evaporation, which is negligible for broadleaf forest during winter, while 
there is still interception evaporation in the evergreen pine forest. The profit of this 
conversion was quantified in multiple studies. Between 1941 and 2001, four large scale 
(25 × 25 m) freely draining lysimeters were operational in the coastal dunes of Castricum, 
the Netherlands. Two of them were covered with oaks and black pines. The in total 59 
years of data from a wealth of information about long-term yearly evaporation numbers 
of both forest types (Dolman, 1988; Laat and Varoonchotikul, 1996; Stuyfzand, 1993; 
Tollenaar and Ryckborst, 1975; Wind, 1960). Additional measurements in forest were 
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performed in the nineties (Dolman et al., 1998; Dolman and Moors, 1994; Dolman et al., 
2000) and multiple dissertations have been written about evaporation in forest, partly 
focusing on Dutch situations (Dolman, 1987; Moors, 2012). Contrary to forests, 
evaporation characteristics of dry dune vegetation in early successional stages 
(combinations of bare soil, moss, dry grass and heather) are hardly known. We therefore 
lack an accurate overview of the different evaporation numbers in dry dune ecosystems, 
which are essential for anticipating adverse effects of climate change.  

Vegetation management is not only beneficial for nature conservation, it also affects 
the water balance via vegetation related differences in groundwater recharge rates. Thus, 
cost benefit analysis of vegetation management should not only include biodiversity, but 
the impact on groundwater related land-use functions as well. For example, the cost of 
increasing artificial groundwater recharge by infiltration of river water into coastal dunes 
can be compared to increasing natural groundwater recharge by promoting vegetation 
with a low evaporation rate. Such a framework requires accurate estimates of evaporation 
and an assessment of long-term effects of vegetation management on the water balance.  

Nature managers, provinces, water boards and drinking water companies need to 
decide how to deal with nature and water management in the context of climate change. 
Is it enough to set a “status quo”, i.e. to conserve the current distribution of vegetation 
types, or do we actively need to transform forest into e.g. drift sand landscapes to meet 
future demands for groundwater? Or does the system search for an equilibrium on itself 
and does climate change cause vegetation diebacks, a lower biomass and thus a reduced 
evaporation rate? These questions remain unanswered because we lack fundamental 
knowledge about the evaporation characteristics of the different vegetation types, 
especially those of early successional stages. There is thus a need to better understand and 
quantify the evaporation rate of dry dune vegetation in early successional stages to be able 
to assess the effects of vegetation management and climate change on water resources. 

Vegetation dynamics in coastal and inland dunes 
Studies on vegetation dynamics in coastal and inland sand dunes have primarily focused 
on nutrient availability and soil formation (Berendse, 1998; van Oene et al., 1999). 
Although sand dune systems are nutrient poor habitants, another vital resource for plants 
may limit growth: soil moisture. Witte et al. (2008) hypothesized that in coastal dunes, an 
increase of dry spells could lead to a dieback of vascular plants on dune slopes, more bare 
soil and more xerophilous species (e.g. mosses and lichens). Such shifts in vegetation 
composition could mitigate the adverse effects of climate change on groundwater 
recharge rates, since generally the actual evaporation rate becomes lower with decreasing 
biomass. So less biomass could conserve groundwater recharge, despite an increase in 
potential evaporation.  

Relationships between microclimate and patterns in vegetation composition have 
been extensively studied on sites differing in topography, e.g. on polar and equator facing 
slopes (Bartholomeus et al., 2011; de Jong and Klinkhamer, 1988; Marshall, 1968; 
Stoutjesdijk, 1959; Stoutjesdijk, 1977; Stoutjesdijk and Barkman, 1992; Ten Harkel, 1992). 
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In general, the vascular plant cover is smaller and the succession speed is slower on 
equator facing slopes, which are relatively dry. The timescale at which vegetation 
responds to meteorological conditions seems to be relatively short. Ten Harkel (1992) 
recorded a highly dynamic seasonal vegetation cover for both mosses and vascular plants 
on a sparsely vegetated equator facing dune slope in a coastal dune area “Meijendel” near 
The Hague. The vegetation cover peaked during the winter period and decreased during 
summer. Frost after a moist period resulted in a dieback of mosses and lichens and most 
vascular plants died during a dry period in May. The observed highly dynamic seasonal 
vegetation cover of dune vegetation as a response to changing weather conditions is 
consistent with the current perspective of Jongejans et al. (2010), who showed that plant 
populations track within year variation in weather conditions rather than buffer climate 
fluctuations. Increased climate variability is therefore expected to increase population 
fluctuations. 

Changes in vegetation composition affect evaporation and groundwater recharge. 
Despite many descriptive studies on vegetation cover and species composition in relation 
to habitat conditions, there is still a lack of quantitative knowledge to assess the effect of 
vegetation dynamics in early successional stages of dry dune ecosystems on evaporation 
and groundwater recharge, or to integrate vegetation dynamics in soil-vegetation-
atmosphere transfer (SVAT) models. There is thus a need for fundamental knowledge 
about energy and water fluxes in dry dune vegetation.  

Evaporation in dry dune ecosystems: the importance of 
mosses 
Mosses and lichens are often present in early successional stages in dry dune ecosystems. 
Mosses are one of the first organisms that colonize bare soil and reduce wind erosion in 
such ecosystems. In later successional stages, mosses often remain abundant in between 
or below vascular plants (e.g. heather). Water transport mechanisms of mosses are 
fundamentally different from those of vascular plants, since mosses do not have leaf 
stomata and most mosses do not have roots. The water uptake into cell tissue goes 
directly through the cell wall, which means that mosses can use dew or interception water 
for their photosynthesis. External water is retained between shoots and leaves by capillary 
forces. When the evaporative demand is high external water quickly evaporates and 
mosses become in a desiccated state. During this dry period one of the most remarkable 
features of mosses becomes apparent: their ability to dry up without dying. Some mosses 
are tolerant of water contents below 10% of their dry weight and quickly revive on 
rehydration. A typical moss cell is either fully turgid or desiccated, with relatively brief 
transitions in between (Proctor et al., 2007). Because mosses and lichens are desiccation 
tolerant (Jia et al., 2012; Proctor et al., 2007), their role in a drier climate may become 
more prominent.  

Water use mechanisms of mosses and their ability to fully desiccate during drought 
enables mosses to occupy certain niches in ecological systems. Their ability to take up 
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water through their plant tissue implies that mosses are able to use dew or interception 
water that would never become available for vascular plants. Several studies demonstrated 
that mosses and lichens play an important role in the water balance, as they may 
contribute significantly to the total amount of evaporation (Beringer et al., 2001; Bond-
Lamberty et al., 2010; Heijmans et al., 2004; Moul and Buell, 1955; Suzuki et al., 2007). 
These studies were mainly focused on boreal forest understory and arctic moss species. 
Hydraulic properties and evaporation numbers of xerophilous species in temperate zones 
are hardly known. Because mosses are abundantly present in dry dune ecosystems, 
knowledge about the effects of mosses on the water balance is crucial to understand the 
hydrology of dune soils and to understand the role of mosses in the ecosystem.  

Challenges of measuring evaporation in dry dune ecosystems 
One reason for the lack of fundamental knowledge about evaporation in dry dune 
ecosystems is the complex and costly nature of evaporation measurements. A popular 
measurement system is an eddy correlation tower that derives estimates of evaporation by 
calculating vertical turbulent fluxes of water vapor within the atmospheric boundary layer. 
Such a system requires a flat terrain. Furthermore, to measure evaporation for a single 
vegetation type, a homogeneous vegetation cover at a relatively large scale is required. 
Such areas are scarce in dry dune ecosystems, which hampers the use of these systems in 
dune ecosystems.  

Lysimeters are an attractive alternative. However, lysimeters are costly and require 
substantial experimental care. Precision weighing lysimeters generate data of evaporation 
at a high precision in the order of 0.01 to 0.05 mm and are regarded as the most accurate 
measurement technique. However, equipment malfunctioning or improper environmental 
conditions can lead to measurement errors of 40% to 100% (Allen et al., 2011; Allen et 
al., 1991; Howell, 2004). One of the main challenges in lysimeter systems is to keep the 
moisture content inside the lysimeter equal to its surroundings. This requires e.g. a 
sophisticated drainage system with a pressure plate and vacuum pump to imitate drainage 
and capillary rise of the surroundings and a system to prevent wall flow (Cameron et al., 
1992; Corwin, 2000; Saffigna et al., 1977; Till and McCabe, 1976). If lysimeter 
measurement errors remain undetected, these errors will propagate into models to 
estimate evaporation, e.g. by calibrating crop factors. In general, the representativeness of 
lysimeter measurements for field scale evaporation will increase with increasing surface 
area and depth of the lysimeter because with increasing dimensions, the lysimeter is less 
affected by its boundaries, and by heterogeneities in soil hydraulic properties and 
microclimate (Allen et al., 1991). However, since such systems are expensive (in the order 
of 50k€ to 100k€), the application of weighing lysimeters in dry dune ecosystems has been 
limited. To progress evaporation research in dry dune ecosystems, there is a need for a 
cost-effective measurement system that provides accurate evaporation numbers for areas 
of several square meters. 
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Aims and outline 
The general aim of this thesis is to provide quantitative insights into the evaporation rate 
of dry dune vegetation in early successional stages (bare soil, moss, dry grass and heather). 
These insights will aid in the sustainable management of important groundwater resources 
and will allow quantifying the benefit of nature conservation in terms of groundwater 
recharge. Great uncertainty about the functional role of mosses, and their abundance in 
early successional stages in coastal and inland dune ecosystems, commits us to go in detail 
about the effects of mosses on the soil water balance in this thesis. More specifically, this 
thesis presents: 
 

o Hydraulic properties of different mosses and their effect on the water balance of 
dune soils.  

o Numbers of energy and water fluxes in dry dune vegetation based on 
measurements and hydro-meteorological models, including an assessment of the 
effect of a dry spell on evaporation characteristics.  

o How evaporation of dry dune vegetation evolves during the concerted succession 
of soil and vegetation. 

o A measurement system to derive evaporation numbers from large undisturbed 
areas by extrapolating small scale lysimeter measurements with the aid of thermal 
imaging. 

 
Above subjects are addressed in the subsequent chapters of this thesis. Chapter 2 presents 
the unsaturated hydraulic properties of xerophilous mosses. Laboratory experiments were 
used to derive the drying retention function of four moss species and one lichen species. 
By inverse modelling of an evaporation experiment we derived the unsaturated hydraulic 
conductivity function of the mosses and lichen. This chapter illustrates that hydraulic 
properties of mosses diverge from those of mineral soils, especially the hydraulic 
conductivity, and show that mosses may play an important role in the water balance of 
dune ecosystems.   

Chapter 3 presents lysimeter measurements of evaporation and measurements of the 
energy balance in a dune ecosystem. These measurements were used to parameterize a 
hydro-meteorological model for bare soil, moss, dry grassland and heather. In this chapter 
we present a novel model to simulate the diurnal pattern in longwave radiation, assessed 
the feedback of a dry spell on the surface resistance of grass and heather, and quantified 
the effect of different moss species on evaporation. 

In Chapter 4, we quantified the effects of soil and vegetation succession on 
evaporation in grey dunes in the Netherlands. Based on vegetation records, and 
measurements of soil hydraulic properties, we quantified the effect of soil and vegetation 
succession on evaporation, using the parameters presented in chapter 2 and 3. 

In Chapter 5, we present a measurement system to spatially extrapolate small scale 
lysimeter measurements (50 cm in diameter) using thermal imaging. The technology and 
method presented in this chapter could be adjusted to measure evaporation at the same 
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spatial scale as remote sensing models and hydrological models. This measurement system 
may bridge the gap between point measurements and field scale estimates of evaporation 
(e.g. based on satellite images or eddy correlation systems).  

A synthesis of the research presented in this thesis is given in chapter 6, focusing on 
the implications and applications for water balance studies and perspectives for further 
research.   
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Abstract 
Evaporation from mosses and lichens can form a major component of the water balance, 
especially in ecosystems where mosses and lichens often grow abundantly, such as tundra, 
deserts and bogs. To facilitate moss representation in hydrological models, we 
parameterized the unsaturated hydraulic properties of mosses and lichens such that the 
capillary water flow through moss and lichen material during evaporation could be 
assessed. We derived the Mualem-van Genuchten parameters of the drying retention and 
the hydraulic conductivity functions of four xerophilous moss species and one lichen 
species. The shape parameters of the retention functions (2.17<n<2.35 and 0.08<α<0.13 
cm-1) ranged between values that are typical for sandy loam and loamy sand. The shapes 
of the hydraulic conductivity functions of moss and lichen species diverged from those of 
mineral soils, due to strongly negative pore connectivity parameters (-2.840<l<-2.175) 
and low  hydraulic conductivities at slightly negative pressure heads (0.016<K0<0.280 
cm/d). These K0 values are surprisingly low, considering that mosses are very porous. 
However, during evaporation, large pores and voids were air filled and did not participate 
in capillary water flow. Small K0 values cause mosses and lichens to be conservative with 
water during wet conditions, thus tempering evaporation compared to mineral soils. On 
the other hand, under dry conditions, mosses and lichens are able to maintain a moisture 
supply from the soil, leading to a higher evaporation rate than mineral soils. Hence, the 
modulating effect of mosses on evaporation possibly differs between wet and dry 
climates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is a slightly modified version of the published manuscript: 

Voortman, B.R., R.P. Bartholomeus, P.M. van Bodegom, H.Gooren, S.E.A.T.M. van der Zee, and J.P.M. 
Witte (2014) Unsaturated hydraulic properties of xerophilous mosses: towards implementation of moss 
covered soils in hydrological models, Hydrological Processes, 28(26), 6251-6264. 
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2.1 Introduction 
Mosses (bryophytes) and lichens can strongly affect the water and energy balances  in 
habitats such as arctic tundra, boreal forests, bogs, coastal dunes and deserts (Beringer et 
al., 2001; Bond-Lamberty et al., 2010; Douma et al., 2007; Heijmans et al., 2004; Moul and 
Buell, 1955; Suzuki et al., 2007). These habitats are susceptible to changing climatic 
conditions. High northern latitudes may become warmer (ACIA, 2004), potentially 
stimulating growth of vascular plants, at the expense of mosses and lichens (Walker et al., 
2006), while more southern latitudes may become dryer (Bates et al., 2008), potentially 
resulting in a more open canopy structure beneficial to mosses and lichens (Witte et al., 
2012). These envisioned changes in moss and lichen cover will likely feedback on both 
the water and surface energy balances, and are therefore important for climate and 
groundwater modeling. However, unlike vascular plants, particularly xerophilous mosses 
and lichens are poorly represented in hydrological models and their effect on the soil 
water balance is hardly known. 

To understand the effect of mosses on the soil water balance, only few studies 
compared the evaporation rate of bare soils to the evaporation rate of moss covered soils 
(Blok et al., 2011; Kidron and Tal, 2012). These studies report contradictive results: Blok 
et al. (2011) report that mosses tend to reduce evaporation in arctic tundra vegetation 
when compared to bare soil, whereas Kidron and Tal (2012) report the opposite for 
biological soil crust and mosses in the Negev desert, Israel. Both studies were primarily 
descriptive and a quantitative approach in which the water conductance by bryophytes is 
explicitly described might unravel the effects of mosses on the soil water balance in 
different regions. 

Water transport mechanisms of mosses are fundamentally different from those of 
vascular plants, since mosses have neither roots nor leaf stomata. The water uptake into 
cell tissue goes directly through the cell wall, which means that mosses can use dew or 
interception water. Mosses have two paths of water movement: internally, through a 
central cylinder (endohydric, e.g. many Polytrichaceae and Mniaceae species (Proctor, 
2000)) and externally, along the surface of their plant tissue (ectohydric, almost all mosses, 
(Glime, 2007)). External water is retained between shoots and leaves by capillary forces. 
The capillary storage of water is often promoted by the presence of so-called papilla, 
small protrusions on the leaf surface (Dilks and Proctor, 1979; Proctor, 1990). The 
attachment of water by bryophytes at the scale of moss cells, leaves and shoots is 
extensively studied by bryophyte ecologists. However, little is known about the water 
exchange between the bryophyte layer and the underlying mineral soil. This lack of 
knowledge is expressed by the following quote of Glime (2007), who summed up 
questions still to answer in bryophyte ecology:  

 

“What quantities (of water) do the various mosses move from moss mat to the 
atmosphere and how much is moved from the soil to the moss mat? Do the mosses 
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provide an overall net gain to the soil by preventing rapid loss to the atmosphere 
following rainfall? Do they retain water that would otherwise be lost as runoff, 
contributing it slowly to the soil and plant roots beneath? Or is their major contribution 
that of depriving the soil of water during showers of short duration? There is no mass 
balance equation that includes the role of bryophytes in the overall water budget in any 
ecosystem.” 

 
In order to quantify the effects of mosses and lichens on the soil water balance, there 

is thus a need to parameterize hydraulic properties of mosses. This requires knowledge on 
the relationship between the pressure head and both the water content and the 
unsaturated hydraulic conductivity of the moss material (i.e. respectively the retention 
function and the unsaturated hydraulic conductivity function). These unsaturated 
hydraulic properties are hardly known, with the exception of peat soils composed of 
primarily Sphagnum mosses (Gnatowski et al., 2010; McCarter and Price, 2012; Price et al., 
2008; Schouwenaars and Gosen, 2007; Waddington et al., 2011). A few studies report a 
retention function of mosses other than Sphagnum which, however, are either based on 
expert judgment (Beringer et al., 2001) or experiments confined to small negative 
pressures (i.e., 0 to -15 cm equivalent water pressure, h) (Mankiewicz, 1987).  

Although mosses are often associated with moist and damp environments, certain 
moss species are particularly abundant in dry ecosystems, due to their distinct water use 
mechanisms and desiccation tolerance (Jia et al., 2012; Proctor et al., 2007). Especially in 
relative dry ecosystems, predicting the water loss from moss covered soils to the 
atmosphere is important to quantify the amount of rainfall that eventually will contribute 
to groundwater recharge. In this chapter, we will therefore focus on the hydraulic 
properties of such xerophilous mosses. We present data of the drying retention function 
and the unsaturated hydraulic conductivity function of four morphologically different 
moss species and one lichen species: Hypnum cupressiforme (Hyp), Syntrichia ruralis (Syn), 
Campylopus introflexus (Cam), Polytrichum piliferum (Pol) and Cladonia portentosa (Cla) (Table 
2.1). These species cover large surface areas on elevated sandy soils in Europe, either as 
pioneer species or as understory vegetation in heathlands and grasslands. We compare the 
hydraulic properties of these species with unsaturated hydraulic properties of mineral soils 
and we aim to generalize the results of our experiments by explaining the variation in 
retention parameters of moss material by its traits ‘shoot length density’, ‘dry bulk density’ 
and ‘greenness’. The derived unsaturated hydraulic properties allow i) to physically 
represent xerophilous moss and lichen covered soils in hydrological models, and ii) to 
better understand the role of mosses and lichens in the water balance for different 
climates.  
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Table 2.1. Morphological characteristics of the studied mosses and lichen 

 

Hypnum cupressiforme (Hyp) 

Branched moss with a main shoot and side branches. Typically 
2 to 10 cm long shoots. Leaves of one cell thick are packed in 
series along the branches, rhizoids are almost absent. Common 
species, found world wide on braches, rocks and other 
substrates. 

 

Syntrichia ruralis (Syn) 

Individual shoots with star shaped leaves, rhizoids are almost 
absent. Pioneer species on calcareous sand. Abundant in 
coastal dunes. Shoots are typically 0.5 to 5 cm long. 

 

Campylopus introflexus (Cam) 

Dense moss mat with hair shaped leaves, tightly bonded to the 
soil by small rhizoids. In Europe considered as an invasive 
species (Klinck, 2010). Typically 0.5 to 10 cm thick. Often 
found on sandy soils, peat, Sphagnum bogs and moist heaths. 

 

Polytrichum piliferum (Pol) 

Individual shoots with star shaped leaves of several cells thick 
tightly bonded with the soil by long rhizoids extending a couple 
of cm into the soil. Typically 0.5 to 5 cm long shoots. Well-
developed central cylinder for internal water conduction. 
Pioneer species in drift sand ecosystems. 

 

Cladonia portentosa (Cla) 

Strongly branched lichen, with main branches of typically 2 to 
15 cm long. Common species in dunes, drifting sands 
understory heath and boreal forest vegetation. 
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2.2 Theory 
The pore size distribution model of Mualem (1976) for the hydraulic conductivity in 
combination with the water retention function introduced by van Genuchten (1980), were 
previously applied to simulate water flow through Sphagnum moss or to represent their 
unsaturated hydraulic characteristics (Gnatowski et al., 2010; McCarter and Price, 2012; 
Price et al., 2008; Schouwenaars and Gosen, 2007; Waddington et al., 2011). The van 
Genuchten (1980) retention function is: 
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where θ is the volumetric water content, relative to the total sample volume (L3/L3), h is 
the water pressure head (L), θ0 is an empirical parameter matching measured and modeled 
θ (L3/L3), θr is the residual water content (L3/L3) and α (L-1) and n (-) are empirical shape 
parameters of the retention function. The corresponding hydraulic conductivity function 
is: 
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where K is the unsaturated hydraulic conductivity, K0 is an empirical parameter, matching 
measured and modeled K (LT-1), Se is the effective saturation (-), l is the pore-connectivity 
parameter (-) and m (= 1-1/n) (-) is an empirical parameter.  

Commonly the K0 and θ0 parameters in equations 2.1 and 2.2 are substituted by the 
saturated hydraulic conductivity (Ks, K at h = 0) and saturated water content (θs, θ at h = 
0), which can be measured in a simple experiment. However, if macro pores occur, 
draining at slightly negative pressure heads, the values of Ks and θs generally form poor 
matching points (Luckner et al., 1989; Schaap and Leij, 2000; van Genuchten and Nielsen, 
1985). As mosses and lichens are very porous, and composed of macro pores, we report 
throughout this chapter the empirical K0 and θ0 instead of Ks and θs. This approach is 
different from most Sphagnum moss studies and implies that the unsaturated hydraulic 
properties presented in this chapter do not include the contribution of macro pores. 

2.3 Materials and Methods 

2.3.1 General setup and sampling 

The derivation of unsaturated hydraulic properties of mosses is complicated by the open 
pore structure of bryophyte material. Large pores and voids lead to poor connectivity 
between the bryophyte material and sensors that are commonly used to measure pressure 
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head and water content. Furthermore, the fragile bryophyte structure will be affected by 
placement of sensors that alter the hydraulic characteristics. We avoided these problems 
by inverse modelling an evaporation experiment in a climate controlled room (referred to 
as the ‘evaporation experiment’ throughout this chapter). This experiment was used to 
derive the unsaturated hydraulic conductivity function of mosses. Retention parameters 
were derived with a classical method in soil physics, the so-called ‘sandbox method’ 
(Klute, 1986; Schindler et al., 2012) (described later). After deriving the unsaturated 
hydraulic properties, different moss traits were measured to analyze whether the capacity 
of moss material to conduct water is correlated with particular traits. 

We parameterized the unsaturated hydraulic properties of four morphologically 
different moss species and one lichen species (Table 2.1). Samples of the Hyp and Syn 
species were taken from the coastal dune area ‘De Kennemerduinen’ in the Netherlands 
and samples of the Cam, Pol and Cla species were taken from the national park ‘De Hoge 
Veluwe’, an ice-pushed ridge with active drift sands in the center of the Netherlands.  

2.3.2 Sandbox experiment 

Measuring the retention function directly from solely moss material is difficult with the 
sandbox method as the structure of moss material is easily damaged when detached from 
the underlying mineral soil. Therefore, we used samples including the underlying mineral 
soil. Ten samples per moss species were collected to determine the drying retention 
function of mosses. The samples were collected with metal rings with a diameter of 5.0 
cm, a length of 5.1 cm and a sampling volume of 100.1 cm3. The metal rings were pressed 
into the ground until mostly all moss material was above the upper rim of the metal ring. 
To support the structure of the moss layer and preventing it from damage during 
transport, we placed a PVC ring with a diameter of 5 cm over the moss layer and taped it 
to the metal ring.  

We used the sandbox method (Klute, 1986; Schindler et al., 2012) to determine the 
drying retention function of the moss material. The pressure head in this experiment was 
adjusted to -1, -5, -15, -51 and -98 cm (equivalent water pressure) relative to the upper rim 
of the metal ring (hr). After imposing a particular pressure head, the samples were left to 
equilibrate to hydrostatic pressure. The weight of the samples was measured after 1, 2, 6, 
13, and 20 days, at aforementioned pressure heads respectively. We made sure that the 
samples were at hydrostatic equilibrium (i.e. the weight being constant in time) by 
measuring the weight of a subset of samples multiple times during the sampling days.  

As our samples were composed of two porous materials, i.e. sand and moss, we 
repeated the sandbox experiment after removing the portion of the moss layer that was 
above the metal ring. This resulted in two sandbox experiments: experiment 1 with 
undisturbed samples including moss and soil, and experiment 2 with primarily soil. The 
difference in weight between the two experiments represented the weight of water 
present in the moss layer at the corresponding pressure head (Wmw(h)), including the dry 
weight of the moss material (Wmd). The dry weight of the moss material was measured by 
oven drying at 70 ºC for 53 hours at the end of the experiment and was subtracted from 
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Wmw(h) to end up with the weight of water present in the moss material at the 
corresponding pressure head. The water retained by the moss layer was transformed into 
the water content, which is defined as the volume of water divided by the volume of the 
moss layer. The latter was calculated as the thickness of the removed moss material 
(measured in mm with a ruler) times the basal area of the sample. 

During the second sandbox experiment, after removal of the moss layer, it became 
clear that four of the ten Syn samples had been affected by small worms which disturbed 
the soil below the moss layer during the experiment. As all samples had been taken at the 
soil surface, the probability of collecting samples with considerable soil life was high. 
Furthermore, one Hyp sample was affected by fungi and two Pol samples did not saturate 
due to poor connectivity with the sandbox. These samples were not considered in the 
results, which means that in total 7 samples were discarded (1 Hyp, 4 Syn, 2 Pol). 
Moreover, the Cla species was excluded from the sandbox experiment, because 
horizontally growing fragile branches broke during sample collection, disconnecting the 
lichen layer from the underlying soil. Note that this was only an issue for the small sample 
volumes used for the sandbox experiment. No such damage occurred during the 
evaporation experiment. 

The soil water retention function of van Genuchten (1980) (equation 2.1) was fitted 
to the data of the sandbox experiment. We assumed θ0 to be equal to the measured water 
content at hr = -1 cm. The nonlinear least squares estimates of the retention parameters 
(n, α and θr) were determined with the statistical software package R (R Development 
Core Team, 2010).  

