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Abstract
The non-linear relation between Evapotranspiration (ET) and the atmospheric moisture de-
mand in terms of vapor pressure deficit (VPD) has been widely reported. Observations point
towards a diverse range of potential drivers; however, without uncovering why the identified
factors are found to control diurnal ET-VPD hysteresis. Modelling efforts have laid a theo-
retical foundation to unravel the compound effect of surface and atmospheric states on this
hysteresis. However, so far these models have been unable to realistically incorporate the
non-linear feedbacks between atmosphere and surface, and lack a vegetation representation
that reflects the underlying biological mechanisms. To unravel in what manner the char-
acteristics of ET-VPD hysteresis are controlled, multi-scale observations spanning biology,
meteorology, and hydrology from the CloudRoots campaign are combined with modelling in
a novel manner. For the first time a proof-of-concept is delivered for reproducing ET-VPD
hysteresis with a model that incorporates both surface-atmosphere feedbacks as well as a
mechanistic vegetation component. Observations are used for parameter initialization and
evaluation to ensure that the modelled hysteresis curve and underlying processes represent
a realistic case. Next, this calibrated model is used for a sensitivity analysis. The results
show that both the early morning state of the surface and the state of the atmosphere influ-
ence the characteristics of the hysteresis loop with respect to its width, height, and initial
slope. Via control of the stomatal aperture, soil moisture stress and the vegetation’s capacity
to assimilate COኼ for photosynthesis affect the height and width of the curve. The height of
the hysteresis loop is significantly affected by entrainment of warm dry air, while its width is
minorly impacted. The characteristic fingerprint of entrainment is distinctly different to that
of soil moisture stress and the capacity for COኼ uptake. The sensitivity analysis applied to
our observationally inspired case, appears to facilitate quantification of the strongest model
responses to changing external forcings and parameters. Therefore, the presented approach
offers a promising tool, allowing further research into the controlling mechanisms of ET-VPD
hysteresis.
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1
Introduction

The aim of this study is to investigate how surface and atmospheric processes control evap-
otranspiration (ET). ET drives the water cycle, sets the energy available for the diurnal tem-
perature evolution, and regulates countless biochemical reactions. However, it still is a strik-
ingly uncertain factor in atmospheric and hydrological modelling. Recent publications on the
hysteretic relationship between ET and atmospheric moisture demand open the way for ap-
proaching the challenge of accurately representing ET in a novel way. In order to understand
how the hysteretic relationship is set we cannot rely on observational analysis alone, as many
processes and interactions are involved. Furthermore a solid theoretical foundation is lack-
ing. Therefore this study will combine observations with prognostic modelling and integrate
biology, hydrology, and meteorology, to link hysteresis characteristics to surface and atmo-
spheric processes. Thereby delivering a new research method, progressing our mechanistic
understanding, and ultimately allowing for a better representation of ET in models.

1.1. Relevance
ET affects our lives every day: It has a large influence on temperature, cloud formation,
precipitation, and on the global climate (Chahine, 1992; Pielke, 2001; Wang, 2012). It de-
termines the amount of water that is available for plants to flourish and to produce food. Or
controls drought and flooding, which frequently result in humanitarian crisis and conflict.
Furthermore, the magnitude of ET has an impact on the water content in the soil, vegeta-
tion, and atmosphere, where water is indispensable as a reagent and solvent in countless
biochemical reactions. And ET affects the partitioning of net available energy at the sur-
face between the sensible and latent heat fluxes, as well as the associated turbulent mixing
and development of clouds. Therefore, understanding and accurately representing ET in
atmospheric models is of major importance, both for day-to-day weather prediction as well
as for long term climate and water availability forecasts (Held and Soden, 2000; Parlange
et al., 1995; Schneider et al., 2010; Sellers et al., 1997; Sherwood et al., 2010). However,
identifying the dominant driver of ET is difficult as many environmental variables - e.g. air
temperature, net radiation, relative humidity, wind speed, soil moisture - and surface con-
ditions - e.g. soil type, vegetation species, senescence - contribute to its diurnal evolution,
and further research is required (Katul, 2012; Wang, 2012).

One of the effects that needs further study is the diurnal hysteresis between ET and the
atmospheric moisture demand over vegetated surfaces (Zhang, 2014), as shown in Figure
1.1. Although over land surfaces this hysteresis is inherent to the evolution of the atmo-
spheric layer where the impact of the surface is felt (the so-called boundary layer, BL), soil
water depletion models generally assume a linear relationship as would be the case in open
water conditions where one can assume vapor saturation at the surface (Marshall and Plumb,
1989). This assumption leads to errors in soil water availability estimates and associated de-
cision making for irrigation and drainage. Including an estimate for the hysteresis magnitude
in these models will therefore yield a significant improvement.
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(a) 7 May 2018 (b) Composite

Figure 1.1: Diurnal hysteresis between ET and atmospheric moisture demand, measured with Eddy Covariance (EC) at the
measurement site near Selhausen, Germany. ET is quantified as latent heat flux (LᑧE [W mᎽᎴ]), and atmospheric demand as
vapor pressure deficit (VPD [Pa]). (a) Composite of multiple diurnal loops where different colours indicate similar parameter
regimes; Green: May 7-8-12-21-26 and June 6; Blue: June 10-28-29; Purple: July 1-2-3; Red: July 9; Black: May 11-18-19 and
June 9 2018. (b) Single hysteresis loop for 7 May 2018 where four stages are identified. (1) Morning: The vegetation’s stomata
are maximally open for photosynthesis, the BL grows, ET is driven by the available radiation and VPD by temperature; (2) Early
afternoon: Reduced stomatal aperture limits further ET increase, whereas VPD increase still is controlled by temperature, the
BL stops growing; (3) Afternoon: Stomata close due to stress and ET drops to zero while VPD remains approximately constant
due to competing temperature and moisture effects, the BL height remains approximately constant; and (4) Evening and night:
Closed stomata prevent ET and VPD rapidly decreases due to decreasing temperatures, the BL shrinks. A full description is
given in Chapters 1.2.1 and 3.1.

The second motivation for investigating the relationship between ET and the atmospheric
moisture demand is that it reflects the state of both the surface and the atmosphere. Though
hysteresis itself is inherent to BL evolution over land surfaces (Gutierrez, 1994), its fingerprint
is a reflection of the very processes controlling this evolution; as much on the local - via e.g.
surface temperature, humidity, and soil moisture stress - as on the non-local scale - via
the growth of the atmospheric layer where the impact of the surface is felt (boundary layer,
BL), entrainment, and subsidence. These processes are in turn the result of surface and
atmospheric states. As such, the ET-moisture demand hysteresis shape can be a powerful
method to disentangle the impact of the processes driving the diurnal course of ET.

Therefore this study investigates the relationship between ET and atmospheric mois-
ture demand. ET depends on the soil, vegetation, and near-surface atmospheric processes,
whereas moisture demand is an atmospheric variable. The work addresses the integration of
surface and near-surface processes with atmospheric ones, while taking into account hori-
zontal variability of the surface. The work will go beyond the existing theoretical foundation
and will demonstrate how hysteresis shape is sensitive to key characteristics of the surface,
the BL and external forcings.

1.2. Theoretical Background
To study the diurnal hysteresis between ET and the atmospheric moisture demand, ET is
often quantified as latent heat flux (L፯E [W mዅኼ]), and atmospheric moisture demand as
vapor pressure deficit (VPD [Pa]). Where VPD is set by the difference of the temperature
driven saturation pressure and the moisture driven vapor pressure (Chapter 1.2.2).

ET-VPD hysteresis is typical for land surfaces and occurs when changes in turbulent mix-
ing and ability of the surface to excrete water cause ET to differ significantly between morning
and afternoon for the same magnitude of VPD, as shown in Figure 1.1b. For vegetated sur-
faces the clockwise tendency is a result of stomatal response to the environment. Conversely,
under very dry desert conditions the direction of the loop is reversed to an anti-clockwise pat-
tern, set only by turbulent mixing between surface and atmosphere (recent work by F. Lobos
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Roco, paper in preparation). To analyse both the hysteresis directionality and shape, this
chapter introduces the key concepts and equations needed to understand how turbulent
mixing and the surface biology impact hysteresis appearance.

1.2.1. Conceptual Description of Stomatal Behaviour
For vegetated surfaces the non-linear relation between transpiration and VPD is mainly driven
by changes in stomatal aperture: The aperture balances the benefits of maximizing COኼ as-
similation for photosynthesis with the detriments of transpiration (Cowan and Farquhar,
1977). The stomatal aperture, and consequently ET, responds to the availability of photo-
synthetically active radiation (PAR [W mዅኼ]), temperature, soil moisture availability, VPD, and
the COኼ deficit between the stomatal cavity and surrounding air. For the diurnal ET-VPD cy-
cle, as shown in Figure 1.1b for the 7 May 2018 observations, four stages can be identified
that can conceptually be understood by:

1. In the morning transpiration is controlled by the opening of the stomata in response to
the increasing of PAR, allowing photosynthesis. Due to the increasing PAR, the canopy
releases moisture into the atmosphere at an increasing rate. However, VPD increases
rather than decreases: The overall rapid rise in BL temperature causes the higher satu-
ration pressure to dominate the behaviour of VPD (Equation 1.1). In addition, the latent
and sensible heat (H [W mዅኼ]) fluxes cause the BL to grow rapidly: Water vapor is dis-
tributed over a larger BL volume and warm, dry air is entrained at the BL top, effectively
out-competing the effect of ET on specific humidity. (Moeng and Wyngaard, 1984)

2. Typically around midday transpiration has increased to a rate where it becomes difficult
for plants to maintain their internal water paths, and the stomata reduce their aperture
to prevent tissue damage (Hsiao, 1973). At this time, the sensible heat flux causes the
air temperature to increase, and consequently also the saturation pressure and VPD.

3. As less PAR is available for photosynthesis, or leaf temperature or VPD becomes too
high, the trade-off between the COኼ demand for photosynthesis and cost of water loss
becomes unfavourable. The stomata close in order to protect the plant water paths
and avoid tissue damage. ET now rapidly drops to zero. The BL is no longer growing
or heating, and the VPD remains approximately constant due to competing effects of
temperature and moisture.

4. Finally, at the end of the evening and during the night, the saturation pressure drops as
the atmosphere and surface cool, and VPD decreases. As there is no more PAR available
for photosynthesis, the plants keep their stomata closed to avoid water loss, resulting
in negligible ET.

1.2.2. Mathematical Description
This section will give an overview of the equations that will be used for analysis, and introduce
a simple ET-VPD model.

VPD [Pa] is a measure of the amount of water vapor the atmosphere is able absorb, and is
defined as the difference between the saturated vapor pressure (e፬ፚ፭ [Pa]) and the atmospheric
vapor pressure (eፚ [Pa]) measured at the same level:

VPD = 𝑒፬ፚ፭ − 𝑒ፚ (1.1)

where e፬ፚ፭ can be derived from temperature with the Clausius-Clapeyron relation.

ET is usually quantified as the latent heat flux L፯E where ET is abbreviated to E. The
commonly used units for E ofmm dayዅኻ are converted to kg mዅኼ sዅኻ by use of the liquid water
density 𝜌፰ [kg mዅኽ]. L፯ [J kgዅኻ] stands for the latent heat of evaporation. The total latent
heat flux L፯E፭፨፭ፚ፥ is generally made up by soil evaporation (L፯E፬፨።፥), evaporation of intercepted
liquid water (L፯E፥።፪), and transpiration by the vegetation (L፯E፯፞፠) (Van Heerwaarden, 2011).
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Taking into account the relevant fractions (c። [-]) of intercepted water and vegetation the
equation for ET is:

𝐿፯𝐸፭፨፭ፚ፥ = (1 − 𝑐፯፞፠)𝐿፯𝐸፬፨።፥ + 𝑐፯፞፠𝑐፥።፪𝐿፯𝐸፥።፪ + 𝑐፯፞፠(1 − 𝑐፥።፪)𝐿፯𝐸፯፞፠ (1.2)

where the last term is dominant for fully vegetated surfaces. In modelling L፯E is often calcu-
lated by using the resistance expression (Moene and Van Dam, 2014):

𝐿፯𝐸 = −𝜌𝐿፯
𝑞(𝑧) − 𝑞፬
𝑟ፚ + 𝑟፬

(1.3)

with 𝜌 [kg mዅኽ] the air density, q(z) [kg kgዅኻ] the specific humidity at evaluation height z, and
q፬ [kg kgዅኻ] the specific humidity at the surface. rፚ [s mዅኻ] is the aerodynamic resistance,
which represents how well turbulence is able to exchange moisture, momentum, and heat
between the surface and atmosphere. rፚ is often parameterized as the the inverse of the
effective wind speed (see Chapter 2.6.1). r፬ [s mዅኻ] is the canopy resistance and is set by
the trade-off of between COኼ assimilation for photosynthesis and water loss, as described in
Chapter 1.2.1.

From Equation 1.3 a conceptual model can be derived that explains the existence of ET-
VPD hysteresis and its general tendencies. First, saturation at the surface is assumed, and
the proportionality between the saturated vapor pressure and saturated specific humidity
(q፬ፚ፭ [Pa])

𝑞፬ፚ፭ ≈
𝜖𝑒፬ፚ፭
𝑃 (1.4)

is used - and similarly that between atmospheric vapor pressure and specific humidity. 𝜖
= 0.622 is the ratio of the gas constants of dry air (R፝) and water vapor (R፯) and P [Pa]
the pressure. Provided pressure differences are negligible - which is the case for typical
evaluation heights - substituting in Equation 1.3 yields:

𝐿፯𝐸 ∝ 𝜌𝐿፯
𝑒፬ፚ፭(𝑇፬) − 𝑒ፚ
𝑟ፚ + 𝑟፬

(1.5)

with T፬ [K] the surface temperature and eፚ is taken at a set evaluation height (e.g. in case
of the observations this would be the height of the EC setup and profile measurements used
for further analysis). Equation 1.5 is equivalent to the expression used to calculate L፯E in
second generation of atmospheric general circulation models (Sellers et al., 1997). When
𝜌L፯ is assumed constant during the day and the saturated vapor pressure for air (at the
evaluation height) is inserted, the equation can be re-written as:

𝐿፯𝐸 ∝
𝑒፬ፚ፭(𝑇፬) − 𝑒፬ፚ፭(𝑇ፚ)

𝑟ፚ + 𝑟፬
+ 𝑒፬ፚ፭(𝑇ፚ) − 𝑒ፚ𝑟ፚ + 𝑟፬

(1.6)

where Tፚ [K] is the air temperature at the evaluation height, and e፬ፚ፭(Tፚ) - eፚ the atmospheric
VPD at that same height (Equation 1.1). Now e፬ፚ፭(T፬) can be expanded around Tፚ:

𝑒፬ፚ፭(𝑇፬) ≈ 𝑒፬ፚ፭(𝑇ፚ) +
𝜕𝑒፬ፚ፭
𝜕𝑇 (𝑇፬ − 𝑇ፚ) ≡ 𝑒፬ፚ፭(𝑇ፚ) + 𝑠(𝑇፬ − 𝑇ፚ) (1.7)

with s [Pa Kዅኻ] the slope of the Clausius-Clapeyron relation at the evaluation temperature
(here: Tፚ). Re-writing the first term of Equation 1.6 with this approximation gives

𝐿፯𝐸 ∝
𝑠(𝑇፬ − 𝑇ፚ)
𝑟ፚ + 𝑟፬

+ 𝑒፬ፚ፭(𝑇ፚ) − 𝑒ፚ𝑟ፚ + 𝑟፬
(1.8)

The temperature (T [K]) can be expressed as potential temperature (𝜃 [K]):

𝜃 = 𝑇(𝑃ኺ𝑃 )
ᑉᑕ
ᑔᑡ

(1.9)
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where Pኺ [Pa] is a reference pressure, R፝ [J kgዅኻ Kዅኻ] the gas constants of dry air, and c፩ [J
Kዅኻ] the heat capacity for water. The potential temperature can then be used to calculate the
virtual potential temperature (𝜃፯ [K]):

𝜃፯ = 𝜃(1 + 0.61𝑞፯ − 𝑞፥) (1.10)

with q፯ [kg kgዅኻ] the vapor content and q፥ [kg kgዅኻ] the liquid water content. If only water
vapor is present in the atmosphere, q፥ is zero and q፯ is identical to q.

If in Equation 1.9 Pኺ is defined as the surface pressure T፬ = 𝜃፬ holds, and we can crudely
approximate Tፚ ≈ 𝜃ፚ ≈ �̄� the potential temperature of the well-mixed BL. This approximation is
justified by its limited impact, as also highlighted in Appendix A.3. The first term of Equation
1.8 now is proportional to H

𝐻 =
𝜌𝑐፩
𝑟ፚ
(𝜃፬ − �̅�) ∝

𝑠(𝑇፬ − 𝑇ፚ)
𝑟ፚ

(1.11)

As under the observational circumstances H is negligible with respect to L፯E (see Figure
3.2b for reference), the first term of Equation 1.8 can be neglected. Doing so yields the final
equation for a conceptual model, which is akin to Dalton’s law. Here ET is proportional to
VPD (= e፬ፚ፭ - eፚ) divided by the sum of the resistances:

𝐿፯𝐸 ∝
𝑒፬ፚ፭(𝑇ፚ) − 𝑒ፚ

𝑟ፚ + 𝑟፬
(1.12)

The ET-VPD hysteretic relationship follows from the model in Equation 1.12. This is il-
lustrated by imposing typical diurnal courses for all variables. Under turbulent mixing rፚ
is assumed constant as the absolute wind speed is relatively constant for daytime condi-
tions (Equation 2.17). For a well-watered surface in a temperate climate, in the morning the
stomata are fully open and r፬ can be assumed to be comparable in magnitude to rፚ, whereas
later in the day the stomata will close and r፬ will rapidly increase to values far exceeding rፚ.
Under these conditions, VPD typically follows a semi-parabolic course,with a maximum in
the second half of the afternoon.

