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Summary

Excess nitrogen deposition not only leads to environmental damage, but there are also

serious political and societal consequences when reduction measures fail, as demonstrated

by the Dutch nitrogen crisis. Deposition of atmospheric ammonia (NH3) plays a key role,

as it accounts for three-quarters of all nitrogen deposition in the Netherlands. Atmospheric

NH3 is governed by a wide range of processes and scales, spanning multiple disciplines,

such as meteorology, biology and chemistry. The scales involved range from long-range

transport driven by meteorological processes at the synoptic scale (1000 km) or the day

and night cycle of the atmospheric boundary layer (1 - 2 km), down to dry deposition at

field scale (100 - 1000 m) or the formation of aerosols (≈ 10 µm).

Taking measurements of NH3 deposition is a notoriously difficult endeavor, as the gas

tends to “stick” to inlet surfaces. This reactive nature of NH3 also leads to fast removal

of atmospheric ammonia through (dry) deposition and aerosol formation. The short

atmospheric lifetime (1 - 2 days), combined with heterogeneously distributed emission

(point) sources with a wide range of emission rates, results in high spatial variability in both

the NH3 concentration and flux. While current measurement and modeling frameworks

are well suited to monitor NH3 at long time scales (months to years) and at regional

scales (10 - 100 km), there still are significant challenges in both high-frequency (time)

observations and high-resolution modeling (sub-kilometer) of NH3 concentrations and dry

deposition.

In this thesis, we aim to investigate the relationships of these processes and scales which

govern the diurnal variability of ammonia. We introduce and apply a new comprehensive

approach, including representations of the processes governing the NH3 budget, to advance

the interpretation of NH3 observations and to improve modeling of ammonia surface-

atmosphere exchange. We introduce and apply a new comprehensive approach, including

representations of the processes governing the NH3 budget, to advance the interpretation

of NH3 observations and to improve modeling of ammonia surface-atmosphere exchange.

To this end, we combine advanced instruments, measuring both the NH3 concentration and

flux, with conceptual models and explicitly resolved turbulent simulations at field-scale.

With our focus on interpretation of observations, it is our goal to translate the theoretical
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concepts from fields like high-resolution atmospheric modeling or plume dispersion, to

practical applications for the measurement and decision-making community.

Chapter 2 aims to identify and quantify the individual contributions of key processes to

the diurnal variability of atmospheric NH3, including chemical aerosol formations and the

observed surface deposition. To this end, we combine high-resolution optical measurements

of the Differential Optical Absorption Spectroscopy (DOAS) flux measurement setup at the

Veenkampen meteorological site (NL) with a conceptual boundary-layer model, focusing

on clear-sky convective conditions. By prescribing the observed NH3 flux to the conceptual

model, characterized by strong deposition in the late afternoon, we are able to reproduce

the observed NH3 variability and identify the processes driving the NH3 budget. We find

that the variability of atmospheric NH3 in the morning is mainly governed by entrainment

of ammonia-low air from the free troposphere, while the afternoon is driven by both the

surface-atmosphere exchange and regional NH3 advection. Special emphasis is placed on

the surface-atmosphere exchange in this Chapter. We identify a mismatch between the

observed and parameterized NH3 flux at subdaily scales, particularly in the regulation by

plants throughout stomatal exchange.

Chapter 3 continues the study of the NH3 surface-atmosphere exchange, with special

emphasis on stomatal exchange. We aim to relate the NH3 flux to the observed stomatal

exchange of CO2 and water vapor. The study is centered around high-resolution measure-

ments of the newly developed miniDOAS NH3 flux measurement setup, the successor of

the DOAS setup of Chapter 2, taken at the Ruisdael Observatory at Cabauw (NL). We

are able to link observed NH3 fluxes, characterized by daytime NH3 emission, to stomatal

exchange. However, the analysis is hampered by the complex conditions at the Ruisdael