2.3.3 Evaporation experiment 

An evaporation experiment was performed to determine the unsaturated hydraulic 
conductivity functions K(h) of the moss and lichen material. Samples (2 per species) were 
collected with PVC rings with an inner diameter of 10.3 cm and a height of 8 cm. The 
rings were extended with a sharp metal cutting edge and were pressed into the soil, until 
mostly all moss material was above upper rim of the PVC ring. Most moss material was 
already within the sample volume before pressing the sample rings into the soil, because 
the moss species had primarily a vertical growth form and were very porous. To ease 
pressing the sample rings further into the soil, a knife was used to cut approximately 5 cm 
into the underlying soil, encircling the metal cutting edge. After excavating the samples 
and removal of the metal cutting edge, excess soil at the bottom of the samples was 
removed with a knife. The samples were sealed at the bottom, saturated, and placed on a 
balance to measure the evaporative water loss from the top. The PVC rings were 
extended with a plastic band, covering the sides of the moss layer above the PVC ring, to 
prevent evaporation from occurring from the sides. The samples were equipped with a 
tensiometer (diameter 0.3 cm, length 5 cm) at 1 cm below the upper rim of the PVC ring. 
This  tensiometer was installed just below the base of the moss layer within primarily the 
soil matrix. One sample per species together with a bare soil sample (fine sand) and a 
PVC ring filled with water and fed by a Mariotte bottle were placed in the same 



 

 C
ha

pt
er

 2
 

16 

experimental setup, to compare the evaporation rate of moss covered soils with the 
evaporation rate of bare soil and open water. Samples were left to dry in a climate 
controlled room with an average relative humidity of 39.5% and an average temperature 
of 15.5 ºC. The air in the room was automatically refreshed to maintain a constant 
humidity, causing air circulation at a negligible wind speed. During daytime, the samples 
were exposed to fluorescent office lighting.  

The experiment was terminated after the vacuum in the tensiometer was neutralized 
(this tensiometer was used as lower boundary condition in the inverse simulation, 
explained later). The tensiometer of the second lichen sample (Cla2) was not neutralized 
at the end of the experiment, but reached a value of h = -784 cm after 53 days. The time 
period of 53 days was long enough to enable inverse modeling. 

The unsaturated hydraulic conductivity function of the moss and lichen material was 
derived by inverse modelling the evaporation experiment. The Hydrus 1D software 
package (Šimůnek et al., 2016) was used to simulate unsaturated flow within the moss and 
lichen material. The inverse solution was fitted on the measured evaporation rate by 
adjusting the K0 and l parameters of the conductivity function (equation 2.2). As 
evaporation is a drying process, the retention and conductivity parameters in this analysis 
resemble the drying component of the hydraulic functions. The retention parameters θ0, 
θr, n and α were set equal to the average measured values per species resulting from the 
sandbox experiment. As we had not derived a retention function for the Cla species, we 
assumed the lichen retention function to have the average shape (n and α) of the moss 
species and a residual water content of 0. The θ0 parameter of the Cla species was 
measured after the evaporation experiment by measuring the weight of the samples, at 
soil saturation, before and after trimming the lichen layers. This weight difference minus 
the dry weight of the lichen layer was transformed into θ0, following the same method as 
for the moss species.  

The objective function (Ф), which is minimized during the parameter optimization 
process, comes down to the average weighted squared deviation between modeled and 
measured evaporation rate, normalized by the measurement variance: 
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where N is the number of measurements, σ2 is the measurement variance, E*(ti) is the 
measured evaporation rate at time ti, E(ti, b) is the corresponding model prediction of the 
evaporation rate for the vector b of optimized parameters K0 and l. Minimization of the 
objective function is achieved in Hydrus 1D by the Levenberg-Marquardt non-linear 
minimization method (Marquardt, 1963).  

To reduce the number of parameters to be optimized, we limited our model domain 
to the moss and lichen layer. This implied that the lower boundary of the model domain 
was prescribed by the measured pressure head of the tensiometer, located at the base of 
the moss layer. The upper boundary was set to the atmospheric boundary condition 
available in Hydrus 1D, which is commonly used to simulate soil evaporation. During the 
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evaporation process there is a physical limit to the most negative pressure head possible 
in the flow domain, i.e. the pressure head in equilibrium with the atmosphere. This 
pressure head can be calculated from the relative humidity (Šimůnek et al., 2008) and was 
approximately -1.26 × 106 cm during the experiments. The absolute minimum value at 
the surface of the flow domain can be supplied in Hydrus1D by a parameter called 
hCritA. As long as the surface pressure head is above the minimum (hCritA), the actual 
evaporation rate is equal to the potential evaporation rate. Once the surface pressure head 
reaches hCritA the evaporation rate becomes constrained, since the moss layer becomes 
too dry to deliver the potential rate. In that case the atmospheric boundary condition 
switches from a prescribed flux boundary (the potential evaporation rate) to a prescribed 
head boundary (hCritA) (Neuman et al., 1974). To prevent numerical instabilities the 
hCritA parameter was lowered to 104 cm (note that it is an absolute value, and thus 
positive). The sensitivity of the model for hCrtiA was tested by increasing its value to 
5.5×104 cm and 105 cm, with initial parameter estimates of the original (hCritA = 104 cm) 
simulation. The potential evaporation rate of the moss material was set equal to the 
measured open water evaporation rate, which was close to the actual evaporation rate at 
the start of the experiment. As initial condition we assumed hydrostatic equilibrium with 
the prescribed head boundary at the bottom of the moss layer. In the simulation, the 
bryophyte layers were divided into layers of one millimeter. 

2.3.4 Moss traits 

Moss traits may explain differences in unsaturated hydraulic properties among samples 
and species and may successively be used to generalize the results of our experiments. 
Therefore, moss traits were derived from moss material that was removed after the 
sandbox experiment. The following moss properties and traits were derived: the internal 
mass of water, the moss volume, the shoot length density, the greenness, the dry weight, 
the dry bulk density and the air filled pore space at hr = -1 cm. Greenness may explain 
variation in retention parameters due to differences in living (green) and dead (brown) 
biomass of moss material. The shoot length density and dry bulk density may explain 
variation in retention parameters due to differences in the amount of moss material to 
retain water. We used the Spearman rank correlation coefficient (ρs) to examine the 
correlation between these traits and retention parameters. The other properties were 
required to partition the moss pore space into internal water, external water and air.  

Moss properties and traits were derived following four successive steps: 1) we 
saturated the internal water storage of the trimmed moss material, after which we 
removed the external water by carefully blotting the moss material with paper and 
weighing the moss material on a balance. 2) We submerged the moss material in a 
pycnometer (flask) with 100 ml of water (accuracy 0.1 ml). The mix of water and moss 
material was carefully shaken to remove possible air bubbles stored in the moss material. 
The increase in water level after adding the moss material was extracted with a pipette and 
weighted to determine the volume that had been occupied by the moss material. 3) We 
took a subsample of every moss layer to scan under a flatbed scanner (Epson V500). We 
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used the ImageJ software (Abràmoff et al., 2004) with the SmartRoot extension (Lobet et 
al., 2011) to determine the total shoot length of the subsample. A measure of the 
greenness of every subsample was derived from the images (8 bitts, 1200 dpi) of the 
flatbed scanner. We masked out white and black portions of the image to solely analyze 
pixels of moss shoots. A greenness index per pixel was derived by dividing the green pixel 
value by the sum of the red, green and blue pixel value, which led to a number between 
one and zero indicating the greenness of the images. 4) We dried the subsamples and 
remaining moss material in an oven at 70 ºC for 53 hours to determine the dry weight of 
the trimmed moss material. 

 By dividing the total dry weight of the moss sample by the dry weight of the 
subsample and multiplying this ratio with the shoot length of the subsample, a measure of 
the shoot length of the whole moss sample was derived. This length was divided by the 
sample volume (sample thickness times the basal area) to derive the shoot length density 
(L/L3). The internal mass of water was determined by subtracting the dry weight (step 4) 
from the weight of the saturated moss material after removal of the external amount of 
water by blotting with paper (step 1). The dry bulk density was calculated by dividing the 
dry weight by the sample volume. 

 The sample volume at hr = -1 cm  was partitioned into a volume percentage of 
moss material, air and water.  The measured moss volume minus the internal water 
content equaled the volume of solid moss material. The volume percentage of air was 
calculated as the total sample volume minus the moss volume and water volume 
measured at hr = -1 cm during the sandbox experiment. The sum of the air and water 
volume equals the porosity. 

2.4 Results 

2.4.1 Retention function 

Figure 2.1 presents the drying retention curves of the four different moss species, 
showing a rapid decrease in water content with decreasing pressure head for all species. 
As cell water can be stored under more negative pressure heads than exerted by the 
sandbox, moss cells remained fully turgid during the experiment. Because the internal 
water content is much smaller than the external water content, the samples were almost 
dry at hr = -98 cm (θ = 0.028, 0.011, 0.106, 0.052 for Hyp, Syn, Cam, and Pol samples 
respectively). We compared the internal water content determined after removal of the 
moss layer with the water content at hr = -98 cm which on average deviated 0.007, -0.020, 
0.017 and -0.004 cm3/cm3 for Hyp, Syn, Cam, and Pol samples, respectively. These small 
deviations indicate that most external water had been removed at hr = -98 cm and that 
almost the entire shape of the retention curve was measured.   
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Figure 2.1. Drying retention functions (equation 2.1) of the four moss species. Solid lines represent fitted 
retention functions on all the data points; dashed lines represent retention functions of the average 
parameter values. Since the thickness of the moss layers varied among samples, resulting in a different 
pressure head imposed on the center of the samples at the same hr, the measurement standard deviation 
cannot be presented at a single pressure head. Instead, the average retention function value (open circles), 
sided by one standard deviation of the fitted retention functions are presented. 

Table 2.2. Average drying retention parameters (equation 2.1) with the standard deviation between 
brackets. 

species N α (cm-1) n θ0 θr 

Hyp 9 0.13 (0.04) 2.17 (0.42) 0.20 (0.02) 0.01 (0.02) 

Syn 6 0.10 (0.03) 2.35 (0.38) 0.50 (0.10) 0.00 (0.00) 

Cam 10 0.08 (0.03) 2.25 (0.34) 0.61 (0.11) 0.06 (0.07) 

Pol 8 0.10 (0.04) 2.17 (0.46) 0.47 (0.08) 0.01 (0.03) 

 
Table 2.2 reveals that the averages of the empirical shape parameters are comparable 

for the different species. Differentiation between the retention functions of the four 
species is primarily caused by differences in θ0. If the retention functions of the mosses 
are plotted as a function of effective saturation (Se) (equation 2.3), the functions are nearly 
identical (Figure 2.2). Statistical differences between the shapes of the fitted curves were 
tested through an F-test. According to the F-statistic, the fitted functions of Hyp and 
Cam were distinct, at a 0.05 level of significance. The deviations in the Hyp and Cam 
retention functions primarily occurred between Se = 0.4 and Se = 1. Neglecting 
differences in saturated and residual water content, the shape of the retention functions 
are comparable to typical functions of sandy loam and loamy sand (Carsel and Parrish, 
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1988) (Figure 2.2). Although the shapes of the retention functions of the studied mosses 
are comparable with loamy sand and sandy loam, the proportions of solid material, air 
and water differ strongly from those mineral soils. Due to the very open structure of 
moss material, large pores and voids did not saturate at hr = -1 cm, leading to a large 
portion of air present in the moss layer (Table 2.3). The θ0 parameter of the Cla species, 
measured after the evaporation experiment, was for both samples 0.05 cm3/cm3. 

 

 
Figure 2.2. Drying retention functions (dotted lines) fitted on all data points (circles) of every moss 
species, including the 95% confidence interval (colored band), plotted against effective saturation 
(equation 2.3). Typical retention functions of loamy sand (n = 2.28, α = 0.124 cm-1) and sandy loam (n = 
1.89, α = 0.075 cm-1) from Carsel and Parrish (1988) are added for comparison. 

Table 2.3 Average volume percentage moss, water and air at hr = -1 cm per species. The standard 
deviation is reported between brackets. 

species N moss water air 

Hyp 9 2.9 (0.7) 20.3 (2.2) 76.8 (1.9) 

Syn 6 2.4 (0.8) 49.6 (9.9) 48.1 (10.2) 

Cam 10 6.4 (2.4) 61.1 (11.0) 32.5 (12.4) 

Pol 8 2.9 (1.4) 47.5 (8.1) 49.6 (9.3) 
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Figure 2.3. Retention curve parameters α, n and θ0 plotted against shoot length density, greenness and dry 
bulk density. The Spearman rank correlation coefficients (ρs) and p-values, for a certain moss trait and 
retention parameter combination (based on data of all species or data of a particular species), are only 
presented for significant (p < 0.05) correlations. 

The Spearman rank correlation coefficient (ρs) was used to examine the correlation 
between moss traits and retention parameters (Figure 2.3). We only found a significant (p 
< 0.05) correlation based on data of all species, between the dry bulk density and θ0 (ρs = 
0.48). Other significant correlations were species specific. Greenness correlated well with 
θ0 of Syn and Pol samples (ρs = 0.94 and ρs = 0.79, respectively) and the dry bulk density 
was correlated to the n parameter values of the Cam samples (ρs = 0.66). 

2.4.2 Unsaturated hydraulic conductivity 

The evaporation rate relative to open water evaporation has been plotted for all species in 
Figure 2.4. While the barren soil samples (San) had a distinct period at which evaporation 
was at a potential rate of about 110% of open water during the first 8-12 days, the 
evaporation rate of moss and lichen samples started to decrease from the start of the 
experiment. Apparently the moss and lichen layers are incapable to conduct enough water 
from the soil to the moss-air interface to maintain the potential evaporation rate of open 
water (on average 2.1 mm/d). The tempering effect of the moss layer on the evaporation 
rate differed among the different moss species. The two moss species with a tight 
bondage to the soil due to rhizoids (Cam and Pol) had a higher evaporation rate than the 
samples with less pronounced rhizoids (Hyp and Syn). The Cla species, which was loosely 
connected to the soil by rhizines (hair like structures), had the lowest evaporation rate. 
 



 

 C
ha

pt
er

 2
 

22 

 
Figure 2.4. Evaporation rate of all samples relative to the open water evaporation rate. Data is indicated in 
gray when the vacuum of the tensiometer has been neutralized 

The moment at which the vacuum in the tensiometer was neutralized, varied 
between the samples as a result of differences in evaporation rate, soil hydraulic 
properties and tensiometer air entry value. The air entry value of the tensiometers of the 
Pol1 and Pol2 samples was already reached at pressure heads of -130 cm and -372 cm 
respectively. Early neutralization is usually due to small gaps or cracks in the ceramic 
material of tensiometers. Therefore, only short time periods without considerable 
evaporation reduction were available for inverse modelling the evaporation rate of the 
Pol1 and Pol2 samples. This resulted in problems finding solutions for the l and K0 
parameters. Response surfaces of the objective function (equation 2.4) in the two 
dimensional parameter space of l and K0 were generated to identify whether a clear global 
minimum was present (Figure 2.5). For all samples a clear global minimum was found, 
except for the Pol samples, which were therefore discarded from further analyses. 

For the other samples, the tensiometer recordings were long enough to find 
solutions for the K0 and l parameters and the evaporation rate modeled with the two 
optimized parameters fitted well on the measured evaporation rate (Figure 2.6). Hydrus 
1D generates a pairwise correlation matrix among optimized parameters. A high 
correlation indicates that unique parameter values are not likely to be found. It is evident 
that K0 and l are strongly correlated, as a more negative l parameter can be compensated 
by a smaller K0 value. This correlation is visible in the shape of the response surfaces 
(ellipse contours, Figure 2.5). Although the K0 and l parameters were strongly correlated 
(average correlation = 0.97), the sensitivity of the model to the value of K0 and l was high 
enough to generate small confidence bands (Table 2.4). This sensitivity is also visible in 
the steepness of the slopes surrounding the global minimum in the two dimensional 
parameter space (Figure 2.5).  

Changes in the value of the hCritA parameter did not affect the shapes of the 
unsaturated hydraulic conductivity functions. After hCritA was increased, the K0 values of 
all samples remained within the confidence bands of original simulation and the 95% 
confidence bands of the hydraulic conductivity functions of these samples still overlapped 
(data not shown).  
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From our experiments it is clear that the l value of mosses and lichens is strongly 
negative and that the K0 parameter is extremely low (smaller than typical Ks values for 
clay). This means that mosses, compared to mineral soils, have a low capacity to conduct 
water at slightly negative pressure heads (low K0 value), while in a dryer state, water 
conduction is maintained, albeit at a very low rate (strongly negative l parameter). This 
shape of the hydraulic conductivity function is unique and strongly different from mineral 
soils (Figure 2.7), which show a more rapid decrease in unsaturated hydraulic conductivity 
with decreasing moisture content and in general a higher hydraulic conductivity during 
moist conditions. 

 

Table 2.4. Summary of the inverse solution for K0 and l of all samples. 

  95% confidence limits  95% confidence limits 

Sample K0 (cm/d) lower upper l (-) lower upper 

Hyp1 0.280 0.227 0.334 -2.185 -2.238 -2.132 

Hyp2 0.077 0.067 0.087 -2.555 -2.585 -2.524 

Syn1 0.079 0.070 0.089 -2.424 -2.450 -2.398 

Syn2 0.127 0.108 0.145 -2.137 -2.175 -2.098 

Cam1 0.030 0.028 0.031 -2.692 -2.707 -2.677 

Cam2 0.016 0.013 0.019 -2.629 -2.673 -2.585 

Pol1 - - - - - - 

Pol2 - - - - - - 

Cla1 0.016 0.011 0.021 -2.780 -2.835 -2.725 

Cla2 0.032 0.023 0.040 -2.632 -2.685 -2.579 
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Figure 2.5. Left: response surfaces of the objective function Ф (equation 2.4) in the two dimensional 
parameter space between the pore connectivity parameter l and matching point K0. Right: transects going 
in longitudinal direction through the valley bottom of the response surfaces. These transects are derived 
by taking the minimum value of the response surface for every value on the K0 axis. 
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Figure 2.6. The measured and simulated evaporation rate E and the measured pressure head h at the 
bottom of the moss layer, during the evaporation experiment. 
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Figure 2.7. Hydraulic conductivity functions (equation 2.2) of moss and lichen samples. Typical hydraulic 
conductivity functions of mineral soils from Carsel and Parrish (1988) are added for comparison (loamy 
sand; n = 2.28, Ks =350.16 cm/d, l = 0.5, sandy loam; n = 1.89, Ks 106.08 cm/d, l = 0.5, loam; n = 1.56, Ks 
= 24.96 cm/d, l = 0.5, clay loam; n = 1.31, Ks = 6.24 cm/d, l =0.5 and clay; n = 1.09, Ks = 4.8 cm/d, l = 
0.5). 

2.5 Discussion 
In this chapter, we presented data of the drying retention functions of four xerophilous 
moss species and the hydraulic conductivity functions of these species and one lichen 
species. The retention parameters and conductivity values were remarkably similar, 
despite strong morphological differences among the studied mosses. Differentiation in 
hydraulic properties between the moss species was primarily realized by differences in θ0 
parameter values. The shape parameters of the retention functions were not significantly 
different among the moss species, with the exception of Hyp and Cam retention 
functions, and had a similar shape as typical functions of sandy loam and loamy sand 
reported by Carsel and Parrish (1988).  

Shape parameters of the retention functions are comparable to values of surface 
layers of Sphagnum moss peat soils published by Waddington et al. (2011) (0.14 < α < 0.16 
and 2.32 < n < 2.53). Other studies on Sphagnum moss report van Genuchten parameters 
with in general larger α values and smaller n values (Gnatowski et al., 2010; McCarter and 
Price, 2012; Price et al., 2008). Still, all published retention functions of moss material 
show a rapid decrease in moisture content with decreasing pressure head, which seems to 
be typical for moss material. 

The dry bulk density better explained the variation in retention parameters than 
greenness or shoot length density. Dry bulk density was positively correlated with θ0 
parameters of all species together and n parameters of the Cam species. The moss traits 
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greenness and shoot length density showed no significant correlation with shape 
parameters. We only found a significant correlation between greenness and θ0 parameter 
values for the Syn and Pol samples. This correlation suggest that the dead portions 
(brown) of the Syn and Pol samples retained less water than the living portions (green). 
Shoot length density was neither significantly correlated to retention parameters, while 
one would expect that more shoots lead to a larger surface for water attachment and 
possibly smaller pore spaces. The independence of the shape parameters of the retention 
function on shoot length density indicate that most water is not held in pores between 
shoots, but instead is stored in capillary spaces on leaves and branches of the same shoot, 
even in the dense moss mat of Campylopus introflexus. Moss traits on the scale of individual 
leaves or papilla might form a better correlation with the shape parameters of the 
retention function. 

From our experiments it is also clear that mosses are a poor conductor of capillary 
water during moist conditions if compared to mineral soils. After the first hours of the 
evaporation experiment, the evaporation rate of moss and lichen samples already dropped 
below the potential evaporation rate. This tempering effect of mosses on evaporation is 
related to the extremely low unsaturated hydraulic conductivity (0.016 <K0< 0.280 cm/d), 
which is smaller than typical values of Ks for clay (Carsel and Parrish, 1988). These values 
are surprisingly low, since mosses are very porous. However, during evaporation, large 
pores and voids do not participate in capillary water flow. Water only flows along shoots 
and leaves which form a relatively small volume fraction of the moss layer (Table 2.3).  

During precipitation events, it is probable that large pores and voids in moss and 
lichen material are able to conduct water to the soil beneath, which enhances water 
infiltration, as observed by Kidron et al. (2003). The hydraulic parameters presented in 
this chapter do not include this effect, because the contribution of macro pores was not 
included in the hydraulic characterization (as explained in the theory section). Without 
including the pore space at h = 0 cm, the presented unsaturated hydraulic properties will 
lead to large amounts of surface runoff generation if applied in hydrological models, since 
the rain intensity easily exceeds the K0 values presented in this chapter. The hydraulic 
conductivity including macro pores (Ks, K(h = 0)) could be six orders of magnitude larger 
than K0 values presented in this chapter, if they are comparable to values of Sphagnum 
mosses analyzed by McCarter and Price (2012). The complexity required to account for 
macro pore flow depends, in practical applications, on the dominant surface pressure 
head. In relatively dry ecosystems, near saturated conditions are less important. In this 
situation it could be sufficient to use a simple dual porosity/permeability model or 
fracture model to make sure that water penetrates the moss layer during rain. However, 
for wet climates, near saturated hydraulic properties may have a pronounced effect on the 
hydraulic behavior and water balance of moss covered soils and a detailed description of 
hydraulic properties at h = 0 cm and the transition to slightly negative pressure heads is 
likely required.  

Although mosses have a small hydraulic conductivity at slightly negative pressure 
heads compared to mineral soils, the conductivity does not approach zero as quickly as 
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mineral soils with decreasing moisture content. This characteristic is represented by the 
strongly negative l parameter in the hydraulic conductivity function. Such negative values 
of l parameters were also found for moss peat soils (Gnatowski et al., 2010; McCarter and 
Price, 2012; Price et al., 2008) and seem to be a unique property of moss material, as l 
parameters of mineral soils are often found to be positive; Mualem (1976), for instance, 
initially estimated the l parameter to have a value of 0.5 for mineral soils. So, although 
water conduction by mosses is low at small negative pressure heads, water remains mobile 
at high negative pressure heads, which is different from mineral soils.  

The approach used to simulate evaporation presented in this chapter, assumes that 
water retained by mosses evaporates in the same way as capillary bonded water in soils. 
This is likely only valid for external water retained by moss layers. Cellular water probably 
behaves differently, since it is not exposed as a free water surface in contact with the 
atmosphere. The speed at which moss cells lose cellular water will depend on the osmotic 
potential of cell water and the water potential of the air. Since the osmotic potential of 
moss cells is seldomly more negative than -2 MPa (≈ -20000 cm), mosses quickly lose 
cellular water in the absence of external water (Proctor, 2000). Because the mosses 
studied in this chapter had only a small volume of cellular water, and were almost 
desaturated at hr = -98 cm, we did not make a distinction in the evaporation mechanism 
of external and internal water. Mosses with a relatively large cellular water volume (e.g. 
Sphagnum mosses, with hyaline cells) might require a different approach. 

The derived hydraulic properties of the studied mosses seem to be unfavorable for 
their growth as the capillary water supply from the soil to the bryophyte layer is limited by 
a small unsaturated hydraulic conductivity during moist conditions. However, besides 
water, mosses require CO2 for photosynthesis. Because diffusion of gasses through water 
is much slower than through air, gas exchange with moss cells would be hampered if cells 
would be covered with water (Dilks and Proctor, 1979). Therefore mosses could benefit 
from a small unsaturated hydraulic conductivity which constraints the supply of water 
from the underlying soil during moist conditions. During dry conditions, the moss layer is 
able to maintain water conduction (strongly negative l parameter), which seems to be vital 
to bryophytes, which otherwise quickly lose their cellular water. Dilks and Proctor (1979) 
found an optimal relative respiration rate at water contents of 200% of dry weight of 
bryophytes of dry habitats (e.g. Tortula intermedia, Camptothecium lutescens). The mosses 
studied in our experiments lost on average 1511%, 3463%, 1442% and 1593% water as 
percentage of dry weight in the range of hr = -1 to hr = -98 cm, to reach on average a 
water content of 209%, 87%, 305% and 300% of dry weight for Hyp, Syn, Cam and Pol 
samples respectively. These end values of the sandbox experiment are in range of the 
optimal water content for respiration and photosynthesis found by Dilks and Proctor 
(1979), which suggests that, besides the hydraulic conductivity function, the retention 
function is beneficial to growth conditions of mosses, as the retention function becomes 
asymptotic at the optimal water content for respiration. The unsaturated hydraulic 
properties of mosses possibly evolved towards an equilibrium between water uptake and 
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gas exchange beneficial to growth conditions, imposing a limitation to the amount of 
water that can be retained and conducted during moist conditions. 

Up to now, there have been only a few studies on the functional role of rhizoids (for 
a review see Jones and Dolan (2012)). The primary role of rhizoids in the bryophyte 
literature is often asserted to anchoring to the substrate. However, our observations 
suggest that rhizoids also aid in obtaining water by promoting the hydraulic connection 
between the moss layer and the mineral soil: we observed that the two moss species with 
a tight bondage to the soil due to rhizoids (Cam and Pol) had the highest evaporation 
rate, while the lichen species (Cla) with a loose connection to the soil by rhizines had the 
lowest evaporation rate. It should be noted, however, that our observations are based on 
a few samples (2 per species) and more data is required to test the significance of rhizoids 
in obtaining water. 

During the experiments presented in this chapter the evaporation rate was, most of 
the time, limited by the capacity of moss layers to conduct water. Therefore, we expect 
that the hydraulic properties of mosses predominantly control the evaporation rate under 
field conditions. This implies that, relative to bare soil, the modulating effect of mosses 
on evaporation possibly differs between wet and dry climates, because small K0 values 
cause mosses and lichens to be conservative with water during moist conditions and 
negative l parameters cause mosses and lichens to enhance evaporation during dry 
conditions. This hypothesis is consistent with the findings of Blok et al. (2011) and 
Kidron and Tal (2012) who report that mosses tend to reduce evaporation in arctic tundra 
vegetation and increase evaporation in the Negev desert, Israel, respectively. It should be 
emphasized that this hypothesis does not take into account differences in potential 
evaporation rate between bare soil and moss surfaces, caused by differences in radiative, 
thermal and aerodynamic properties. These properties are important during periods in 
which the evaporation rate is not limited by the capacity of mosses to conduct water. 
Such conditions occur more often in situations with high groundwater levels and in 
climates with frequent rain. 