Figure 1.2: ET-VPD hysteresis explained with a conceptual model for ET, defined by Equation 1.12. Left: Typical diurnal curves
for VPD and the resistances, where rᑒ is assumed constant; Right: Resulting hysteresis loop. 1-4 indicate the four regimes also
identified in Figure 1.1 and described in Chapter 1.2.1. As rᑒ is assumed constant, the regimes can be related to the diurnal
course of VPD and the relative magnitude of rᑤ with respect to rᑒ.
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The diurnal courses of VPD and the resistances, as well as the resulting ET-VPD hysteresis
are shown in Figure 1.2. The image illustrates how the diurnal course of VPD and relative
magnitudes of r፬ and rፚ determine the overall behaviour of the ET-VPD hysteresis loop. Under
constant rፚ this behaviour sets the similar parameter regimes identified in Figure 1.1b; the
regimes are described conceptually in Chapter 1.2.1. As themodel is conceptual it has limited
capability to reproduce all features: The horizontal plateau in Figure 1.1b (denoted with (2))
is for example reduced to a narrow zone due to the relatively rapid transition behaviour of
r፬ to high values. Furthermore, both modelling (Figure 3.7 in Chapter 3.2) and leaf level
conductivity (not shown) reveal that the often used the assumption of constant values for
rፚ and morning r፬ is broken under realistic conditions. And changes in the magnitude of rፚ
have a similar impact as those in r፬.

Figure 1.3: ET-VPD hysteresis. Black: Modelled curve for 7 May
2018, 8:00 - 16:30. Red: Curve reproduced with the conceptual
model for ET, where VPD is taken from the black curve and rᑒ is
set to 30 s mᎽᎳ; rᑤ transitions at 15:00 from 50 to 1000 s mᎽᎳ.

The principles of the conceptual model
for ET can also be applied to analyse ac-
tual ET-VPD hysteresis, as illustrated in
Figure 1.3. To do so, VPD is taken from
the modelled case for 7 May 2018 (black
curve; further described in Chapter 3.2).
With this VPD and a representative value
for rፚ ET is calculated. If r፬ is set in such
a way that the initial slopes of the origi-
nal and calculated curves match, the cor-
responding morning canopy resistance can
be diagnosed. Then, considering the ex-
treme limit where the stomata close instan-
taneously and r፬ assumes a high value at
once, the switching time for r፬ is estimated,
and the black curve is reduced to the red
case. Here r፬ initially is set to 50 s mዅኻ;
at 15:00 r፬ makes a discrete jump to a high
value, simulated with 1000 s mዅኻ.

1.3. State-of-the-Art
1.3.1. Observations
The non-linear relation between vegetation behaviour and atmospheric conditions has been
widely reported by for example Gutierrez et al. (1994) and Meinzer et al. (1995). Until the
late 1990’s work primarily focused on the relation between stomatal conductance (g፬ [m sዅኻ])
and VPD. Takagi et al. (1998) for example describe that ”Plants may change the course of
hysteresis of stomatal conductance according to the VPD maximum of the day” and continue
to explore the slope of the early morning g፬-VPD relation.

Canopy scale ET-VPD hysteresis was first reported by Doley in 1967, but not further in-
vestigated. More recently, several experimental studies on the ET-VPD hysteretic relationship
and its possible causes were published (key publications in Table 1.1). Although these papers
report the existence of the hysteretic relationship, a significant variability in loop characteris-
tics is found; both between different studies and vegetation species, as well as on a seasonal
and even day-to-day basis within single studies. Furthermore, there is no agreement between
the reports on what induces the onset and shape characteristics of the hysteresis. Different
possible causes are named, ranging from soil moisture availability to atmospheric conditions
to vegetation state, whereas sometimes no clear cause could be determined.

The diversity in observational findings suggests that there is an interplay of processes at
work: The dominant driver of ET-VPD hysteresis differs depending on surface specifics and
the BL’s competing processes and their feedbacks. Thus the papers point at environmen-
tal and BL conditions as well as vegetation species and state, without pinpointing why the
identified variables are found to control the ET-VPD hysteresis.
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Paper Climate Method Instrument Identified Con-
cepts

Doley(1967) Temperate
forest

Leaf rapid weighing
and stem sap flow on
1 tree species

Scale and heat pulse
velocity

Leaf, stem, and
root storage

O’Brien et al.
(2004)

Wet tropical
forest

Xylem sap flow on 10
tree species

Thermal dissipation
probe

(Species)

Zeppel et al.
(2004)

Temperate
forest

Xylem and stem
sap flow on 4 tree
species

Heat pulse velocity (Species, season)

Ewers et al.
(2005)

Boreal forest Stem sap flow on 1
tree species

Thermal dissipation
probe

(Species, age)

Wullschleger
et al. (1998)

Temperate
forest

Stem sap flow on 1
tree species

Not clear Soil moisture

Meinzer et
al. (1999)

Temperate
forest

Stem sap flow on 4
tree species

Thermal dissipation
probe

(Species, season)

Chen et al.
(2011)

Temperate
urban envi-
ronment

Stem sap flow on 3
tree species

Thermal dissipation
probe

VPD

O’Grady et
al. (1999 &
2008)

Temperate
forest

Leaf sap flow on 1
tree species

Heat pulse velocity VPD, not soil mois-
ture

Unsworth et
al. (2004)

Temperate
forest

Xylem and stem
sap flow on 1 tree
species, water vapor
flux

Heat pulse probe,
EC

plant water poten-
tial; hydraulic ca-
pacitance

Zhang et al.
(2014)

Temperate
meadow in
forest

Water vapor flux on
mixed species

EC time lag between
PAR and VPD;
root, leaf, and soil
water potential

Zheng et al.
(2014)

Alpine shrub
land

Water vapor flux on
mixed species

EC Time lag between
Q* or Tፚ and VPD,
plants stress, water
availability

Table 1.1: Key papers reporting ET-VPD hysteresis: Summary of measurement site, method, and suggested factors driving
ET-VPD hysteresis. Factors in brackets have been reported without being identified as main driving variables.
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1.3.2. Modelling
Only two studies have been published that attempt to explain the mechanisms driving ET-
VPD hysteresis withmodelling. Tuzet et al. (2003) adapt amechanistic soil–plant–atmosphere
continuummodel from Leuning (1995) and force it with idealized diurnal courses of radiation,
temperature, wind speed, and pressure. Their model result shows a hysteretic relationships
of ET with leaf level VPD. Although the model manages to capture hysteresis occurrence, its
shape is unrealistic with respect to observed hysteresis loops.

More recently Zhang et al. (2014) have combined observations with modelling to develop a
theoretical framework to specifically investigate the causes for the existence and magnitude
of the ET-VPD hysteresis. Their analysis consists of four models:

1. A model that assumes the time difference between the diurnal maximum net radiation
(Q* [W mዅኼ]) and maximum VPD as the driver. This time lag is used to fit a theoretical
ellipse to the data, in order to explain the occurrence of the hysteresis.

2. A soil moisture storage model to show that this storage also leads to hysteresis, albeit
transient in nature and only occurring if the soil moisture is below a certain threshold
level.

3. A diagnostic soil-plant-atmosphere continuum (SPAC) model forced with representative
values for Q*, the ground heat flux (G [W mዅኼ]), air temperature, and absolute wind
speed (U [m sዅኻ]) - to explain how hysteresis is impacted by the Q*-VPD lag, soil moisture
stress, and internal plant water status.

4. An altered (diagnostic) SPAC model that includes plant hydraulic capacitance to shows
that imposing higher root to leaf hydraulic capacities (at 8000 mmol mዅኼ MPaዅኻ; ten
times that of grass) in itself also results in hysteresis.

Based on their theoretical assessment and comparison with experimental data, Zhang
et al. (2014) conclude that the time lag between PAR (or Q*) and VPD causes the onset
of the observed ET-VPD hysteresis, whereas its magnitude is influenced by root, leaf, and
soil water potentials. As the plant potentials are in turn linked to soil moisture availability
and hydraulic capacitance, Zhang et al. (2014) therefore confirm the impact of all factors
identified by the papers in Table 1.1 on ET-VPD hysteresis.

In spite of the significant progress in understanding the drivers of ET-VPD hysteresis, the
theoretical foundation of Zhang et al. (2014) is unable to explain the relative importance of
identified concepts in setting the diurnal ET-VPD course. Furthermore their SPAC model is
diagnostic as it is forced with the very quantities that define most of the diurnal course of
the BL (e.g. VPD, Q*, ground heat flux, air temperature, and a representative value for wind
speed. Thus inhibiting the feedback mechanisms - via e.g. exchange of water vapor, heat,
and momentum between the BL and the underlying surface - between ET and the forced
quantities. In addition, their model does not incorporate large-scale BL dynamics such as
entrainment, that may affect ET-VPD hysteresis loops via exchange of heat and moisture at
the BL top.

1.4. Knowledge Gap and Problem Statement
Already in 1967 Doley reports: ”In spring, the daily course [of the sap flux - water deficit rela-
tionship; edit] resembled a hysteresis loop of large capacity.” In spite of recent experimental
efforts, it still remains unclear what mechanisms are dominant in driving the variations in
diurnal ET-VPD hysteresis. Due to the complexity of interacting processes whose impact
varies depending on the atmospheric and surface conditions, it remains highly unlikely that
experimental work alone will conclusively unravel all drivers of ET-VPD hysteresis.

No simple prognostic model is currently able to capture ET-VPD hysteresis realistically.
Tuzet et al. (2003) use a diagnostic model with a mechanistic parameterization of the stom-
atal behaviour to show the impact of soil moisture stress on hysteresis. However, the shapes
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of their ET-VPD hysteresis loops are unrealistic, as they have never been confirmed experi-
mentally. Zhang et al. (2014) have explored modelling the soil–plant–atmosphere continuum
by forcing several radiation and atmospheric variables, and manage to model the experimen-
tally observed hysteresis loops. Although their result furthers the understanding of ET-VPD
hysteresis, their approach also is diagnostic and therefore inhibits the two way interaction
between surface and atmosphere. Nor does it incorporate a mechanistic description of the
stomatal trade-off between COኼ capture and water loss in setting ET. Therefore impeding key
feedbacks. Furthermore, neither model allows for large-scale BL dynamics such as entrain-
ment and advection of moisture and heat - which most likely influence the occurrence of
ET-VPD hysteresis, as pointed out in the discussion of Zhang et al. (2014).

In summary, it remains unclear how diurnal ET-VPD hysteresis is shaped. Thorough
analysis requires continuous multi-year and multi-scale data sets that span biology, hydrol-
ogy, and meteorology; where its results will only apply to the specific study site. Alternatively,
modelling may be a powerful and complementary tool to integrate data sets and demonstrate
the sensitivity of the ET-VPD hysteresis to the state of the atmosphere, vegetation, and soil.
However, to this date no prognostic model that couples surface and atmosphere as well as
incorporates vegetation biology has been able to realistically reproduce ET-VPD hysteresis,
including all its underlying feedback mechanisms.

1.5. Objectives
To bridge the knowledge gap in unraveling the drivers of ET-VPD hysteresis and contribute
to an improved understanding of ET, this thesis aims to combine a comprehensive set of
observations with prognostic modelling. In this manner we will investigate how the shape of
the ET-VPD hysteresis loop is influenced by the state the vegetated surface as well as large-
scale BL processes such as subsidence and entrainment. The data set captures biological,
hydrological, and meteorological variables, and incorporates all scales of influence, from leaf
to BL. In addition, for the first time a prognostic model will be used to take into account the
non-linear feedback mechanisms associated with the dynamics of a coupled soil-vegetation-
atmosphere system. Furthermore, the model’s biology-based mechanistic representation of
vegetation will allow for investigation of the impact of various drivers on the vegetation’s
ability to transpire, and consequently on the hysteretic behaviour.

Research Question:

Can the characteristics of ET-VPD hysteresis uncover and quantify the contributions
of surface and atmospheric processes in controlling ET?

Our strategy to answer the research question is to:

1. Analyse observations from the 2018 CloudRoots campaign to identify what ET-VPD hys-
teresis shapes occur and, to disentangle different shapes according to their distinct
drivers.

2. For the first time give a proof-of-concept for modelling ET-VPD hysteresis with a prog-
nostic model that incorporates surface-BL feedbacks, large-scale BL dynamics, and a
mechanistic vegetation model derived from biology.

3. Deliver an observation inspired reference case, and perform a sensitivity study to sys-
tematically analyse the impact of changes in vegetation state, BL state, and synoptic
forcing on ET-VPD hysteresis.

By doing so, this study will combine observations with modelling and integrate knowledge
from meteorology, hydrology, and biology, to cross the scales from the leaf to the BL. For



1.5. Objectives 12

the first time a proof-of-concept will be given for realistically modelling ET-VPD hysteresis
in a prognostic model that captures both vegetation mechanisms and atmosphere-surface
feedbacks. Therefore allowing for a new way of studying how processes control ET, and
improving the understanding of ET. This will lead to a better representation of ET in models,
and subsequently better weather, climate, and soil moisture availability forecasts.

Beyond the scope of this project, the ultimate goal is to derive typical surface and atmo-
spheric characteristics by analysing a single hysteresis loop. Within this long-term frame-
work, this thesis aims to contribute the basis for further sensitivity studies and offer a means
of interpreting them.



2
Methodology

This chapter describes the overall research approach (Chapter 2.1). First we discuss the
measurement site (Chapter 2.2) and its heterogeneity (Chapter 2.3). Next the available ob-
servations (Chapter 2.4), and selection of the reference case (Chapter 2.5). Chapter 2.6 in-
troduces the ML model and its essential assumptions and equations. Last, the sensitivity
analysis is defined (Chapter 2.7).

.

2.1. Approach
To answer the research question whether ET-VPD hysteresis can help disentangle surface
and large-scale processes in controlling ET, and quantify their contributions, observations
are combined with modelling. The steps in the research strategy as shown in Figure 2.1 are:

1. The observed ET-VPD curves (Figure 1.1a) are inspected to determine what metrics are
appropriate to characterise hysteresis shape. A representative day - in terms of cloud
conditions, past precipitation, and daytime turbulent mixing - is selected for modelling.
For this day the early morning variables for soil, surface, BL, and lower troposphere are
determined for further modelling.

2. The selected day is modelled in a coupled prognostic Mixed-Layer (ML) model contain-
ing a mechanistic vegetation parameterization. The results are validated against the
observations to give a proof-of-concept for the proposed modelling approach.

3. The proof-of-concept case is simplified to a reference case, that is used to perform a sen-
sitivity study. The study analyses how the hysteresis responds to changes at the surface
(soil moisture, vegetation capacity to assimilate COኼ for photosynthesis), to large-scale
BL (entrainment) and synoptic (subsidence) processes, and to turbulent mixing.

2.2. Site Description
The experimental data is part of the multi-disciplinary CloudRoots field campaign, financially
supported by TransRegio project TR32. It was collected from May to August 2018 at the
Integrated Carbon Observation Site (ICOS) near Selhausen, Germany (site code: DE-RuS).
The site lies at 50.9 °N, 6.5 °E, at 104.5 meters above sea level and is part of the lower
Rhine basin. It lies within 10 km from the Jülich Observatory for Cloud Evolution (JOYCE;
50.1°N, 6.2°E), and about 100 km from the radiosonde site near Essen. Local time during
the campaign is UTC+2.

13
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Figure 2.1: Schematic depiction of the project setup. The blue
ovals represent the three key research steps; the text next to the
arrows the desired output of each step.

The area’s climate is temperate with year
round precipitation typically ranging from
53 to 81 mm per month and average 24-
hour temperatures ranging from 2 to 18 °C
(Climate-data.org, 2019). The soil is silt-
loam, with an average of 14% clay, 73% silt,
and 13% sand content and a pore volume
fraction of 0.353. The soil moisture is near
field capacity1.

The field is planted with winter wheat,
which has a C3 photosynthesis pathway (de-
scription in Vilà et al., 2015). At the start of
the observational period, the vegetation al-
most fully covers the underlying soil and is
about 0.45 m high; maximum crop height is
0.7-0.8 m at the end of the campaign. The
root zone extends from the surface to a depth
of 3 m, and senescence starts in mid-June.

Figure 2.2a shows the area surrounding the site is heterogeneous, featuring villages,
roads, trees, other agricultural crops (sugar beet, winter barley, maize, and rape seed), and
two substantial brown coal mines. Heterogeneity exists at multiple scales - a schematic de-
piction of the length scales that influence the measurements is given in Figure 2.2b - and
adds complexity: The BL dynamics above blending height are not representative for the mea-
surement site alone but are an interplay of all landscape contributions. Thus impacting
measured fluxes, and surface and BL variables. To investigate the diurnal evolution of quan-
tities as ET and VPD, this large scale heterogeneity must be taken into account (Chapter
2.4).

(a) Satellite (b) Length scales at play

Figure 2.2: Measurment site: (a) Satellite image of the site and its surroundings; (b) Schematic depiction of horizontal (red) and
vertical (black) scales influencing the measurements. In Figure b the horizontal 100 m scale depicts the site of the CLoudRoots
experiment, whereas the horizontal 0.1-10 km scale shows the landscape contribution to driving BL evolution above the field.