Observatory, located only 50 km west of Veenkampen. The (NH3) characteristics at the

site strongly differ from semi-natural grassland at Veenkampen, characterized by intensely

managed and grazed agricultural grassland and several emission sources in close proximity

to the site. These highly heterogeneous NH3 surface characteristics result in at least

one nearby emission event being identified in the observations. Despite the challenging

conditions, we do find high correlation between the observed NH3 flux and the observed

latent heat flux, as well as to solar radiation. The comprehensive approach presented

in this Chapter shows the potential of combining high-quality NH3 observations with

auxiliary flux measurements of CO2, water vapor and other meteorological variables.

Chapter 4 investigates how nearby NH3 emission sources affect measurements of NH3

concentration and flux. To this end, we develop a high-resolution (20 x 20 x 5 m3) turbulent

resolved simulation framework based on the Dutch Atmospheric Large-Eddy Simulation

(DALES) model, including realistic representations of each of the processes governing

the NH3 budget. Using the simulation framework, we are not only able to simulate the

turbulent dispersion of emitted NH3, but we also distinguishing between the emitted NH3

and the background concentration. A new concept is introduced, the blending distance,
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describing the distance at which the emission plume is considered well-mixed with respect

to the background NH3 concentration. By performing a suite of numerical experiments,

we quantify the blending distance for a wide range of meteorological and NH3 conditions.

Here, we find that an emission plume impacts observations at distances of 0.5 – 3.0 km for

NH3 concentration measurements, and 1 – 4.5 km for flux measurements.

Chapter 5 expands upon the concept of blending distance, as we study the sensitivity of

the blending distance to changes in the turbulent dynamics of the atmospheric boundary

layer. First, we simulate the arrival of a mesoscale sea-breeze front, represented by large-

scale forcing terms of cold and humid air. Next, the diurnal variability of the blending

distance is studied. Finally, we perform two numerical experiments in which more than one

meteorological and/or NH3 processes is varied, studying potential non-linear interactions.

Based on these new numerical experiments, we find the blending distance to be highly

sensitive to NH3 fluctuations and boundary layer stability. The transition from an unstable

to a stable boundary layer leads to a strong reduction in the blending distance, but changes

in turbulent characteristics of an already unstable boundary layer has little impact. The

blending distance is most sensitive to changes in the NH3 fluctuations through turbulent

mixing of air masses with different NH3 characteristics. Through entrainment, pockets of

ammonia-low free-tropospheric air can reach the surface, enhancing fluctuations in the

background NH3 and reducing the blending distance for concentration measurement, or

increasing the blending distance for flux measurements.

The wide range of processes, scales and disciplines affecting atmospheric ammonia requires

an integrated approach at high spatio-temporal resolutions, as presented in this thesis.

With the recent advances in both high-resolution measurements of the NH3 concentration

and flux, as well as the use of turbulent resolved models, this level of detail can now be

achieved. Moving forward, we suggest to expand the simulation framework presented

in this thesis with dynamic representation of the surface-atmosphere exchange and gas-

aerosol transformations. These efforts should be incorporated into the Ruisdael TestBed,

which almost continuously combines observations and simulations of the meteorological

conditions in the Netherlands at 100 m resolution. Furthermore, the results presented

in this thesis indicate that stomatal exchange of NH3 is not yet fully understood and

that the parameterization of the stomatal compensation point needs to be revisited to

improve the performance at subdaily scales. Recent developments in advanced instru-

mental techniques for NH3 flux measurements, like the miniDOAS NH3 flux setup, allow

for such in-dept parameterization studies in the near future. We believe that such a

measurement approach should include representation of all processes governing the NH3

diurnal variability, supported by atmospheric models and a wide range of observations

of meteorological variables and trace gasses (e.g. CO2). With the lessons learned in this

thesis and the recent developments in both the use of advanced instrumental techniques

and high spatio-temporal simulations, we are taking research on atmospheric ammonia to

a higher level of quantification and detail.
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Chapter 1