The derived unsaturated hydraulic properties allows to physically represent 
xerophilous moss and lichen covered soils in hydrological models and to better 
understand the role of bryophytes in the water balance for different climates. The 
presented unsaturated hydraulic characteristics can be implemented in hydrological 
models, given the restrictions that they are only valid during an evaporation process and 
in absence of a ponding water layer. 

2.6 Conclusions 
This article presents, to our knowledge, for the first time unsaturated hydraulic properties 
of xerophilous mosses, which clarify to some extent the effects of mosses on the soil 
water balance. We found that under moist conditions mosses are poor conductors of 
capillary water, whereas capillary water remains mobile under dry conditions. This 
hydraulic behavior may have large implications on evaporation and groundwater recharge 
and possibly cause mosses to have a different modulating effect in wet and dry climates. 
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Because evaporation is limited by the unsaturated hydraulic conductivity under moist 
conditions, mosses possibly evaporate less than mineral soils in wet climates. However, in 
dry climates mosses possibly evaporate more than mineral soils because the unsaturated 
hydraulic conductivity does not approach zero as quickly as mineral soils with decreasing 
water content.  
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Abstract  
Coastal and inland dunes provide various ecosystem services that are related to 
groundwater, such as drinking water production and biodiversity. To manage 
groundwater in a sustainable manner, knowledge of actual evapotranspiration (ETa) for 
the various land covers in dunes is essential. Aiming at improving the parameterization of 
dune vegetation in hydro-meteorological models, this study explores the magnitude of 
energy and water fluxes in an inland dune ecosystem in the Netherlands. Hydro-
meteorological measurements were used to parameterize the Penman-Monteith 
evapotranspiration model for four different surfaces: bare sand, moss, grass and heather. 
We found that the net longwave radiation (Rnl) was the largest energy flux for most 
surfaces during daytime. However, modelling this flux by a calibrated FAO-56 Rnl model 
for each surface and for hourly time steps was unsuccessful. Our Rnl model, with a novel 
sub-model using solar elevation angle and air temperature to describe the diurnal pattern 
in radiative surface temperature, improved Rnl simulations considerably. Model 
simulations of evaporation from moss surfaces showed that the modulating effect of 
mosses on the water balance is species dependent. We demonstrate that dense moss 
carpets (Campylopus introflexus) evaporate more (5%, +14 mm) than bare sand (total of 258 
mm in 2013), while more open structured mosses (Hypnum cupressiforme) evaporate less (-
30%, -76 mm) than bare sand. Additionally, we found that a drought event in the summer 
of 2013 showed a pronounced delayed signal on lysimeter measurements of ETa for the 
grass and heather surfaces respectively. Due to the desiccation of leaves after the drought 
event, and their feedback on the surface resistance, the potential evapotranspiration in the 
year 2013 dropped with 9% (-37 mm) and 10% (-61 mm) for the grass and heather 
surfaces respectively, which subsequently led to lowered ETa of 8% (-29 mm) and 7% (-
29 mm). These feedbacks are of importance to water resources, especially during a 
changing climate with increasing number of drought days. Therefore, such feedbacks 
need to be integrated into a coupled plant physiological and hydro-meteorological model 
to accurately simulate ETa. In addition, our study showed that groundwater recharge in 
dunes can be increased considerably by promoting moss vegetation, especially of open 
structured moss species. 
 
 
 
 
 
 

This chapter is a slightly modified version of the published manuscript: 
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Quantifying energy and water fluxes in dry dune ecosystems of the Netherlands, Hydrol. Earth Syst. Sci., 
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3.1 Introduction 
Coastal and inland sand dunes are major drinking water production sites in the 
Netherlands. Approximately 23% of Dutch drinking water originates from aquifers in 
these dunes, which are replenished by both natural groundwater recharge and artificial 
infiltration of surface waters. Another ecosystem service of groundwater in dune systems 
is that shallow groundwater tables sustain nature targets with a very high conservation 
value. Such targets, like wet dune slacks and oligotrophic pools, are often legally enforced, 
e.g. by the European Habitat Directive and by the Water Framework Directive. 
Furthermore, a deep layer of fresh groundwater in coastal dunes protects the hinterland 
from the inflow of saline groundwater. 

Under a warming climate, summers are expected to become dryer and the water 
quality of surface waters may degrade (Delpla et al., 2009), especially during dry periods 
with low river discharge rates (van Vliet and Zwolsman, 2008; Zwolsman and van 
Bokhoven, 2007). To maintain current drinking water quality and production costs, water 
production in the future may have to rely more on natural groundwater recharge. This 
implies that drinking water companies need to search for new water production sites or 
intensify current groundwater extractions, while protecting groundwater dependent nature 
targets.  

For sustainable management of renewable groundwater resources, groundwater 
extractions should be balanced with the amount of precipitation that percolates to the 
saturated zone, the groundwater recharge. Knowledge of actual evapotranspiration (ETa, 
here defined as the sum of plant transpiration, soil evaporation, and evaporation from 
canopy interception) for the various land covers is essential to quantify the amount of 
recharge. Inland dune systems are predominantly covered with deciduous and pine forest. 
Well-developed hydro-meteorological models are available to simulate ETa for these 
forest ecosystems (Dolman, 1987; Moors, 2012). Other ecosystems, such as heathland 
and bare sand colonized by algae, mosses, tussock forming grasses or lichens, received 
less attention. However, heathland and drift sand ecosystems have a higher conservation 
value than forest plantations, in particular of coniferous trees. Nature managers are 
therefore often obligated to protect and develop certain heathland and drift sand 
ecosystems at the expense of forest ecosystems (The European Natura 2000 policy). A 
better parameterization of heathland and drift sand ecosystems in hydro-meteorological 
models would aid in the sustainable management of important groundwater resources and 
would allow quantifying the cost and benefit of nature conservation in terms of 
groundwater recharge. 

To this end, this study explores diurnal patterns in energy and water fluxes in a dry 
dune ecosystem on an elevated sandy soil in the Netherlands. Our study aims at 
improving the parameterization of dune vegetation in hydro-meteorological models based 
on field measurements, focusing on four different surfaces: bare sand, moss (Campylopus 
introflexus), grass (Agrostis vinealis) and heather (Calluna vulgaris). A second objective is to 
quantify the effect of moss species on the water balance. Mosses and lichens are present 
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in most successional stages in dry dune ecosystems, either as pioneer species or as 
understory vegetation. Voortman et al. (2014) hypothesized that moss covered soils could 
evaporate less than a bare soil, since the unsaturated hydraulic properties of moss layers 
reduce evaporation under relatively moist conditions. Such hydraulic behavior could have 
large implications on the ecological interactions between vascular and nonvascular plants 
in water limited ecosystems, as the presence of a moss cover could facilitate the water 
availability for rooting plants. Such interactions are of importance to groundwater 
resources as the resilience of plant communities to drought determines the succession rate 
and biomass, which subsequently feedback on evapotranspiration.  

A third objective is to get insight in the delayed effect of dry spells on potential and 
actual evapotranspiration for heathlands and grasslands. To quantify the 
evapotranspiration loss term, many hydrological modelling frameworks use the concept 
of potential evapotranspiration ETp (Federer et al., 1996; Kay et al., 2013; Zhou et al., 
2006), defined as the maximum rate of evapotranspiration from a surface where water is 
not a limiting factor (Shuttleworth, 2007). ETp is input to modelling frameworks and 
reduces to ETa in cases of water stress. However, if dry spells result in a vegetation 
dieback, the simulated ETp should be adjusted to account for the smaller transpiring leaf 
area after the dry spell. The model simulations presented in this chapter give some 
guidance on the magnitude of errors in simulated ETa if feedbacks of dry spells on ETp 
are neglected. 

The knowledge presented in this chapter will help to improve and interpret the 
simulations of water recharge in sand dunes by hydrological models, and will sustain 
rainwater harvesting in dunes by vegetation management. 

3.2 Measurements and Methods 

3.2.1 General setup 

A field campaign started in August 2012 to measure energy and water fluxes in the 
drinking water supply area “Soestduinen”, situated on an elevated sandy soil (an ice-
pushed ridge) in the center of the Netherlands (52.14° latitude, 5.31° longitude). Due to 
deep groundwater levels, the vegetation in this region is groundwater-independent, i.e. 
relying solely on rainwater (on average 822 mm rain per year, 40% falling in the first 6 
months of the year and 60% falling in the last 6 months of the year). The reference 
evapotranspiration according to Makkink (1957) is on average 561 mm per year. The field 
data was used to parameterize the Penman-Monteith equation, to calculate ETp, and to 
perform hydrological model simulations of ETa, based on the actual availability of soil 
moisture. The Penman-Monteith equation is given by:  
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where ETp is the potential evapotranspiration (m/s), Δ is the slope of the saturation 
vapor pressure vs. temperature curve (Pa K-1), Rn is the net radiation (W m-2), G is the soil 
heat flux (W m-2), ρa is the air density (kg m-3), cp is specific heat of moist air (J kg-1 K-1), es 
is the saturation vapor pressure of the air (Pa), ea is the actual vapor pressure of the air 
(Pa), ra is aerodynamic resistance to turbulent heat and vapor transfer (s m-1), γ is the 
psychrometric constant (Pa K-1), rs is the bulk surface resistance (s m-1), λ is the latent heat 
of vaporization (J kg-1), and ρw is the density of liquid water (kg m-3). Results of Irmak et 
al. (2005) suggest that estimates of ETp on hourly time steps are more accurate than 
estimates on a daily timescale. Furthermore, Liu et al. (2005) showed that the use of daily 
input values leads to a systematic overestimation of ETa, especially for sandy soils. Hence, 
energy fluxes in the Penman-Monteith equation are preferably simulated at sub-diurnal 
timescales. Furthermore, understanding and simulation of plant physiological processes 
requires knowledge of the diurnal variation of environmental variables (Nozue and 
Maloof, 2006). Therefore, field data was aggregated to hourly time steps to maintain the 
diurnal pattern and to analyze our field results at the same time interval as commonly 
available climate data. 

In this chapter evapotranspiration is defined as the sum of transpiration, soil 
evaporation, and evaporation from canopy interception, expressed in mm per time unit. 
Radiative and soil heat fluxes are expressed in W m-2. Figure 3.1 shows the procedures 
followed to translate field data (section 3.2.2) to sub-models of the Penman-Monteith 
equation (section. 3.2.3) and to subsequently calculate ETp and simulate ETa (section 
3.2.4).  

 

Figure 3.1. Orgainization of the research from measurements to model simulations. 
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3.2.2 Hydro-meteorological measurements 

Four homogeneous sites of bare sand, moss (Campylopus introflexus), grass (Agrostis vinealis) 
and heather (Calluna vulgaris) (Figure 3.2) were selected to measure actual 
evapotranspiration (ETa), the net radiation (Rn), the soil heat flux (G) and the albedo. 
Other meteorological variables such as wind speed (u, at 2 m above the surface), relative 
humidity (RH, 1.5 m above the surface), air temperature (Ta, 1.5 m above the surface), 
and rain (P) were measured at a weather station, installed in-between the measurement 
plots at a maximum distance of 40 m from each plot. Measurements were collected with 
data loggers (CR1000, Campbell Scientific Inc.) at a 10 second interval and aggregated to 
minutely values. Field measurements of bare sand, moss and grass were collected between 
August 2012 and November 2013. The field measurements in the heather vegetation were 
collected between June 2013 and November 2013.  

The net radiation was measured with net radiometers (NRLite2 Kip & Zonen B.V.). 
The net radiometers were installed at a relatively low height of 32, 40, 40, and 50 cm 
above the bare sand, moss, grass and heather surfaces respectively (relative to the average 
vegetation height), to limit the field of view to a homogenous surface. The incoming solar 
radiation (Rs↓) and reflected solar radiation (Rs↑) were measured with an albedo meter 
(CMA6, Kip & Zonen B.V.) that was rotated between the four surfaces. It was installed 
next to each Rn sensor. Due to a snow cover (winter months) or sensor maintenance 
(October 2012, May 2013), some periods were omitted (Figure 3.3). 

 
 

 

Figure 3.2. The vegetation types studied in this chapter, a) the moss surface with an approximately 2 cm 
thick layer of Campylopus introflexus (inset), b) the grass surface, primarily Agrostis vinealis and c) the heather 
surface, Calluna vulgaris. 
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Figure 3.3. Measured incoming solar radiation Rs↓ at the four different surfaces. Periods with snow cover 
or sensor maintenance were omitted.   

Eight self-calibrating heat flux plates (HFP01SC, Hukseflux B.V.) (two for each site) 
were installed at 8 cm below the soil surface near the net radiometers. These heat flux 
plates were programmed to calibrate themselves for 15 minutes at 6 hour time intervals, 
based on a known heat flux supplied by an integrated heater. Besides each soil heat flux 
plate an averaging thermocouple (TCAV, Campbell Scientific, Inc.) was installed at 2 and 
6 cm depth and a soil moisture probe (CS616, Campbell Scientific, Inc) was installed at 4 
cm depth to estimate the change in heat storage (S) above the heat flux plates. The sum 
of the measured soil heat flux at 8 cm depth and S represents the heat flux at the soil 
surface. Sensor installation and procedures to calculate S were followed according to the 
HFP01SC instruction manual of Campbell Scientific Inc. (2014).  

Within each surface, one weighing lysimeter was installed. The lysimeters (Figure 3.4) 
had a 47.5 cm inner diameter and were 50 cm deep. Intact soil monoliths were sampled 
by hammering the PVC tube into the soil, alternated with excavating the surrounding soil 
to offset soil pressures. The lysimeters were turned upside down, to level the soil 
underneath and to close this surface with a PVC end cap. To allow water to drain out of 
the lysimeter bottom plate, a 2.5 cm diameter hole was made in the base plate. A 15 cm 
long fiberglass wick (Pepperell 2 x ½ inch) was installed in the PVC end cap to guide 
drainage water through the hole into a tipping bucket (Davis 7852) below the lysimeter. 
The wick, together with two sheets of filter cloth (140-150 μm, Eijkelkamp Agrisearch 
Equipment), placed at the bottom of the lysimeter tank, prevented soil particles from 
flushing out of the lysimeter. The tipping bucket below the lysimeter had a resolution of 
0.2 mm for the intercepting area of the tipping bucket, which was equal to 0.024 mm for 
the cross-sectional area of the lysimeter. Drainage water was collected in a reservoir 
installed below the lysimeter.  

The lysimeters were weighted with temperature compensated single point load cells 
(Utilcell 190i, max 200 kg). These load cells were initially connected to the full bridge data 
ports of the data loggers. However, the measurement resolution of the data loggers was 
too coarse to fully compensate for temperature effects on weight measurements. 
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Fluctuations of 0.333 μV due to temperature effects were within the data logger 
measurement resolution, which equals 36 g in weight change, i.e. 0.2 mm of evaporation. 
To increase the lysimeter precision, digitizers (Flintec LDU 68.1) were installed in May 
2013 to process and digitize the load cell signals without interference of the data logger. 
In this setup, a measurement resolution of 10 g was achieved, i.e. 0.06 mm equivalent 
water depth, which is adequate for measuring ETa for daily time periods (subtracting two 
values would lead to a maximum error of 0.06 mm caused by the measurement 
resolution). Analysis of measured ETa were therefore limited to the period after 
installation of the digitizers.  

After a rain event on September 7 2013, the tipping buckets below the grass and 
heather lysimeters became partly clogged with beetles nesting underneath the lysimeters. 
This led to a continuous drainage signal which was out of phase with the weight 
measurements. Without accurate drainage measurements, lysimeter weight signals cannot 
be transferred to evapotranspiration. Therefore, ETa data on days with a poor drainage 
signal after September 7 2013 were disregarded in the analyses for the grass and heather 
lysimeters. 

 

 
Figure 3.4. Lysimeter design. 
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3.2.3 Parameterization of the Penman-Monteith equation 

3.2.3.1 Net radation (Rn) 

The net radiation (Rn) is defined as:  

 n ns nl ss l l
(1 albedo) ( ),R R R R R R          3.2 

where Rns is the net shortwave radiation, Rnl is the net longwave radiation, Rs↓ is the 
incoming solar radiation, Rl↓ is the downwelling longwave radiation from the atmosphere 
to the surface, Rl↑ is the emitted longwave radiation by the surface into the atmosphere 
and εs is the surface emissivity representing the reflected downwelling longwave radiation. 
The albedo in equation. 3.2 was determined by linear regression between measured Rs↓ 
and Rs↑. Based on the albedo obtained this way, Rnl follows from measurements of Rn by 
subtracting calculated Rns from measured Rn. Throughout this chapter, this back-
calculated Rnl is referred to as the measured Rnl.  

In hydro-meteorological models, Rnl is commonly estimated under clear sky 
conditions and multiplied by a factor to correct for clouds (Blonquist Jr et al., 2010; 
Gubler et al., 2012; Irmak et al., 2010; Temesgen et al., 2007). A similar approach was 
followed in this study in which the Stefan-Boltzmann law is substituted into equation 3.2 
for Rl↓ and Rl↑ under clear sky conditions (Saito and Šimůnek, 2009; van Bavel and Hillel, 
1976) and multiplied by a cloudiness function to obtain Rnl:  

  4 4
nl s a a s s cd ,R T T f        3.3 

where εa is the clear sky emissivity of the atmosphere (-), εs is the surface emissivity (-), σ is 
the Stefan-Boltzmann constant (5.67 × 10-8 Wm-2K-1), Ta is the air temperature (K), Ts is 
the surface temperature (K) and fcd is a cloudiness function (-) (described later). For 
vegetated surfaces εs = 0.95 was used (based on Jones (2004)), and εs = 0.925 for bare 
sand (based on Fuchs and Tanner (1968)). Estimating εa has a long history and numerous 
parameterizations are available. In this study the empirical relationship found by Brunt 
(1932) was used: 

 a a0.52 0.065 ,e     3.4 

where ea is the water vapor pressure measured at screen level (hPa). The cloudiness 
function fcd in equation 3.3 is limited to 0.05 ≤ fcd  ≤ 1 and equal to: 

 s
cd

s0

,
R

f
R

   3.5 

where Rs0 is the estimated clear sky solar radiation. We estimated Rs0 following the FAO 
irrigation and drainage paper No. 56 (Allen et al., 1998). Since fcd is undefined during the 
night, an interpolation of fcd between sunset and sunrise is required. According to Gubler 
et al. (2012) fcd can be best linearly interpolated between the four to six hour average 
before sunset and after sunrise. We adopted this approach, applying a five-hour average. 



 

 

Energy and water fluxes in dry dune ecosystems 41 

An estimate of Ts is required to fully parameterize equation 3.3. We developed a new 
approach to simulate the diurnal pattern in Ts. Using equation 3.3, we back-calculated Ts 
− Ta based on measured Rnl for clear hours (fcd  > 0.9). Generally, Ts − Ta will be negative 
during nighttime (when solar elevation β (radians) < 0), and will gradually increase to 
positive values during daytime (β > 0). We describe this pattern by (Figure 3.5): 

 s a cum β β s,amp s,slope s,offset( , , ) ,T T f T T T           3.6 

where fcum is a cumulative normal distribution function with mean μβ and standard 
deviation σβ, describing the moment at which the surface becomes warmer than the air 
temperature (μβ) and the speed at which the surface warms up or cools down (σβ) as a 
function of solar elevation angle (β). Ts,amp is the amplitude of Ts (K), Ts,slope is the slope 
between β and Ts − Ta during daytime (K/radians) and Ts,offset is the average value of Ts − 
Ta during nighttime (K). The parameters of equation 3.6, except Ts,offset, were fitted to the 
data by minimizing the root mean squared error (RMSE) by generalized reduced gradient 
nonlinear optimization. The Ts,offset was determined as the average nighttime Ts − Ta to 
limit the amount of parameters during the optimization. Equation 3.6 was substituted for 
Ts in equation 3.3 to estimate Rnl. This novel approach to derive Rnl was compared to the 
Rnl model of the FAO-56 approach (Allen et al., 1998), originally derived to obtain daily 
estimates of Rnl (using minimum and maximum daily Ta divided by 2 instead of Ta in 
equation 3.7) but commonly applied at hourly timescales (ASCE-EWRI, 2005; Gavilán et 
al., 2008; López-Urrea et al., 2006; Perera et al., 2015): 

  4 s
nl a a

s0

1.35 0.35 ,
R

R T a b e
R


 

    
 

  3.7 

where the first term between brackets represents the net emittance, which should 
compensate for the fact that Ts is not measured. The empirical parameters a and b can be 
calibrated for a specific climate and/or vegetation. The second term between brackets is a 
cloudiness function. The default parameter values for a and b are 0.34 and 0.14, 
respectively (Allen et al., 1998). We calibrated these parameters for every site by linear 
least squares regression for clear days (Rs/Rs0>0.9) and compared the performance of 
both Rnl models (equation 3.3 and equation 3.7).  
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Figure 3.5. Equation 3.6 and associated parameters to describe the surface-air temperature difference, 
substituted for Ts in Rnl (equation 3.3). 

3.2.3.2 Soil heat flux (G) 

The soil heat flux is commonly expressed as a fraction of Rn, particularly at large scales 
using remote sensing (Bastiaanssen et al., 1998; Friedl, 1996; Kustas and Daughtry, 1990; 
Kustas et al., 1998; Su, 2002). We adopted the same approach making a distinction 
between daytime (Fday) and nighttime (Fnight) fractions, determined by linear least squares 
regression between Rn and the average of the two sets of soil heat flux measurements.   

3.2.3.3 Aerodynamic resistance (ra) 

The aerodynamic resistance under neutral stability conditions can be estimated by 
(Monteith and Unsworth, 1990): 

 

m h

om oh
a 2

z

ln ln

,

z d z d

z z
r

k u

    
   
      3.8 

where zm is the height of wind speed measurements (m), d is the zero plane displacement 
height (m), zom is the roughness length governing momentum transfer (m), zh is the height 
of the humidity measurements (m), zoh is the roughness length governing transfer of heat 
and vapor (m), k is the von Karman’s constant (0.41 (-)) and uz is the wind speed at height 
zm (m/s). For grass, empirical equations are developed (FAO 56 approach) to estimate d, 
zom and zoh: 

 0.66 ,d V   3.9 

 om 0.123 ,z V   3.10 

 oh om0.1 ,z z   3.11 
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where V is the vegetation height. Wallace et al. (1984) found comparable coefficients for 
heather: d = 0.63V and zom = 0.13V and therefore equation 3.9 to 3.11 were applied for 
both surfaces using a constant vegetation height of 7 and 31 cm for the grass and heather 
surfaces respectively. For the moss surface, we used a vegetation height of 2 cm, which is 
equal to the thickness of the moss mat. For the bare sand surface we assumed d = 0 m, 
and used typical surface roughness values published by Oke (1978): zoh = 0.001 m and zom 
= zoh.  

3.2.3.4 Surface resistance (rs) and canopy interception 

Canopy interception was simulated as a water storage which needs to be filled before rain 
water reaches the soil surface. A maximum storage capacity of 0.50 mm was defined for 
heather following the study of Ladekarl et al. (2005). To our knowledge no literature value 
of the interception capacity of the specific grass species (Agrostis vinealis) is published. 
Considering the relatively low vegetation height we assumed a maximum interception 
capacity of 0.25 mm.  

We distinguished wet (rswet) and dry canopy surface resistance (rs), since interception 
water evaporates without the interference of leaf stomata. During canopy interception (i.e. 
if the interception store is fully or partly filled) we used a surface resistance of 0 s/m, 
reducing equation 3.1 to the Penman equation (Monteith and Unsworth, 1990; Penman, 
1948). After the canopy storage is emptied the surface resistance switches to rs. The rs was 
back-calculated for daytime periods for the heather and grass lysimeters by substituting 
measured Rn, G, ETa, es and ea and simulated ra into equation 3.1 under non-stressed 
conditions (i.e. ETp = ETa). Nighttime evaporation was assumed to be equal to 0 mm. To 
make sure that the back-calculated rs was based on days at which evapotranspiration 
occurred at a potential rate, it was back-calculated for every two consecutive days after 
precipitation events and after emptying of the (calculated) interception store. The surface 
resistance (rs) of bare sand and moss was assumed to be equal to 10 s/m, i.e. similar to the 
surface resistance under well watered conditions of bare soil found by van de Griend and 
Owe (1994). 

During the summer of 2013, a dry spell (from 4-7-2013 until 25-7-2013) resulted in a 
vegetation dieback of grass and heather. Surface resistances were back-calculated for 
periods before and after the drought event. The drought event had 22 consecutive dry 
days with a cumulative reference evapotranspiration according to Makkink (1957) of 85 
mm. Drought events of similar magnitude have been recorded 12 times during the past 57 
years (from 1958 until 2014) at climate station “de Bilt” located in the center of the 
Netherlands (52.1° latitude, 5.18° longitude), 10 km from the measurement site. The 
measurements in the heather vegetation started a week before the drought event. During 
this week, there were two days (30-6-2013 and 1-7-2013) for which rs could be back-
calculated. The estimated rs for these days were 35 s m-1 and 107 s m-1 respectively. We 
selected the rs value of the second day to use in our model simulations (107 s m-1) because 
it was in close agreement with the median surface resistance found by Miranda et al. 
(1984) of 110 s m-1 in a comparable heather vegetation. After the drought event, rs 
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increased to 331 s m-1 (N = 14, standard error = 102 s m-1). For the grass vegetation the 
surface resistance before the drought event was 181 s m-1 (N = 9, standard error = 68 s 
m-1). After the drought event the surface resistance increased to 351 s m-1 (N = 4, 
standard error = 47 s m-1). Since mosses of these habitats are desiccation tolerant and 
quickly rehydrate after drought (Proctor et al., 2007), we didn’t assess the effect of the dry 
spell on the surface resistance of the moss surface.  

The parameters thus obtained were used to parameterize the Penman-Monteith 
equation and to calculate hourly ETp values for each surface.  

3.2.4 Model simulations of ETa 

Using hourly ETp of the year 2013 (876 mm precipitation), we used Hydrus 1D (Šimůnek 
et al., 2016) to simulate ETa. If meteorological data of the local weather station was 
missing due to snow cover or sensor maintenance, the meteorological data of weather 
station “de Bilt” was used for the calculation of ETp.   

First, we simulated ETa for the lysimeter surfaces and compared our results with the 
lysimeter measurements of ETa. The lower boundary condition in the model was a 
seepage face with hydraulic pressure equal to 0 at a depth of 65 cm below the surface (50 
cm soil and 15 cm wick). This boundary condition assumes that the boundary flux will 
remain zero as long as the pressure head is negative. When the lower end of the soil 
profile becomes saturated, a zero pressure head is imposed at the lower boundary and 
outflow calculated accordingly. Second, we simulated ETa for the groundwater-
independent surroundings. We expected that the availability of soil moisture in the 
lysimeter tanks was larger than in the groundwater independent surroundings, because the 
lowest sections of the lysimeters need to be saturated before drainage occurs. To estimate 
the yearly ETa of dune vegetation in environments with deep groundwater levels, we used 
a free drainage boundary condition (i.e. a pressure head gradient of 0 and an elevation 
head of 1) located 2.5 m below the surface. Third, we investigated the magnitude of the 
vegetation dieback in the summer of 2013 on both ETp and ETa, by using two different 
surface resistances: one derived from the period before, and one for the period after the 
vegetation dieback.  