2.3. Measurements
The CloudRoots field campaign consists of a large number of parallel hydrological and me-
teorological measurements. During intensive observation periods (IOPs) also leaf level bi-
ology is investigated. Thus covering the full range of scales from leaf to BL and lower
troposphere. The relevant data sets are discussed below, and an overview is given in Ta-
ble 2.1. All data is open access and has been archived in the Transregio database (http:
//www.tr32db.uni-koeln.de).
1volume fraction of water after saturation, where water has been allowed to drain freely due to gravity.

http://www.tr32db.uni-koeln.de
http://www.tr32db.uni-koeln.de
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Available data for Frequency Measurements
from

Variables

Vegetation biology Hour; on IOPs Leaf level gas ex-
change

mesophyll conductance (g፦ [m
sዅኻ]), COኼ maximum primary
production (A፦,፦ፚ፱[mg mዅኼ sዅኻ]
), Initial low light conditions use
efficiency for COኼ (𝛼ኺ [mg Jዅኻ])

Canopy cover Week Manual LAI, canopy height
Field fluxes & 2 m
values

Half hour EC L፯E, H, q, T, P, u, COኼ

In- and near-
canopy

Seconds Profile measure-
ments 0 - 2 m

q, T, u, COኼ

Soil Minute Soil measurements
at 0.01 - 1 m

soil moisture, T, G

Radiation Seconds Radiometer Incoming and outgoing short & long-
wave radiation (S።፧, S፨፮፭, L።፧, S፨፮፭
[W mዅኼ]), PAR, albedo (𝛼 [-])

BL & above 5 min Cloud radar, mi-
crowave

BL height, T, u, precipitation

BL & above 12 hours Radiosonde Inversion strength & free tropo-
sphere lapse rate for q, T

Weather conditions Daily Weather maps Pressure
Weather conditions < seconds Camera Clouds, precipitation

Table 2.1: CloudRoots data set: Available observations, frequency, and measured variables.

Over the period from May to July 2018 there is a continuous setup of the EC at 1.93 m
height (SN1185 Irgason EC150 system, Campbell Sci; PTB101B pressure sensor, Vaisala)
with sonic anemometer (CSAT3), from which the 30-minute averaged data is used. Also
radiation (CM14 for global and CG2 for long wave radiation, Kipp & Zn), ground heat flux
and temperatures (SHFP CR1000, Hukseflux; at 1, 5, 10, 20, 50, and 100 cm deep), PAR
(Kipp & Zn), soil moisture (Campbell Sci, CS616) are measured.

During IOPs on 7-8 May, 15 June, and 28 June leaf gas exchange measurements are
performed (LI-6400XT, Li-Cor). In addition a novel 0-2 m profile setup as described by Ney
et al. (2018) is in operation to measure temperature, humidity, COኼ concentration, and
wind speed (LI-7000, Li-Cor Biosciences for gas concentrations; FW3 thermocouple Campbell
Scientific for temperature; 8455-075-1, TSI for wind), from which the 30-minute averaged
data is used.

Large scale boundary layer and lower free troposphere (FT) characterisation are pro-
vided by radiosonde measurements in Essen (Temperature and specific humidity; at 0:00
and 12:00) and the JOYCE facility (cloud radars JOYRAD-35 and JOYRAD-94, microwave
HATPRO-TOPHAT, Atmospheric Emitted Radiance Interferometer (AERI), ceilometer CT25K,
micro rain radar).

2.4. Incorporating Heterogeneity
The model used in this study (Chapter 2.6) assumes horizontal homogeneity at the surface
over kilometer length scales and vertical homogeneity in the canopy and soil. To incorporate
landscape heterogeneity (Figure 2.2) the following research strategy is employed:

• Small scale heterogeneity: Transpiration differs depending on where the stomata are
positioned on the leaf and whether the stomata are covered in water film. On a slightly
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larger scale the canopy layer is both horizontally and vertically heterogeneous in terms
of leaf density. As the light intensity decreases with depth in the canopy, PAR intensity
also decreases. Hence biochemical reaction rates differ along the depth of the canopy
due PAR, temperature, specific humidity, and COኼ gradients within. This spacial vari-
ation is accounted for by assuming a typical leave distribution over the vertical. Fur-
thermore, skin temperature, specific humidity, COኼ concentration, and the fraction of
intercepted water are assumed constant over the canopy depth. The attenuation of PAR
is incorporated by integrating over a leaf area index (LAI [-]) based ensemble of sunlit
and shaded leaves (Jacobs and De Bruin, 1997; Pedruzo-Bagazgoitia, 2015).

• In-field scale: Surface heterogeneity at the field due to vegetation cover and LAI vari-
ations are neglected; as are the presence of the measurement setup and the impact of
underlying paleo-rivers (Von Hebel et al., 2018).

• Field scale: The area surrounding the field consists of a mosaic of surface types. All
these different types result in their respective ET and H. ET is a local variable that
represents the state of the surface, and directly corresponds to the measured biological
state of the vegetation, soil moisture, VPD, T, PAR, and COኼ concentration. Therefore
the ET observed over the measurement site will directly be used as the representative
value - in contrast to H, which is strongly impacted by large scale advection (see below).

• Boundary layer scale: H, on the other hand, is a variable that is influenced by the
entire landscape. Each surface type produces its own H, which dominates the corre-
sponding buoyancy flux. As the distance above the surface increases, the fluxes of the
measurement site and surrounding fields mingle progressively. And above the blending
height, their combined impact sets the rate of BL growth and ML temperature evolu-
tion - as confirmed by the uniformity of the BL height measured by JOYCE and the
radiosonde (Chapter 2.3). The H measured at the field itself however, is proportional
to the difference between surface and ML temperature (Equation 1.11), and is directly
influenced by the landscape contributions. Resulting in an negative H at the measure-
ment site for warm, sunny days. To incorporate the landscape scale impact of H on
temperature evolution and BL growth in the model, the modelled H is allowed to be
in line with the landscape average. This is done by advecting heat (further specified
in Appendix B), corresponding to the temperature contrast between the study site and
surroundings. To do so the flux of a neighbouring field with bare soil is used as a proxy
for the aggregated landscape H.

2.5. Case Selection
To give a proof-of-concept for the modelling approach, and to create a reference case for
further sensitivity analysis, a reference diurnal ET-VPD hysteresis loop is selected from all
suitable loops (Figure 1.1a). The applied filtering is based on:

• Vegetation state: Full photosynthesis;

• Meteorological conditions: Clear skies and low winds;

• To avoid the contributions of intercepted rain water to ET: Absence of precipitation for
at least two days;

• Completeness and quality of the data set: Intensive Observation Period preference.

Based on the criteria above, 7 May 2018 appears to be the most suitable day for further
analysis. In addition, to fulfill the ML model’s mixed condition the selected day must be
a convective case. This condition is confirmed by inspection of the integrated water vapor
column, where minute scale fluctuations indicate entrainment of dry air.

7 May 2018 was a day with clear skies and no clouds. In the early morning dew was
observed on the vegetation. The air was warmwith the 6:00 near-surface temperature already
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reaching 13 °C, and a maximum 2 m temperature of 24 °C around 16:00. The air was
relatively dry with a typical specific humidity of 7 g/kg at 2 m. The combination of low
specific humidity with high temperatures leads to a day with high overall VPD values. Winds
are weak, coming from the south-east, with a maximum wind speed of just under 2.5 m sዅኻ
between 09:00 and 11:00. The vertical wind speed is about 1% of the horizontal. BL height
measurements from the radiosonde and JOYCE ceilometer show a homogeneous profile over
a 100 km distance range. The weather map shows that the study site is halfway between the
adjacent high and low pressure regions. The residual for the energy budget (Q* - G - L፯E - H )
is approximately 100 W mዅኼ; both due to underestimation of the measured L፯E (Wang et al.,
2012; Malek, 1993) and to heat advection due to landscape heterogeneity (Stoy et al., 2013;
case description in Chapter 2.4).

2.6. Model
To prognostically model the diurnal variability of ET-VPD hysteresis the CLASS ML model
(Vilà et al., 2015) is used; it is schematically depicted in Figure 2.3. ML modelling has been
proven instrumental as it incorporates essential physical processes, which a more simplistic
model might miss or more complex model obscure. Furthermore, the embedded mechanistic
A-r፬ model (Chapter 2.6.2) for canopy resistance allows for a biology-based representation of
the stomata’s behaviour, rather than the often used semi-empirical parameterizations.

Figure 2.3: Schematic depiction of the CLASS ML model. The radiative and turbulent heat fluxes are depicted in orange; The
profile of ML and FT variables, and the advection thereof (advᑢ for q and advᒍ for ᎕), in red; Resistances are shown in purple.
The figure is inspired by work from Van Heerwaarden (2011).

The model consists of five virtually interconnected 0-D boxes, that have no z-coordinate
and assume horizontal homogeneity for all variables. It uses the assumption that convective
turbulence mixes the air within the daytime BL well, to describe the diurnal evolution of
variables in the convective ML. The key components of the model are:

1. The incoming solar radiation (S።፧) is calculated based on latitude, longitude, day of the
year, and time of the day. A constant albedo sets the reflected amount (S፨፮፭). L።፧ and
L፨፮፭ are calculated with the Stefan-Boltzmann law, where the surface and atmospheric
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emissivities are respectively set to 1 and 0.8, and the atmospheric temperature from the
top of the surface layer is used.

2. The Soil consist of an upper layer where the diurnal cycle is felt, and a deeper soil
layer where temperature and soil moisture remain constant. The temperature and soil
moisture content are parameterized with a force-restore model.

3. At the surface the net radiation Q* (= S።፧ - S፨፮፭ + L።፧ - L፨፮፭) is partly absorbed by the
soil as ground heat flux (G); the remaining available energy is partitioned into L፯E and
H. Heat, moisture, and atmospheric constituents have separate (atmospheric) surface
values, which amongst others depend on the turbulent fluxes and typically differ from
their ML value. In addition the surface variables determine the stomatal response,
which is calculated in a separate A-r፬ model component (described further in Chapter
2.6.2).

4. The model only considers turbulent fluxes at the bottom and top of the ML, which are
a consequence of its two evolving boundaries: The surface and FT. In addition heat,
moisture, and constituents may advect into the ML; within the ML heat, moisture, and
constituents are assumed to be uniform with height. The ML values evolve according
to the equations set out in Chapter 2.6.1.

5. The FT lies at the top of the ML, separated by an infinitely shallow inversion layer which
is parameterized by a discrete jump for q̄ (Δq) and �̄� (Δ𝜃). Dry air and heat from the FT
are entrained into the ML. These entrainment fluxes are determined by the entrainment
velocity (w፞ [m sዅኻ]) and the magnitude of the jump. The lapse rates 𝛾፪ and 𝛾᎕ remain
constant, whereas the jumps change depending on the entrainment rate. The effects
of subsidence and radiation on FT specific humidity and temperature evolution are
neglected.

6. The diurnal evolution of the ML wind is calculated similarly to �̄� and q̄, with momentum
entrainment from the FT and assuming that the FT is in geostrophic equilibrium.

7. The model contains a surface layer (SL) which is defined as the lowest 10% of the
ML. Here, the differences between ML and surface values are interpolated by means
of the aerodynamic mixing - which is determined from wind and atmospheric stability.
Therefore allowing for evaluation of e.g. 2 m values.

In coupled mode adjacent layers interact every iteration, allowing model quantities to
evolve according to the soil, surface, and BL processes, horizontal advection of heat and
moisture, and the FT state. Themodel is initialized at 6:00, when the BL fulfills the well-mixed
condition and in-canopy gradients for temperature and specific humidity are small. The
initial and boundary conditions are set, and the model is left to iterate without intervention
until 16:30. After 16:30 the assumption of a fully convective ML does not hold for several of
the sensitivity analysis cases. For the reference case the ML is convective until 16:52 (Figure
3.3); however for consistency the model is stopped at 16:30 as well.

A full description of the model components is given by Van Heerwaarden (2011) and Vilà
et al. (2015).

2.6.1. Model Equations
The evolution of the ML height h [m], q̄, �̄�, and winds ū and v̄ are described by a set of
equations and is based on the work of Lilly (1968) and Tennekes (1973). Here w፬, advection,
and turbulent heat fluxes are taken as external forcing. The full derivation of all equations
is described by Vilà et al. (2015).

The ML height grows as:

𝜕ℎ
𝜕𝑡 = 𝑤፞ +𝑤፬ (2.1)
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where w፞ [m sዅኻ] is the entrainment velocity and w፬ [m sዅኻ] the mean vertical subsidence
velocity. w፬ is positive in the upward direction, and is calculated from large-scale wind
divergence (div(U) [sዅኻ]) by

𝑤፬ = −div(𝑈)ℎ (2.2)

w፞ is calculated as:

𝑤፞ =
(𝑤ᖣ𝜃ᖣ፯)፞
Δ𝜃፯

+ 5𝑢
ኽ
∗𝜃፯
Δ𝜃፯

= 𝐴(𝑤ᖣ𝜃ᖣ፯)፬
Δ𝜃፯

+ 5𝑢
ኽ
∗𝜃፯
Δ𝜃፯

(2.3)

where the first term represents the flux contribution to the entrainment velocity, and the
second the - generally much smaller - contribution from wind shear. (𝑤ᖣ𝜃ᖣ፯)፬ [K m sዅኻ] and
((𝑤ᖣ𝜃ᖣ፯)፞ [K m sዅኻ] respectively are the surface and entrainment kinematic buoyancy fluxes;
where the surface flux is the dominant driver of BL mixing and growth (Stull, 1998). A [-] is
the ratio between the fluxes, and is generally set to 0.2 Δ𝜃፯ is the jump of 𝜃፯ at the top of the
ML, and u∗ the friction velocity. As q generally is small (orders of magnitudes smaller than
1),𝑤ᖣ𝜃ᖣ፯ can be calculated from its heat and humidity contributions (Stull, 1988) as:

𝑤ᖣ𝜃ᖣ፯ =𝑤ᖣ𝜃ᖣ+𝜃፯(
𝑅፯
𝑅፝

− 1)𝑤ᖣ𝑞ᖣ = 𝐻
𝜌𝑐፩

+ 0.61𝜃፯
𝐿፯𝐸
𝜌𝐿፯

(2.4)

with𝑤ᖣ𝜃ᖣ the kinematic heat flux and𝑤ᖣ𝑞ᖣ the kinematic moisture flux.

The mixed layer potential temperature �̄� and its jump at the ML top evolve as:

𝜕�̅�
𝜕𝑡 =

1
ℎ(

𝐻
𝜌𝑐፩

+𝑤፞Δ𝜃) + 𝑎𝑑𝑣᎕ (2.5)

𝜕Δ𝜃
𝜕𝑡 = 𝛾᎕𝑤፞ −

𝜕�̅�
𝜕𝑡 (2.6)

with adv᎕ the lateral advection of heat into the ML (Figure 2.3).

Mixed layer specific humidity q̄ and its jump evolve as:

𝜕�̅�
𝜕𝑡 =

1
ℎ(
𝐿፯𝐸
𝜌𝐿፯

+𝑤፞Δ𝑞) + 𝑎𝑑𝑣፪ (2.7)

𝜕Δ𝑞
𝜕𝑡 = 𝛾፪𝑤፞ −

𝜕�̅�
𝜕𝑡 (2.8)

with adv፪ the lateral advection of specific humidity into the ML (Figure 2.3).

The zonal mixed layer wind �̄� and its jump Δu evolve as:

𝜕�̅�
𝜕𝑡 = −𝑓፜Δ𝑣 +

1
ℎ(𝑢

ᖣ𝑤ᖣ+𝑤፞Δ𝑢) + 𝑎𝑑𝑣፮ (2.9)

𝜕Δ𝑢
𝜕𝑡 = 𝛾፮𝑤፞ −

𝜕�̅�
𝜕𝑡 (2.10)

with f፜ the Coriolis force, 𝑢ᖣ𝑤ᖣ the turbulent momentum flux for u, adv፮ the lateral advection
of u into the M, and 𝛾፮ the FT lapse rate for u. Δu is defined as the difference between the
geostrophic wind and mixed layer wind in the zonal direction, where the wind velocity in the
FT is assumed to be equal to the geostrophic wind at that height.

The meridional mixed layer wind �̄� and its jump evolve as:

𝜕�̅�
𝜕𝑡 = 𝑓፜Δ𝑢 +

1
ℎ(𝑣

ᖣ𝑤ᖣ+𝑤፞Δ𝑣) + 𝑎𝑑𝑣፯ (2.11)

𝜕Δ𝑣
𝜕𝑡 = 𝛾፯𝑤፞ −

𝜕�̅�
𝜕𝑡 (2.12)



2.6. Model 20

with 𝑣ᖣ𝑤ᖣ the turbulent momentum flux for v, adv፯ the lateral advection of v into the M, and
𝛾፯ the FT lapse rate for v. Similar to the zonal wind, Δv is defined as the difference between
the geostrophic wind and mixed layer wind in the meridional direction.