Soil hydraulic properties in the hydrological model were described by the Van 
Genuchten relationships (van Genuchten, 1980). Soil samples (100 cm3) collected next to 
each lysimeter at 5 and 15 cm depth were used to derive the drying retention function. 
The average drying retention parameters (of the two samples collected next to each 
lysimeter) were used in the hydrological model taking hysteresis into account by assuming 
the wetting retention curve parameter (αwet) to be twice as large as the drying retention 
curve parameter (αdry) (Šimůnek et al., 1999). The unsaturated hydraulic properties 
(parameters l and K0) were estimated using the Rosetta database and pedotransfer 
functions, providing the fitted drying retention curve parameters as input (Schaap et al., 
2001). The hydraulic properties of the 15 cm long wick, guiding drainage water below the 
lysimeter into the tipping bucket, were taken from Knutson and Selker (1994). 
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Since mosses have neither leaf stomata nor roots, ETa from the moss surface is 
limited by the capacity of the moss material to conduct water to the surface. This passive 
evaporation process is similar to the process of soil evaporation, i.e. evaporation becomes 
limited if the surface becomes too dry to deliver the potential rate. The unsaturated 
hydraulic properties of the dense Campylopus introflexes moss mat covering the lysimeter 
soil were based on the hydraulic properties derived by Voortman et al. (2014) and used in 
the first 2 cm of the model domain. Macro pores in the moss mat were neglected by 
Voortman et al. (2014), which implies that direct implementation of these hydraulic 
properties would result in large amounts of surface runoff generation or ponding, since 
the unsaturated hydraulic conductivity (K0) of the moss mat is lower than 0.28 cm/d. 
Therefore, the dual porosity model of Durner (1994) was used to add 1000 cm/d to the 
hydraulic conductivity curve of Voortman et al. (2014) between -1 and 0 cm pressure 
head (Appendix 3.A). This permits the infiltration of rain water at high intensity rain 
showers without affecting the unsaturated hydraulic behavior at negative pressure heads. 
Because of the complex shape of the retention function of the moss mat, hysteresis in the 
soil hydraulic functions in the underlying soil was neglected for the simulation of 
evaporation from moss surfaces. The sensitivity of this simplification on the model 
outcomes was investigated by adjusting the soil hydraulic function of the soil from the 
drying to the wetting curve. This had a negligible effect (<1 mm) on the simulated yearly 
ETa (data not shown). Besides simulations of moss evaporation with a cover of 
Campylopus introflexus, soil physical characteristics of Hypnum cupressiforme were used in the 
first 2 cm of the model domain to analyze the effect of different moss species on the 
water balance. Soil parameters used in the model are explained in more detail in Appendix 
3.A. 

Since the grass and heather lysimeters fully covered the soil, soil evaporation was 
neglected for these surfaces. The root profile for the grass and heather lysimeters was 30 
cm deep, with the highest concentration of roots in the upper layer decreasing linearly 
with depth. A water stress reduction function (Feddes et al., 1978) was used to simulate 
the closure of leaf stomata during water stressed periods. Vegetation parameters are 
explained in more detail in Appendix 3.B. Modeled actual evapotranspiration (ETa,mod) 
was aggregated to daily values and compared to field measurements of ETa during moist 
(ETa, mod = ETp) and dry conditions (ETa, mod ≠ ETp).  

3.2.5 Model performance assessment 

Model performance of Rns, Rnl, G and ETa,mod simulations were tested with the Nash-
Sutcliffe model efficiency coefficient (NSE): 
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where N is the total number of observations, xm,t is the model-simulated value at time 
step t, xo,t is the observed value at time step t, and  is the mean of the observations. NSE 
= 1 corresponds to a perfect match of modeled to observed data. If NSE < 0, the 
observed mean is a better predictor than the model. To assess the magnitude of error of 
model simulations, the root mean squared error (RMSE), the mean difference (MD) and 
the mean percentage difference (M%D) were used. 

3.3 Results and Discussion 

3.3.1 Parameterization of the Penman-Monteith equation 

3.3.1.1 Net shortwave radiation 

The measured incoming and reflected solar radiation were used to compute the albedo of 
the four surfaces by linear regression (Figure 3.6; Table 3.5). This single value for the 
albedo slightly overestimates the reflected solar radiation at large incoming solar radiation 
(Figure 3.7) because of a dependency of the albedo on solar elevation angle β (Yang et al., 
2008; Zhang et al., 2013). Nonetheless does the use of a single value for the albedo hardly 
affect the error in modeled Rns: The mean difference (MD) between measured and 
modeled Rns lies between -0.23 and 1.63 Wm-2 (Table 3.1), which is equal to the energy 
required to evaporate 0.008 to 0.057 mm d-1. The NSE for estimating Rns is close to 1 
(Table 3.1), showing almost a perfect match of modeled to observed data.  

The dense moss mat Campylopus introflexes entirely covers the underlying mineral soil, 
which results in a low albedo (0.135) due to the dark green surface. The albedo of bare 
sand (0.261) is comparable to values found in literature for bare dry coarse soils (Liakatas 
et al., 1986; Linacre, 1969; Qiu et al., 1998; van Bavel and Hillel, 1976) and the albedo for 
grass (0.179) is consistent with values reported in other studies during summer time 
(Hollinger et al., 2010) or for dried grass (van Wijk and Scholte Ubing, 1963). Heather has 
a somewhat lower albedo (0.078) than was found in the literature: Miranda et al. (1984) 
report an albedo of 0.13 (Calluna, LAI ca. 4); Wouters et al. (1980) report an albedo of 
0.102 (Calluna). The heather vegetation in our study was in a later successional stage with 
aging shrubs having a relatively large fraction of twigs and a smaller LAI (3.47) than 
found by Miranda et al. (1984). Furthermore, the albedo data of heather vegetation was 
collected primarily past the growing season from September till November. The darker 
surface after the growing season and the lower LAI explains the small albedo compared 
to other studies. 
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Figure 3.6. Linear regressions between incoming and reflected solar radiation. 

 

Figure 3.7. Modeled compared to measured net solar radiation (figures a- d, dashed lines are 1:1 lines) and 

deviations from the 1:1 line (figures e- h, dashed lines indicate 5, 50 and 95 percentiles).  
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Table 3.1. Model performance of Rns simulations 

Surface N NSE 

RMSE 

(Wm-2) 

MD 

(Wm-2) 

M%D 

(%) 

Sand 218 0.998 5.99 -0.23 -0.10 

Moss 1317 0.999 5.46 1.18 0.46 

Grass 1203 0.998 7.78 1.63 0.55 

Heather 407 0.999 3.00 0.24 0.09 

3.3.1.2 Net longwave radiation 

The fitted function of equation 3.6 describes the dynamics of the surface temperature 
relative to air temperature (Figure 3.8; Table 3.5). All surfaces have a similar average 
nighttime surface temperature (Ts,offset) relative to Ta, ranging between -7.47 and -10.21°C. 
The solar elevation angle at which the surfaces become warmer than the air temperature 
(μβ), as well as the speed at which the surface warms up or cools down (σβ), are 
comparable between the surfaces. The main difference between the surfaces is observed 
at high solar elevation angles. Sand and moss show a clear increasing slope during the day, 
while grass and heather are able to attenuate the increase in surface temperature, possibly 
due to a larger latent heat flux (Figure 3.8). The moss surface shows the largest increase in 
surface temperature during the day. Although organic layers, e.g. dry peat, have a larger 
specific heat (1600 J kg-1K-1) than dry sand (693 J kg-1K-1) (Gavriliev, 2004), the energy 
required to heat up the moss material is much smaller than for sand, because of the small 
dry bulk density of ca. 26.8 g/l (derived for Campylopus introflexus from Voortman et al. 
(2014)). Therefore, the surface temperature and the emitted longwave radiation are largest 
for the moss surface. 

Our Rnl model (equation 3.3 and equation 3.6) simulates Rnl much better than the 
calibrated FAO-56 Rnl sub-model (Table 3.3). For the natural grass surface, the NSE even 
becomes negative using the calibrated FAO-56 approach. Several studies showed that the 
FAO-56 Rnl sub-model underestimates the magnitude of Rnl for reference grass 
vegetation and poorly describes the diurnal pattern (Blonquist Jr et al., 2010; Matsui, 2010; 
Temesgen et al., 2007; Yin et al., 2008). As mentioned, the FAO-56 Rnl sub-model was 
originally developed for reference grass vegetation under well-watered conditions for daily 
time steps, but is commonly applied at hourly timescales (ASCE-EWRI, 2005; Gavilán et 
al., 2008; Irmak et al., 2005; López-Urrea et al., 2006; Perera et al., 2015). At daily time 
steps, Ts is close to Ta, since the warmer daytime Ts is compensated by the cooler 
nighttime Ts. For hourly time steps, the assumption that Ts follows Ta is not valid, which 
explains the poor performance of the FAO-56 Rnl model for hourly time steps. This poor 
performance cannot be compensated by calibrating the net emissivity parameters, since 
the diurnal pattern remains unaffected. 
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In this analysis a typical pattern in Ts relative to Ta is used to estimate Ts (equation 
3.6), and subsequently Rnl (equation 3.3). This relationship (Figure 3.8) is sensitive to local 
weather conditions, which implies that the parameters of equation 3.6 (Table 3.5) are not 
directly transferable to other locations or climates. The applicability of the presented 
approach to simulate Rnl should be tested before it is used for other surfaces or climates. 
It should be noted that the amount of parameters that is required to simulate Rnl is 
relatively large. However, μβ as well σβ, are comparable between the surfaces. These 
parameters might be assumed similar for every surface, reducing the species specific 
model parameters to three (one more than the FAO-56 approach). More data of different 
vegetation types is required to generalize these results and to assess the amount of 
parameters that are required to accurately simulate Rnl. 

 
 

 
Figure 3.8. Measured surface temperature relative to air temperature (Ts−Ta) for clear hours (fcd  > 0.9) as 

function of solar elevation angle β. Relationships (red lines) were fitted to the data using equation 6. 

 
 

Table 3.2. Calibrated net emissivity parameters of the FAO-56 Rnl sub-model (equation 3.7). 

a b 

Sand 0.31 -0.00 

Moss 0.33 0.02 

Grass 0.36 -0.06 

Heather 0.24 0.02 
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Table 3.3. Model performance of Rnl simulations for hourly time steps. 

Surface N NSE 

RMSE 

(Wm-2) 

MD 

(Wm-2) 

M%D 

(%) 

Using Eq. 3.3      

Sand 5891 0.65 27.37 0.92 1.52 

Moss 5997 0.74 28.57 3.73 5.19 

Grass 6113 0.71 25.66 1.41 2.36 

Heather 2424 0.63 27.63 -0.21 -0.40 

Using FAO-56 Eq. 

3.7      

Sand 5891 0.41 35.39 4.34 7.14 

Moss 5997 0.31 46.67 14.84 20.65 

Grass 6113 -0.07 49.41 -18.23 -30.38 

Heather 2424 0.29 38.24 10.50 19.54 

 

3.3.1.3 Soil heat flux 

The soil heat flux G as fraction of Rn (Fday and Fnight) decreases with vegetation cover 
(Table 3.5). The nighttime fractions are larger than the daytime fractions, as Rn becomes 
smaller in magnitude during the night, which simultaneously corresponds to a change in 
direction of Rn and G, from downward (positive) to upward (negative). Relatively small 
systematic errors are made using daytime and nighttime fractions of Rn to simulate G 
(MD between 1.92 and 0.69 Wm-2) (Table 3.4). In remote sensing algorithms G is often 
simulated as fraction of Rn, depending on the LAI or the fractional vegetation cover. In 
e.g. the SEBS algorithm, the soil heat flux fraction (F) is interpolated between 0.35 for 
bare soil and 0.05 for a full vegetation canopy (Su, 2002). These limits are close to the 
bare sand (0.270) and heather (0.066) Fday fractions (Table 3.5). The heather Fday (0.066) 
was close to the value found by Miranda et al. (1984) of 0.04.  

 The analysis of the relationship between Rn and G was based on the average of 
two sets of soil heat flux plates per surface. These sets of measurements showed on 
average a good agreement: a MD below 1.07 Wm-2 with a RMSE ranging between 5.02 
and 9.40 Wm-2. 
 



 

 

Energy and water fluxes in dry dune ecosystems 51 

Table 3.4. Model performance of G simulations. 

Surface N NSE 

RMSE 

(Wm-2) 

MD 

(Wm-2) 

M%D 

(%) 

Sand 6080 0.820 20.06 1.92 22.16 

Moss 5335 0.901 12.02 1.65 24.29 

Grass 6046 0.868 8.97 1.60 43.42 

Heather 2028 0.641 11.39 0.69 40.27 

 

Table 3.5. Parameters of the four different surfaces used for the calculation of ETp for hourly time steps. 

Parameter Sand Moss Grass Heather 

albedo (-) 0.261 0.135 0.179 0.078 

μβ (radians) 0.10 0.10 0.13 0.09 

σβ (radians) 0.09 0.09 0.11 0.08 

Ts,amp (°C) 11.26 14.21 19.70 15.89 

Ts,offset (°C) -7.47 -8.14 -10.21 -9.67 

Ts,slope (°C radians-1) 7.83 11.82 0.00 0.00 

Fday (-) 0.270 0.211 0.129 0.066 

Fnight (-) 0.761 0.647 0.527 0.462 

rswet (s m-1) --- --- 0 0 

rs (s m-1) before drought 10 10 181 107 

rs (s m-1) after drought 10 10 351 331 
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3.3.1.4 Energy balance 

All the terms in the energy balance can be defined using daily lysimeter measurements of 
LE and an estimate of the sensible heat flux (H) as a residual term of the energy balance. 
For daytime measurements (between sunrise and sunset), the LE, H, G, Rs↑ and Rnl can 
be expressed as fraction of the Rs↓. Table 3.6 summarizes the average fraction of Rs↓ 
attributed to these five different energy fluxes during the measurement campaign. The net 
longwave radiation is for most surfaces the largest energy flux during daytime (Table 3.6).  

The LE of most surfaces is the second largest flux during daytime, which fraction 
increases with vegetation cover. Despite the large difference in albedo between bare sand 
and moss, the moss surface has only a slightly larger LE fraction than bare sand (Table 
3.6). This is primarily caused by the larger Rnl flux of moss, which compensates the 
smaller amount of reflected solar radiation.  
 

Table 3.6. Average fractionation of the incoming shortwave radiation (Rs↓) between different energy fluxes 

during daytime.  

Surface LE H G Rs↑ Rnl 

Sand 0.22 0.13 0.10 0.26 0.28 

Moss 0.24 0.17 0.09 0.14 0.36 

Grass 0.27 0.21 0.06 0.18 0.29 

Heather 0.35 0.20 0.05 0.08 0.32 

 

3.3.2 Potential and actual evapotranspiration 

The modeled ETa is in agreement with the measured ETa, with some exceptions at the 
onset of dry out events (Figure 3.9). In general, reduction of ETp to ETa is modeled a few 
days later than emerges from measurements. The cumulative ETa,mod over the 
measurement period (May-October 2013) deviates 21 mm (13%), -13 mm (-7%), 5 mm 
(2%) and -3 mm (-2%) from the measured ETa of the sand, moss, grass and heather 
lysimeters respectively. The results of modeled vs. measured ETa for non-water stressed 
(ETa = ETp) and water stressed conditions (ETa,mod < ETp) are summarized in Table 3.7. 

We did not calibrate our model, e.g. by adjusting soil hydraulic properties, because 
several processes outlined by Allen et al. (1991) and wall flow (Cameron et al., 1992; 
Corwin, 2000; Saffigna et al., 1977; Till and McCabe, 1976) affect lysimeter measurements 
of ETa and drainage. We suspect that wall flow caused the slightly earlier reduction of 
ETp to ETa at the onset of dry out events than was simulated by the model. Wall flow 
leads to a quicker exfiltration of rainwater and a subsequent lower moisture content in the 
lysimeter, and therefore a slightly earlier timing of drought compared to the model. Since 
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wall flow does not occur in the undisturbed vegetation outside the lysimeters, calibrating 
e.g. soil hydraulic properties using measured surface and drainage fluxes in the objective 
function could lead to biased characterizations of the soil hydraulic properties and 
erroneous simulations of soil water flow and ETa. 

In our simulations, we neglected vapor flow within the soil and moss layer. Due to 
temperature and potential gradients, vapor fluxes may occur through the soil and moss 
layer in upward and downward direction by diffusion. Vapor flow may occur by advection 
as well, e.g. through macro pores. Water and vapor flows act together and are hard to 
distinguish between. Modelling and lab experiments show a minor cumulative effect of 
vapor flow on evaporation for moist and temperate climates. Soil evaporation in a 
temperate climate for loamy sand in Denmark was only slightly smaller (1.5%) than a 
simulation excluding vapor flow (Schelde et al., 1998). Experiments of Price et al. (2009) 
show that only 1% of the total water flux was caused by vapor flow in columns of 
Sphagnum moss. Nevertheless, for a dry and warm Mediterranean climate – different from 
ours – Boulet et al. (1997) found a dominant vapor flux down to a depth of 25 cm in a 
bare soil during 11 days in a dry and warm Mediterranean climate. Because large 
temperature and potential gradients occur when ETa ≠ ETp, vapor flow could especially 
become dominant in the water limited phase of evaporation. We compared the model 
performance between dry (ETa,mod ≠ ETp) and wet (ETa,mod = ETp) days in Figure 3.10. 
The model performance in both moisture conditions is comparable (RMSE sand: dry = 
0.40, wet = 0.46, RMSE moss: dry = 0.30, wet = 0.39), suggesting that our simplified 
model could describe the dominant processes and the simulation of vapor flow was not 
required for the temperate climate of our study area. 

One would expect oasis effects to occur in the vicinity of the lysimeters, because 
freely draining lysimeters must saturate at the bottom of the lysimeter tank before water 
drains out. This enlarges the water availability inside the lysimeters compared to its 
groundwater independent surroundings and occasionally leads to a situation in which the 
vegetation inside the lysimeters is still transpiring, while the vegetation outside the 
lysimeters becomes water stressed and heats up. In such situation advection of sensible 
heat generated in the vicinity of the lysimeters could contribute to the available energy for 
lysimeter evapotranspiration. However, calculated ETp was seldom smaller than measured 
lysimeter ETa, indicating that oasis effects were absent. Furthermore, if oasis effects were 
prominent, systematic underestimation of modeled lysimeter ETa would occur, since we 
ignored the possible contribution of heat advection. Note that it is very unlikely that oasis 
effects affected the back-calculated surface resistances (Table 3.5), since these were based 
on days after rain events for which we may assume ETa to be equal to ETp for both the 
lysimeters and their surroundings. 

Neglecting feedbacks of drought on the transpiring leaf area and thereby the surface 
resistance (i.e. using a fixed rs) of heather and dry grassland vegetation leads to an 
overestimation of cumulative ETa of 7% to 9% for years with relatively severe drought 
(Table 3.7). The delayed drought response of these vegetation types is therefore of 
importance to water balance studies, especially when, according to the expectations, 
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summers become dryer as a result of a changing climate. Longer recordings of ETa in 
heathland and grassland are required to understand and parameterize the drought 
response of these vegetation types in coupled plant physiological and hydro-
meteorological models.  

To our knowledge, this chapter describes for the first time the evaporation 
characteristics of a moss surface in a dune ecosystem in a temperate climate. The 
evaporation rate of the dense moss mat Campylopus introflexus is 5% larger than the 
evaporation rate of bare sand. Campylopus introflexus forms dense moss mats and of the 
moss species investigated by Voortman et al. (2014), it has the largest water holding 
capacity. Voortman et al. (2014) hypothesized that moss covered soils could be more 
economical with water than bare soils, since the unsaturated hydraulic properties of moss 
layers reduce the magnitude of evaporation under relatively moist conditions. Our 
simulations of evaporation from the more open structured Hypnum cupressiforme moss 
species (common in coastal dunes), which primarily differs in moisture content near 
saturation compared to Campylopus introflexus (0.20 instead of 0.61), confirms this 
hypothesis. The simulated evaporation rate for this species was 29% lower than the 
evaporation rate of bare soil. From both our measurements and model simulations, 
xerophylic (drought tolerant) mosses appear to be very economical with water: their 
evaporation rate is comparable with that of bare sand, or lower. 

Campylopus introflexus is considered an invasive species in the Northern Hemisphere 
and was first discovered in Europe in 1941 (Klinck, 2010). Considering the large 
difference in yearly evaporation between Hypnum cupressiforme and Campylopus introflexus 
species (90 mm), the invasion of the Campylopus introflexus could have had negative 
impacts on water resources in specific areas which were previously dominated by more 
open structured moss species with poorer water retention characteristics. For sustainable 
management of groundwater resources in coastal and inland sand dunes, an accurate 
estimate of the groundwater recharge is required. For consultancy about the availability of 
water, moss species cannot be categorized in a singular plant functional type, since the 
modulating effect of the moss cover is species specific. However, in terms of water 
retention characteristics, the species investigated by Voortman et al. (2014) are 
distinguished from each other by the water holding capacity near saturation (θ0, Appendix 
3.A), which is easily measured in a laboratory. Moss species could be categorized by this 
characteristic.  

Mosses and lichens are common in early successional stages after colonizing and 
stabilizing drift sand or as understory vegetation in heathlands or grasslands. Vascular 
plants might benefit from the presence of certain moss species as more water may be 
conserved in the root zone. On the other hand, field observations show that moss- and 
lichen-rich vegetation can persist for many decades (Daniëls et al., 2008). Detailed 
measurements of understory evaporation in heathlands and grasslands are required to 
unravel the ecological interactions between mosses and vascular plants. 
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Figure 3.9. Measured and modeled daily ET for the four lysimeters. Grey bars indicate time periods where 

ETa,mod is smaller than ETp, i.e. when evapotranspiration was water limited.  
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Figure 3.10. Measured vs. modeled ETa of the lysimeters for all, wet (ETa,mod = ETp) and dry (ETa,mod ≠ 

ETp) days. Dotted lines represent the 1:1 lines.  
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Table 3.7. Modeled ETp and ETa for different surfaces in a lysimeter (lys.) and for a situation with deep 
groundwater levels (gw. ind.) for the year 2013.  

  ETp (mm) ETa lys. (mm) ETa gw. ind. (mm) 

Bare sand 400 295 258 

Moss (Campylopus int.) 468 312 272 

Moss (Hypnum cup.) 468 --- 182 

Grass 392 350 333 

Grass no dieback 429 (+9%) 382 (+9%) 362 (+9%) 

Heather 549 460 391 

Heather no dieback 610 (+11%) 499 (+8%) 420 (+7%) 

3.4 Conclusions 
In this study the net longwave radiation (Rnl) appeared to be one of the largest energy 
fluxes in dune vegetation. The poor performance of the calibrated FAO-56 approach for 
simulating Rnl for hourly time steps illustrates that this energy flux has attracted 
insufficient attention in evapotranspiration research. The novel approach presented in this 
study to simulate Rnl outperformed the calibrated FAO-56 approach and forms an 
accurate alternative for estimating Rnl.  

 A relatively simple hydrological model could be used to simulate 
evapotranspiration of dry dune vegetation with satisfactory results. Improvements in 
terms of climate robustness would be especially achieved if plant physiological processes 
were integrated in the hydro-meteorological model. Without considering the effects of dry 
spells on the surface resistance (rs) of grassland and heathland vegetation, ETa would be 
overestimated with 9% and 7% for years with relatively severe drought (drought events 
with a reoccurrence of once per five years).  

 Moss species are very economical with water. The evaporation of moss surfaces is 
comparable or even lower than bare sand. By promoting moss dominated ecosystems in 
coastal and inland dunes, the evapotranspiration could be reduced considerably, to the 
benefit of the groundwater system. Differences in evaporation between moss species are 
large and should be considered in water balance studies. 

 Long-term measurements of ETa in heathland and grassland are required to study 
feedbacks between climate and plant physiological processes in order to integrate the 
drought response of natural vegetation in coupled plant physiological and hydro-
meteorological models. To understand the ecological interaction between mosses and 
vascular plants, detailed measurements of understory evaporation in heathlands and 
grasslands are required. 
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Appendix 3.A. Soil hydraulic properties for the simulation of 
unsaturated flow with Hydrus-1D 
Unsaturated flow in Hydrus 1D is described by a modified form of Richards’ equation: 

 ,
h

K K
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Where K is the unsaturated conductivity (LT-1), z is the vertical coordinate (L) and t is the 
time (T). The soil hydraulic properties were assumed to be described by the Mualum van 
Genuchten functions: 
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where θ is the volumetric water content (L3/L3), h is the soil water pressure head (L), θ0 is 
an empirical parameter matching measured and modeled θ (L3/L3), θr is the residual water 
content (L3/L3) and α (L-1) and n (-) are empirical shape parameters of the retention 
function, K0 is an empirical parameter, matching measured and modeled K (LT-1), Se is the 
effective saturation (-), l is the pore-connectivity parameter (-) and m (=1-1/n) (-) is an 
empirical parameter. Drying retention data of two soil samples collected next to each 
lysimeter at 5 and 15 cm depth were used to fit a retention function with the RETC code 
(van Genuchten et al., 1991). Hysteresis in the retention function was accounted for by 
assuming the retention curve parameter α for the wetting curve (αwet) to be twice as large 
as α of the drying retention curve (αdry) (Šimůnek et al., 1999). The unsaturated hydraulic 
conductivity parameters l and K0 were estimated using the Rosetta database and 
pedotransfer functions, providing the fitted drying retention curve parameters as input 
(Schaap et al., 2001). Average parameter values per lysimeter are summarized in Table 
3.A1. 

The hydraulic properties of the 15 cm long wick, guiding drainage water below the 
lysimeter into the tipping bucket, were taken from Knutson and Selker (1994) who 
analyzed the same brand and type of wick, i.e. Peperell ½ inch. The K0 of the wick was 
adjusted to correct for the smaller cross sectional area of the wick compared to the cross 
sectional area of the lysimeter in the 1D model simulation. (Table 3.A1).  
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Table 3.A1. Hydraulic parameter values of lysimeter soils. 

θr 

(-) 

θ0 

 (-) 

αdry 

(cm-1) 

αwet 

(cm-1) 

n 

(-) 

K0 

(cm/h) 

L 

(-) 

Bare 

Sand 0.01 0.367 0.023 0.046 2.945 1.042 -0.401 

Moss 0.01 0.397 0.019 --- 2.335 0.734 -0.173 

Grass 0.01 0.401 0.025 0.050 2.071 1.119 -0.278 

Heather 0.01 0.392 0.018 0.036 2.581 0.679 -0.186 

Wick 0.00 0.630 0.098 0.196 3.610 2.180 0.500 

 

The heterogeneous pore structure of the moss material was described by the 
functions of Durner (1994): 
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Where w1 and w2 are weighting factors for two distinct pore systems of the moss layer; a 
capillary pore system (subscript 1) and a macro pore system active near saturation (h > -1 
cm, subscript 2) and Ks is the hydraulic conductivity at saturation. Average hydraulic 
parameters of the capillary pore system and the volumetric portion of the macro pore 
system of the moss species Campylopus introflexus and Hypnum cupressiforme were taken from 
Voortman et al. (2014) (illustrated with dotted lines in Figure 3.A1 and Figure 3.A2). The 
α2 parameter was fitted to the functions of Voortman et al. (2014) using Ks = 1000 cm/d 
and  n2 = 2 by minimizing the RMSE by generalized reduced gradient nonlinear 
optimization. Hydraulic parameter values are listed in Table 3.A2. 
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Figure 3.A1. Water retention functions of two moss species: Campylopus introflexus and Hypnum cupressiforme. 

The dotted lines indicate the contribution of the capillary pore system characterized by Voortman et al. 

(2014). 

 

Figure 3.A2. Hydraulic conductivity functions for two moss species: Campylopus introflexus and Hypnum 

cupressiforme. The dotted lines indicate the contribution of the capillary pore system characterized by 

Voortman et al. (2014).  

Table 3.A2. Hydraulic parameter values of the two moss species.  

θr 

(-) 

θs 

 (-) 

α1 

(cm-1) 

n 

(-) 

Ks 

(cm/h) 

l 

(-) 

w2 

(-) 

α2 

(cm-1) 

n2 

(-) 

Campylopus int. 0.060 0.936 0.080 2.25 41.67 -2.69 0.371 45.89 2.00 

Hypnum cup. 0.010 0.971 0.013 2.17 41.67 -2.37 0.800 16.61 2.00 
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Appendix 3.B. Feddes function used in the Hydrus 1D model to 
simulate the closure of leaf stomata during water stressed 
periods.  
The Feddes function (Feddes et al., 1978) describes the relative transpiration rate in 
relation to the soil water pressure head (Figure 3.B1) (being 0 if transpiration ceases and 1 
if it equals potential rate). Near positive pressure heads, root water uptake ceases due to 
oxygen stress (P0). At the dry end of the function, root water uptake ceases (P3). The 
moment at which transpiration becomes limited due to moisture stress is dependent on 
the potential transpiration rate. At a high potential transpiration rate (5 mm/d in the 
model simulation) leaf stomata start to close earlier (P2H) than under low potential 
transpiration rate (P2L, 1 mm/d in the model simulation). Values for the parameters of 
Figure 3.B1 are listed in Table 3.B1. 
 

 

Figure 3.B1. The relative transpiration rate as function of soil water pressure head according to Feddes et 

al. (1978). 

Table 3.B1. Parameters of the water stress reduction function used in the Hydrus 1D model. 

P0 

(cm) 

P1 

(cm) 

P2H 

(cm) 

P2L 

(cm) 

P3 

(cm) 

r2H 

(mm/h) 

r2L 

(mm/h) 

-10 -25 -300 -1000 -8000 5 1 
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How the evaporation of dry dune grasslands 
evolves during the concerted succession of 
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Abstract 
Sustainable water and vegetation management of coastal dunes requires fundamental 
knowledge of how interactions between soil, water and vegetation evolve during 
succession. Therefore, we quantified the effect of succession on evaporation in dry dune 
grasslands of the Netherlands. Based on vegetation and soil records, we simulated the 
evaporation rate of vegetation plots that differed in successional stage, slope angle and 
slope orientation. Starting from bare sand, average yearly evaporation increased with 94 
mm in a period of 52 to 76 years of soil and vegetation succession. The increase in 
evaporation was for the greater part caused by soil development (an increase of the water 
holding capacity) and the lesser part by an increase in vascular plant cover. In an early 
successional stage, ground layer evaporation could be both higher and lower compared to 
bare soil evaporation, depending on the moss species. At a later successional stage, moss 
species primarily decreased ground layer evaporation and facilitated vascular plants. 
Despite clear differences in slope angle and slope orientation, the simulated actual 
evaporation rate was not significantly correlated to the incoming solar radiation because 
the vascular plant cover and soil water holding capacity decreased with incoming solar 
radiation. These results show that biotic processes can eliminate the effects of micro-
meteorological differences on evaporation. Based on our findings we hypothesize that 
vegetation shifts towards more moss and lichen dominated vegetation could mitigate the 
adverse effects of climate change (e.g. drier summers) on water resources. 
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4.1 Introduction 
Dutch coastal dunes host various ecosystems with high species diversity, including those 
designated as target habitats by national nature policy as well as priority habitat types (e.g. 
grey dunes) by the Habitat Directive of the European Community (Natura 2000). Besides 
hosting a unique nature area, coastal dunes are one of the main drinking water production 
sites in the Netherlands. Both ecosystem services - biodiversity and fresh groundwater - 
are coupled through the soil water, plant, atmosphere system. Changes in vegetation 
composition affect the water balance and the other way around. For sustainable 
management of coastal dunes it is essential to understand the interactions between 
vegetation and the water balance, since this would allow us to quantify the cost and 
benefit of vegetation management in terms of both biodiversity and groundwater 
recharge. 

The species composition in coastal dunes is strongly correlated with climatic stresses, 
eolian dynamics and soil development (Arens and Geelen, 2006; Honrado et al., 2010; 
Miller et al., 2009; Provoost et al., 2004; van der Hagen et al., 2008). The relationships 
between microclimate and patterns in vegetation composition have been extensively 
studied on sites differing in topography, e.g. on polar and equator facing slopes 
(Bartholomeus et al., 2011; de Jong and Klinkhamer, 1988; Marshall, 1968; Stoutjesdijk, 
1959; Stoutjesdijk, 1977; Stoutjesdijk and Barkman, 1992; Ten Harkel, 1992). In general, 
the vascular plant cover is smaller and the succession speed is slower on equator facing 
slopes, which are relatively dry.  

Mosses and lichens are present as pioneer species or as understory vegetation in 
coastal dunes. Because these mosses and lichens are more resilient to drought than most 
vascular plants, their cover is larger on equator facing slopes. Higher resilience of mosses 
and lichens to drought was also observed in permanent plots and in several field 
experiments. In a nature reserve with inland dry sand dunes, grasses proved to be more 
susceptible to drought during an extremely dry summer in 2003, whereas mosses were 
less susceptible to drought and most lichens did not respond at all (Hasse and Daniëls, 
2006). Similarly, a long-term vegetation plot in the same area showed that meteorological 
stress and grazing pressure temporarily reduced vascular plant cover, whereas mosses and 
lichens were able to maintain or increase their cover during such events (Daniels et al. 
2008). The observed increases in mosses and lichens in drier conditions may give an 
indication in which direction the vegetation composition will shift under climate change 
scenarios. Based on these observations, we expect that the cover and contribution of 
mosses to the overall water budget will become larger under climate change projections 
that show an increase of dry spells (Witte et al., 2012).  

Since mosses and lichens evaporate less than vascular plants and in some cases even 
less than bare sand (Voortman et al., 2014; Voortman et al., 2015), the potential shift to 
more moss and lichen dominated vegetation could mitigate the adverse effects of climate 
change on groundwater recharge rates. However, a decrease of evaporation may be 
balanced by an increase of root water uptake by vascular plants, rooting below the moss 
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carpet (i.e. mosses could facilitate vascular plants). The net effect of more moss and 
lichen dominated vegetation on groundwater recharge remains therefore unknown. In 
addition, soil hydraulic properties change in the course of succession, affecting the plant 
available water and the partitioning of water between mosses and vascular plants. Soil 
hydraulic properties of dune soils are strongly correlated to the organic matter content 
(Koster, 1978). With increasing successional age, the organic matter content in the 
shallow soil layers increases, which subsequently leads to a better water holding capacity. 
Thus, to quantify water fluxes in dry dunes, it is essential to understand the dynamic 
interactions between soil, vegetation and microclimate. To our knowledge, none of the 
existing studies on dune hydrology takes full account on roles of mosses and succession 
on the water balance. Therefore the approaches in existing studies are not suited to 
properly predict groundwater recharge in dry dunes during succession. 

This chapter aims to get a better understanding of the effects of soil and vegetation 
succession on the water balance of dry dunes. In order to achieve this aim we use a 
parameterized hydrological model and field measurements to simulate evaporation, 
groundwater recharge and drought stress for groundwater independent (i.e. plots with 
deep, > 3 m, groundwater levels) in the Netherlands vegetation plots which differ in slope 
angle, orientation and successional stage. Using this model and field data we will address 
the following research questions: i) how do soil water retention properties of dune soils 
change through the course of succession? ii) what is the importance of mosses to the 
water availability for vascular plants? iii) what are the effects of local topography, soil 
development, vascular plants and mosses on evaporation? and iv) how do these effects 
differ between polar and equator facing slopes? Based on our findings we will hypothesize 
in which direction the vegetation and water balance will change under climate change 
scenarios. 

4.2 Methods 

4.2.1 General setup 

Our research was carried out in the coastal dune area “Meijendel” near The Hague in the 
Netherlands. This nature area has an average yearly reference grassland evaporation, 
following the definition of Makkink (1957), of 606 mm and on average 845 mm/y of rain 
(recorded between 1988 and 2014 at climate station “Valkenburg” of the Royal 
Netherlands Meteorological Institute at 5 to 10 km from the research sites). In this area 
we recorded vegetation cover, soil (dry bulk density and soil water retention properties of 
shallow soil layers) and local topography (slope angle and orientation) in 36 plots of 3 
successional stages. Using these field data, we parameterized a hydrological model to 
simulate potential evaporation (Ep) and actual evaporation (Ea) for the 36 vegetation 
plots. Evaporation (E) is here defined as the sum of vascular plant transpiration (T), 
ground layer evaporation (U; i.e. evaporation from moss and bare soil), and evaporation 
from canopy interception (I). In order to express the physiological importance of soil 
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moisture conditions on vascular plants, we additionally computed drought stress based on 
actual and potential transpiration (Bartholomeus et al., 2011).   

Hydrological model simulations for every vegetation plot and for the average 
conditions of the successional stage were used to investigate how mosses and vascular 
plants compete for water and to quantify the feedback of soil and vegetation succession 
on Ea, drought stress for vascular plants, and groundwater recharge (here defined as 
precipitation minus Ea). 

4.2.2 Field data 

We selected 36 plots in young (5-13 years, N = 12), intermediate (24-34 years, N = 12), 
and old (52-76 years, N = 12) dune grasslands (Figure 4.1) originating from secondary 
eolian dynamics. The age of the grassland was judged by visually checking the available 
aerial photographs of the years 1938, 1962, 1980, 1990, 2001, and 2009. When a bare site 
turned vegetated between 1938 and 1962, 1980 and 1990 or 2001 and 2009, the age of the 
grassland was judged as 52-76, 24-34, and 5-13 years old, respectively (since fieldwork was 
carried out in 2014, this year served as reference year). Pre-selected sites were visited in 
the field to make sure that none of the plots were under apparent influence of animal 
disturbance (e.g. digging of rabbits, trampling of the soil by cattle, a lot of dung drops), 
trees (to avoid effects of shading and litter input), artificial objects like pipelines and 
cables (which indicate soil disturbance in the past), eolian sand activities (i.e. visible sand 
layer on top of humus horizon), and soil erosion by runoff of rainwater. For each plot we 
estimated the cover of bare soil, moss and vascular plants and measured the slope angle 
and slope orientation. Soil organic matter content and dry bulk density were measured of 
soil samples collected at 0-5 cm depth and at 5-15 cm depth in each plot. We limited our 
soil sampling to shallow soil layers, because the soils are relatively young and changes in 
soil hydraulic properties due to the accumulation of organic matter are only expected in 
surface layers. Water retention characteristics were measured of soil samples (volume: 100 
cm3) collected in six plots (two per age class) at 0 to 5 cm depth, and 7.5 to 12.5 cm depth 
in replicates of three (so 6 vegetation plots × 2 depths × 3 replicates  = 36 samples), using 
the sand box method (Klute, 1986; Schindler et al., 2012). Volumetric water contents in 
soil cores were measured at pressure heads (h) of -2.5 cm (i.e. pF = 10log(|h|) = 0.4), -10 
cm (pF 1), -31.6 cm (pF 1.5), -63.1 cm (pF 1.8) and -100 cm (pF 2). 
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Figure 4.1. Examples of the studied vegetation, a) young successional age (5-13 y) and b) an old 
successional age (52-76 y).  

4.2.3 Soil hydraulic properties 

We fitted the following soil water retention function of van Genuchten (1980) to the 
drying retention data using the optimization code RETC (van Genuchten et al., 1991): 
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where θ is the volumetric water content, relative to the total sample volume (L3/L3), h is 
the water pressure head (L), θ0 is an empirical parameter matching measured and modeled 
θ (L3/L3), θr is the residual water content (L3/L3) and α (L-1), n (-) and m (-) are empirical 
shape parameters of the retention function. The corresponding hydraulic conductivity 
function is: 
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where K is the unsaturated hydraulic conductivity, K0 is an empirical parameter, matching 
measured and modeled K (L T-1), Se is the effective saturation (-) and l is the pore-
connectivity parameter (-). To reduce the number of parameters that need to be 
optimized, we used a residual water content (θr) of 0.01 for each soil sample and assumed 
m = 1−1/n.  

Relationships between dry bulk density and Van Genuchten parameters of the 
measured six plots were established to estimate the soil water retention properties of the 
36 vegetation plots for the upper (0 to 5 cm depth) and lower soil layers (>5 cm depth). 
The shape of the unsaturated hydraulic conductivity curve (parameters l and K0) of each 
vegetation plot and both soil layers was estimated using the Rosetta pedotransfer 
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functions, providing the estimated retention curve parameters as input (Schaap et al., 
2001). 

4.2.4 Estimation of potential evaporation 

We simulated potential evaporation for the 36 vegetation plots using the Penman-
Monteith equation for hourly time-steps:  
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where Ep is the potential evaporation (m s-1), Δ is the slope of the saturation vapor 
pressure vs. temperature curve (Pa K-1), Rn is the net radiation (W m-2), G is the soil heat 
flux (W m-2), ρa is the air density (kg m-3), cp is specific heat of moist air (J kg-1 K-1), es is 
the saturation vapor pressure of the air (Pa), ea is the actual vapor pressure of the air (Pa), 
ra is aerodynamic resistance to turbulent heat and vapor transfer (s m-1), γ is the 
psychrometric constant (Pa K-1), rs is the bulk surface resistance (s m-1), λ is the latent heat 
of vaporization (J kg-1), and ρw is the density of liquid water (kg m-3). We simulated Ep for 
three functional vegetation types (bare soil, moss and vascular plants) following the 
parameterization of Voortman et al. (2015). 

The simulations of Ep were performed using meteorological data of climate station 
“Valkenburg” of the Royal Netherlands Meteorological Institute (located 5 to 10 km from 
the vegetation plots). Measurements of solar radiation started at this particular climate 
station in 1988. To avoid yearly meteorological variations to confound our comparison 
between different successional stages, we derived long-term average estimates of Ep, Ea, 
groundwater recharge and drought stress for the period from 1988 to 2014 (27 years). 
Thus, we used this 27 year period for every plot. The measured incoming solar radiation 
and rain recorded at the climate station were corrected for the slope angle and slope 
orientation of the vegetation plots. For the measured rain we used the model of de Lima 
(1990), which considers the angle of incidence of rain drops as a function of wind speed, 
slope angle and slope orientation. We used the model of Orgill and Hollands (1977) to 
split the measured incoming solar radiation (Rs↓) in diffuse and direct radiation and used 
the model of Perez et al. (1987) to estimate the diffuse and direct radiation on the slopes. 
To calculate the Ep of the vegetation plots, we assumed that the soil heat flux and net 
long-wave radiation on slopes changes proportionally with the incoming solar radiation, 
allowing to calculate the available energy (A = Rn – G; W m-2) on slopes based on 
simulations of the available energy on a horizontal surface:  
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where Rs↓ (W m-2) is the incoming solar radiation and subscript “hor” and “slp” are fluxes 
on a horizontal and sloping surface, respectively. Parameters to simulate Ahor were 
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derived from Voortman et al. (2015). Eq. 4.5 was first applied for the sum of daytime 
values (between sunrise and sunset) and rescaled back to hourly values by the incoming 
solar radiation (by weights Rs↓hour/ Rs↓daytime). The nighttime available energy was assumed 
to be equal for sloping and horizontal surfaces. The corrected available energy was used 
to simulate Ep of bare soil, moss and vascular plants for each vegetation plot. Total Ep of 
the vegetation plots was calculated as cover weighted average of the simulated Ep of bare 
soil, moss and vascular plants. If the sum of the recorded vegetation cover was larger than 
100%, because the vascular plant canopy covered the moss and bare soil surfaces, we 
proportionally reduced the cover fraction of bare soil and moss to equal a 100% total 
coverage. This correction was required to conserve the amount of incoming solar 
radiation without using complex shading and canopy models to simulate Ep. On average 
the overlap between vascular plant cover and moss or bare soil cover was 11%.  

4.2.5 Estimation of actual evaporation 

Using hourly simulations of Ep, the actual evaporation (Ea) of the vegetation plots was 
simulated with Hydrus 1D (Šimůnek et al., 2016). We used a free drainage boundary 
condition (i.e. a pressure head gradient of 0 and an elevation head gradient of 1) located 
2.5 m below the surface to simulate groundwater independent conditions (i.e. deep 
groundwater levels). The soil hydraulic properties were estimated from the measured dry 
bulk density of the upper soil layer (first 5 cm) and lower soil layer (5 to 15 cm). The 
hydraulic properties of the upper soil layer were used for the first 5 cm, all deeper layers 
got those of the lower soil layer. The lower soil layer (5-15 cm) of later successional stages 
contained some organic matter (between 0 and 1.6%). Assuming that the lower soil layer 
was representative for the entire soil profile below 5 cm could therefore lead to 
overestimation of Ea, because generally deeper layers (far below 15 cm) do not contain 
any organic matter. We tested the effect of this assumption by adjusting the soil hydraulic 
properties of these deeper layers (below 15 cm) to the average soil hydraulic properties of 
the lower soil layer from the youngest successional age, which can be regarded the parent 
material. This adjustment had a maximum effect of 0.1 mm on the simulated average 
yearly Ea. Therefore, assuming deep soil layers to have similar hydraulic properties as the 
lower soil layer (between 5 and 15 cm) had a negligible effect on the model results.  

Root water uptake from the soil was simulated proportional to the fraction of roots 
in each model layer, assuming a 30 cm deep linear root profile with the highest 
concentration of roots in the upper layer. A water stress reduction function (Feddes et al., 
1978) was used to simulate the closure of leaf stomata during water stressed periods. At 
the wet end of the function, root water uptake ceases due to oxygen stress at pressure 
head P0 (-10 cm). At slightly drier conditions (P1, -25 cm) the actual transpiration rate 
becomes equal to the potential transpiration rate. At the dry end of the function, leaf 
stomata start to close depending on the potential transpiration rate. At a high potential 
transpiration rate (> 0.5 mm/h), leaf stomata start to close earlier (at pressure head P2H 
−300 cm) than under low potential transpiration rate (<0.1 mm/h) (at pressure head P2L, 
−1000 cm). Root water uptake ceases at P3 (−8000 cm).  
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Water transport mechanisms of mosses are fundamentally different from those of 
vascular plants, because most mosses have no roots, and never have stomata. The 
evaporation process from moss surfaces can be mimicked by treating the moss layer as a 
soil layer (Voortman et al., 2014). We used the hydraulic properties presented by 
Voortman et al. (2014) to describe the capacity of the moss layer to conduct water and 
parameterized the Penman-Monteith equation following Voortman et al. (2015). The 
hydraulic properties of Syntricha ruralis, Hypnum cupressiforme, Campylopus introflexus and 
Cladonia portentosa , i.e. the most dominant moss and lichen species (with a cover above 
5%) occurring in the vegetation plots, were quantified by Voortman et al. (2014), who 
also provided images of the different species . For a few vegetation plots we had to assign 
hydraulic properties of aforementioned species based on morphological characteristics to 
species with unknown hydraulic properties. The top 3 cm of the soil profile in the 
hydrological model was treated as one homogeneous moss layer with corresponding 
average hydraulic properties. These averages were calculated by weighing the hydraulic 
properties of the moss species proportional to their cover. In this way, 21 vegetation plots 
were assigned the moss hydraulic properties of Hypnum cupressiforme, 6 with Syntricha ruralis, 
1 with Campylopus introflexus and 8 with a mixture of Hypnum cupressiforme, Syntricha ruralis 
and Cladonia portentosa. 

Because 1D models are unable to simulate Ea from two types of ground layers (bare 
soil and moss), we first performed two simulations per vegetation plot (both with the 
same fraction of vascular plants), one with bare soil and one with moss. Second, the 
actual ground layer evaporation (Ua; mm h-1) was estimated as a cover-weighted average 
of the simulated bare soil (Ua,bare) and moss evaporation (Ua,moss): 

 bare moss
a a,bare a,moss

bare moss bare moss

, 
 

cov cov
U U U

cov cov cov cov
  4.6 

where cov (-) is the cover of bare soil (subscript bare) or moss (subscript moss). Because 
the magnitude of actual transpiration (Ta; mm h-1) is affected by the composition of the 
ground layer (fraction moss and bare soil), the simulated transpiration rate of vascular 
plants with a bare soil and moss ground layer was multiplied by the relative cover of bare 
soil and moss as well: 

 bare moss
a a,bare a,moss

bare moss bare moss

, 
 

cov cov
T T T

cov cov cov cov
  4.7 

where Ta,bare and Ta,moss are the simulated transpiration for vascular plants with a bare soil 
and moss ground layer, respectively. 

4.2.6 Calculating drought stress 

Following the definition of Bartholomeus et al. (2011), drought stress is defined as the 
maximum cumulative transpiration deficit (mm) during ten successive days within a year. 
The transpiration deficit, Tp – Ta, was calculated using the simulated potential and actual 
transpiration. When soil moisture availability is too low to meet the water demand for 
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transpiration, a plant suffers from drought stress (Reddy et al., 2004; Schimper, 1903). 
This definition of drought stress, also called physiological drought (Schimper, 1903), not 
only accounts for water availability, but for the vegetation’s water demand as well. To get 
a stress level which is representative for long-term site conditions, we averaged the stress 
level for the 27 year simulation period.  

4.2.7 Model experiments 

First, we simulated Ea and drought stress for each plot with the observed soil profile, 
moss cover, vascular plant cover and local topography (simulation 1 in Table 4.1). 
Second, to get general pictures of how Ea changes in the course of soil and vegetation 
succession, we simulated Ea with average soil hydraulic properties and average vegetation 
cover of the three successional stages for a horizontal surface with (simulation 2.1) and 
without soil development (simulation 2.2). We assumed a horizontal surface so that the 
microclimate (slope angle and slope orientation) does not confound the prediction of Ea. 
Removal of soil development (simulation 2.2) was mimicked by using the average soil 
hydraulic properties of the lower soil layer from the youngest successional age (which is 
regarded the parent material) for the entire soil profile. We compared these averaged 
successional stages with a reference simulation without succession, i.e. a bare soil with soil 
hydraulic properties of the parent material (i.e. 0 years of succession).  

To quantify the effect of mosses, soil development, vascular plants and local 
topography on Ea, we subsequently performed a set of 4 model experiments in which the 
effect of one of these factors was removed (simulations 3-6 in Table 4.1). Removal of the 
moss layer was simulated by assuming the ground layer to be bare soil. We expect that the 
modulating effect of mosses on Ea is dependent on the soil hydraulic properties of 
shallow soil layers, e.g. mosses will only facilitate vascular plants if the retained water by 
mosses is stored in shallow soil layers. Therefore, we simulated removal of the moss layer 
with both the actual soil profile (simulation 3.1) and with removal of soil development 
(simulation 3.2). Removal of soil development (simulation 3.1 and simulation 4) was 
mimicked similarly as for the average situations (simulation 2.2; thus by using the average 
soil hydraulic properties of the lower soil layer from the youngest successional age for the 
entire soil profile). Removal of vascular plants was simulated by removing the 
transpiration and interception simulations (i.e. by setting the vascular plant cover to 0%, 
simulation 5). Removal of local topography was mimicked by simulating Ea with 
meteorological conditions of a horizontal surface (simulation 6). Table 4.1 summarizes 
the different model simulations. 
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Table 4.1. Different model simulations. Adjustments to the actual situation are explained in the columns. 

Model simulation Soil hydraulic 
properties 

Moss cover Vascular plant 
cover 

Local 
topography 

1. Actual situation     

2. Effects of vegetation 
and soil succession per 
successional stage, 
with (2.1) and without 
(2.2) soil development 

averaged per 
successional 

stage (2.1) and 
parent material 

(2.2) 

averaged per 
successional 

stage 

averaged per 
successional 

stage 

horizontal 
surface 

3. Effect mosses, with 
(3.1) and without  (3.2) 
soil development 

actual situation 
(3.1) and parent 

material (3.2) 

moss cover 
replaced by bare 

soil 

  

4. Effect soil 
development   

parent material    

5. Effect vascular plants   0% cover  

6. Effect local 
topography 

   horizontal 
surface 
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4.3 Results 

4.3.1 Observed effects of soil succession on soil hydraulic properties  

The measured soil waterholding capacity becomes larger with increasing age (Figure 4.2), 
particulary in the upper soil layer (Figure 4.2, left). Retention functions show a “chair 
shaped” drying retention function, especially those of the lower soil layer, indicating a 
rather narrow poresize distribution. Increased drainage starts at approximatly a pressure 
head (h) of -32 cm equivalent water pressure, i.e. at a pF 1.5. The average Van Genuchten 
parameters per soil layer and successional stage are summarized in Table 4.2.  

Dry bulk density appears to correlate well with Van Genuchten parameters, with a 
coefficient of determination (R2) of 0.87, 0.84 and 0.68 for θ0, n and α, respectively (Figure 
4.3). In general, with decreasing dry bulk density (which correspond to increasing organic 
soils), the water holding capacity of dune soils increases. 

 
Figure 4.2. Average drying retention functions (dotted lines) of the soil samples collected between 0 and 5 
cm depth (left) and between 7.5 and 12.5 cm depth (right), categorized per successional stage. The colored 
bands show the range between the minimum and the maximum fitted functions. 

Table 4.2. Average fitted Van Genuchten parameters per successional stage (except for θr, of which the 
value of 0.01 was imposed on the model). 

Upper soil layer, 0 to 5 cm depth Lower soil layer, 7.5 to 12.5 cm depth 

Age θr θ0 α n θr θ0 α n 

5-13 y 0.01 0.470 0.0299 3.08 0.01 0.407 0.0235 4.95 

24-34 y 0.01 0.535 0.0350 2.51 0.01 0.440 0.0238 4.53 

52-76 y 0.01 0.571 0.0312 2.29 0.01 0.460 0.0237 3.51 
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Figure 4.3. Relationships between dry bulk density and Van Genuchten parameters. Each dot represents a 
soil sample of the sand box method (N = 36; 6 plots × 2 depths × 3 replicas). 

4.3.2 Simulated evaporation differences between different successional 
stages (simulation 1 and 2) 

The estimated plant available water (defined as the water storage in the root zone of 30 
cm deep between pF 2 and pF 4.2) increases with successional stage from 7.5, 9.6 to 14.6 
mm (Figure 4.4a). The observed vascular plant cover increases with succession (Figure 
4.4b): on average from 8% for the young stage (5-13 y) to 25% and to 44% for the 
intermediate (24-34 y) and old (52-76 y) stage, respectively. The observed bare soil cover 
is on average 31% for the young successional stage and nearly disappears at later 
successional stages, at the benefit of primarily the vascular plant cover. The average cover 
of moss remains large for all the three successional stages, varying from 60%, 71% to 
55% with increasing stage.  