As w፞ (appearing in Equations 2.1, 2.6, 2.8, 2.9, and 2.11) is also determined by H and
L፯E (Equation 2.3), the diurnal evolution of ML values and BL growth are primarily driven by
the sensible and latent heat flux. In turn they are linked by the surface energy partitioning
of available energy:

𝑄 ∗ −𝐺 = 𝐿፯𝐸 + 𝐻 (2.13)

where H is given by Equation 1.11, and the three contributions to ET (introduced in equation
1.2) are respectively parameterized as:

𝐿፯𝐸፥።፪ =
𝜌𝐿፯
𝑟ፚ
(𝑞፬ፚ፭(𝑇፬) − �̅�) (2.14)

𝐿፯𝐸፬፨።፥ =
𝜌𝐿፯

𝑟ፚ + 𝑟፬፨።፥
(𝑞፬ፚ፭(𝑇፬) − �̅�) (2.15)

𝐿፯𝐸፯፞፠ =
𝜌𝐿፯
𝑟ፚ + 𝑟፬

(𝑞፬ፚ፭(𝑇፬) − �̅�) (2.16)

where r፬ is set by the mechanistic model for vegetation transpiration (Chapter 2.6.2), the soil
resistance for evaporation r፬፨።፥ [s mዅኻ] by a minimum resistance and moisture availability
function (f(w) [-]), and rፚ by

𝑟ፚ =
1
𝐶፬𝑈

(2.17)

with C፬ the drag coefficient for scalars, which is in turn related to atmospheric stability,
surface layer height, and the vegetation height via the roughness lengths for momentum and
heat. f(w) is a fraction [-] in the range between 1 (no soil moisture stress) and 0 (full stress).
The intermediate step function has a linear profile between the wilting point (w፰።፥፭ [-]) and
field capacity (w፟፜ [-]):

𝑓(𝑤) = 𝑤ኼ −𝑤፰።፥፭
𝑤፟፜ −𝑤፰።፥፭

(2.18)

with wኼ [-] the soil moisture content of the lower layer.

For the work presented in this study, the model is updated by including the morning tran-
sition from residual layer (RL) to FT, by improving the parameterization for the leaf level vapor
pressure, and by improving the surface layer temperature and pressure parameterizations.
The changes are described in Appendix A.

2.6.2. Mechanistic A-r፬ Model for Vegetation Transpiration
The mechanistic A-r፬ model determines the vegetation’s ability to transpire, by using the rate
of COኼ uptake (A [mg mዅኼ sዅኻ]) to calculate the vegetation resistance for water vapor release
(r፬). It is also know as the A-g፬ model, where g፬ stands for either the stomatal or canopy
conductance. The model is based on the trade-off between the benefits of COኼ capture and
detriments of water loss, as described in chapter 1.2.1. The model equation and parameters
depend on vegetation biology, following the approach described by Goudriaan (1986), Jacobs
et al. (1996), and Ronda et al. (2001).

The canopy resistance is made up by the virtual ensemble of individual stomatal resis-
tances. Each stomatal resistance is in turn a resultant of the resistances for gas exchange
between (1) the atmosphere and stomatal cavity (depending on the vapor pressure and COኼ
gradients between the stomatal cavity and the surrounding atmosphere), (2) the stomatal
cavity and mesophyll, and (3) the atmosphere and inner leaf via the cuticle (Figure 2.4). As
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described in Chapter 1.2.1, the stomata adjust their aperture in response to the availability
of PAR, leaf level VPD, surface temperature , and soil moisture. Thus setting the diurnal
course of r፬.

Figure 2.4: Schematic depiction of a leaf cross-section with the atmospheric drivers
of stomatal aperture. The three components making up the effective resistance of
the stomata are: 1. Resistance for gas exchange from the atmosphere to the sub-
stomatal cavity; 2. Resistance for transport from the cavity into the mesophyll; 3.
Resistance for cuticular gas exchange. Figure adapted from Moene and Van Dam
(2014).

The model assumes leaf
level VPD, surface temper-
ature, and COኼ deficit be-
tween leaf and atmosphere to
remain constant within the
entire depth of the canopy
layer. This is a key simpli-
fication with respect to the
observed gradients and litera-
ture (Jarvis and McNaughton,
1986), and ignores that the
vegetation itself is a source of
water vapor and that evapo-
ration reduces the local leaf
temperature. In addition,
the response to the availabil-
ity of PAR is incorporated
by a mathematical integration
over an ensemble of shaded
and sunlit leaves (Jacobs and
De Bruin, 1997; Pedruzo-
Bagazgoitia, 2015). The vapor

pressure within the stomata is assumed to be at saturation point. The sensitivity of the veg-
etation to soil moisture stress is incorporated via the linear water availability function f(w),
as discussed in Chapter 2.6.1. The choice of stress function is one of the major modelling
uncertainties for r፬ and consequently ET (Combe et al, 2016). However, as the reference
case is under field capacity conditions and soil moisture stress is negligible, and as f(w) is
directly forced in the sensitivity analysis, the impact of the choice of stress function will not
be discussed in this study.

The mathematical implementation of the A-r፬ model is described in detail by Vilà et al.
(2015).

2.6.3. Input for Modelling
This chapter describes what observations are used for both model initialization and evalu-
ation. Figure 2.5 gives an overview of the data sets, and the specific values used for model
initialization are given in Appendix B.

The particulars of the observations are organized according to the key model processes
(which are described in detail in Chapter 9 in Vil�̀� et al., 2015):

• Soil: The Clapp and Hornberger (Clapp and Hornberger, 1978) and other soil parame-
ters, and volumetric moisture contents for wilting point, saturation, and field capacity
are derived from the soil composition according to Ghildya et al., 19872. For the top soil
layer, soil moisture and temperature are taken from the data at 5 cm depth. For the
lower layer the average soil moisture for the root zone (1-3 m depth) is taken from the
value at 20 cm depth as it is close to field capacity. The skin layer conductivity is kept
at default value.

• Surface: For surface temperature, specific humidity, and COኼ concentration the profile
measurements at the displacement height (2/3 canopy height; 30 cm) are used. Atmo-
spheric pressure is taken from the EC system and is assumed constant over the first
two meters of the surface layer. The A-r፬ module is initialized with the default values

2Work by BSc. G. Miranda García for her master thesis, 2019
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Figure 2.5: Schematic depiction of the measurements used for model initialization and evaluation. The used observations are
marked in red, miscellaneous observations are black. Below the blending height the CloudRoots measurements are used to
initialize and evaluate the model results, and above the blending height data from JOYCE and the radiosonde measurements.

for C3-plants. Mesophyll conductance at 298 K (g፦,ኼዃዂ [m sዅኻ]), COኼ maximum primary
production at 298 K (A፦,፦ፚ፱,ኼዃዂ [mg mዅኼ sዅኻ]), and initial low light condition (𝛼ኺ [mg Jዅኻ])
are derived from fitting the A-r፬ model to the leaf level gas exchange data3. The rough-
ness length for momentum (zኺ፦ [m]) is taken as approximately 10% of canopy height
minus the displacement height. The roughness length for scalars (zኺ፡ [m]) is taken as
0.1zኺ፦ (Garratt and Hicks, 1973; Graf et al., 2014).

• 2 m values for model evaluation: The values are taken from the profile measurements
at 2 m.

• ML values: �̄� is taken from the JOYCE and microwave and radiosonde data. As q̄ and
ML COኼ data are lacking, the model is initialized in such a way that the derived 2 m
values corresponds to the observations. In addition, the initialization value for q̄ is
cross-checked with the radiosonde data.

• BL height: From the radiosonde and JOYCE microwave and ceilometer data.

• FT: The jumps and lapse rates for q and 𝜃 are taken from the radiosonde data, by
respectively approximating a discrete jump at BL height and fitting the first 1500 m
above the jump to find the lapse rates.

• Wind: The surface friction velocity (u* [m sዅኻ]) is taken from the EC measurements. As
the quality of the ML and FT wind measurements is insufficient, the ML wind in zonal
direction (u [m sዅኻ]), jump at BL height (Δu [m sዅኻ]), and FT lapse rate (𝛾፮ [m sዅኻ mዅኻ])
are initialized in such a way that the modelled absolute wind speed matches the diurnal
course measured with the sonic anemometer. Meridional wind values are set to zero.

• Fluxes for model evaluation: The values are taken from the EC measurements.
3Work by Dr. Hugo de Boer, Utrecht University
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The requirement of strictly following the observations is relaxed for the initialization of �̄�.
Until 8:00 the profile measurements show limited mixing above the canopy (i.e. non-uniform
quantities), whereas themodel requires well-mixed conditions. To bypass this incompatibility
�̄� is forced until 8:00 rather than initialized at 6:00 (Appendix B); with the restriction that
the modelled evolution of the 2 m specific humidity agrees with the observations.

2.7. Sensitivity Analysis
To investigate the sensitivity of the ET-VPD hysteresis to the state of the surface and atmo-
sphere, five sensitivity analyses will be performed. The impact on the shape of the ET-VPD
hysteresis will be evaluated in terms of width, height, and steepness of the initial slope (Fig-
ure 2.6). As stomatal aperture is a key driving force of ET, also r፬ is evaluated. In addition
the conceptual model for ET derived in Chapter 1.2.2 (Equation 1.12) will be used to explain
the results.

For the sensitivity study, the reference case is simplified to allow for better evaluation of
the response of ET-VPD behaviour to the underlying processes. It is adapted by ignoring
heat advection and intercepted water (morning dew). For each analysis one variable will be
systematically varied:

1. State of the surface: Senescence determines the extent to which the vegetation can
transpire. It can be caused by external and internal vegetation factors. Therefore the
impact of senescence on ET-VPD hysteresis is investigated in two ways:

• The soil moisture availability function f(w) (Equation 2.18) will be varied between 0
(where plants are fully stressed as there is no soil moisture available for evapora-
tion) and 1 [-] (where the vegetation experiences no stress as there is unlimited soil
moisture available).

• The maximum capacity to assimilate COኼ for photosynthesis will be varied via its
maximum assimilation rate at 298 K (A፦,፦ፚ፱,ኼዃዂ [mg mዅኼ sዅኻ]; for a detailed descrip-
tion see Appendix E in Vil�̀� et al., 2015) as it is an internal plant property rather
than a soil condition. A፦,፦ፚ፱,ኼዃዂ will be varied between 1.98 (observed maximum
for vegetation in full growth under no stress) and 0.04 mg mዅኼ sዅኻ (vegetation in
near full senescence).

Soil moisture stress may be a transient effect where after the vegetation may recover,
whereas photosynthetic capacity will never increase again once it has been reduced
due to senescence. Evaluating their impacts separately allows for separation of plant
internal and external effects.

2. State of the atmosphere: Entrainment of warm, dry air will be varied by varying the
strength of the inversion layer between the BL and RL. The inversion strength is defined
in terms of Δ𝜃፯, and is set by the magnitudes of the jumps in potential temperature (Δ𝜃)
and specific humidity (Δq). Many different combinations of the variables exist, but in
view of time this study limits itself to a combined variation: Δ𝜃 and Δq respectively vary
between 1 and 4 K, and between 0 and -5.10ዅኽ kg kgዅኻ. Therefore, with an initial �̄� of
286.2 K and �̄� of 6.9.10ዅኽ kg kgዅኻ, the corresponding initialized inversion strength in
terms of the virtual potential temperature jump (Δ𝜃፯) ranges from 1.0 to 3.1 K.4

3. Synoptic forcing: Subsidence in terms of large-scale divergence (div(U)) will be applied
to investigate the effect of a nearby high pressure region. div(U) will be varied from 0 to
10ዅ኿ [sዅኻ], leading to a subsidence velocity of 0 to -0.01 m sዅኻ.

4Ideally variations in ጂ᎕ and ጂq are studied independently. Both quantities impact ጂ᎕ᑧ in a different way (Equation 1.10 in
combination with 1.9), and therefore also wᑖ (Equation 2.3) and the ensuing BL growth (Equation 2.1). Furthermore, variations
in ጂ᎕ and ጂq have their respective impacts on the linked ML quantities᎕̄ and ፪̄ (Equations 2.5 and 2.7). The combined impact of
these processes leads to changes in LᑧE and VPD. By varying ጂ᎕ and ጂq at the same time, it becomes impossible to untangle
the respective impacts of these processes. Therefore, in hindsight the choice to co-vary ጂ᎕ and ጂq should have been avoided.
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4. Turbulent mixing: rፚ is increased to investigate the impact of reduced mixing between
the surface and ML values for specific humidity, temperature, and COኼ. This reflects for
example lower wind speeds or increased canopy height. The modelled diurnal course for
rፚ can only be forced by increasing its value with a constant increment at every model
iteration, and not as an initialization condition: At every time step rፚ is increased by
adding between 0 and 50 [s mዅኻ] to its modelled value.

The imposed parameter ranges are summarized in Table 2.2.

Variable 1 2 3 4 5 6 7 8 9 10
f(w) [-] 1.0 0.9 0.8 0.7 0.6 0.4 0.3 0.2 0.1 0.0
A፦,፦ፚ፱,ኼዃዂ [mg mዅኼ

sዅኻ]
1.98 1.77 1.55 1.33 1.12 0.90 0.69 0.47 0.26 0.04

div(U) [10ዅዀ sዅኻ] 0.0 1.1 2.2 3.3 4.4 5.6 6.7 7.8 8.9 10
Δrፚ [s mዅኻ] 0.00 5.56 11.1 16.7 22.2 27.8 33.3 38.9 44.4 50.0
Δ𝜃 [K] 1.0 1.3 1.7 2.0 2.3 2.7 3.0 3.3 3.7 4.0
Δq [10ዅኽ kg kgዅኻ] 0.0 -0.6 -1.1 -1.7 -2.2 -2.8 -3.3 -3.9 -4.4 -5.0
Δ𝜃፯ [K] 1.0 1.2 1.5 1.7 2.0 2.2 2.4 2.7 2.9 3.1

Table 2.2: Imposed parameter ranges for the sensitivity analysis. The Variable column lists the imposed initial conditions. The
last row lists the initialization values for ጂ᎕ and ጂq for each step of the entrainment forcing, with in addition the corresponding
ጂ᎕ᑧ value. The numbers 1-10 also represent the position on the horizontal axis of Figure 4.1, from left to right.

In 2004 Zeppel et al. proposed to quantify hysteresis as the area bound by the ET-VPD
loop, and to normalize by dividing ET (in terms of sap flow or tree water use) by its diurnal
maximum. Zhang et al. (2014) adopt this approach, and also normalize VPD by setting the
diurnal minimum to zero and maximum to 1. Although normalization and quantifying the
area allows for some sort of comparison between studies, it has no theoretical foundation
and important information on atmospheric and surface conditions may be lost. Therefore
this study uses straightforward metrics from non-normalized curves as shown in Figure 2.6:

• Width: The difference between the diurnal maximum and minimum of the VPD [Pa];

• Height: The diurnal maximum of L፯E [W mዅኼ];

• Initial slope: The ET-VPD slope between 6:00 and 10:00 [W mዅኼ Paዅኻ];

• Afternoon r፬: The average r፬ from 11:00 to 15:00 [s mዅኻ].

Figure 2.6: Metrics for hysteresis shape analysis, shown for a typical ET-VPD hysteresis curve with VPD [a.u.] on the horizontal
axis and LᑧE [a.u.]. on the vertical axis. Red: Initial slope; Green: Maximum LᑧE (height) and diurnal variation in VPD (width).
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With this approach and by analysing ET-VPD hysteresis shape for various surface, BL, and
synoptic conditions this study extends previous work and aims to lay a new foundation for
ET-VPD hysteresis research. The results of the sensitivity analysis will be further described
in the Chapter 3.1.



3
Results

In this chapter the results are presented. Chapter 3.1 describes ET-VPD hysteresis loops
observed in the CloudRoots campaign during spring and summer 2018. Next, the results
for modelling the reference case are shown in Chapter 3.2. The ensuing sensitivity analy-
sis (Chapter 3.3) demonstrates the effects changes in surface conditions and BL dynamics
have on ET-VPD hysteresis by means of five cases. These results are discussed in terms of
underlying processes.

3.1. Observations
To assess the overall behaviour of diurnal ET-VPD hysteresis loops and discern potential
drivers, the selected loops are shown in Figure 3.1.

Five loop types are identified, indicated by the different colors in Figure 3.1:

• Full photosynthesis (green): Maximum ET approaches the diurnal maximum for avail-
able energy (Q* - G). The composite effect of a more moist atmosphere with reduced
surface and BL warming due to the reduced H, leads to a relatively modest diurnal
maximum of VPD. These loops all occur when the vegetation is green, in full growth,
and under no stress: The stomata are fully open to maximize COኼ uptake.

• Slight reduction of photosynthesis (blue): Transition phase between green and pur-
ple loops. Maximum ET is somewhat reduced whereas maximum VPD has increased.
Chronologically these loops lies between the green and purple loops. The vegetation
has reached maximum crop height and some senescence is visible by browning of the
leaves; either due to lack of soil moisture or by other stressors.

• Significant reduction of photosynthesis (purple): Maximum ET reaches about 40%
of the diurnal maximum for available energy. Reduced ET leads to a dryer and warmer
atmosphere, and thus a high maximum VPD. These loops occur late in the growth sea-
son when the vegetation is in senescence (visible by the yellow-brown colour).

• No photosynthesis (red): Very low maximum for ET, with any remaining ET resulting
from soil evaporation. The curve has relatively modest VPD, most likely due to coinci-
dence. This curve occurs late in the season when the vegetation is in full senescence.

• Miscellaneous (black): Loops are truncated both in maximum ET and VPD. These loops
occur over the entire growth season. This regime appears to be primarily correlated with
green vegetation and significantly reduced morning PAR due to clouds. However, the
number of loops is too small to draw a definite conclusion on their origin.