The observed increase in vascular plant cover with succession leads to an increase of 
the simulated potential and actual transpiration and interception evaporation (Figure 
4.4c), which is for the greater part balanced with a decrease in ground layer evaporation 
(Figure 4.4d).  

To compare actual evaporation of dune grasslands of different successional stages, 
we simulated actual evaporation with the average parameter values for the soil and 
vegetation for each stage (simulation 2.1). The simulated average yearly actual evaporation 
(the sum of actual transpiration, interception and ground layer evaporation) slightly 
increases from 259, 298, 325 to 353 mm/y from the initial bare soil (parent material) to 
the young, intermediate and to the old successional stage, respectively (Table 4.3 and 
Figure 4.5a). Without soil development, i.e. doing the same simulations with the soil 
hydraulic properties of the parent material (simulation 2.2), the actual evaporation would 
be substantially (39 to 52 mm) lower (and Figure 4.5b).  
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Figure 4.4. Relationships between estimated plant available water, observed vegetation cover and 
simulated water fluxes per successional stage. Data of every vegetation plot is sorted first on successional 
stage and second on plant available water. a) Plant available water in the first 30 cm of the soil between pF 
2 and pF 4.2, b) vegetation cover, c) transpiration and interception, d) ground layer evaporation, e) the 
effect of mosses on ground layer evaporation, i.e. the simulation results with moss minus results without 
moss, f) effect of moss on transpiration, simulations of transpiration with moss minus simulations without 
moss. 
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Table 4.3. Average vegetation cover per successional stage and average yearly water fluxes for a horizontal 
surface. Ea and recharge simulation results are presented with and without (*) soil development. 

Age 0 y Age 5-13 y Age 24-34 y Age 52-76 y 

bare sand cov. (%)1 100 31 4 1 

moss cov. (%)1 0 60 71 55 

vascular pl. cov. 
(%)1 

0 
8  25 44 

rain (mm y-1) 1 845 845 845 845 

Ea (mm y-1) 2 259 298, *259 325, *279 353, *301 

recharge (mm y-1) 2 586 547, *586 520, *566 492, *544 
1) observed/measured, 2) simulated 

 

 
Figure 4.5. The simulated average yearly evaporation per successional stage for horizontal surfaces and the 
meteorological conditions of 1988-2014. Simulations of evaporation were performed with (a) and without 
soil development (b). 
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4.3.3 Simulated effects of mosses on evaporation and drought stress 
(simulation 3) 

The effect of mosses on actual evaporation was quantified by removing the moss layer in 
the model simulations, i.e. by treating the ground layer as bare soil. Depending on the 
moss species, the moss layer can increase or decrease ground layer evaporation. At a 
young successional stage, moss layers with a large cover of Syntiricia ruralis (plot number 2, 
4, 6, 7, 11 and 12) increase ground layer evaporation. At a later successional stage, the 
moss layer (dominated by Hypnum cupressiforme), clearly reduces ground layer evaporation 
(with the exception of vegetation plot number 25, which was assigned the moss hydraulic 
properties of Campylopus introflexus) (Figure 4.4e). The modulating effects of mosses on 
ground layer evaporation are relatively large, ranging between +62 to -91 mm y-1 (Figure 
4.4e). The decrease in ground layer evaporation during succession is partly balanced by 
transpiration (Figure 4.4f), the other part (the majority) contributes to groundwater 
recharge.  

Voortman et al. (2014) showed that differentiation in hydraulic properties between 
the moss species is primarily realized by differences in the moss Van Genuchten 
parameter θ0, which represents the maximum moisture content at unsaturated conditions. 
We therefore related this parameter, which thus determines the differences in water 
holding capacity of mosses, to the effect on ground layer evaporation. The maximum 
moisture content at unsaturated conditions (θ0) explains the species specific effects with a 
coefficient of determination (R2) of 0.61 

 

 
Figure 4.6. The relationship between the maximum moss moisture content at unsaturated conditions (Van 
Genuchten parameter θ0), and the effect of moss on ground layer evaporation for every vegetation plot.  
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Figure 4.7. Drought stress for vascular plants for simulations with (a) and without (b) soil development. 
Drought stress is simulated for the 36 plots in two ways: (1) with mosses in the ground layer and (2) 
without mosses in the ground layer (i.e. bare soil).  

 
Because moss evaporation is lower than bare soil evaporation for most vegetation 

plots, the drought stress for vascular plants is lower for simulations with moss compared 
to simulations without moss (Figure 4.7a). However, the facilitating effect of mosses 
disappears when soil development is neglected (simulation 3.2; difference between Figure 
4.7a and Figure 4.7b). Apparently, mosses only facilitate vascular plants when the soil 
hydraulic properties of the soil layer underneath the moss layer can store the retained 
water by the mosses. 

4.3.4 Simulated evaporation differences on equator and polar facing 
slopes (simulation 4, 5 and 6)  

In Dutch coastal dunes, equator facing slopes receive more incoming solar radiation as 
well as more rain (primarily more intense rain showers compared to other sites) because 
of prevailing South Western wind direction. Despite of more solar radiation and rain, 
actual evaporation is not clearly larger on equator facing slopes than on polar facing 
slopes (Figure 4.8a and b). Because of the relatively low actual evaporation rate and larger 
incoming rain, groundwater recharge is larger on equator facing slopes (Figure 4.8c and 
Figure 4.8d). 

By assessing the relative effects of vascular plants, soil development, local 
topography and mosses on Ea (Figure 4.9), the counter intuitive low actual evaporation 
and large recharge on equator facing slopes can be explained. Equator facing slopes have 
poorer soil water retention properties and a lower vascular plant cover which reduces the 
actual evaporation rate and thus compensates for the larger incoming radiation and rain 
(Figure 4.9). Therefore, a clear relationship between actual evaporation and solar radiation 
or rain is lacking (Figure 4.8a and Figure 4.8b; Spearman rank correlation coefficients of 
0.22 and 0.23, respectively).  
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Figure 4.8. Actual evaporation and recharge per vegetation plot plotted against the incoming radiation and 
rain. Incoming radiation is expressed as a fraction of the incoming radiation of a horizontal surface. 
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Figure 4.9. The relative effect on Ea of four explaining variables (vascular plants, soil development, local 
topography and mosses) plotted against the incoming radiation for all vegetation plots. The relative effect 
is defined as the difference, in terms of percentage, between the actual situation and the situation without 
the explaining variable (effect = (Ea –Ea,without)/Ea). Lines show significant linear regressions, including the 
coefficient of determination (R2).  

4.4 Discussion 

4.4.1 Feedback effects of soil and vegetation succession on the water balance 

Going from a bare parent soil to a soil and vegetation cover after 52-76 years of 
succession, the actual evaporation rate in dry dune grasslands increased on average from 
259 to 353 mm/y for a horizontal surface. The greater part of the increase in actual 
evaporation rate (ca. 52 mm/y) was caused by a change in soil hydraulic properties and 
the lesser part by a change in vegetation cover (ca. 42 mm/y; the average vascular plant 
cover going from 8% to 44%). These results suggest that assessing the feedbacks of 
climate change on water resources in coastal dunes would require an accurate assessment 
of the feedbacks of soil development on soil hydraulic properties together with the effects 
on vegetation cover. 

The feedback effects of soil and vegetation on actual evaporation and soil moisture 
conditions play a key role in succession of dry dune ecosystems. Succession is driven by 
changes in environmental constraints (e.g. soil resources, light, disturbance) and trade-offs 
of plants to deal with these constraints (Tilman, 1990). For nutrient-poor ecosystems, 
nitrogen is often claimed as the key environmental constraint: species adapted to 
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nitrogen-poor conditions dominate in early successional stages whereas species adapted to 
nitrogen-rich conditions take over in later successional stages (e.g. Berendse (1998) and 
Tilman (1990)). Our study shows an alternative mechanism: water availability, which is 
increased in the course of succession due to feedback effects of organic matter 
accumulation on soil hydraulic properties, controls the abundance of vascular plants and 
could therefore serve as a major force of succession. It should be noted that water 
availability and nitrogen availability are related since both depend on soil organic matter 
content and because mineralization of nitrogen can be hampered by drought. Thus, it is 
most likely that succession is driven simultaneously by two vital soil resources, nutrients 
(nitrogen and or phosphorus) and water, in the dry dune ecosystems. 

4.4.2 The importance of mosses to evaporation and transpiration  

Changes in vascular plant cover with succession have large effects on transpiration and 
interception evaporation, yet mosses also play an important role in determining the water 
balance in dunes. Mosses in an early successional stage (5-13 y) can slightly increase as 
well as decrease ground layer evaporation, depending on the water holding capacity of the 
species. At a later successional stage, mosses have primarily a facilitating effect on 
vascular plants, i.e. mosses lead to more transpiration and less drought stress. The 
facilitating effect is only present for sites with a surface soil layer that has a relatively large 
water holding capacity due to accumulation of organic matter. If sites have hydraulic 
properties of the parent material, the facilitating effect disappears. The combined 
properties of the moss layer and the soil layer underneath the moss layer determine 
whether or not the moss layer facilitates vascular plants. For sites that show a decrease of 
ground layer evaporation caused by the presence of a moss layer (Figure 4.4e), the saved 
water is for a minor part (on average 22%) taken up by plant roots (transpiration) (Figure 
4.4f); the greater part contributes to groundwater recharge. Shifts towards more moss and 
lichen dominated vegetation could therefore increase groundwater recharge.  

It should be noted that species specific characteristics of vascular plants were not 
included in the simulations of our study (e.g. root density distribution, Feddes function 
and vegetation height per species). The vascular plant cover had one set of properties 
representative for dry grassland vegetation following the study of Voortman et al. (2015), 
and differences in potential evaporation were only dependent on the cover (not on e.g. 
vegetation height). Depending on the strategy of specific vascular plant species 
(optimization of transpiration and/or prevention of drought stress) the actual 
transpiration could differ from our simulations, albeit only marginally since climate, soil 
and hydrological conditions were comparable between sites studied in this chapter and 
the site studied by Voortman et al. (2015). 

4.4.3 Effects of climate change on actual evaporation 

Sites with different slope angle and orientation may give an indication of how vegetation 
cover, soil properties and actual evaporation are influenced by climate change. Our field 
data and model simulations indicate that groundwater recharge is larger on equator facing 
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slopes because of a larger amount of rain, poorer soil water retention characteristics and a 
low vascular plant cover. Micro-meteorological conditions, as solar radiation and rain, do 
not show a strong relationship with the actual evaporation rate. In the perspective of 
climate change, this would imply that an increase of potential evaporation does not 
necessarily lead to a decrease of groundwater recharge, since the actual evaporation is not 
strongly correlated with micro-meteorological conditions. Moreover, the opposite may 
occur. Mosses reduce ground layer evaporation in most situations, and our simulations 
show that the majority (78%) of the saved water from ground layer evaporation 
contributes to groundwater recharge. Because mosses are more resilient to drought than 
most vascular plants, an increase of the potential evaporation could result in a decrease of 
the vascular plant cover, an increase of the moss cover and thus an increase of 
groundwater recharge. Vegetation shifts towards more moss and lichen dominated 
vegetation could therefore mitigate the adverse effects of climate change. 

It should be noted that in our simulations we were unable to include the effect of 
wind direction on potential and actual evaporation. More South Westerns winds would 
enlarge the potential evaporation for South facing slopes compared to North facing 
slopes. However, as we have illustrated, the actual evaporation rate is more closely 
correlated to the vegetation cover and plant available water than to the potential 
evaporation rate. We therefore expect that correcting wind speed for slope angle and 
orientation would have a minor effect on actual evaporation.  

4.5 Summary and Conclusions 
This article presents effects of soil and vegetation on evaporation in dry dune grasslands 
of the Netherlands. After 52 to 76 years of soil and vegetation succession, the observed 
change in soil properties and vegetation cover lead to an increase of 94 mm/y in actual 
evaporation. The increase in actual evaporation was for the greater part caused by soil 
development (an increase of the water holding capacity) and the lesser part by an increase 
in vascular plants.  

At a young successional stage, the moss layer increases or decreases ground layer 
evaporation in dry dune grasslands, depending on the kind of species. At a later 
successional stage, the moss layer reduces ground layer evaporation and facilitates 
vascular plants. The saved water from ground layer evaporation by the presence of a moss 
layer was only partly (on average 22%) consumed for transpiration; the greater part (78%) 
contributed to groundwater recharge. This means that increase in vascular plant cover 
during succession will reduce groundwater recharge, but shifts towards more moss and 
lichen dominated vegetation could mitigate the decrease in groundwater recharge. 

Our simulations show that biotic processes (soil and vegetation succession) in the 
soil water, plant, atmosphere system are of great importance to groundwater recharge. 
Therefore, projections of groundwater recharge under climate change scenarios require a 
dynamic vegetation and soil development model to include the coupled interactions of 
climate change, biotic processes and the water balance. Taking biotic processes into 
account in climate change projections could lead to counterintuitive results, as we have 
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observed for sites with different slope angle and orientation: more energy for evaporation 
and a larger amount of rain does not necessarily lead to an increase in actual evaporation 
because harsh habitats with a large amount of incoming energy have less vascular plants 
and soils with poorer water holding capacity.  
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Abstract 
Measuring evaporation (E) with lysimeters is costly and prone to numerous errors. By 
comparing the energy balance and the remotely sensed surface temperature of lysimeters 
with those of the undisturbed surroundings, we were able to assess the representativeness 
of lysimeter measurements and to quantify differences in evaporation caused by spatial 
variations in soil moisture content. We used an algorithm (the so called 3T model) to 
spatially extrapolate the measured E of a reference lysimeter based on differences in 
surface temperature, net radiation and soil heat flux. We tested the performance of the 3T 
model on measurements with multiple lysimeters (47.5 cm inner diameter) and micro 
lysimeters (19.2 cm inner diameter) installed in bare sand, moss and natural dry grass. We 
developed different scaling procedures using in situ measurements and remotely sensed 
surface temperatures to derive spatially distributed estimates of Rn and G and explored 
the physical soundness of the 3T model. Scaling of Rn and G considerably improved the 
performance of the 3T model for the bare sand and moss experiments (Nash-Sutcliffe 
efficiency (NSE) increasing from 0.45 to 0.89 and from 0.81 to 0.94, respectively). For the 
grass surface, the scaling procedures resulted in a poorer performance of the 3T model 
(NSE decreasing from 0.74 to 0.70), which was attributed to effects of shading and the 
difficulty to correct for differences in emissivity between dead and living biomass. The 3T 
model is physically unsound if the field scale average air temperature, measured at an 
arbitrarily chosen reference height, is used as input to the model. The proposed 
measurement system is relatively cheap, since it uses a zero tension (freely draining) 
lysimeter which results are extrapolated by the 3T model to the unaffected surroundings. 
The system is promising for bridging the gap between ground observations and satellite 
based estimates of E. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is a slightly modified version of the published manuscript: 

Voortman, B.R., F.C. Bosveld, R.P. Bartholomeus and J.P.M. Witte (2016) Spatial extrapolation of 
lysimeter results using thermal infrared imaging, Journal of Hydrology, 543. 
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5.1 Introduction 
Accurate estimates of actual evaporation (E, here defined as the sum of plant 
transpiration, soil evaporation, and evaporation from canopy interception) are required 
for the sustainable and cost effective management of water resources. Because E is a 
relatively large component of the water balance in most regions of the world (Zhang et 
al., 2016), small errors in E represent rather large volumes of water. E is usually estimated 
with soil-vegetation-atmosphere transfer (SVAT) models or techniques using satellite 
imagery. Validating estimates of E remains challenging (Kalma et al., 2008), since 
collecting the ground truth is usually costly and prone to numerous errors (e.g. caused by 
the construction of lysimeters (Cameron et al., 1992; Corwin, 2000; Howell et al., 1991; 
Saffigna et al., 1977; Till and McCabe, 1976) or the indirect nature of eddy covariance 
measurements that appear to be inconsistent with the conservation of energy (Foken, 
2008; Twine et al., 2000; Wilson et al., 2002)) and because of the mismatch in the spatial 
resolution between estimates and measurements (Kustas et al., 2004; Li et al., 2008; Liu et 
al., 2016).  

Precision weighing lysimeters generate data of E at a high precision in the order of 
0.01 to 0.05 mm and are regarded as the most accurate measurement technique (typical 
error between 5 and 15% (Allen et al., 2011)). However, lysimeter systems require 
substantial experimental care as equipment malfunctioning or improper environmental 
conditions can lead to measurement errors of 40% to 100% (Allen et al., 2011; Allen et 
al., 1991; Howell, 2004). One of the main challenges in lysimeter systems is to keep the 
moisture content inside the lysimeter equal to its surroundings. This requires e.g. a 
sophisticated drainage system with a pressure plate and vacuum pump to imitate drainage 
and capillary rise of the surroundings and a system to prevent wall flow (Cameron et al., 
1992; Corwin, 2000; Saffigna et al., 1977; Till and McCabe, 1976). If lysimeter 
measurement errors remain undetected, these errors will propagate into models to 
estimate E, e.g. by calibrating crop factors. In general, the representativeness of lysimeter 
measurements for field scale E will increase with increasing surface area and depth of the 
lysimeter because with increasing dimensions, the lysimeter is less affected by its 
boundaries, and by heterogeneities in soil hydraulic properties and micro climate (Allen et 
al., 1991). However, since such systems are expensive, scientist often choose for more 
economical solutions and optimize between lysimeter dimensions and costs (Allen and 
Fisher, 1990; Payero and Irmak, 2008).  

In this chapter we present a method to assess the representativeness of lysimeter 
measurements with the aid of thermal imaging. Instead of investing in large lysimeters or 
putting effort in duplicating environmental conditions, we invested in monitoring the 
surface temperature of relatively small, zero tension (freely draining) lysimeters with a 
thermal infrared camera to detect and compensate deviations in E between the lysimeters 
and the undisturbed vegetation of their surrounding area. The algorithm to detect and 
correct deviations in E is based on the three temperatures model (3T model) developed 



 

 

Spatial extrapolation of lysimeter results 89 

by Qiu et al. (1996a). The 3T model compares the energy balance of a reference surface 
(subscript r) with that of a surface under study (subscript i): 

 
s,i a

i n,i i n,r r r
s,r a

( ) ,


    


T T
LE R G R G LE

T T
 5.1 

where LE is the latent heat flux (W m-2, positive during evaporation), L is the latent heat 
of vaporization (J kg-1), E is the evaporative flux (kg m-2 s-1), Rn is the net radiation (W m-

2), G is the soil heat flux (W m-2), Ts is the radiometric surface temperature (K) and Ta is 
the air temperature at a certain height above surface (K). Equation 5.1 is based on the 
assumption that the aerodynamic resistance of the reference surface (ra,r) is equal to the 
aerodynamic resistance of the environment under study (ra,i). Note that the term within 
the brackets in equation 5.1 is the sensible heat flux of the reference surface (Hr, W m-2) 
which is multiplied by the three temperatures ratio to derive the sensible heat flux of the 
environment under study (Hi, W m-2). In former applications of the 3T model, reference 
surfaces without a latent heat flux were used, e.g. imitation leaves (Qiu et al., 1996a; Qiu 
et al., 1996b) or a dry bare soil (Qiu et al., 1998; Qiu and Zhao, 2010). In those cases LEr 
falls out of equation 5.1. Because it is difficult to keep a reference surface dry for a 
prolonged period, while maintaining similar surface characteristics as the environment 
under study, we propose to use a lysimeter as reference surface and use the 3T model to 
estimate E of the undisturbed soil and vegetation outside the lysimeter. 

Although the 3T model seems relatively straightforward, there are several issues 
which need to be addressed if the model is applied to the scale of a lysimeter surface. One 
of the challenges is to measure or estimate Rn and G for the relatively small lysimeter 
surface (in our case 47.5 cm inner diameter and 50 cm deep), because the surface area 
viewed by Rn sensors is commonly much larger than the lysimeter surface. Similarly, 
installation of soil heat flux plates could be too destructive for the relatively small 
lysimeters. Furthermore, multiple measurements of Rn and G increase the cost of the 
measurement systems. Therefore, models are required using spatial patterns in surface 
temperature to derive distributed estimates of Rn and G.  

The aim of this study is to assess the performance of the 3T model applied to 
lysimeters and to review different processes that affect this performance. We give 
guidelines, based on field measurements, on the required detail and complexity in 
estimating Rn and G for the 3T model (section 3.1), address how emissivity and shading 
may affect its results (section 4.1), and explore the physical soundness of the 3T model 
(section 4.2 and 4.3). We present an improved methodology which could provide accurate 
estimates of E for relatively large areas (>25 m2, limited by the area viewed by a thermal 
camera) without the struggle of controlling the lysimeter moisture content with pressure 
plates and vacuum pumps or preventing wall flow.  
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5.2 Materials and Methods 

5.2.1 Field experiments 

We conducted three field experiments during the summer of 2013 in plots of 
approximately 50 m2 of bare sand, moss (primarily Campylopus introflex) and dry grass 
(Agrostis vinealis) situated in a nature reserve on an elevated sandy soil (an ice-pushed ridge, 
elevated 30 to 50 m above the surrounding landscape) in the center of the Netherlands 
(52.14° latitude, 5.31° longitude). The three plots were situated close to each other with a 
maximum distance of 40 m. Multiple lysimeters were installed in each plot (Figure 5.1). In 
both, the bare sand and the moss plot, one lysimeter (47.5 cm inner diameter and 50 cm 
deep) was installed with an automated weighing system (measurement resolution of 10 g, 
i.e. 0.06 mm water) and ten micro-lysimeters (19.2 cm inner diameter and 8 cm deep) 
were installed which were weighted by hand (measurement resolution of 0.2 g, i.e. 0.007 
mm water) in the morning and evening during 4 consecutive dry days (Aug-27-2013 until 
Aug-30-2013 and Aug-20-2013 until Aug-23-2013 for the bare sand and moss 
experiments, respectively). In the grass plot, three automated lysimeters (47.5 cm inner 
diameter and 50 cm deep) were installed for which data was recorded from June-1-2013 
until July-14-2013 and from July-26-2013 until August-4-2013. During the grass 
experiment, meteorological conditions were moderately dry for Dutch conditions with 
cumulatively 104 mm of rain and on average18°C air temperature (at 1.5 m height, 
including day and night). The bare sand and moss experiments were performed under dry 
conditions (i.e. no rain) and on average 16°C air temperature. A description of the 
automated lysimeters is presented in Voortman et al. (2015). The micro-lysimeters were 
made from PVC and were equipped with an aluminum base plate to promote the thermal 
conduction with the underlying soil.  

For every plot, one automated lysimeter was used as reference surface, while the 
others served to evaluate the performance of the 3T model (Figure 5.2). The moisture 
content of the lysimeters that served for validation was manipulated during the 
experiments to create a difference in evaporation rate. This was achieved by adding water 
or by covering the lysimeters with a shelter to allow the surface to dry out for a prolonged 
period. Manipulations are summarized in Table 5.1. 

The lysimeters were monitored with thermal infrared cameras (Flir SC645; 
manufacturer specifications, spectral range: 7.5-13 μm, thermal sensitivity: < 0.05°C at 
+30°C, resolution: 640 × 480 pixels) installed in an environmental enclosure at 3.50, 2.90 
and 5.85 m height from the bare sand, moss and grass surfaces respectively. This camera 
setup resulted in approximately 4800, 9700 and 2350 pixels inside the reference lysimeters 
for the bare sand, moss and grass experiments respectively. All surfaces were monitored 
from the north side of the plots under an angle of 30° from the vertical. The apparent 
radiometric surface temperature was corrected for the reflected downwelling longwave 
radiation from the atmosphere, the surface emissivity and for the transmission and 
emission of the environmental enclosure window. Atmospheric effects were neglected, 
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since the path between the sensor and the object was not longer than 10 m. Thermal 
images were recorded on the 30 minute mark between 6:00 and 18:00 coordinated 
universal time. 

 

Table 5.1. Additions or reductions of water in mm during the experiments to micro-lysimeters (m lys.) or 
automated lysimeters (lys.). “ref” refers to the reference lysimeters. The date column gives the dates at 
which additions or reductions are done before 6:00 in the morning coordinated universal time. 

Date Additions or reductions 

  Bare sand experiment (Aug-27-2013 until Aug-30-2013) 

ref lys. m lys. 1,2 m lys. 3,4 m lys. 5,6 m lys. 7,8 m lys. 9,10 

Aug. 27th  0 0 +1 +2 +3 +4 

Aug. 29th  0 0 +1 +3 +4 +6 

Moss experiment (Aug-20-2013 until Aug-23-2013) 

ref lys. m lys. 1,2 m lys. 3,4 m lys. 5,6 m lys. 7,8 m lys. 9,10 

Aug. 20th  0 0 +1 +2 +3 +4 

Aug. 23rd 0 0 +1 +2 +4 +6 

Grass experiment (Jun-1-2013 until Aug-4-2013) 

ref lys. lys. 1 lys. 2 
 

From Jun. 18th 
until Jul. 4th   

0 0 − 52 
 

Jul. 26th 0 +9 0       
  

The net radiation (Rn) is defined as:  

 n ns nl s l l, total
(1 ) ( ),R R R R R R           5.2 

where Rns (W m-2) is the net shortwave radiation, Rnl (W m-2) is the net longwave 
radiation, α (-) is the albedo, Rs↓ (W m-2) is the incoming solar radiation, Rl↓ (W m-2) is the 
downwelling longwave radiation from the atmosphere to the surface, Rl,total↑ (W m-2) is the 
sum of emitted longwave radiation and reflected downwelling longwave radiation by the 
surface into the atmosphere. Within the plots, Rn and Rns were measured with net 
radiometers (NRLite2 Kip & Zonen B.V.) and an albedo meter (with separate output 
signals for incoming and reflected solar radiation) (CMA6, Kip & Zonen B.V.). The net 
radiometers were installed at a height of 32, 40 and 40 cm above the bare sand, moss and 
grass surfaces respectively (relative to the average vegetation height). The albedo meter 
was installed at the same height next to the net radiometers viewing approximately the 
same surface area. Rl,total↑ was measured with the thermal camera before correcting for the 
reflected downwelling longwave radiation from the atmosphere and correcting for the 
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surface emissivity. Using measured Rn, Rns and Rl,total↑, the downwelling longwave 
radiation was derived by: 

 n nsl l,total
.R R R R      5.3 

Using Rl↓ and a constant surface emissivity of 0.925 for bare soil (based on Fuchs and 
Tanner (1968)) and 0.95 for vegetated surfaces (based on Jones (2004)), the radiometric 
surface temperature was corrected for the reflected downwelling longwave radiation and 
the surface emissivity by: 

 
 sl,total l

4

s

1
,


 

  
s

R R
T   5.4 

where εs (-) is the surface emissivity and σ is the Stefan Boltzmann constant (5.67 × 10-8 
W m-2 K-4). The air temperature (Ta) was measured at a weather station installed in-
between the measurement plots (at a max. distance of 40 m) at 1.5 m above the surface. 
 