26
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Figure 3.1: Repetition of Figure 1.1a: Diurnal hysteresis be-
tween ET and atmospheric moisture demand, measured with
EC. ET is quantified as latent heat flux (LᑧE [W mᎽᎴ]), and atmo-
spheric demand as vapor pressure deficit (VPD [Pa]). (a) Com-
posite of multiple diurnal loops where different colours indicate
similar parameter regimes; Green: May 7-8-12-21-26 and June
6; Blue: June 10-28-29; Purple: July 1-2-3; Red: July 9; Black:
May 11-18-19 and June 9 2018.

The diurnal hysteresis curves in Figure
1.1a show a clear imprint of senescence
on loop shape, and in particular the initial
slope - where senescence is strongly corre-
lated to stomatal aperture as it reflects the
vegetation’s ability to excrete water. How-
ever, within each parameter regime there
still are significant differences in the diurnal
ET-VPD signatures, especially in the rela-
tive VPD width with respect to maximum ET.
Solely looking at one specific surface or BL
variable, such as wind speed or early morn-
ing temperature, can only partly explain the
differences between the curves. Therefore,
BL dynamics such as entrainment are sus-
pected to cause these loop deformations.

Observations alone are unable to explain
all variations. Therefore a model is needed
that incorporates the essential underlying
dynamics to systematically analyse the im-
pact of surface and BL processes on the ET-
VPD hysteresis characteristics. The observed ET-VPD signatures give the metrics to assess
the shape of hysteresis loops in the sensitivity analysis: Initial slope, maximum diurnal ET,
and maximum diurnal change in VPD (Chapter 2.7). As the canopy resistance is the key
driver for ET, its diurnal course (Chapters 3.2 and 3.3) and afternoon (11:00-15:00) average
(Chapter 4) are also used for interpretation of the result.

3.2. Modelling: Proof-of-Concept
The second aim of the thesis is to deliver a proof-of-concept for prognostically modelling
ET-VPD hysteresis with a ML model that couples atmosphere and surface and incorporates
vegetation mechanistics. To do so, the model is initialized with the 6:00 conditions for 7
May 2018 (Appendix B). The resulting diurnal courses of the output variables are assessed
against the measured quantities. Below, the observations and model results are shown for
the key quantities: Q*, BL height, �̄�, L፯E, H, and 2 m 𝜃, 2 m q, 2 m VPD, 2 m U, as well as
the resulting ET-VPD hysteresis loop. In addition the modelled aerodynamic and stomatal
resistances are assessed. The model results are cut off at 16:30, as shortly after this time a
stable BL starts to form from below and the model assumption of well-mixed conditions no
longer holds (Figure 3.3).

(a) Net radiation (b) Latent and Sensible Heat Fluxes

Figure 3.2: Modelled and observed radiant and turbulent surface fluxes: (a) Net radiation (Q*), and (b) sensible (H) and latent
heat fluxes (LᑧE). Modelled quantities are indicated by the dashed line, observations by individual points.
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Figure 3.2 shows both the main driving force of the system’s diurnal evolution, Q*, and
the resulting heat fluxes H and L፯E. Q* follows the tendency of the observations, with a
slight overestimation due to assumptions on the absence of aerosols (impacting S።፧; Barbaro
et al., 2014), the surface and atmosphere emissivities (impacting L።፧ and L፨፮፭), the albedo
(taken as a fixed value rather than an evolving quantity, impacting S፨፮፭), and deviations in
modelled 𝜃፬ and 𝜃ፚ (impacting L።፧ and L፨፮፭). L፯E is reproduced by the model at a higher
value with respect to the observations. This aspect could be due to model limitations, as
well as to limitations in the observational method itself: Wang et al. (2012) and Malek (1993)
discuss how the EC systematically underestimates L፯E. The maximum modelled H is much
higher than the values measured at the site and reaches over 100 W mዅኼ. The H observed at
the field is suppressed by the advection of warm air (Chapter 2.4). The modelled H is more
representative for the area as a whole: As described in Chapter 2.4, this landscape flux is
set by an aggregate of surfaces that generally have a much larger H than the well-watered
study site. The turbulent surface fluxes are thus well reproduced by the model, with L፯E
reflecting the field-scale ET and H its landscape-scale aggregate that is required to grow a
representative BL.

Figure 3.3: Modelled and observed surface virtual heat flux
᎞cᑡ፰ᖤ᎕ᖤᑧ. The modelled flux becomes negative at 16:52.

Together, H and L፯E result in the sur-
face kinematic buoyancy flux (𝑤ᖣ𝜃ᖣ፯)፬ (Equa-
tion 2.4) that drives atmospheric stability
and BL growth. The flux can be converted
to the virtual heat flux in W mዅኼ by multi-
plying with 𝜌c፩; the observed and modelled
courses are shown in Figure 3.3. Observa-
tions show that after 14:00 the flux becomes
negative, which appears to indicate that the
layer adjacent to the surface becomes sta-
ble. However, the magnitude of the flux is
-25 W mዅኼ at its minimum at 16:00, which
lies within the uncertainty of the measure-
ments. Furthermore, at 14:00 L፯E is 300
W mዅኼ (Figure 3.2), which is only possible
in case of a sufficient atmospheric moisture
deficit (Equations 2.14-2.16), which requires well-mixed conditions (for the circumstances
of the reference case). Therefore we conclude that also after 14:00 the BL is unstable. This
is confirmed by Mahrt (1999) who describes that as long as there is sufficient wind and the
surface heterogeneity is local (smaller than 10-100 km; as is the case for the study site),
generally no internal boundary layers develop. The virtual heat flux also is zero before 7:00;
however, due to the low values of H and L፯E no conclusion can be drawn about the stability
of the lowest part of the BL. The modelled virtual heat flux becomes positive before 6:00,
ensuring that the sensitivity analysis is based on a well-mixed case. In the evening, the
modelled virtual heat flux becomes negative at 16:52.

The turbulent heat fluxes combined with the imposed heat advection drive the diurnal
evolution of the BL, with the BL height as the large-scale resultant of entrainment (Equation
2.1), as shown in Figure 3.4a. The modelled BL height values correspond to those measured
with microwave (black triangles) and lidar (red stars). The model reproduces the onset and
ending of rapid BL growth as well as the maximum BL height. The 12:00 radiosonde obser-
vation (blue) is taken at a location 100 km from the site and shows a BL height comparable
to the microwave and lidar measurements, demonstrating the uniformity in BL height over
large distances and justifying the assumption on landscape-driven BL growth. Figure 3.4b
shows �̄�: The model reproduces its diurnal evolution closely, both for the microwave and
radiosonde measurements. The minor slope change around 9:00 is caused by the rapid in-
crease of heat advection (Appendix B.2). ML COኼ concentration and �̄� are not shown as there
are no observations to validate the model against.

As ET and VPD are both observed at 2 m, the 2mmodel quantities for 𝜃 and q are crucial in
providing the proof-of-concept, and are shown in Figure 3.5. The 2 m 𝜃 and q are determined
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(a) ML height (b) ML potential temperature

Figure 3.4: Modelled and observed ML values: (a) ML height (h), and (b) potential temperature (᎕̄). Modelled quantities are
indicated by the dashed line, observations by individual points. MW stands for microwave measurements.

(a) 2 m temperature (b) 2 m specific humidity

(c) 2 m Vapor Pressure Deficit (d) 2 m Absolute wind speed

Figure 3.5: Modelled and observed 2 m quantities: (a) Temperature; (b) Specific humidity; (c) Vapor Pressure Deficit; And (d)
absolute wind speed. Modelled quantities are indicated by the dashed line, observations by individual points.

by their respective surface and ML values and the SL interpolation. Both the tendency and
magnitude of the 2 m 𝜃 and q agree well with the measurements. The characteristic 14:00
depression in 2 m 𝜃 (Figure 3.5a) that is observed by both the profile measurements and
EC, may be caused by an additional advection event and is not accounted for in the present
study. The magnitude of the 2 m q (Figure 3.5b) also agrees well. The observations show
a pronounced increase in 2 m q from 16:00 to 18:00. The model is able to reproduce the
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onset of this rapid increase in q, as a negative modelled (𝑤ᖣ𝜃ᖣ፯)፬ leads to a stable atmosphere.
This indicates that atmospheric stability and the aerodynamic resistance (Equation 2.17) are
accounted for. As the modelled and observed 2 m 𝜃 and q agree well, the same holds for the
VPD at 2 m (Equation 1.1; Figure 3.5c). The modelled curve shows that the impact of �̄� being
forced until 8:00 is negligible: The 2 m VPD behaviour is dominated by temperature until well
after 12:00 as the BL keeps growing (Figure 3.4a). Last, the absolute wind speed U at 2 m is
shown (Figure 3.5d) as the wind - together with atmospheric stability - sets the aerodynamic
resistance (Equation 2.17). The modelled 2 m U agrees well with the overall tendency of the
observations, except before 8:00 where 2 m U is underestimated. The underestimation of 2
m U in turn has an impact on the 2 m q, motivating the choice to force �̄� until 8:00.

As there are no vegetation skin measurements available for temperature and specific hu-
midity, the diurnal courses for modelled 𝜃፬ and q፬ are difficult to validate. Below we will mo-
tivate that it is not straightforward to compare modelled values with the measurements. The
model assumes an infinitely shallow surface, defined as the location where the impact of the
wind is no longer felt. This generally corresponds to the observational displacement height
at 2/3 of the canopy (here: 0.30 m), as described by Moene and Van Dam (2014). 𝜃፬ and q፬
are determined from the in-canopy profile measurements at 30 cm height. However, these
are atmospheric rather than leaf surface values. In reality, 𝜃፬ is higher than its atmospheric
equivalent (Panwar et al., 2019) due to local heating of the leaves and minimal in-canopy mix-
ing by wind. Similarly, q፬ is higher close to the stomata (Jarvis and McNaughton, 1986) than
in the surrounding atmosphere. Due to this discrepancy between the physical situation and
model setup, both the actual and modelled 𝜃፬ and q፬ are higher than the respective observed
atmospheric quantities at 0.30 m (not shown as quantitative comparison is impossible).

Figure 3.6: Modelled and observed ET-VPD hysteresis. Mod-
elled quantities are indicated by the dashed line, observations
by individual points. The model was switched off at 16:30 as
shortly after this time the well-mixed condition is broken, thus
resulting in an unclosed hysteresis loop.

The resulting ET-VPD hysteresis loop is
shown in Figure 3.6. The modelled curve
follows the observations well. The mi-
nor discrepancy between observations and
modelling is primarily caused by the over-
estimation of ET (Figure 3.2); However,
the difference lies within measurement and
model uncertainties. The figure therefore
gives the proof-of-concept for modelling ET-
VPD hysteresis with a ML model that incor-
porates the biological responses of the vege-
tation, and couples surface and atmosphere.

Apart from setting up and validating the
reference case, the model also allows eval-
uation of rፚ and r፬. Figure 3.7 shows
that during the entire day rፚ is higher than
r፬, which is typical for low vegetation un-
der well-watered conditions (Moene and Van
Dam, 2014). However, contrary to the often

used assumption, both resistances are not constant in time and undergo a distinct semi-
parabolic course. The diurnal course for rፚ is inversely proportional to both the wind speed
and a drag coefficient C፬ (Equation 2.17). C፬ non-linearly depends on the height of the sur-
face layer (10% of the BL height), the Obukhov length L [m] (that in turn depends on (𝑤ᖣ𝜃ᖣ፯)፬),
and the roughness lengths for momentum zኺ፦ [m] and heat zኺ፡ [m]. The high morning val-
ues for rፚ are primarily caused by the wind speed, whereas the sharp increase of rፚ around
16:00 is caused by a strong decrease in (𝑤ᖣ𝜃ᖣ፯)፬. The tendency of r፬ is driven by PAR as the
reference case is at near-optimal conditions in terms of temperature, VPD, and soil moisture.
These results show the limitation of the conceptual model for ET: Although it can explain the
overall ET-VPD tendency in terms of the order of magnitude of the respective resistances, it
oversimplifies the diurnal pattern for rፚ and r፬.
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Figure 3.7: Modelled diurnal courses for rᑒ and rᑤ.

In summary, by imposing heat advec-
tion H is representative of the aggregate of
the landscape scale fluxes (see Figure 2.2a),
whereas L፯E reflects the field-scale ET. With
this interpretation we are able to model the
relevant physical quantities, from the driv-
ing force of daytime BL evolution, Q*, to BL
height. The diurnal evolution of all vari-
ables of interest was reproduced. In view of
the model’s capability the resulting modelled
ET-VPD hysteresis loop corresponds very
well with the observations. Thus the proof-
of-concept is delivered for the proposedmod-
elling approach.

3.3. Modelling: Sensitivity Analysis
For the sensitivity analysis the reference case is simplified by ignoring morning dew (Appendix
B.1) and the advection required to incorporate the landscape scale sensible heat flux (Chap-
ter 2.4 and Appendix B.2). These effects are not essential in studying ET-VPD hysteresis
and unnecessarily complicate the interpretation of the sensitivity study. All other initializa-
tion conditions are identical to that of the reference case. With the adapted reference case,
the impact of altered conditions on ET-VPD hysteresis shape is evaluated: Respectively the
input for soil moisture availability, COኼ assimilation capacity, large-scale horizontal wind di-
vergence, strength of the inversion layer, and the aerodynamic resistance are systematically
varied (Chapter 2.7). The results are evaluated in terms of the initial slope of the ET-VPD
curve, maximum ET, maximum diurnal VPD change, and stomatal behaviour (Chapter 2.7).

3.3.1. Surface State: Soil Moisture
Figure 3.8 shows the impact of soil moisture availability, where the reference case corre-
sponds to f(w) = 0.9. As soil moisture stress increases - and f(w) decreases - ET progressively
decreases (Figure 3.8a), leading to reduced surface and atmospheric q. Changes in available
energy (Q* - G) are small with respect to the change in ET. A decreased ET therefore leads
to an increased H via the surface energy partitioning (Equation 2.13), and consequently to
strongly elevated surface and atmospheric temperatures (respectively over 4 and 10 K at the
diurnal maximum). This process is described by Equation 2.5 where an increase in H leads
to an enhanced tendency for �̄�. And, as both H and �̄� are higher, calculating 𝜃፬ from the
surface energy balance shows that it must also increase. Due to the combined impact of a
- non-linearly, due to the Clausius-Clapeyron relation for saturation pressure - increasing 2
m 𝜃 and decreasing 2 m q, 2 m VPD strongly increases at all heights in the ML. Therefore, in-
creasing soil moisture stress - i.e. decreasing f(w) - results in a significant increase of diurnal
2 m VPD width and decrease of the early morning slope of the hysteresis loop.

Figure 3.8b shows the non-linear response of vegetation to changing soil moisture avail-
ability. The different scale of the vertical axis (with respect to Figure 3.7) hides the impact
of the diurnal PAR cycle. For low soil moisture stress (f(w) = 1 to 0.7 ) r፬ is only slightly
offset by the changing conditions. As f(w) further decreases r፬ rises rapidly. When f(w) drops
below 0.3 a transient mid-afternoon elevation of r፬ appears, whose impact can be seen in the
resulting ET depression in the ET-VPD curves. For the case of f(w) = 0 there still is a residual
L፯E of approximately 100 W mዅኼ due to soil evaporation. This residual results from the veg-
etation f(w) function not impacting the modelled soil evaporation. In addition, the vegetation
transpiration model incorporates a minimum cuticular conductance that is independent of
f(w): An assumption that is violated under extreme soil moisture stress.

However complex the underlying processes, the conceptual model of ET (Equation 1.12)
can help explain the change in initial ET-VPD slope. As discussed in Chapter 1 and shown
in Figure 3.8b, vegetation that experiences soil moisture stress will reduce the aperture of
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(a) ET-VPD hysteresis (b) Canopy resistance

Figure 3.8: Sensitivity analysis: Variation in soil moisture availability function f(w). From green to red the curves represent the
cases from no stress (f(w) = 1 [-]) to fully stressed conditions (f(w) = 0 [-]) (a) ET-VPD hysteresis; (b) rᑤ.

Figure 3.9: Conceptual model for ET simulating the impact of senescence. Upper left: VPD where senescence is set by soil
moisture stress; the subscript healthy refers to vegetation in full photosynthesis at no soil moisture stress, and senescing to
vegetation feeling the impact of reduced soil moisture. Lower left: Idealized diurnal course for aerodynamic (rᑒ) and canopy
resistances (rᑤ). Right: The resulting ET-VPD curves.

its stomata throughout the day. As a result the canopy resistance will increase, causing ET
to reduce. Due to the reduced ET, H increases (Equation 2.13). As H is the dominant term
in𝑤ᖣ𝜃ᖣ፯ (Equation 2.4),𝑤ᖣ𝜃ᖣ፯ also increases. This leads to more entrainment of relatively warm
dry air (Equation 2.3) and hence an increase in VPD, via temperature changes (Equation 2.5)
dominating those of specific humidity changes (Equation 2.7). A conceptual picture of the
resulting resistances and VPD is given in the left hand of Figure 3.9. In case of senescence,
r፬ is given an offset with respect to healthy vegetation; and the diurnal variation of rፚ and r፬
is neglected as they are small with respect to soil moisture induced changes in r፬. Although
the offset of r፬ is minor with respect to the magnitude of rፚ, the impact is clearly visible in the
resulting ET-VPD curve: The combined increase in rፚ and r፬ causes a significant reduction
in ET for similar VPD. At the same time, the diurnal maximum for VPD is higher when the
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vegetation is able to transpire less. Thus causing the initial slope to be lowered, as observed
in Figure 3.8a.

3.3.2. Surface State: Photosynthetic Capacity
The impact of the vegetation’s internal capacity to assimilate COኼ for photosynthesis is shown
in Figure 3.10. The reference case corresponds with the measured maximum rate at which
the vegetation can assimilate COኼ (A፦,፦ፚ፱,ኼዃዂ = 1.98 mg mዅኼ sዅኻ). The hysteresis curves
(Figure 3.10a) show threshold behaviour: For values as low as A፦,፦ፚ፱,ኼዃዂ = 0.47 mg mዅኼ sዅኻ,
decreasing photosynthetic capacity barely has any impact. As A፦,፦ፚ፱,ኼዃዂ drops further, the
curves exhibit a similar tendency as for decreasing soil moisture availability: ET decreases
progressively, combined with a concurrent increase in VPD. The underlying BL dynamics are
equivalent to those described in Section 3.3.1. For the minimum value of A፦,፦ፚ፱,ኼዃዂ there still
is residual ET, both due to the remaining capacity to assimilate COኼ (modelling A፦,፦ፚ፱,ኼዃዂ =
0 mg mዅኼ sዅኻ in inhibited due to asymptotic behaviour of the vegetation transpiration model)
and to soil evaporation.

(a) ET-VPD hysteresis (b) Canopy resistance

Figure 3.10: Sensitivity analysis: Variation in maximum capacity of plants to assimilate COᎴ for photosynthesis (Aᑞ,ᑞᑒᑩ,ᎴᎻᎺ) at
298 K. From green to red the curves represent the cases from no (Aᑞ,ᑞᑒᑩ,ᎴᎻᎺ = 1.98mgmᎽᎴ sᎽᎳ) to high senescence (Aᑞ,ᑞᑒᑩ,ᎴᎻᎺ
= 0.04 mg mᎽᎴ sᎽᎳ). (a) ET-VPD hysteresis; (b) rᑤ. In the legend, A denotes Aᑞ,ᑞᑒᑩ,ᎴᎻᎺ.

.

The tendency of rፒ (Figure 3.10b) confirms the hysteresis behaviour, with rፒ only rising
significantly for the lowest values of A፦,፦ፚ፱,ኼዃዂ. As for the case of extreme soil moisture stress,
the rፒ curve for A፦,፦ፚ፱,ኼዃዂ = 0.04 mg mዅኼ sዅኻ shows a slight mid-afternoon depression of ET.

Figure 3.10 shows a remarkable consequence of a decrease in capacity to assimilate COኼ:
As ET is not limited by soil moisture, the plants keep their stomata open and transpire,
irrespective of COኼ uptake. Only when senescence is advanced to an extent that water paths
or stomatal tissue dry out, transpiration is reduced.

3.3.3. Boundary Layer State: Subsidence
Most literature on VPD hysteresis has only focused on the effect of surface changes on ET-VPD
hysteresis. However, synoptic forcing may also have an impact on hysteresis characteristics.
In this chapter the impact of large-scale subsidence is studied. This is done in terms of
large-scale wind divergence (div(U)), where subsidence advection is neglected. Div(U) is varied
between 0 (no subsidence; as for the reference case) and 1.10ዅ኿ sዅኻ. The results are shown
in Figure 3.11.

Equation 2.1 shows how under subsidence, BL growth is controlled by both entrainment
(represented by w፞; Equation 2.3) and synoptic effects (represented by w፬; where div(U) is
imposed and h is calculated by the model). Positive divergence is equivalent to negative
w፬ (Equation 2.2), and the imposed subsidence suppresses BL growth (Equation 2.1). At
maximum divergence the BL height grows to approximately 1100 m, leading to a vertical
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subsidence velocity w፬ of -0.01 m sዅኻ (Equation 2.2) at the top of the BL. As the relative
change in BL height is small, the imposed subsidence only leads to a modest increase in
�̄� (Equation 2.5) and �̄� (Equation 2.7) - where these changes are small enough not to sig-
nificantly impact either L፯E or H. Surface 𝜃, q, and VPD remain virtually unchanged under
the imposed subsidence. Hence, the vegetation resistance r፬ (not shown) is not affected by
large-scale subsidence.

Figure 3.11: Sensitivity analysis: Impact of variation in sub-
sidence due to large-scale divergence on ET-VPD hysteresis.
From light to dark blue the curves represent the cases from no
(div(U) = 0 sᎽᎳ) to high subsidence (div(U) = 1.10ᎽᎷ sᎽᎳ).

The 2 m 𝜃 and q lie between their respec-
tive surface and ML values (calculated with
the SL gradient), and are less affected than
𝜃 and 𝑞. Therefore, the 2 m VPD only varies
to a minor extent depending on the degree
of subsidence. However small, the effect of
subsidence on 2 m VPD peaks as h reaches
its late afternoon maximum, thus explain-
ing why the ET-VPD curves only change for
the late afternoon. Maximum L፯E and initial
slope remain the same.

Furthermore, as ET is plotted against 2
m VPD rather than the - unaffected - sur-
face VPD, the modelled changes in hysteretic
behaviour can uniquely be attributed to the
evaluation height. The impact of subsidence
on ET-VPD hysteresis as shown in the Figure
3.11 can also be reproduced with the con-

ceptual model for ET (Equation 1.12), by increasing afternoon VPD proportionally to the
changes shown in Figure 3.11 and keeping r፬ identical (result not shown). However, as the
observed changes in VPD lie well within the modelling uncertainty, the impact is not sig-
nificant enough to quantify them. And a more elaborate model must be used to investigate
whether the impact of subsidence on ET-VPD hysteresis is indeed a persistent effect.

3.3.4. Boundary Layer State: Entrainment

Figure 3.12: Sensitivity analysis: Impact of entrainment on ET-
VPD hysteresis, via variation in magnitude of the RL to BL tem-
perature and specific humidity jumps. From light to dark blue
the curves represent the cases from weak (ጂ᎕ = 1 K and ጂq = 0
kg kgᎽᎳ) to strong (ጂ᎕ = 4 K and ጂq = -5.10ᎽᎵ kg kgᎽᎳ) jumps.
At each increment the variables respectively change 0.4 K and
-5.10ᎽᎸ kg kgᎽᎳ.

The second BL effect under investigation
is entrainment of heat and moisture. The
sensitivity to entrainment is investigated by
varying the 6:00 strength of the inversion
layer between the BL and RL. The weakest
inversion is defined as Δ𝜃 = 1 K and Δq = 0
kg kgዅኻ; the strongest as Δ𝜃 = 4 K and Δq =
-5.10ዅኽ kg kgዅኻ; corresponding to Δ𝜃፯ rang-
ing from 1.0 to 3.1 K. The forcing steps are
specified in Table 2.2. For the reference case
Δ𝜃 = 4 K, Δq = -1.4.10ዅኽ kg kgዅኻ, and Δ𝜃፯ =
3.8 K.

A stronger inversion in terms of Δ𝜃፯ leads
to reduced morning values of w፞ (Equation
2.3). Resulting in the onset of rapid BL
growth being delayed (Equation 2.1), and
lower BL height values throughout the en-
tire day. At the same time, the entrained
air becomes progressively warmer and more
dry. As the inversion becomes stronger, the
combined effect of relatively warmer air being entrained from the RL (a larger Δ𝜃) and a lower
BL height result in an increased �̅� (Equation 2.5). As in this sensitivity study the initial
conditions for Δ𝜃 and Δq are varied together, a stronger inversion also results in relatively
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more dry air being entrained, leading to a reduced �̅� (Equation 2.7). VPD increases: The
increased temperature results in a higher saturation pressure via the Clausius-Clapeyron
relation, which is further amplified by the lower q (Equation 1.1).

The effect of a larger Δ𝜃፯ on L፯E and VPD is clearly visible in Figure 3.12. Between the
weakest and the strongest inversion L፯E increases with 50 W mዅኼ due to the stronger atmo-
spheric moisture demand (Equations 2.14 - 2.16). As L፯E is increased, H is decreased with
the same amount via the surface energy partitioning (Equation 2.13). However, the initial
slope of the hysteresis loop remains similar under varying initial conditions. This is caused
by the net impact of surface and entrainment fluxes leading to similar morning VPD and L፯E.
If we only look at temperature effects: (1) Under a weak inversion BL growth starts earlier,
and warm air is entrained into the BL (Equations 2.3 and 2.5); the morning impact of H on
�̄� (Equation 2.5) is limited as the heat is divided over a larger BL height (Equation 2.1). (2)
Under a strong inversion the onset of BL growth is delayed and entrainment of warm air can
be neglected in the early morning; H on the other hand results in an increased �̄� as the BL
height remains approximately constant (Equation 2.1). Hence, both weak and strong inver-
sion effectively lead to similar morning VPD and L፯E values. The same argument holds for
specific humidity and its impact on VPD and L፯E - where its effect is smaller than that of
temperature. After approximately 8:00 the BL grows under all imposed forcings, explaining
the differentiation in ET-VPD slopes after 8:00.

The vegetation resistance r፬ (not shown) is not significantly affected by changes in entrain-
ment. This can be understood from the impact entrainment has on the surface heat fluxes
and corresponding ML quantities: As described in the previous paragraph, an increase in en-
trainment of warm dry air leads to a decrease in �̄� and increase in 𝜃, and thus to an increase
in saturation specific humidity. This leads to a minor increase in L፯E (Equations 2.14-2.16).
As L፯E increases, H decreases, which in turn leads to a lower �̄� (Equation 2.5), which domi-
nates the previous 𝜃 increase. From the surface energy balance, a combined decrease H and
�̄� may lead to 𝜃፬ remaining the same, as confirmed by the model output. A similar argument

Figure 3.13: Conceptual model simulating impact of entrainment in terms of inversion strength. Upper left: VPD for the cases
with weak and strong inversion . Lower left: Idealized diurnal courses for aerodynamic (rᑒ) and canopy resistances (rᑤ). Right:
The resulting ET-VPD curves.
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holds for L፯E, �̄�, and Equations 2.14-2.16, resulting in q፬ also remaining approximately con-
stant. Therefore, leaf level VPD is not significantly impacted and the vegetation feels little of
entrainment variations.

The impact of changes in inversion strength on ET-VPD hysteresis is explained with the
conceptual model for ET (Figure 3.13). Again the diurnal courses for rፚ and r፬ are simplified,
as discussed in Chapter 3.3.1. Here early morning rፚ is increased: With a stronger inversion
Δ𝜃፯, morning w፞ decreases (Equation 2.3) and the BL growth is reduced (Equation 2.1). The
reduced BL height leads to an increase in �̄� (Equation 2.5), and subsequently to a decrease in
H (Equation 1.11). Similarly the reduced BL height leads to an increase in �̄� (Equation 2.7),
and subsequently to a decrease in L፯E (Equations 2.14-2.16). The combined result of these
two effects is that𝑤ᖣ𝜃ᖣ፯ decreases (Equation 2.4), which leads to an increase of morning rፚ via
C፬ (Equation 2.17). The combined impact of higher diurnal values for VPD and reduced early
morning mixing (increased rፚ) result in a slightly tilted hysteresis loop with higher maximum
VPD and L፯E.

3.3.5. Turbulent Mixing
The analysis in Chapters 3.3.1-3.3.4 demonstrate that the turbulent mixing impacts ET-VPD
hysteresis. rፚ incorporates both the effects of mixing due to wind (by U ) and atmospheric
stability - via C፬ - due to changes in for example canopy height (Equation 2.17). As mixing
decreases, rፚ increases, and hence ET reduces (Equations 2.14-2.16) - and vice versa. The
impact of rፚ on ET-VPD shape is investigated here, where rፚ is increased from its default
values with up to a Δrፚ = +50 s mዅኻ change. The results are shown in Figure 3.14.

(a) ET-VPD hysteresis (b) Canopy resistance

Figure 3.14: Sensitivity analysis: Variation in aerodynamic resistance. From yellow to brown the curves represent the cases
from no (ጂrᑒ = 0 s mᎽᎳ) to substantial additional resistance (ጂrᑒ = 50 s mᎽᎳ). (a) ET-VPD hysteresis; (b) rᑤ.

Throughout the day, both the hysteresis shape and r፬ show a significant impact of changes
in rፚ (Figure 3.14), even for the smallest forcing. Without additional forcing, rፚ and r፬ are
comparable (Figure 3.7); however, at Δrፚ = 50 s mዅኻ, rፚ is 120 s mዅኻ at the diurnal minimum
and well exceeds r፬. As rፚ is increased, r፬ progressively increases (Figure 3.14b). This is
explained by surface effects: Via the energy partitioning reduced mixing results in a signifi-
cantly higher 𝜃፬ (over 5 K at the diurnal maximum for Δrፚ = 50 s mዅኻ). The elevated 𝜃፬ leads
to an increase in VPD at the surface - via the saturation pressure (Equation 1.1) - both of
which induce stress on the vegetation: The stress results in a higher r፬, and hence reduced
L፯E. This in turn results in a lower q፬. The reduction in q፬ leads to a lower 2 m q via the SL
parameterization, whereas the 2 m 𝜃 only minimally increases - thus leading to an overall
slight decrease of 2 m VPD. The changes in ET-VPD shape are therefore driven by the impact
of turbulent mixing on 𝜃፬, and subsequently on L፯E. Here it should be noted that changes in
H are negligible with respect to those in L፯E, which is possible due to a concurrent increase
in G (Equation 2.13).
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As the impact of rፚ forcing is visible on L፯E and VPD, also the initial slope of the hysteresis
curves is affected. The slope progressively decreases as rፚ is further offset, as shown in Figure
3.14a. These effects can again be explained with the conceptual model for ET, where the
diurnal courses for rፚ and r፬ are simplified. When a higher rፚ and the resulting lower diurnal
amplitude for VPD are imposed on the model, the resulting ET-VPD hysteresis curves are
restricted both in ET as well as VPD, as shown in Figure 3.15.

Figure 3.15: Conceptual model for ET simulating the impact of reduced mixing. Upper left: VPD for the cases with and without
reduced mixing; the subscript default refers to the original rᑒ and reduced mixing to the case where rᑒ is artificially enhanced.
Lower left: Idealized diurnal courses for aerodynamic (rᑒ) and canopy resistances (rᑤ). Right: The resulting ET-VPD curves.
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Discussion

Changes in surface state, BL state, and synoptic forcing each leave their own distinct sig-
nature on ET-VPD hysteresis. Observations alone are unable to conclusively attribute their
respective impacts (Chapter 3.1). Therefore, a prognostic modelling approach is used to set
up an observation-constrained reference case that reproduces ET-VPD hysteresis and its un-
derlying non-linear dynamics (Chapter 3.2). With this reference case, a sensitivity study is
performed to investigate the influence of selected states and forcings (Chapter 2.7) on hys-
teresis appearance (Chapter 3.3). Inversely, deducing the strength of each effect from the
shape of a single curve is complex as their impacts can convolute. Quantification of hystere-
sis shape allows for speculation on how to distinguish between the studied effects.

Quantification
To explore the potential and limitations of the chosen metrics (Chapter 2.7), the imposed
variations and their respective impacts are quantified in Figure 4.1. The horizontal axis
represents varying initial conditions, as specified in Table 2.2. The figure shows that changes
in soil moisture (represented by the soil moisture availability fraction f(w); yellow squares)
and the vegetation’s capacity to assimilate COኼ for photosynthesis (A፦,፦ፚ፱,ኼዃዂ; blue diamonds)
have a similar impact on hysteresis shape. The two senescence effects are indistinguishable
unless either soil moisture or leaf gas exchange is known from observations. As f(w) or
A፦,፦ፚ፱,ኼዃዂ decreases, the stomata close and r፬ increases over an order of magnitude. This
leads to a maximum decrease in L፯E of 300 W mዅኼ. Concurrently, the diurnal VPD width
increases with of up to 1000 Pa. Consequently, the initial slope of the hysteresis curve is
reduced from 0.3 to almost 0 W mዅኼ Paዅኻ. Therefore showing the strong BL feedbacks in
response to surface changes.

When progressively warmer and dryer air is entrained (via changes in the inversion strength
Δ𝜃፯ between BL and residual layer, red triangles), the impacts of changing BL height, turbu-
lent fluxes, and ML quantities cancel each other out at the surface, leaving surface temper-
ature and specific humidity approximately unaffected. Consequently, the stomatal aperture
is unchanged, showing surface feedbacks can be neglected. The diurnal maximum for L፯E
only increases up to 70 W mዅኼ, primarily due to changes in ML specific humidity. VPD width
changes with up to 750 Pa. The impact of entrainment on L፯E and VPD results in a ET-VPD
slope variation of over 0.3 W mዅኼ Paዅኻ, which is comparable to senescence induced slope
changes.

Synoptic forcing (subsidence due to large-scale horizontal wind divergence div(U), green
circles) has negligible impact on ML and surface quantities. None of the metrics shows sig-
nificant change within the model uncertainty. Subsidence can therefore not be derived from
ET-VPD shape changes.