 

 
Figure 5.1. Photographs of the lysimeters. (a) Bare sand lysimeters during installation, viewed from the 
north. (b) Moss lysimeters, viewed from the east. (c) Grass lysimeters viewed from the south.  
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Figure 5.2. Thermal image of the experimental setup of the bare sand (a), moss (b) and grass (c) 
experiments. A ball of crumbled aluminum foil was placed in view of the thermal camera (bottom left 
corner of the images) to derive additional measurements of the downwelling longwave radiation. These 
measurements were not used in this analyses. The albedo and the net radiation measurements were 
performed 0.5 m outside the right border of the images of figure (a) and (b). The sensors are visible in 
figure (c) between the left and middle lysimeter.  

The soil heat flux (G) was measured with self-calibrating soil heat flux plates 
(HFP01SC, Hukseflux B.V.; two for each surface). Two heat flux plates were installed at 8 
cm below the soil surface within 2 m from each net radiometer. Besides each soil heat 
flux plate an averaging thermocouple (TCAV, Campbell Scientific, Inc.) was installed at 2 
and 6 cm depth and a soil moisture probe (CS616, Campbell Scientific, Inc) was installed 
at 4 cm depth to estimate the change in heat storage (S) in the 8 cm thick soil layer above 
the soil heat flux plates. The sum of the measured soil heat flux at 8 cm depth and S 
represents the heat flux at the soil surface. Sensor installation and procedures to calculate 
S were followed according to the HFP01SC instruction manual of Campbell Scientific 
Inc. (2014). We refer to the average of the two sets of soil heat flux measurements in 
every surface as the measured G.  
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Table 5.2. Notations and descriptions of key variables. 

Notation Description 

  

 

Energy balance components and 3T model parameters 

Rn Net radiation (W m-2) 

LE 

 

Latent heat flux (W m-2, positive during evaporation), L is the latent heat of 
vaporization (J kg-1), E is the evaporative flux (kg m-2 s-1) 

H Sensible heat flux  (W m-2) 

G Soil heat flux (W m-2) 

A Available energy (i.e. Rn − G, W m-2) 

Ts Surface temperature (K) 

Ta Air temperature (K) 

Above notations are combined with the following subscripts to define the surface and the time units: 

r The reference surface. In our study the reference lysimeter. 

i 

 

The surface for which estimates of evaporation are made with the 3T-model. In our 
study i refers to the validation lysimeters in the experiments. 

t The time in 30 minute values (i.e. the time resolution of the thermal camera).  

day 

 

The approximate daytime value, between 6:00 and 18:00 coordinated universal time 
(i.e. the period during which thermal images were recorded during the day). 

Incoming and outgoing radiation 

Rns Net shortwave radiation (W m-2) 

Rnl Net longwave radiation (W m-2) 

α Albedo (-) 

Rs↓ Incoming shortwave radiation (W m-2) 

Rs↑ Outgoing shortwave radiation (W m-2) 

Rl↓ Downwelling longwave radiation (W m-2) 

Rl,total↑ 

 

Total outgoing longwave radiation, i.e. the sum of emitted longwave radiation and 
reflected downwelling longwave radiation by the surface into the atmosphere 
(Wm−2) 

εs Surface emissivity (-) 
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5.2.2 modelling Rn and G  

To evaluate the performance of the 3T model and to assess the effects of Rn and G 
estimation procedures on subsequent simulations of E, we supplied the 3T model with 
two methods to estimate G and three methods to estimate Rn resulting in six 
combinations of parameterizations. The following three approaches with increasing 
complexity were used to estimate the net radiation for both the reference lysimeters (Rnr), 
and for (micro) lysimeters that are used for validation (Rn,I; a summary of the notation 
used here is provided in Table 5.2 for key variables):  

 n n,meas ,R R   5.5 

where Rn,meas (W m-2) is the measured net radiation, so Rn is similar for every surface. A 
slightly more complex parameterization accounts for variations in Rnl between the 
surfaces: 

 4
n meas s s s sl

(1 ) ( ),R R R T         5.6 

where αmeas is the measured albedo (assumed to be equal for every surface), εs (-) is the 
surface emissivity, εsRl↓ represents the reflected downwelling longwave radiation and σ is 
the Stefan-Boltzmann constant. Because equation 5.6 is non-linear, Rn was first calculated 
for every pixel of the thermal images before arithmetic averaging for the lysimeter surface. 
The third method to estimate Rn also accounts for spatial variations in albedo (α) that are 
caused by variations in the surface moisture content: 

 4
n s s s sl

(1 ) ( ).R R R T         5.7 

A ‘wet’ albedo (αwet) was assigned to pixels inside the lysimeters (excluding lysimeter rims) 
which were cooler than the 5% coldest pixels of the undisturbed area outside the 
lysimeters, in view of the albedo meter (defined as the training area). The other pixels 
inside the lysimeters were assigned the measured albedo (αmeas). After area weighted 
averaging for the lysimeter surface, this resulted in α. This procedure is based on the 
assumption that cool anomalies are wet and that pixels with a comparable surface 
temperature with the training area have a similar albedo. On average αmeas was 0.261, 
0.135 and 0.179 for the bare sand, moss and grass surfaces, respectively (based on long 
term measurements in the same plots (Voortman et al., 2015)). We used αwet = 0.1 for 
bare sand (Zhang et al., 2013), for vegetated surfaces we used a αwet 0.03 lower than the 
long term average of αmeas (Timofetyev and Vasil'ev, 2008). It should be noted that the 
procedure to assign a wet or a measured albedo is sensitive to disturbances in the training 
area that lead to a cool surface temperature, e.g. a single grass tussock in the moss carpet 
or shade from measurement equipment. Anomalies in the surrounding area will not be 
detected if such disturbances are present in the training area. The 5% limit assures that 
the coolest features in the training area are masked out. If the albedo and the surface 
temperature distribution of the training area and the surface of interest (in our case the 
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lysimeter surfaces) are exactly similar, then 5% of the surface of interest would be 
erroneously assigned a wet albedo. The 5% limit will therefore cause a slight 
underestimation of the albedo to a maximum of (0.261 − 0.1) × 0.05 = 0.008, using 
albedo values of bare sand (long term αmeas = 0.261 and αwet = 0.1). The tradeoff of 
introducing a modest error and having a more representative training area by using the 
5% limit was acceptable in our case, considering that an error of 0.008 in the albedo is 
equivalent to less than 0.1 mm of evaporation during clear summer days for a Dutch 
climate.  

The simplest form, applied in this study, to estimate G is by simulating G as fraction 
(Г) of Rn: 

 n ,G ГR   5.8 

where Г (-) is derived from long term measurements by Voortman et al. (2015) in the 
same plots (Table 5.3). The second method to estimate G follows a procedure to spatially 
extrapolate the measured soil heat flux (Gmeas) using the thermal images. This procedure is 
based on the assumption that the soil heat flux is zero if the surface temperature equals 
the air temperature, i.e. if Ts = Ta. Gmeas and the corresponding surface temperature (Ts,G) 
forms the other point on the linear relationship that is used to estimate G from Ts (Figure 
5.3). For surfaces warmer than Ts,G, G is limited to Gmeas: 

 s a
meas

s,G a

min 1,  .
T T

G G
T T

 
    

  5.9 

 

 
Figure 5.3. Procedure to interpolate the soil heat flux.  
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Limiting G to Gmeas prevents the soil heat flux to become unrealistically large for relatively 
warm pixels if small differences between Ts,G and Ta are observed, which usually happens 
at the start and end of the day. Errors in G can become relatively large at these daily 
extremes and thereby related factors (van Niel et al., 2011). It should be noted that this 
procedure is primarily useful if Gmeas is performed in relatively dry areas in view of the 
camera, which enlarges the difference between Ta and Ts,G and justifies the limit of Gi 
becoming equal to Gmeas. The assumption that G = 0 W m-2 at Ts = Ta leads to a slight 
overestimation of G, since linear regressions between Ts,G – Ta and Gmeas show intercepts 
between -10.29 and -13.28 W m-2 (see supplementary material). The above scaling 
procedure is furthermore dependent on the measurement height of the air temperature. If 
the air temperature is measured closer to the surface, the difference between Ts and Ta 
will become smaller, leading to a smaller soil heat flux and a more sensitive model (i.e. a 
small change in Ts will have a large effect on estimates of G). Therefore, the intercept of 
linear regressions between Ts,G – Ta and Gmeas should be close to 0 before applying this 
scaling procedure. 

The parameters for estimating Rn and G for the different surfaces are listed in Table 
5.3.  

Table 5.3. Parameter values for estimating Rn and G 

Bare sand Moss Grass 

αwet 0.100 0.105 0.149 

εs 0.925 0.95 0.95 

Г 0.27 0.21 0.13 

5.2.3 Data processing  

The time at which the 3T model was applied was limited from 6:00 to 18:00 coordinated 
universal time (i.e. the approximate daytime), because the thermal camera was only active 
during daytime (to save power) and manual weight measurements of micro-lysimeters 
were performed in the morning and evening (leading to one LE value per day). Estimates 
of Rn,i, Gi, Rn,r, Gr and the ratio between the three temperatures ((Ts,i−Ta)/(Ts,r−Ta)), were 
therefore aggregated to daytime values. Rn and G were simply summed for daytime 
periods. The daytime three temperatures ratio was derived by taking the weighted average 
for daytime periods, where the three temperatures ratio was weighed in time by the 
available energy of the reference surface (Ar = Rn,r − Gr): 

 r, s,i, a,
3,i,day 3,i,

1, 1, r,day s,r, a,

,
 


 

  t t t
t

t n t n t t

A T T
T T

A T T
  5.10 

where T3,i,day (-) is the daytime value of the three temperature ratio used as input for the 
3T model, subscript t the time, measured in 30 minute values (the time resolution of the 
thermal camera) during n intervals a day, subscript i the different lysimeter surfaces in the 
image (for which E was estimated) and Aday (J m-2 daytime-1) is the sum of the daytime 
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available energy. This weighing procedure gives the largest weight to the three 
temperatures ratio during periods with the largest available energy, which by definition are 
moments during the day at which the largest fluxes of H and LE occur. The three 
temperatures ratio during these periods are therefore the most representative for the 
daytime period and receive the largest weight. By substituting the weighing procedure in 
the 3T model we arrive at: 

   r, s,i, a,
i,day n,i,day i,day n,r,day r,day r,day

1, r,day s,r, a,

,



    

 t t t

t n t t

A T T
LE R G R G LE

A T T
  5.11 

 This weighing procedure will only lead to exactly similar results as the daytime sum 
of simulations at shorter time intervals if the fractionation of Ar between LEr and Hr 
remains constant during the day, i.e. if: 

 r r r

r,day r,day r,day

, 
A H LE

A H LE
  5.12 

or if LEr = 0. These conditions allows writing:  

 
s,i, a, r, s,i, a,

i,day r, r,day
1, 1,s,r, a, r,day s,r, a,

.
 

 
 

  t t t t t
t

t n t nt t t t

T T A T T
H H H

T T A T T
  5.13 

Therefore aggregating the 3T model to daily values will introduce an error in situations 
with highly dynamic moisture conditions during the day for the reference surface. In the 
experiment presented in this study we did not irrigate the reference lysimeter to prevent 
such errors to disturb the results of our study. Because the ratio between the three 
temperatures ((Ts,i−Ta)/(Ts,r−Ta)) goes to infinity or zero at small temperature differences 
between Ts,r and Ta, a limit of 1 °C (twenty times the thermal sensitivity of the camera at 
30°C) was used to determine if an accurate three temperatures ratio could be acquired (i.e. 
if Ts,r − Ta > 1 °C, a three temperatures ratio that is unaffected by the measurement 
resolution). If not (i.e. if Ts,r − Ta < 1 °C), the three temperatures ratio of the previous 
time-step was used.   

5.2.4 Evaluation statistics 

The performance of the 3T model to estimate E using different parameterizations to 
simulate Rn and G was evaluated with the error statistics RMSE (the root mean square 
error), MD (the mean difference, modeled − observed) and the NSE (Nash-Sutcliffe 
model efficiency coefficient). MD was used as indicator of systematic errors (i.e. average 
error), RMSE as a conventional measure of error, and the NSE as indicator how well the 
modeled data fits the 1:1 line with the observations. The NSE ranges between −∞ and 1. 
A value of 1 shows a perfect fit between measured and observed. Negative values indicate 
unacceptable model performance.  
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5.3 Results 

We evaluated the performance of the 3T model for three different surfaces using six 
combinations of parameterizations to simulate Rn and G (Table 5.4). The results of the 
model simulations and the performance statistics of the three surfaces are shown in 
Figure 5.4, Figure 5.6 and Figure 5.7 and are explained in section 3.1.  

Table 5.4. Matrix showing the parameterization combinations referring to the different sub figures in 
Figure 5.4, Figure 5.6 and Figure 5.7. 

Rn measured (Eq. 4) 
Rnl per surface + α 
measured (Eq. 5) 

Rnl per surface + α 
scaled (Eq. 6) 

G as fraction (Eq. 7) (a) (c) (e) 

G scaled (Eq. 8) (b) (d) (f) 

 

5.3.1 Effects of Rn and G simulations on 3T model performance 

The performance of the 3T model increased with increasing complexity of the Rn and G 
simulations for data of the bare sand and moss experiments (Figure 5.4 and Figure 5.6). 
Simply using Rn,meas and G as fraction of Rn (parameterization combination ‘a’), resulted in 
a clear difference in model performance between samples with a measured evaporation 
rate below and above 1.5 mm during daytime of the bare sand experiment (Figure 5.4a). 
The 12 data points with an evaporation rate above 1.5 mm are the measurements of the 
six samples that received more than one mm of water at the beginning and at the third 
day of the experiment (see also Figure 5.2a, the six samples are the micro-lysimeters that 
are clearly much cooler than the surroundings). For one of these samples (the worst case) 
the evaporation rate was underestimated at a single day with 2.5 mm (61%) using 
parameterization combination ‘a’. The surface temperature of this micro-lysimeter was 
much cooler (>10°C) than the surroundings at days that the micro-lysimeter received an 
extra amount of water (Figure 5.5a). Parameterization combinations b-e show a similar 
pattern, albeit with an increasing model performance. Using parameterization 
combination ‘f’, i.e. using a scaled soil heat flux and albedo, had a large effect on the 
estimated available energy (Figure 5.5b) and resulted in the best performance of the 3T 
model (NSE: 0.89, MD: -0.05 mm and RMSE: 0.37 mm), especially for the cooler 
samples (Figure 5.4f). 
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Figure 5.4. Modeled against measured evaporation of the bare sand experiment using six different 
parameterization combinations to estimate Rn (mentioned at the top of each column) and G (mentioned at 
the right of each row) (a to f). Each scatterplot shows daytime values of evaporation of the ten micro-
lysimeters (N = 4 days × 10 validation lysimeters = 40). 

 
Figure 5.5. (a) The measured Ta, the Ts of the surroundings and Ts of a moist micro-lysimeter (number 9), 
receiving 4 and 6 mm of water on the first and third day of the bare sand experiment respectively. (b) The 
available energy A, measured by the Rn and G sensors (surroundings) and the estimated available energy 
of the micro-lysimeter calculated using parameterization combination ‘f’ (scaling the albedo and soil heat 
flux).  
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Figure 5.6. Modeled against measured evaporation of the moss experiment using six different 
parameterization combinations to estimate Rn (mentioned at the top of each column) and G (mentioned at 
the right of each row) (a to f).  Each scatterplot shows daytime values of evaporation of the ten micro-
lysimeters (N = 4 days × 10 validation lysimeters = 40). 

The performance of the 3T model for the moss surface was much better than for 
the bare sand surface. The best performance was achieved for parameterization 
combination ‘f’ (NSE: 0.94, MD: -0.08 mm and RMSE: 0.16 mm). Scaling of the albedo 
for the moss surface did hardly improve the model simulations (compare Figure 5.6c and 
e and Figure 5.6d and f), because the albedo of the dark green moss surface does not 
change as much as for bare sand if wetted (from 0.135 to 0.105). Therefore, the clear 
difference in model performance between moist and dry samples, as observed in the bare 
sand experiment, is merely absent in the moss experiment (Figure 5.6).  

The performance of the 3T model for the grass experiment slightly decreased with 
increasing complexity of the Rn and G parameterizations (Figure 5.7). For one of the 
lysimeters a contradictive pattern is observed in modeled evaporation; the 3T model 
estimates a larger evaporation for lysimeter 1 than the reference lysimeter, while the 
measured evaporation is lower than the reference lysimeter and the other way around 
(Figure 5.8b). This implies that the registered surface temperature of lysimeter 1 does not 
follow the expected pattern, i.e. if the evaporation is larger than the surface of the 
reference lysimeter it should be cooler and if the evaporation is smaller than the surface 
of the reference lysimeter it should be warmer. Such a discrepancy will be magnified using 
the scaled functions of the Rn and G parameterizations (parameterization combination ‘f’), 
which explains the slightly poorer performance of the 3T model with increasing 
complexity of the Rn and G parameterizations. Because the addition of 9 mm of water in 
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lysimeter 1 on July-26-2013 had only a minor effect on evaporation and surface 
temperature, the mean absolute difference in surface temperature and evaporation 
between the reference lysimeter and lysimeter 1 during the experiment was small, 0.56 °C 
and 0.18 mm respectively. Therefore, the modeled cumulative evaporation of lysimeter 1 
(‘a’: 119 mm and ‘f’: 120 mm) was equal or nearly equal to the measured cumulative 
evaporation (120 mm), despite the contradictive pattern. 

 The reduction of the moisture content in the other lysimeter (lysimeter 2), had a 
much larger effect on the surface temperature and measured evaporation. After the 
shelter was removed (preventing 52 mm of rain reaching the lysimeter) the evaporation 
was on average 37% lower than that of the reference lysimeter, and the surface 
temperature was on average 2°C higher than that of the reference lysimeter. Using 
parameterization combination ‘f’, the cumulative evaporation for this period was equal to 
the measured cumulative evaporation of 29.5 mm. Using parameterization combination 
‘a’ the cumulative evaporation was overestimated by 5.7 mm. 

 
Figure 5.7. Modeled against measured evaporation of the grass experiment using six different 
parameterization combinations to estimate Rn (mentioned at the top of each column) and G (mentioned at 
the right of each row) (a to f). Each scatterplot shows daytime values of evaporation of the two lysimeters 
(N = 55 days × 1 validation lysimeter (nr. 1) + 38 days × 1 validation lysimeter (nr. 2) = 93). 
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Figure 5.8. Measured and modeled (using parameterization combination ‘f’) evaporation of the grass 
lysimeters. (a) Model results of the lysimeter that received an additional 9 mm of water at July-26-2013. (b) 
Model results of the lysimeter that was sheltered between June-18-2013 and July-4-2013 resulting in 
missing data.  

5.4 Discussion 
The 3T model was applied with varying degrees of success to quantify differences in 
evaporation caused by imposed variations in soil moisture content between multiple 
lysimeters installed in three different surfaces. To generalize our results, we review 
different processes (section 4.1) and implicit assumptions that affect the 3T model 
performance (section 4.2 and 4.3).  

5.4.1 Parameterizations affecting 3T model performance 

Because dry grassland vegetation is a non-stationary mixture of dead and living biomass 
(Figure 5.1c), the transpiring leaf area and the emissivity of the surface within the 
lysimeters varies in time and space. Typical emissivity values of dry vegetation range 
between 0.88 and 0.94, for healthy green vegetation typical emissivity values range 
between 0.96 and 0.99 (Lillesand et al., 2003). Since we observed a contradictive pattern 
in the estimated evaporation rate for the grass experiment, we expect that surface 
temperature recordings are in error caused by dynamics in dead and living biomass. If the 
measured evaporation rate of a lysimeter is larger than the reference, it is likely that the 
lysimeter had more healthy green vegetation compared to the reference, and thus a larger 
emissivity. Without correcting the difference in emissivity, this would lead to 
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underestimation of evaporation since Tsi would be overestimated. For lysimeters with 
more dead biomass than the reference it is the other way around. Following the above 
reasoning, disturbances of dead and living biomass lead to underestimation of 
evaporation if the measured evaporation is larger than the reference and to 
overestimation of evaporation if the measured evaporation is smaller than the reference. 
This pattern is observed for both validation lysimeters of the grass experiment (Figure 
5.8). In this study we were unable to compensate for the effects of dead biomass on the 
surface temperature recordings because additional spectral data, e.g. near infrared 
information, is required to map and monitor dynamics in leaf greenness. Such additional 
information could as well be used to acquire more accurate estimates of the albedo. 

It should be noted that the 3T model is less sensitive for spatial uniform changes of 
the emissivity that occur over time (e.g. through the course of the growing season), than 
for spatial heterogeneous changes (discussed above). Using a constant emissivity over 
time, spatially uniform changes in emissivity lead to comparable errors in the surface 
temperature for both the reference lysimeter (Ts,r) and the surface of interest (Ts,i). These 
errors partly compensate each other because the surface temperature to air temperature 
differences of the reference lysimeter and the surface of interest are divided by each other 
(i.e. the 3T ratio: (Ts,i – Ta)/(Ts,r – Ta)). If, for example, thermal images are used without 
corrections for reflected downwelling radiation and emissivity (i.e. without using equation 
5.4), the surface temperature decreases maximal 2.5, 2.8 and 2.2 K and on average 1.1, 0.8 
and 0.8 K for the bare sand, moss and grass lysimeters respectively during the entire 
experimental period. Such relatively large differences in surface temperature had a minor 
effect on 3T model performance (maximal change in RMSE, MD and NSE of +0.04, 
+0.04 and -0.05, respectively). Thus the 3T model is insensitive to spatial uniform 
changes of the emissivity, which is one of the advantages of the model (Xiong and Qiu, 
2011).   

The scaling procedure for the albedo is not a true interpolation since pixels of the 
thermal images are either assigned a wet albedo or the measured albedo. This is plausible 
for bare sand and moss because these surfaces are either moist or dry, with relatively brief 
transitions in between, because of their poor water retention characteristics. However, 
care must be taken if the proposed scaling procedure is used for grass or other vegetation, 
especially in case of a heterogeneous vegetation structure with clear shaded and sunlit 
leaves. The cooler shaded leaves could be assigned a wet albedo, which results in a larger 
modeled available energy, while in reality the shaded area has a lower available energy 
because of a smaller incoming solar radiation. We suspect that both shading and 
emissivity effects cause the reduced model performance of the grass experiment when 
more complex parameterizations to estimate Rn and G are used. Feng et al. (2014) 
developed a method to correct the 3T model for shaded bare soil in sparsely vegetated 
sites. The approach of Feng et al. (2014) is promising for adjusting the 3T model for 
shaded canopy as well. 

For short vegetation (e.g. moss) or bare soil, scaling of the albedo and the soil heat 
flux is required to acquire accurate estimates of evaporation using the 3T model, 
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especially in field situations with large differences in surface moisture content (e.g. after 
irrigation or rain showers causing surface runoff and preferential infiltration). For taller 
vegetation we recommend to only account for spatial differences in longwave radiation 
(model combination ‘c’) or, if possible, to try to perform additional measurements to 
quantify the albedo of the surface inside and outside the lysimeter and account for 
changes in emissivity. In general, the magnitude of the soil heat flux decreases with 
increasing vegetation cover (e.g. from 0.35 to 0.05 of Rn for a bare soil to a full vegetation 
canopy (Su, 2002)). We therefore expect that the errors in simulations of G have a minor 
effect on the 3T model performance for tall vegetation, which therefore does not 
necessitate a spatially distributed estimate of G.  

Our study was carried out for daytime evaporation, but for certain environments, 
nighttime evaporation can be a considerable component of daily (24 h) evaporation (Caird 
et al., 2007; Dawson et al., 2007; Tolk et al., 2006; van Niel et al., 2011). We therefore 
advise to test the 3T model and procedures presented in this chapter before applying 
them for nighttime.  

5.4.2 Effects of air temperature measurement height on 3T model 
performance  

In general, not much attention has been paid on the effects of the air temperature 
measurement height on the 3T model performance. The air temperature is used to derive 
the 3T ratio: (Ts,i – Ta)/(Ts,r – Ta), which is supposed to represent the ratio between the 
sensible heat flux of the surface under study (Hi) and the reference surface (Hr). In this 
study and in previous applications, the air temperature was measured at an arbitrarily 
chosen reference height (za). The air temperature to surface temperature difference in the 
3T model, originates from the following equation:  

 
p s a

a

( )
,

C T T
H

r

 
   5.14 

where ρCp (J m-3 K-1) is the volumetric heat capacity, Ts (K) is the surface temperature of 
vegetation or soil under study, Ta (K) is the air temperature and ra (s m-1) is the 
aerodynamic resistance to heat transport from the surface to the height of the air 
temperature measurement. This equation holds for horizontal homogeneous conditions. 
If the spatial distribution of the sensible heat flux is heterogeneous, by definition a 
heterogeneous air temperature distribution will develop. In that case (for which usually 
the 3T model will be applied), the sensible heat flux will not only be driven by local 
surface temperature differences (visible by a thermal camera) but by local air temperature 
differences as well. Therefore, the 3T model is physically unsound if the field scale 
average air temperature, measured at an arbitrarily chosen reference height, is used.  

 To correct the 3T model, we adopt a two layer model. In the lowest layer the air 
temperature is assumed to be in equilibrium with the local surface, whereas in the upper 
layer the temperature is in equilibrium with the average conditions of the surrounding 
terrain. The height of the interface between the two layers can be seen as the height at 
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which internal boundary layers that develop over the different surfaces merge. This height 
is thus related to the horizontal scale of the surface variations. The smaller the scale of the 
surface variations, the lower the height of internal boundary layers and the lower the 
height at which the air temperature should be measured.  

We developed a method (appendix 5.A) to adjust the measured air temperature at a 
certain reference height (za) to a height representative for the horizontal scale of the 
surface variations, defined as the height of the internal boundary layer (zB). Using the 
lysimeter inner diameter (47.5 cm) as the horizontal scale of the surface variations, we 
estimated the internal boundary layer height to be 0.15 m. Using the simulated air 
temperature at 0.15 m height (Ta, 0.15m) instead of the measured air temperature at 1.5 m 
height (Ta, 1.5m), the 3T ratio (i.e. (Ts,i – Ta)/(Ts,r – Ta) = Hi/Hr) changes according to 
Figure 5.9. The adjusted 3T ratio will especially deviate from the original 3T ratio for dry 
areas compared to the reference surface (at large 3T ratios). The 3T ratio of dry area is 
underestimated if the air temperature at 1.5 m height is used (LE is overestimated). The 
3T ratio of more moist areas will be slightly overestimated if the air temperature at 1.5 m 
height is used (LE is slightly underestimated).  

We tested the effect of the adjusted air temperature (from 1.5 m height to 0.15 m 
height) on the performance of the 3T model for the three surfaces using the simple and 
the most complex parameterizations to simulate Rn and G (Table 5.5). Improvement of 
the model using the adjusted air temperature is primarily noticeable for the bare sand and 
moss surfaces using the simple parameterizations to simulate Rn and G (NSE going from 
0.45 to 0.65 and from 0.81 to 0.91, respectively). For the grass surface, the model 
performance decreases using the adjusted air temperature, which may be related to the 
emissivity effects, explained in the previous paragraph. The adjusted 3T ratio will magnify 
the errors caused by the dynamic emissivity. For the bare sand and moss surface, the 
model performance slightly decreases if the adjusted air temperature is used in 
combination with the more complex parameterizations to simulate Rn and G (NSE going 
from 0.89 to 0.87 and from 0.94 to 0.89).  