No quantification is given for changes in turbulent mixing, as rፚ is forced with a contin-
uously imposed offset, rather than as an initialization condition. Therefore, the feedback of
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(a) Maximum LᑧE (b) Diurnal VPD width

(c) Initial slope (d) Average rᑤ (11:00–15:00)

Figure 4.1: Impact of changes in surface and BL states on ET-VPD hysteresis appearance: (a) Maximum LᑧE; (b) Maximum
diurnal change in VPD; (c) Initial slope; (d) Average afternoon rᑤ (11:00 - 15:00 average). Yellow squares represent changes is
soil moisture function f(w), which ranges from left to right from 1 to 0 [-]; Blue diamonds changes in the vegetation’s capacity to
assimilate COᎴ, which ranges from left to right from an Aᑞ,ᑞᑒᑩ,ᎴᎻᎺ of 1.98 to 0.04 mg mᎽᎴ sᎽᎳ; Green circles changes in wᑤ from
a div(U), which ranges from left to right from 0 to 1.10ᎽᎷ sᎽᎳ; Red triangles changes in entrainment from an inversion strength,
varying from ጂ᎕ = 1 K and ጂq = 0 kg kgᎽᎳ to ጂ᎕ = 4 K and ጂq = -5.10ᎽᎵ kg kgᎽᎳ, corresponding to an effective ጂ᎕ᑧ variation
from 1.0 to 3.1 K. The horizontal axis represents the relative position between the two extremes of each varied quantity; the
respective values the quantities are summarized in Table 2.2.

surface and atmospheric processes on rፚ is not accounted for and caution is needed quan-
tifying the modelled ET-VPD changes. However, the overall effect of rፚ can still be deduced.
Under increased rፚ, the afternoon average for r፬ increases and L፯E decreases. VPD is only
affected to a minor extent due to competing effects of temperature and moisture (Equation
1.1) at the evaluation height.

The discussion shows that changes in entrainment of warm, dry air (𝜃፯) and senescence
may have similar impacts on the initial slope of the hysteresis curve and diurnal VPD width.
Their respective impacts on ET are distinct, which allows for the disentanglement of entrain-
ment and senescence effects. However, modest variations in the diurnal L፯E maximum -
in the order of tens of W mዅኼ - may also result from a superposition with turbulent mixing
induced changes. In addition, typical time scales may help unravel the contributions of en-
trainment and senescence: Senescence generally varies on weekly to monthly time scales
whereas initial inversion strength and turbulent mixing can vary over days or even hours.
Thus, entrainment effects can be separated from those of senescence, provided the observed
changes have sufficient amplitude.
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The proposed approach for resolving entrainment and senescence impacts from ET-VPD
hysteresis shape changes can thus be applied when: (1) The reference case reflects the soil,
vegetation type, approximate meteorological conditions, and surface heterogeneity; (2) The
day is cloud free; and (3) if the investigated hysteresis signature is larger than the model
errors and the impact of possible turbulent mixing effects. To generalize the interpretation
of hysteresis shape to changes in all surface and BL variables and forcings - e.g. advection,
shifted initial profiles for 𝜃 and q, vegetation species - the impact of these remaining effects
needs to be investigated. Here, several variables are suspected to have similar impact on
hysteresis shape: For example, advection of warm, dry air may be difficult to distinguish
from entrainment. Similarly, a significant offset in temperature or specific humidity may
cause changes in stomatal aperture comparable to that of soil moisture induced vegetation
stress.

Relation to Previous Work
Due to the different, case-specific setups between the present study and earlier reported
studies (Table 1.1) a direct comparison of the results is not straightforward. However, this
thesis confirms the influence of most variables identified in earlier studies. Secondly, al-
though identifying key driving mechanisms remains impossible with observations alone, the
CloudRoots data set offers an improved analysis foundation compared to earlier work, as it
spans all scales of interest, from soil to lower troposphere, and covers not only meteorology
but also hydrology and biology.

The feedbacks between surface and atmosphere are an important factor in setting the
diurnal ET-VPD hysteresis shape (described in Chapter 3.3), showing that modelling needs
to incorporate these feedbacks. Although Zhang et al. (2014) are successful in attributing the
response of surface states to a specific BL forcing with their uncoupled diagnostic model, their
surface-BL system has limited applicability. The prognostic model proposed in this thesis
is coupled, thus allowing for a systematic identification of key drivers of ET-VPD hysteresis
over a wide range of realistic conditions. Furthermore, the model successfully incorporates
essential biological behaviour, and therefore progresses the state-of-the-art.

Alternatively, Van Heerwaarden et al. (2010) use the time derivative of the Penman equa-
tion to evaluate the relative impacts of forcings and feedbacks on ET. They conclude that “Sur-
face layer feedbacks are negligible in fully coupled systems”; which is confirmed for the case
of changes in BL state. Although thorough, their approach is involved, whereas comparing
modelled and observed ET-VPD hysteresis can offer a simple and rapid framework for assess-
ing key changes in BL and surface states. Furthermore, they use a semi-empirical vegetation
model rather than the mechanistic A-r፬ representation for stomatal response. Notwithstand-
ing, their approach is rigorous and can aid the understanding of observed ET-VPD effects.

Further Implications

• Surface-atmosphere coupling is essential in atmospheric modelling. By looking at sur-
face conditions alone, non-linear dynamics are neglected and feedbacks driving stom-
atal adaptation may be missed.

• Under cloud-free conditions, variations in soil moisture stress largely determine ET.
Therefore, to improve ET in weather and climate modelling, it is essential to optimize
soil moisture estimates. Conversely, ET-VPD hysteresis can be used to estimate soil
moisture stress from observations, offering a rapid assessment tool for constraining
soil moisture estimates.

• Both observations and modelling show that the hysteresis amplitude - in terms of differ-
ences between morning and afternoon ET for similar VPD - typically lies in the order of
100 - 300 W mዅኼ. Therefore, it is essential to correct the assumption of a linear ET-VPD
relation over vegetated surfaces in hydrological models. Doing so will offer a significant
improvement to water availability estimates.



5
Conclusion

This thesis aims to investigate how surface and atmospheric processes control evapotranspi-
ration (ET). ET is a key driver for the the water cycle, surface energy balance, as well as many
biochemical reactions. However, it still remains a major modelling uncertainty. To improve
our understanding of ET, the hysteretic diurnal relationship between ET and the atmospheric
moisture demand in terms of vapor pressure deficit (VPD) is used to analyse and quantify
the impacts of various changes in surface and BL state. To do so, mixed-layer (ML) mod-
elling is combined with the CloudRoots data set; the data set covers meteorology, hydrology,
and biology and spans all scales of interest, from surface to lower troposphere. With the ML
model the proof-of-concept is delivered for realistically modelling ET-VPD hysteresis, and a
sensitivity study is performed in order to answer the research question:

Can the characteristics of ET-VPD hysteresis uncover and quantify the
contributions of surface and atmospheric processes in controlling ET?

The three research steps are carried out:

1. Observations: Analysis of the 2018 CloudRoots campaign data
The time series of diurnal ET-VPD hysteresis loops shows a seasonal evolution of the
initial angle of the curves, as well as of maximum ET and VPD width. This evolution
can be linked to stomatal regulation in response to vegetation senescence. In addition,
further fluctuations in maximum ET and diurnal VPD range are observed, which can
only be partly linked to individual surface or near-surface variables. Therefore large-
scale BL effects such as entrainment impact hysteresis appearance. As observations
alone are unable to explain all measured variations of ET-VPD hysteresis, modelling is
essential to identify the drivers of hysteresis shape.

2. Modelling: Proof-of-concept and reference case
A coupled, prognostic ML model is used that incorporates a mechanistic surface re-
sponse to soil and atmospheric conditions. The model is improved in terms of leaf level
vapor pressure deficit and surface layer temperature and pressure. In addition the
model is adapted to take into account the morning residual layer to free troposphere
transition, and surface heterogeneity is incorporated by allowing the sensible heat flux
to be in line with its landscape aggregate. Observations from a reference day with no
vegetation stress and turbulent mixing conditions are used for parameter initialization
and evaluation. For all variables the diurnal evolution is reproduced, from turbulent
heat fluxes to boundary layer height, reflecting the validity of the underlying dynamics
of the model. The resulting hysteresis curve corresponds with the observations and re-
alistically reflects surface-atmosphere interactions and vegetation biology. This result
delivers for the first time a proof-of-concept for prognostically modelling ET-VPD hys-
teresis with a ML model. Therefore offering a novel framework for the investigation of
ET-VPD hysteresis.
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3. Modelling: Sensitivity analysis
For the sensitivity analysis, the impacts of soil moisture availability, the vegetation’s
capacity to assimilate COኼ for photosynthesis, entrainment of relatively warm and dry
air, subsidence, and turbulent mixing, on hysteresis appearance are investigated. The
following can be concluded for cloud free days that have comparable atmospheric con-
ditions:

• An increase in surface stress is reflected by a combined decrease in latent heat flux
and increase in VPD, thus also leading to a decreasing initial ET-VPD slope. The
effects of soil moisture availability and vegetation capacity to assimilate COኼ for
photosynthesis are indistinguishable from the hysteresis curves alone. Additional
soil moisture measurements will allow for the unraveling of these two effects.

• An increase in inversion strength - affecting entrainment and leading to a stronger
warming and drying tendency of the BL - is characterised by an increase in VPD
combined with a modest increase in L፯E. Thus showing a different fingerprint than
for senescence.

• Changes in subsidence have no impact on either the appearance of ET-VPD hys-
teresis or the stomatal response.

• Increased wind speed or decreased vegetation height enhances turbulent mixing.
This affects stomatal aperture and L፯E, albeit that the magnitude of the changes is
lower than for senescence or entrainment effects. It has little impact on VPD due
to competing effects of surface temperature and moisture.

The ultimate goal to which this study contributes, is to derive how the state of the sur-
face and atmosphere control ET from a single hysteresis curve. Entrainment and senescence
have their own characteristic hysteresis fingerprint, and their respective contributions can
be unraveled. As variations in turbulent mixing also affect ET, they limit the interpretation of
modest shape changes. However, on a day-to-day and even week-to-week basis, the assump-
tion of constant soil moisture and photosynthetic capacity may be justified, and changes in
hysteresis shape are primarily caused by entrainment. Additionally, stomatal behaviour can
conclusively separate surface and entrainment effects.

To conclusively interpret the observed ET-VPD shape changes, surface and BL states be-
yond those described - e.g. initial temperature profile or advection of warm, dry air - need
to be investigated. Although unravelling all key driving factors of ET-VPD hysteresis shape
will likely prove impossible, including typical time scales will help separate factors and dom-
inant drivers are likely to emerge. Therefore, combining ET-VPD hysteresis observations and
modelling offers a promising tool to map changes in BL and surface states.



6
Recommendations

1. Biological observations show that the default parameters in themechanistic vegetation
model are not rigid. This is confirmed by the founding work of Jacobs (1994), who
reports changes in default values due to environmental adaptation of the vegetation.
Therefore, including extensive biological observations in measurement campaigns will
allow for better initialization of the A-r፬ model, as well as for investigation of the validity
of the model’s assumptions.

2. Landscape heterogeneity is the rule rather than the exception. This heterogeneity re-
sults in different turbulent fluxes for the measurement site and surrounding area; where
the aggregate of all turbulent fluxes determines BL evolution. The contrast between field
scale and landscape scale fluxes can be incorporated by using Large Eddy Simulation.
If the more rapid method of ML modelling is used, heterogeneity can be incorporated
by introducing tiling in the CLASS ML model. For tiling, conceptually a homogeneous
field tile is linked to a separate landscape tile, where the landscape acts as a dynami-
cally evolving boundary condition to the field. Thus the landscape aggregate setting BL
growth and advection can be accounted for.

3. Dimensional analysis may shed further light on the appearance of ET-VPD hysteresis,
and therefore also on the controlling factors of ET. In addition it can indicate appropriate
metrics for the quantification of ET-VPD shape changes. However, it should be noted
that as a large number of initial conditions impact hysteresis shape, uncovering the
exact ratios of the quantities at play may prove complex.

4. Last, a much wider range of initial conditions than those investigated will influence
ET-VPD hysteresis shape:

• To study the impact of entrainment, variations in Δ𝜃 and Δq need to be studied in-
dependently. Both quantities impact the inversion strength Δ𝜃፯, and subsequently
the entrainment velocity and BL growth. Furthermore, their respective impacts
on ML temperature and specific humidity will have a different impact of ET-VPD
hysteresis.

• Observations indicate that early morning clouds are likely to truncate hysteresis
loops both in ET as well as VPD. Whereas an immediate impact from clouds is
expected, it is remarkable that their impression persists throughout the day.

• The effect of advection of warm, dry air into the ML will most likely be similar to
that of entrainment. And the impact of a significant offset in initial temperature
or specific humidity may be comparable to that of soil moisture stress. Investigat-
ing the influence of the remaining initial conditions is a prerequisite for using
ET-VPD hysteresis to unravel the impact of surface and BL states on ET. Here con-
ditions should both be varied as a single controlling parameter as well as in coupled
configurations.
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Model Adaptations

The CLASS ML model was updated to include (1) the morning RL to FT transition, (2) an
improved parameterization for the leaf level VPD, and (3) an improved parameterization for
surface layer temperature and pressure.

A.1. Morning Transition

Figure A.1: Schematic depiction of the differences in jump and
lapse rate between RL and FT for a scalar k. <k> denotes the
ML value, ጂk the discrete jump between two adjacent layers,
and ᎐ᑜ the lapse rate in either the RL or FT.

Coupled to the BL evolution are the respec-
tive jumps and lapse rates of scalar quanti-
ties at the top of the ML. Early in the morn-
ing the BL is topped by the RL. As the ML
grows, heat and humidity from the RL are
entrained according to the ML growth rate,
and respective jumps and lapse rates of the
scalars. This continues until the ML reaches
the FT and humidity and heat are entrained
from the FT. This transition from RL to FT
is called the morning transition, and needs
to be accounted for in the model. Therefore,
at model initialization each scalar k requires
a set initial jump between ML and RL Δkፑፋ
as well as its corresponding RL lapse rate
𝛾፤,ፑፋ. And the same hold for the FT with
jump Δkፅፓ between RL and FT, and lapse
rate 𝛾፤,ፅፓ. The ML, RL, and FT with said
jumps and lapse rates is visualised schemat-
ically in figure A.1.

In the original model, the jump and lapse rate are set as FT boundary conditions. As the
ML grows, the lapse rates remain constant whereas the jumps change according to equations
2.8 and 2.6. To incorporate both the RL and FT properties, the model is updated:

• For the reference day, the Joyce data is used to check the height and time of the RL
to FT transition. The FT is conveniently reached around 12:00, the time of the second
radiosonde measurement.

• The initial Δq, 𝛾፪, Δ𝜃, and 𝛾᎕ are derived from the 00:00 radiosonde data, and are set as
the RL boundary condition in the model.

• Once the modelled ML reaches the height of the RL to FT transition:

– The Δ𝜃 jump is increased so that the new value matches Δ᎕ measured for the FT at
12:00; 𝛾᎕ is set to the FT value.
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– For the FT Δq is not a (semi-)discrete jump but rather a transition zone that extends
over more than 500 m, continuing well above the final ML height. Thus, the 𝛾፪,ፅፓ
is set to correspond to that of the transition zone. As at the transition time, the
remaining Δqፑፋ is very low, it is left as is.

A.2. Leaf Level Vapor Pressure Deficit
In the original CLASS model the leaf level VPD (D፬) in the A-r፬ module is parameterized as:

𝐷፬ = 𝑒፬ፚ፭(𝑇፬) − 𝑒ፒፋ,፭፨፩ (A.1)

Where SL,top denotes the state at the top of the SL. However, mechanistically the vegeta-
tion is insensitive to the difference between e፬ፚ፭ at the surface and at the vapor pressure at
level of the SL top eፒፋ,፭፨፩, but rather to the VPD at the surface itself. The parameterization is
thus redefined as:

𝐷፬ = 𝑒፬ፚ፭(𝑇፬) − 𝑒ፚ,፬፮፫፟ፚ፜፞ = 𝑒፬ፚ፭(𝑇፬) −
𝑞፬𝑃፬
0.622 (A.2)

where equation 1.4 is used, P፬ is the pressure at the surface, and 0.622 the ratio between
the gas constants for dry air and water vapor.

Correcting the VPD at leaf level yields a significant change in the diurnal evolution of all
fluxes and scalars. The impact for e.g. L፯E is approximately 100 W/mኼ at the maximum for
the reference day, which amounts to a change of about 20%.

A.3. Surface Layer Temperature and Pressure
Formally the ET components are parameterized according to 2.14, 2.15, and 2.16. In CLASS
this is implemented as

𝐿፯𝐸 = −
𝜌𝐿፯
𝑟ፚ + 𝑟፬

(𝑞 − (𝑠(𝑇፬ − 𝑇ፒፋ,፭፨፩)) + 𝑞፬ፚ፭,፬፮፫፟ፚ፜፞) (A.3)

Where s is the slope of the Clausius-Clapeyron saturation curve. It is assumed that Tፒፋ,፭፨፩
= 𝜃ፒፋ,፭፨፩ and Pፒፋ,፭፨፩ = P፬፮፫፟ፚ፜፞. As the surface layer extends up to 150 m for the reference day,
the assumptions no longer hold. The temperature and pressure are therefore corrected for
the dry adiabatic lapse rate:

𝑇ፒፋ,፭፨፩ = 𝜃ፒፋ,፭፨፩ −
𝑔ℎፒፋ,፭፨፩
𝑐፩

(A.4)

𝑃ፒፋ፭፨፩ = 𝑃፬፮፫፟ፚ፜፞ − 𝜌𝑔ℎፒፋ,፭፨፩ (A.5)

The impact from the corrected temperature and pressure at the top of the surface layer
is minimal, yielding to a change in e.g. L፯E of 20 W/mኼ at the diurnal maximum of the
reference day. A value that is within the measurement error of the EC.