 
Figure 5.9. The adjusted 3T ratio ((Tsi – Ta, 0.15m)/(Tsr – Ta, 0.15m)) using the simulated air temperature at 
0.15 m height against the original 3T ratio ((Tsi – Ta, 1.5m)/(Tsr – Ta, 1.5m )) using the measured air 
temperature at 1.5 m height. The dotted line represents the 1:1 line.  
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The simulations using the adjusted air temperature illustrate that the 3T model is 
sensitive to the air temperature measurement height. Although the original 3T model 
simulations provide satisfactory results, we recommend to estimate the height of the 
internal boundary layer before setting up the meteorological measurements, and measure 
the air temperature at theoretically the most representative height (i.e. in most cases the 
height of the internal boundary layer above the reference lysimeter). Correcting the air 
temperature from an arbitrarily chosen reference height (following the procedure in 
appendix 5.A) as a common procedure in applications of the 3T model is less favorable, 
because it will undo the elegance of the 3T model to circumvent parameter requirements 
on aerodynamic properties and may introduce errors caused by the underlying 
assumptions. 

 

Table 5.5. The change in 3T model performance (E modeled compared to E measured) using the adjusted 
air temperature at 0.15 m (Ta, 0.15m) height instead of 1.5 m height (Ta, 1.5m). Results of the 3T model are 
presented for the three surfaces using the most simple parameterizations (left columns) and most complex 
parameterizations (right columns) to simulate Rn and G. 

Rn measured (Eq. 5.5) 

G as fraction (Eq. 5.8) 

 Rnl per surface + α scaled (Eq. 5.7)  

G scaled (Eq. 5.9) 

 Ta,1.5m Ta,0.15m  Ta,1.5m Ta,0.15m 

Bare sand      

RMSE 0.85 0.67  0.37 0.41 

MD -0.24 -0.28  -0.05 -0.13 

NSE 0.45 0.66  0.89 0.87 

 

Moss      

RMSE 0.29 0.19  0.16 0.22 

MD 0.00 -0.09  -0.08 -0.15 

NSE 0.81 0.91  0.94 0.89 

 

Grass      

RMSE 0.47 0.50  0.50 0.59 

MD -0.08 -0.15  -0.12 -0.19 

NSE 0.74 0.70  0.73 0.58 
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5.4.3 Using radiometric instead of aerodynamic surface temperature 

The 3T model is physically sound as long as the aerodynamic surface temperature (T0) is 
used as input to the model and the air temperature is measured at the correct height (as 
explained in the previous paragraph). The aerodynamic surface temperature is defined as 
the extrapolation of the air temperature profile down to the effective height within the 
canopy at which the sensible and latent heat fluxes arise. However, usually the radiometric 
surface temperature (Tr) is used as substitute in remote sensing applications, as in this 
study. The difference between Tr and T0 is small for wet surfaces (e.g. 1-2 K found by 
Kustas et al. (1989)) compared to sparsely vegetated or water stressed surfaces (e.g. 
exceeding 10 K found by Chehbouni et al. (1996)). Assuming the 3T model results to be 
similar using Tr instead of T0, implicitly leads to the assumption that a linear relationship 
exists, going through the origin, between Tr−Ta and T0−Ta, which should be equal in 
space but may vary in time. Such linearity is confirmed by the model simulations of 
Chehbouni et al. (1996). Experimental verification of this relationship is difficult, since 
this would require direct measurements of the sensible heat flux and the aerodynamic 
resistance. The results of our experiments suggest that deviations from this linear 
relationship are minor, considering the good performance of the 3T model. However, the 
3T model should be regarded a scaling procedure, rather than a physically sound model if 
the radiometric surface temperature is used, all the more since measurements of the 
radiometric surface temperature are dependent on the viewing angle of the sensor (Jones 
et al., 2009).   

5.5 Summary and Conclusions 
We investigated different modifications of the 3T model, to assess the representativeness 
of lysimeter measurements with the aid of thermal imaging. A number of manipulated 
lysimeters were operated to test the performance of the 3T model using different 
parameterization combinations to estimate the net radiation and the soil heat flux. It is 
shown that for short vegetation (e.g. moss) or bare soil, scaling of the albedo and the soil 
heat flux is required to acquire accurate estimates of evaporation using the 3T model, 
especially in field situations with large differences in surface moisture content (e.g. after 
irrigation). Care must be taken if the 3T model is applied for vegetation with clear sunlit 
and shaded leaves or with a heterogeneous coverage of dead and living biomass. Such 
heterogeneities could compromise the performance of the 3T model since they affect the 
apparent surface temperature, Rn and G. Additional spectral data, e.g. near infrared 
information, may be useful to account for such disturbances.  

The 3T model is physically unsound if the field scale average air temperature, 
measured at an arbitrarily chosen reference height, is used as input to the model. We 
developed a method to correct the 3T model and to derive the air temperature at the 
most representative height, i.e. in most cases the height of the internal boundary layer 
above the reference lysimeter. Simulations using the adjusted air temperature illustrate 
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that the 3T model is sensitive to the air temperature measurement height. Although the 
original 3T model simulations provide satisfactory results, we recommend to estimate the 
height of the internal boundary layer before setting up the meteorological measurements, 
and measure the air temperature at theoretically the most representative height. 

Combining lysimeters with thermal imaging provides an attractive measurement 
strategy to assess whether a lysimeter measurement is representative for the environment 
under study, i.e. representative for the undisturbed vegetation outside the lysimeter. If 
measurement errors occur due to an altered soil moisture content in the lysimeter, e.g. 
caused by wall flow or by using zero tension lysimeters, the 3T model can be used to 
correct the lysimeter measurements based on recordings of the surface temperature. The 
advantages of this method are that (1) measurements of evaporation can be derived for 
much larger areas than most conventional lysimeters, (2) that a simpler lysimeter design 
can be used, and (3) that measurements are continuously performed for the same area 
instead of a variable footprint area that is dependent on wind speed and direction as for 
eddy correlation measurements. Such systems could bridge the gap between ground based 
point measurements and satellite based estimates of E. 
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Appendix 5.A Method to estimate the internal boundary layer 
height and the air temperature at the height of the internal 
boundary layer. 
To estimate the internal boundary layer height over the lysimeter surface, we assumed that 
the internal boundary layer height (z) growth in the vertical direction occurs at the rate of 
the friction velocity (u*). In the horizontal direction the advection takes place with the 
wind speed U at that height (Panofsky, 1973). Thus, 

 *d d ,z u t   5.15 

 *

0m

d ( )d ln( ) ,
u z

x U z t dt
k z

    5.16 

where k is the von Karman constant (0.41) and z0m is the roughness length for 
momentum. The time coordinate t can be removed from the equation to give a relation 
between x and z: 
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which can be integrated for x from 0 to D, the diameter of the lysimeter, to arrive at the 
internal boundary layer height at the downwind side of the lysimeter zB: 
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Note that that this estimation is uncertain up to a constant factor A of the order of 1. For 
example Panofsky (1973) puts a factor A = 0.6 in front of D in the last equation. Also 
note that part of the internal boundary layer is not in the surface layer but in the 
roughness layer where profiles and turbulent transport may behave differently. With z0m = 
0.03 m and A = 0.6 (following Panofsky (1973)) we find zB = 0.15 m. 

 From the logarithmic profile based on the surface temperature of the environment 
(TSE), the air temperature at the internal boundary height (zB) can be estimated by: 
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which can be rewritten as: 
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where T(zB) is the air temperature at the internal boundary height (zB), T(zA) is the air 
temperature at the reference height (zA) and z0h is the roughness length governing transfer 
of heat. We estimated T(zB) with z0h = 0.1z0m = 0.003 m and TSE represented by the 
average surface temperature outside the lysimeters in view of the thermal camera. 
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General discussion 
The general aim of the research presented in this thesis was to gain quantitative insights in 
the evaporation rate of dry dune ecosystems. This thesis addressed knowledge gaps about 
i) the effects of mosses on the water balance, ii) quantification of energy and water fluxes 
in dry dune ecosystems and iii) how evaporation in dry dune vegetation evolves in the 
course of succession. Additionally we developed a measurement system to support future 
evaporation research. Major results of this thesis are summarized and discussed below. 

The importance of mosses 

Based on laboratory experiments (chapter 2), lysimeter measurements (chapter 3) and 
modelling (chapter 3 and 4) we discovered that certain moss and lichen species evaporate 
less than bare dune soil. Commonly, it is assumed that more vegetation (i.e. more 
biomass) will lead to more evaporation. This rule of thumb does not hold for mosses. 
Mosses are fundamentally different from vascular plants because mosses do not have leaf 
stomata and most mosses do not have an active water transport mechanism. Apparently, 
certain moss species have poorer water storage and water transport properties than bare 
soil. It is important to note that this observation holds for surface area averaged fluxes 
and storage. A single moss shoot is extremely efficient in storing water (e.g. compared to 
its dry weight). However, for hydrological studies we need estimates of evaporation per 
surface area, i.e. including large gaps between moss shoots that do not conduct water 
under unsaturated conditions. 

Mosses and lichens have a large effect on the evaporation rate in dry dune 
vegetation. The maximal effects in the Netherlands, quantified in this thesis, were +62 
mm y-1 to −91 mm y-1 compared to the same dune soil without moss (chapter 4). Such 
evaporation differences are approximately equal to +10% and −15% of the annual 
groundwater recharge of bare dune soil (approximately 600 mm y-1). It is therefore 
important to represent mosses in hydrological models of dry dune areas. Although most 
hydraulic properties are comparable between species, the large variation in near saturated 
moisture content (θ0, ranging between 0.05 and 0.6) causes a species specific effect on 
evaporation. The lower θ0, the lower the water storage and evaporation flux. Species with 
a low θ0 (<0.2), like Hypnum cupressiforme or Cladonia prortentosa therefore reduce 
evaporation and thereby facilitate vascular plants, i.e. some of the saved water from 
ground layer evaporation by the presence of the moss layer was consumed for 
transpiration (on average 22%). The θ0 is therefore an important trait or parameter that 
can be used to understand the ecological role of mosses in other regions of the world and 
to understand the contradictive results mentioned in literature about the effect of mosses 
on evaporation (Blok et al., 2011; Kidron and Tal, 2012). 
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The energy balance of dry dune vegetation: the importance of net 
longwave radiation  

The net longwave radiation (Rnl) is a major component of the energy balance of dry dune 
vegetation. For surfaces studied in this thesis (bare sand, moss, dry grass and heather), the 
magnitude of Rnl was larger or comparable to the latent heat flux. It is therefore essential 
to accurately estimate Rnl in dry dune vegetation to support hydrological studies. 
Surprisingly, a the widely applied FAO-56 approach to estimate Rnl (equation 3.7), poorly 
represented the measurements (chapter 3). We therefore developed a model to describe 
the diurnal pattern in surface temperature, which improved Rnl simulations considerably. 
Based on our findings we advocate reconsidering the usage of the FAO-56 approach to 
estimate Rnl in hydrological models. It is often used in approaches which attempt to use a 
full Penman-Monteith approach (Bastiaanssen et al., 2012; Supit et al., 1994; Walsum et 
al., 2010), without making parameters vegetation specific (i.e. every vegetation type has 
the same Rnl). Such a generalization is especially inaccurate for vegetation that is inactive 
for a prolonged period during the year or vegetation that has a relatively low coverage and 
much exposed bare soil. In those cases, the surface will warm up due to the absence of a 
vivid transpiring vegetation, for which the FAO-56 approach was developed.  

Effects of climate change on evaporation  

We quantified the feedback effect of a relatively severe dry spell at the end of July in 2013, 
with a return period of five years, on potential and actual evaporation of dry grass and 
heather (chapter 3). Directly after the dry spell, parts of the vegetation desiccated and 
dyed off, leading to a drop in potential (-37 mm and -61 mm, respectively) and actual 
evaporation (-29 mm and -29 mm, respectively), during the remainder of the year. KNMI 
(2014) predicts that such dry spells will occur more often in the future. Without 
accounting for feedbacks of dry spells on evaporation, our models overestimate 
evaporation. Moreover, vegetation shifts to more desiccation tolerant vegetation (such as 
mosses) reduces evaporation and could therefore temper the actual evaporation rate 
under climate change scenarios (chapter 4). Actual evaporation is therefore likely 
overestimated in hydrological models of Dutch dry dune ecosystems that do not account 
for feedbacks of dry spells and vegetation shifts.  

A coupled plant physiological and hydro-meteorological model could account for 
above feedbacks. However, long-term plant physiological and hydro-meteorological 
measurements are required to parameterize such parameter intensive models. Moreover, 
feedbacks of climate change on soil hydraulic properties should be accounted for as well. 
The change of soil hydraulic properties of surface layers could have even a larger effect 
on evaporation than the change in e.g. the vascular plant cover (chapter 4).  

The need of accurate evaporation measurements 

Measurements of evaporation are required to make important advances in evaporation 
research, such as coupling vegetation dynamics to hydrological models, developing 
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remote sensing techniques to estimate evaporation over large areas or separating 
evaporation in different fluxes (i.e. transpiration, evaporation from the soil surface and 
evaporation from canopy interception). Such studies need validation and calibration data. 
Getting accurate numbers of evaporation is challenging. Measurement errors are typically 
large (ranging between 5 to 50% (Allen et al., 2011)). Therefore, care must be taken to 
assess the accuracy of evaporation measurements before using them for calibration or 
validation. The measurement setup presented in chapter 5 is one of the few approaches 
that detects and corrects lysimeter measurement errors. By comparing the energy balance 
and the remotely sensed surface temperature of lysimeters with those of the undisturbed 
surroundings, we were able to assess the representativeness of lysimeter measurements 
and to quantify differences in evaporation caused by spatial variations in soil moisture 
content (chapter 5). To our knowledge, this is the only system that allows measuring 
evaporation from a large distinct undisturbed area (e.g. 100 m × 100 m) in such a direct 
way. With the advent of this measurement system, we expect a major advancement of 
evaporation knowledge, despite some restrictions and shortcomings evaluated in chapter 
5.  

Recommendations for future research 
In order to improve the estimation of evaporation in dry dune vegetation or extend the 
applicability of major findings in this thesis, I recommend the following research: 

- Mosses and lichens have a large effect on evaporation. The abundance of mosses 
in dry dune vegetation is visually apparent (Figure 6.1). However, we were unable 
to assess the effect of mosses on regional scale evaporation, because detailed 
vegetation maps with information of moss species and coverage are lacking. This 
hampers the use of the developed knowledge in practical applications and regional 
water resources assessments. There is thus a need for detailed maps with 
distribution of mosses in dry dune ecosystems. Remote sensing technologies 
developed by Roelofsen (2014) and Assendorp (2010) seem promising for this 
purpose.  

- Poor performance of the widely applied FAO-56 net longwave radiation model 
(equation 3.7) showed that this energy flux has attracted insufficient attention in 
evaporation research. Large errors will occur in estimates of net radiation and 
evaporation using this model, especially when applied for vegetation other than the 
reference crop. We therefore advocate reconsidering the usage of the FAO-56 Rnl 
model in hydrological models. The net longwave radiation is one of the largest 
energy fluxes in dry dune vegetation. We developed a novel longwave radiation 
model (chapter 3) to simulate this energy flux for bare soil, moss, dry grass and 
heather. The model is primarily based on empiricism, which makes it application 
limited to dry dune vegetation with comparable meteorological and vegetation 
properties as our study site Soestduinen, the Netherlands. The model should be 
tested on field measurements before it is applied to other regions in the world. I 
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recommend to develop relationships between parameters of the model and the 
vegetation height, which controls the connection to the atmosphere and thus the 
temperature difference between the surface and the air. A large database of 
longwave radiation measurements at different latitudes, with recordings of the 
vegetation height are required to develop such relationships and improve the 
applicability of the model.  

- We simulated the evaporation on slopes by assuming that soil heat flux and net 
longwave radiation on slopes changes proportionally with the incoming solar 
radiation. This assumption allowed calculating the available energy on slopes based 
on simulations of the available energy on a horizontal surface (chapter 4). Such a 
scaling procedure is common (Dingman, 2002; Yetemen et al., 2015), however, 
seldom validated in the field because standardized meteorological measurements 
are preferably performed on horizontal surfaces. I recommend measuring energy 
fluxes on coastal dune slopes with different slope angles and slope orientations to 
have a more in depth assessment of the validity of above assumption.  

- We evaluated the performance of an algorithm (the so-called 3T model) to 
spatially extrapolate lysimeter measurements (chapter 5). We developed a method 
to correct the 3T model, if the air temperature was measured on an arbitrary 
chosen reference height. Corrections were made based on the aerodynamic 
properties of the vegetation and the diameter of the lysimeter; however we were 
unable to validate the correction methodology. We therefore recommend 
performing similar experiments as in chapter 5 with additional measurements of 
the air temperature in a profile above the surface. Such experiments could be used 
to validate the theoretical framework presented in chapter 5 to estimate the most 
representative air temperature measurement height. 
 

 
Figure 6.1. A moss plain of Campylopus introflexus (green surfaces), Polytrichum piliferum 
(brown surfaces) and tussocks of grass (primarily Corynephorus canescens) at the “Otterlose 
zand” on the “Veluwe”, the Netherlands. 
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- I recommend doing a survey of measurements of soil hydraulic properties of dune 

soils. We measured soil hydraulic properties of a limited amount of soil samples 
(chapter 4), which considerably differed from hydraulic properties published in the 
“Staring series” (Wösten et al., 2001), often used to parameterize soil hydraulic 
properties in the Netherlands. Since evaporation in dry dune vegetation is very 
sensitive to the hydraulic properties, especially in shallow soil layers (chapter 4), an 
accurate parameterization of soil hydraulic properties is required to estimate 
evaporation in dry dune ecosystems. Additionally, coastal dune systems are known 
for having water repellent soils leading to preferential flow in the unsaturated zone 
(Dekker, 1998; Jungerius and de Jong, 1989; Mao, 2016; Ritsema, 1998; Siteur et 
al., 2016). Despite several dissertations on preferential flow in dry dune 
ecosystems, generalized rules about the effect on evaporation are still lacking. We 
therefore recommend combining the survey of soil hydraulic measurements with 
an in-depth review about the importance of preferential flow for evaporation.   

- I advocate to develop a model that couples soil and vegetation succession to 
evaporation under climate change scenarios including within year feedbacks of 
drought events on vegetation properties (such as the surface resistance in chapter 
3). By coupling these processes to evaporation simulations, counter-intuitive 
effects may occur such as observed for equator facing slopes (chapter 4); more 
energy for evaporation does not necessarily lead to more actual evaporation 
because vegetation adjusts to meteorological conditions. Thus without such a 
coupled model, adverse effects of climate change are likely to be overestimated.   

Final conclusions 
Accurate estimates of evaporation are required for understanding and managing water 
resources of dry dune ecosystems. This thesis provides new insights into the complex 
interacting controls of vegetation, soil and meteorological conditions on evaporation of 
these areas, and presents an advanced measurement system to support future evaporation 
research. The results can be used to quantify the evaporation flux from short vegetation 
(from bare soil, moss to dry grass and heather) and to assess the effect of dry spells and 
succession on evaporation. These quantitative insights can be used to anticipate on 
changing weather conditions and to assess the benefit of vegetation management in terms 
of groundwater recharge.  
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DANKWOORD 

Het is de laatste werkweek bij KWR. De kinderen spelen om me heen en de mussen 
vallen van het dak van de warmte. Het is een van de warmste perioden in de moderne 
meetreeks van het KNMI. Na een periode van 8 jaar rond ik mijn promotie af en mijn 
werk bij KWR. Het is een bijzondere periode geweest met veel hoogtepunten. Ik kijk met 
veel genoegen terug op mijn tijd als promotiestudent en als onderzoeker bij KWR. Het 
werkplezier werd in grote mate bepaald door een aantal personen en instituten die ik 
hierbij wil bedanken. 

Beste Flip en Ruud, wat hebben wij een mooie tijd gehad. Het begon allemaal met 
een verkennend gesprek bij KWR in Nieuwegein. “Ken je ook de Feddes functie?” was 
een van de eerste vragen die me werden gesteld. De mannen met een Wageningse school 
bevroegen me, maar belangrijker, er werd een zeer inspirerend onderwerp voorgeschoteld 
om op te promoveren. Ik had direct een goed gevoel bij de mannen. Na een 
sollicitatiegesprek met teamleider Gé werd het officieel, ik zou gaan starten als 
promotiestudent. Ik werd als een soort portier gestationeerd in de deuropening van de 
kamer van Flip en Ruud. De tijd in die stoffige kantooromgeving was bijzonder 
inspirerend. Mensen liepen af en aan om Flip en Ruud vragen te stellen en zo kreeg ik een 
goede indruk van het werk bij KWR. Soms deden we de deur dicht om met z’n drieën te 
brainstormen. Vaak monde het uit in melige grappen, een volgekalkt whiteboard en een 
reeks nieuwe ideeën die lang niet allemaal even vruchtbaar waren. Geweldig leuk. 
Mannen, ik ben jullie zeer dankbaar. 

Er werden ook uitstapjes gemaakt naar het veld om gevoel te krijgen voor het 
vraagstuk. We gingen samen met Sjoerd van der Zee naar nationaal park de Hoge Veluwe 
naar het Otterlose zand. Noord- en zuidhellingen was het thema. Goede studieobjecten 
om relaties tussen microklimaat, vegetatie en de waterbalans te onderzoeken. Sjoerd 
suggereerde om her en der met wat lysimetertjes te gaan werken. Dat hebben we geweten. 
Mijn achtertuin stond op een gegeven moment vol met buizen en instrumenten om te 
installeren in het veld. De eerste lysimeters werden geplaatst in een onttrekkingsgebied 
van Vitens bij Soestduinen. Harm Gooren en Pieter Hazenberg van de WUR hielpen me 
met de techniek. Het was de eerste aanzet tot een lange periode van verschillende 
lysimeterprojecten die volgden bij KWR. 

In deze eerste fase van mijn promotiestudie hebben verschillende mensen me 
geholpen om op gang te komen. Marc Bierkens en Peter van Bodegom hebben zich mede 
gebogen over mijn eerste plannen naast mijn promotoren en copromotor. Samen met 
Peter en collega’s van de VU hebben we ons gebogen over het watergebruik van mossen. 
Fred Daniels was zeer behulpzaam door zijn kennis te delen over mossen en 
vegetatiedynamiek. Hij nam destijds team ecologie van KWR mee op excursie naar de 
Veluwe om zijn onderzoek naar vegetatiedynamiek toe te lichten. Marc Bierkens hielp me 
samen met studenten zoals Sija Stofberg en Lucie Babel om verkennende studies te doen 
naar 3D onverzadigde zone stroming rond wortelzones en relaties tussen droogte en 
vegetatiebedekking. Met hulp van Sjoerd van der Zee en Harm Gooren werden lab 
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experimenten aan mossen opgezet in het bodemfysisch laboratorium. Jan Hoogendoorn 
en Jan Statema zorgde voor toegang tot het onttrekkingsgebied van Vitens bij 
Soestduinen. Ik ben jullie allen zeer dankbaar voor de hulp en goede raad.  

Na deze fase begon het projectenwerk en was het zaak om de promotiestudie te 
combineren met onderzoek bij KWR. Ik kreeg een nieuw bureau en kwam op de kamer 
met Yuki Fujita en Hans Roelofsen. Ik vond het leuk om met jullie een kamer te delen. 
We deelden onze gemeenschappelijke sores in het onderzoek en discussieerden over de 
resultaten. Mijn rol binnen het team werd wat anders. Onder de vleugel van Flip mocht ik 
nadenken over een onderzoekslijn. Daarnaast werden me verschillende grote projecten in 
de schoot geworpen. Zoals bijvoorbeeld de ontwikkeling van een lysimeter in TKI 
verband met de firma Eijkelkamp. Er werd goed voor me gezorgd door KWR en 
collega’s. Ik ben jullie zeer dankbaar. In het bijzonder de teams ecohydrologie, 
geohydrologie en Harry en Sidney van de werkplaats. Ik heb bijzonder genoten van de 
groene daken projecten in samenwerking met Gijsbert Cirkel en ik heb veel opgestoken 
van mijn geliefde projectmanager Jan Willem Kooiman. Mijn dank is groot. 

Door alle bijzondere projecten bij KWR begon de promotiestudie wat op de 
achtergrond te raken. Het was tevens tijd voor kinderen en een nieuwe woning. Dan 
ontstaat zo’n moment dat familie en vrienden geregeld vragen naar de staat van de 
promotie terwijl het ergens onderaan de prioriteitenlijst staat. De promotie begon te 
jeuken. Grapjes en verwijzingen in Sinterklaasgedichten hebben me voortdurend 
geprikkeld om de promotie af te maken. Bedankt voor deze prikkeling vriendengroep uit 
Egmond en omgeving, vriendengroep uit Utrecht, broers Harm en Frieso en natuurlijk 
mijn vader.  

Belangrijke partners die het verdampingsonderzoek voortdurend hebben gesteund 
zijn onder andere Teun Spek (Provincie Gelderland), Jan Hoogendoorn (Vitens), Almer 
Bolman (Waterschap Vallei & Veluwe) en Hans van Rheenen (Eijkelkamp). Ik ben jullie 
zeer dankbaar voor het vertrouwen en de samenwerking. Ik wil tevens de onafhankelijke 
leden van de promotiecommissie en aanstaande opponenten bedanken voor hun 
inspanningen rond de promotie: Remko Uijlenhoet (WUR), Stefan Dekker (UU), Peter 
Droogers (Future Water), Bart van den Hurk (VU/KNMI), Hans Cornelissen (VU), Rien 
Aerts (VU) en Jordi Vilà (WUR). 

Lieve moeder, je hebt helaas mijn promotie niet meer kunnen meemaken. Als jochie 
heb je me boom, roos, vis, vuur, etc. geleerd op de veranda in Sri Lanka. We hebben later 
nog eindeloos geoefend om goed te leren lezen en schrijven tijdens mijn 
basisschoolperiode in Nederland. Wie zou dat hebben gedacht, Bernard die een dissertatie 
kan produceren. Aan de keukentafel hebben we nog geregeld gediscussieerd over mijn 
promotie. Het ging vaak over de relevatie van het werk. Een goede training voor een 
wetenschapper om uit te leggen hoe zinvol zijn onderzoek is. Mijn dankbaarheid aan jou 
is met geen pen te beschrijven. Hetzelfde geldt voor mijn vader. Onze steun en toeverlaat.  

Ik hoor Lucas op de babyfoon huilen. Er zit een spin op zijn neus. De vaderlijke 
plicht roept. Annefien ligt al in dromenland. Kindertjes, wat is het toch heerlijk om jullie 
om me heen te hebben. Marjolijn, mijn lief, wat hebben we het goed.  
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Figure 1. Installation of a lysimeter at the CESAR observatory, Cabauw, the Netherlands. 
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Figure 2. Lysimeter project in a heather vegetation, de Hoge Veluwe, the Netherlands. 

 
Figure 3. Lysimeter project in a corn field, Hupselse beek catchment, the Netherlands. 
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Figure 4. Lysimeter project on a green roof, Amsterdam, the Netherlands. 
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