B
Model Initialization

B.1. Model Parameters

ML Model Parameters
Parameter [Units] Value Source

Time step [s] 60 -
Runtime [s] 50400 -
hፑፋ [m] 135 Joyce microwave
hፅፓ [m] 1400 radiosonde
P፬ [Pa] 100600 EC pressure gauge
div(U) [sዅኻ] 0 default
f፜ [m sዅኻ] 1.10ዅኾ latitude
𝛽 [-] 0.2 default
�̄� [K] 286.2 profile data and radiosonde
Δ𝜃ፑፋ [K] 4 radiosonde
Δ𝜃ፅፓ [K] 4.4 radiosonde
𝛾᎕,ፑፋ [K] 4.9.10ዅኽ radiosonde
𝛾᎕,ፅፓ [K] 6.2.10ዅኽ radiosonde
adv᎕ [K] [-] see section B.3
�̄� [kg kgዅኻ] [-] see section B.3
Δ𝑞ፑፋ [kg kgዅኻ] -1.4.10ዅኽ radiosonde
𝛾፪,ፑፋ [kg kgዅኻ mዅኻ] -2.7.10ዅዀ radiosonde
𝛾፪,ፅፓ [kg kgዅኻ mዅኻ] -9.0.10ዅዀ radiosonde
adv፪ [kg kgዅኻ sዅኻ] 0 default
𝐶𝑂ኼ [ppm] 400 profile measurements
Δ𝐶𝑂ኼ [ppm] -44 profile measurements
𝛾ፂፎኼ [ppm mዅኻ] 0 default
advፂፎኼ [ppm sዅኻ] 0 default
u [m sዅኻ] 1.75 profile measurements
Δu [m sዅኻ] 3 profile measurements
𝛾፮ [m sዅኼ] -1.8.10ዅኽ profile measurements
adv፮ [m sዅኼ] 0 default
v [m sዅኻ] 0 default
Δv [m sዅኻ] 0 default
𝛾፯ [m sዅኼ] 0 default
adv፯ [m sዅኼ] 0 default
u* [m sዅኼ] 0.3 EC
zኺ፦ [m] 0.02 canopy height
zኺ፡ [m] 0.002 canopy height
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Latitude [deg] 50.9 geographical location
Longitude [deg] 6.4 geographical location
Day-of-year [days] 127 date selected case
Start time [hrs UTC] 6.0 [-]
Cloud cover faction [-] 0 camera
dF፳ [W mዅኼ] 0 camera
SM top soil layer [mኽ mዅኽ] 0.177 soil measurements
SM deep soil layer [mኽ mዅኽ] 0.286 soil measurements
Vegetation cover fraction [-] 0.98 visual inspection, camera
T top soil layer [K] 285.5 soil measurements
T deep soil layer [K] 284 soil measurements
Clapp & Hornb. param. a [-] 0.219 soil composition
Clapp & Hornb. param. b [-] 5.3 soil composition
Clapp & Hornb. param. a [-] 4 soil composition
CG፬ፚ፭ [-] 3.56.10ዅዀ soil composition
w፬ፚ፭ [mኽ mዅኽ] 0.472 soil composition
w፟፜ [mኽ mዅኽ] 0.3 soil composition
w፰።፥፭ [mኽ mዅኽ] 0.154 soil composition
C1፬ፚ፭ [-] disabled soil composition
C2፫፞፟ [-] disabled soil composition
LAI [-] 4.5 on-site determination
gፃ [-] 0 vegetation height
r፬,፬፨።፥,፦።፧ [s mዅኻ] 50 default
𝛼 [-] 0.2 radiation measurements
T፬ [K] 286.3 profile measurements
W፦ፚ፱ [m] 0.0002 default
W፥።፪ [m] 0.0001 on-site observations
Λ [-] 5.9 default

A-r፬ Model Parameters
Parameter [Units] Value Source

Γ [mg mዅኽ] 68.5 C3 reference value
Q10ፂፎኼ [-] 1.5 C3 reference value
g፦,ኼዃዂ [mm sዅኻ] 10.0 leaf gas exchange
A፦,፦ፚ፱,ኼዃዂ [mg mዅኼ sዅኻ] 1.926 leaf gas exchange
Tኻ፠፦ [K] 278 C3 reference value
Tኼ፠፦ [K] 301 C3 reference value
Q10ፀ,፦,፦ፚ፱ [-] 2.0 C3 reference value
Tኻፀ,፦,፦ፚ፱ [K] 281 C3 reference value
Tኼፀ,፦,፦ፚ፱ [K] 311 C3 reference value
fኺ [-] 0.89 C3 reference value
a፝ [kPaዅኻ] 0.07 C3 reference value
𝛼ኺ [mg Jዅኻ] 0.0053 leaf gas exchange
K፱ [m mዅኻ] 0.7 C3 reference value
g፦።፧,፜ [mm sዅኻ] 2.5.10ዅኾ C3 reference value

B.2. Forced Quantities
Heat is advected for every time step throughout the entire run of the model. This is done
to mimic the impact of the combined landscape H setting the growth of the ML height and
temperature. The amount is proportional to the diurnal evolution of H contrast between the
study site and neighbouring field with bare soil (Miranda García, 2019). The values of advፓ
that are used to force the model are given by:
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𝑎𝑑𝑣ፓ = 2.5.10ዅኾ.𝑒ዅ
(ᑥᑚᑞᑖ[ᑌᑋᐺ]ᎽᎳᎴ)Ꮄ

Ꮇ (B.1)

and are shown in figure B.1a.

Similarly �̄� is forced for the 6:00 - 8:00 period. This is done to compensate for the differ-
ences in mixing between the observations and modelled quantities in the near-surface layer.
�̄� is forced in such a way that the modelled 2 m value for q matches those of the profile
measurements. The values of q that are used to force the model are given by:

𝑞 = 0.0067 − 0.0004(𝑡𝑖𝑚𝑒[𝑈𝑇𝐶] − 6.5) (B.2)

and are shown in figure B.1b.

(a) advᑋ (b) q

Figure B.1: Quantities forced in the model. (a) Advection of heat; (b) Specific humidity.



C
Variables and Acronyms

Symbol Variable Units

A assimilation rate for COኼ mg mዅኼ sዅኻ
A ratio of the entrainment to surface kinematic buoyancy

fluxes
[-]

advፂፎኼ advection of COኼ into the ML ppm sዅኻ
adv፪ advection of specific humidity into the ML kg kgዅኻ sዅኻ
adv፮ advection of longitudinal wind into the ML m sዅኻ sዅኻ
adv፯ advection of latitudinal wind into the ML m sዅኻ sዅኻ
adv᎕ advection of heat into the ML K sዅኻ
a፝ regression coefficient to calculate the ratio between the leaf

and external COኼ concentration
[-]

A፦,፦ፚ፱ maximum assimilation rate for COኼ mg mዅኼ sዅኻ
A፦,፦ፚ፱,ኼዃዂ maximum assimilation rate for COኼ at 298 K mg mዅኼ sዅኻ
𝛼 albedo [-]
𝛼ኺ initial low light conditions use efficiency for COኼ mg Jዅኻ
𝛽 entrainment ratio for virtual heat [-]
CG፬ፚ፭ saturated soil conductivity for heat [-]
COኼ Carbondioxide concentration ppm
c፥።፪ fraction of vegetation covered in liquid water [-]
c፩ heat capacity J K−1
Cፒ drag coefficient for scalars [-]
c፯፞፠ fraction of area covered in vegetation [-]
C1፬ፚ፭ parameter to calculate top layer soil moisture tendency [-]
C2፫፞፟ parameter to calculate top layer soil moisture tendency [-]
div(U) large scale wind divergence m sዅኻ
dF፳ cloud top radiative divergence W mዅኼ

D፬ leaf level vapor pressure deficit Pa
ΔCOኼ jump in COኼ at the inversion layer ppm
Δq jump in specific humidity at the inversion layer kg kgዅኻ
Δqፑፋ jump in specific humidity between BL and RL K
Δrፚ imposed forcing on rፚ s mዅኻ

Δu jump in longitudinal wind velocity at the inversion layer m sዅኻ
Δv jump in latitudinal wind velocity at the inversion layer m sዅኻ
Δ𝜃 jump in potential temperature at the inversion layer K
Δ𝜃ፅፓ jump in potential temperature from BL to FT K
Δ𝜃ፑፋ jump in potential temperature from BL to RL K
E evapotranspiration kg mዅኼ sዅኻ
eፚ atmospheric vapor pressure Pa
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eፚ,፬፮፫፟ፚ፜፞ atmospheric vapor pressure at the surface Pa
e፬ፚ፭ saturation vapor pressure Pa
eፒፋ,፭፨፩ atmospheric vapor pressure at the top of the surface layer Pa
f፜ Coriolis parameter m sዅኻ
fኺ maximum value of the ratio between the leaf and external

COኼ concentration
[-]

f(w) soil moisture stress function [-]
g gravitational acceleration m sዅኼ
G ground heat flux W mዅኼ

g፝ correction factor transpiration for VPD for high vegetation [-]
g፦ mesophyll conductance m sዅኻ
g፦,ኼዃዂ mesophyll conductance at 298 K m sዅኻ
g፦።፧,፜ minimum cuticular conductance mm sዅኻ
g፬ canopy conductance m sዅኻ
𝛾ፂፎኼ free troposphere lapse rate for COኼ ppmዅኻ mዅኻ

𝛾፪ free troposphere lapse rate for specific humidity kg kgዅኻmዅኻ

𝛾፪,ፅፓ free troposphere lapse rate for specific humidity kg kgዅኻmዅኻ

𝛾፪,ፑፋ residual layer lapse rate for specific humidity kg kgዅኻmዅኻ

𝛾፮ free troposphere lapse rate for longitudinal wind velocity m sዅኻ mዅኻ

𝛾፯ free troposphere lapse rate for latitudinal wind velocity m sዅኻ mዅኻ

𝛾᎕ free troposphere lapse rate for potential temperature K mዅኻ

𝛾᎕,ፅፓ free troposphere lapse rate for potential temperature K mዅኻ

𝛾᎕,ፑፋ residual layer lapse rate for potential temperature K mዅኻ

Γ CO2 compensation concentration mg mዅኽ

h mixed-layer height m
hፅፓ height at which the free troposphere starts m
hፑፋ height at which the residual layer starts m
hፒፋ,፭፨፩ height of the top of the surface layer m
H sensible heat flux W mዅኼ

K፱ extinction coefficient PAR [-]
L Obukhov length m
LAI leaf area index [-]
L።፧ incoming longwave radiation W mዅኼ

L፨፮፭ outgoing longwave radiation W mዅኼ

L፯ latent heat of vaporation J kgዅኻ
L፯E latent heat flux W mዅኼ

L፯E፥።፪ latent heat flux for evaporation of intercepted water W mዅኼ

L፯E፬፨።፥ latent heat flux for evaporation of soil water W mዅኼ

L፯E፯፞፠ latent heat flux for transpiration from plants W mዅኼ

Λ thermal conductivity skin layer [-]
P pressure Pa
Pኺ reference pressure; in this study: surface pressure Pa
P፬ surface pressure Pa
PAR photosynthetically active radiation W mዅኼ

q specific humidity kg kgዅኻ
q፥ liquid water content kg kgዅኻ
q፬ surface specific humidity kg kgዅኻ
q፬ፚ፭ saturation specific humidity kg kgዅኻ
q፬ፚ፭,፬፮፫፟ፚ፜፞ saturation specific humidity at the surface kg kgዅኻ
q፯ vapor content kg kgዅኻ
𝑞 mixed layer specific humidity kg kgዅኻ
Q* net radiation W mዅኼ

Q10ፀ,፦,፦ፚ፱ function parameter to calculate maximal primary produc-
tivity

[-]

Q10ፂፎኼ function parameter to calculate CO2 compensation [-]
rፚ aerodynamic resistance s mዅኻ
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R፝ gas constants of dry air J kgዅኻ Kዅኻ
R፯ gas constants of water vapor J kgዅኻ Kዅኻ
r፬ canopy resistance s mዅኻ

r፬,፬፨።፥ minimum soil resistance s mዅኻ

r፬፨።፥ soil resistance s mዅኻ

𝜌 air density kg mዅኼ

𝜌፰ liquid water density kg mዅኼ

s slope of the saturation curve Pa Kዅኻ
S።፧ incoming shortwave radiation W mዅኼ

S፨፮፭ outgoing shortwave radiation W mዅኼ

T temperature K
Tፚ air temperature K
T፬ surface temperature K
Tፒፋ,፭፨፩ temperature at the top of the surface layer K
Tኻፀ,፦,፦ፚ፱ reference temperature to calculate maximal primary pro-

ductivity
K

Tኻ፠፦ reference temperature to calculate mesophyll conductance K
Tኼፀ,፦,፦ፚ፱ reference temperature to calculate maximal primary pro-

ductivity
K

Tኼ፠፦ reference temperature to calculate mesophyll conductance K
Tኼ፦ temperature at 2 m K
𝜃 potential temperature K
�̄� ML temperature K
𝜃ፚ atmospheric potential temperature K
𝜃፬ surface potential temperature K
𝜃ፒፋ,፭፨፩ temperature at the top of the surface layer K
𝜃፯ virtual potential temperature K
u wind speed in the longitudinal direction m sዅኻ
U absolute wind speed m sዅኻ

𝑢ᖣ𝑤ᖣ turbulent momentum flux in the zonal direction mኼ sዅኼ
u∗ surface friction velocity m sዅኻ
v wind speed in the latitudinal direction m sዅኻ

𝑣ᖣ𝑤ᖣ turbulent momentum flux in the meridional direction mኼ sዅኼ
VPD vapor pressure deficit Pa
w፞ entrainment velocity m sዅኻ
w፟፜ field capacity volumetric water content [-]
w፬ velocity of large-scale subsidence m sዅኻ
w፬ፚ፭ saturated volumetric water content [-]
w፰።፥፭ wilting point volumetric water content [-]
W፥።፪ equivalent water layer depth for wet vegetation m
W፦ፚ፱ thickness of water layer on wet vegetation m
𝑤ᖣ𝜃ᖣ heat flux K m sዅኻ

𝑤ᖣ𝜃ᖣ፯ kinematic buoyancy flux K m sዅኻ

(𝑤ᖣ𝜃ᖣ፯)፞ entrainment kinematic buoyancy flux K m sዅኻ

(𝑤ᖣ𝜃ᖣ፯)፬ surface kinematic buoyancy flux K m sዅኻ

𝑤ᖣ𝑞ᖣ moisture flux kg kgዅኻ m
sዅኻ

zኺ፡ roughness length for scalars m
zኺ፦ roughness length for momentum m



52

Acronym Meaning

AERI Atmospheric Emitted Radiance Interferometer
BL boundary Layer
COኼ Carbondioxide
C3 plant classification based on assimilation path of COኼ for photosynthe-

sis, 3-phosphoglycerate is the first product
EC Eddy Covariance
ET evapotranspiration
FT free troposphere
ICOS Integrated Carbon Observation Site
IOP(s) intensive observation period(s)
JOYCE Jülich Observatory for Cloud Evolution
ML mixed-layer
PAR photosynthetically active radiation
RL residual layer
SL surface layer
SM soil moisture
SPAC Soil-Plant-Atmosphere Continuum
UTC Coordinated Universal Time
VPD vapor pressure deficit



D
Addendum to the Conceptual Model

To derive the conceptual model for ET (described by Equation 1.12 in Chapter 1.2.2), several
assumptions are made. The first term of Equation 1.8 is neglected based on the observations
for 7 May 2018, when H is small compared to L፯E (black symbols in Figure 3.2b) - with
the diurnal maximum of H being less than 5% of the L፯E maximum. However, this low
H is observed due to specific conditions generating an oasis effect at the measurement site,
whereas for extended homogeneous surfaces H generally is of the same order of magnitude as
L፯E, even for well-watered vegetation in full growth. As such, the derivation of the conceptual
model for ET from Equation 1.8 poses two problems:

• The key driver of ET is the available energy, which is dominated by Q*. However, the
conceptual model for ET suggests a cause-consequence relation between ET and VPD.
This is incorrect, as VPD itself also is a consequence of Q*, and therefore ET and VPD
are merely correlated, and only to some extent.

• The diurnal maximum of VPD has a time delay with respect to the maximum of Q* -
and consequently also with respect to the maximum of L፯E. This time delay - that is
set by the varying storage of heat in the evolving BL. The existence of this time delay
inherently sets the first order effect of ET-VPD hysteresis, where the extent of the time
delay sets the hysteresis magnitude, as also demonstrated by Zhang et al. (2014).

Therefore the conceptual model neglects the first order effect for the onset and magnitude
of ET-VPD hysteresis, and its interpretive power is limited. Having said that, under similar
climatic and surface circumstances, the ET-VPD time lag will remain approximately the same.
Hence the model can still be used to demonstrate how a diurnal evolution of r፬ - and to a
lesser extent rፚ - adds to the basic hysteresis effect. Hence it can be concluded that ET-VPD
hysteresis is a compound effect of the Q*-VPD time lag and of the relative diurnal courses of
r፬ and rፚ.

Secondly, to demonstrate variations in hysteresis shape, rፚ and r፬ are assumed constant
throughout the day; where the magnitude of r፬ only increases in the afternoon due to stress
in terms of temperature, VPD, or soil moisture availability. However, under the conditions of
the reference case Figure 3.7 shows a clear diurnal course for both resistances: rፚ is driven
by variations in wind and atmospheric stability, while the behaviour for r፬ is dominated by
the diurnal cycle of PAR. This finding opposes the constant value assumption. Nevertheless,
however simplified the behaviour of the variables in the model is, the impact of strong vari-
ations in the resistances and VPD can still be evaluated conceptually, as in shown in the
discussions in Chapters 1.2.2, 3.3.1, 3.3.4, and 3.3.5.
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