Introduction



2 Introduction

1.1 The challenge in context

Sustainable food production becomes increasingly important as the human population

increases. With the increased demand, it is important to maintain balance between

efficiency and the environmental impact of agricultural activity. The environmental impact

ranges from the use of pesticides, to the emission of greenhouse gasses and reactive

nitrogen (Duxbury, 1994; Erisman et al., 2003; McAllister et al., 2011; Stavi and Lal,

2013). While nitrogen is an essential nutrient for the growth of plants, acting as a fertilizer,

excess deposition of reactive nitrogen leads to significant environmental damage through

ecosystem acidification and eutrophication, leading to a loss of biodiversity (Erisman and

Schaap, 2004; Sutton and Bleeker, 2013; Sutton et al., 2008). Deposition can occur through

direct exchange between the atmosphere and surface (vegetation), i.e. dry deposition, or

reactive nitrogen species can be captured by rain droplets, i.e. wet deposition (Asman,

1995; Behera et al., 2013; van Zanten et al., 2017).

In the atmosphere, reactive nitrogen mainly consists of nitrogen oxides (NOx), originating

mainly from combustion processes, and ammonia (NH3), primarily originating from

agricultural activity like livestock husbandry and manure application (Erisman et al., 2011;

Erisman et al., 2003; van der Hoek, 1998; Wichink Kruit et al., 2017). Additionally, gaseous

NH3 can form fine particles through chemical reactions, ammonium (NH4
+) aerosols, which

can directly affect human health (Brunekreef and Holgate, 2002; Erisman et al., 2013;

Seaton et al., 1995; Smit and Heederik, 2017). As a result, policies are implemented

aiming to mitigate the harmful effects of excesses of atmospheric nitrogen, especially in

densely populated and highly agricultural areas like the Netherlands, as well as regions all

across the world with intensive livestock farming, e.g. North-West Germany, the province

of Lerida in Spain, the state of North-Carolina in the USA or the Hai River Basin in

China.

The current situation in the Netherlands shows that there are serious societal consequences

when these mitigation attempts are ineffective. The country is currently in the midst of a

so called nitrogen crisis (Stokstad, 2019). In May 2019, the highest administrative court of

the Netherlands ruled that the policies meant to mitigate the harmful effects of nitrogen

deposition were insufficient, as nitrogen deposition in 118 out of 162 Dutch protected

natural areas (Natura 2000 areas) exceeds ecological risk thresholds. With this ruling,

the court struck down the system for receiving a permit for projects which includes any

form of nitrogen pollution, blocking plans for farm expansions, as well as the construction

of homes, roads and airport runways. Additionally, a significant reduction in nitrogen

emissions is required to allow these natural areas to recover. The high court decision led

to significant economic damage, as well as serious political and social unrest.

Ammonia plays a key role in this crisis. The Netherlands is one of the hot spots for

high NH3 concentrations in Europe (Wichink Kruit et al., 2012). Ammonia deposition



1.1 The challenge in context 3

N
H

3
co

n
ce

n
tr

at
io

n
 [

µ
g

/m
3
]

N
H

x
d

ry
 d

ep
o

si
ti

o
n

 [
m

o
l/

h
a]

a) b)

Veenkampen
Cabauw Cabauw

Veenkampen

Figure 1.1: The modeled 2020 yearly average NH3 concentration (a) and NHx dry deposition

(b) in the Netherlands. The dots represent the locations of the existing measurement sites

(black), proposed sites (red), and the sites currently in development (blue), as well as the

measurement sites which are the focus of this thesis; Veenkampen (purple) and the Ruisdael

Observatory at Cabauw (orange). (Wichink Kruit et al. (2021), modified)

accounts for about three-quarters of all nitrogen deposition in the country (RIVM et al.,

2019; Wichink Kruit and van Pul, 2018). As ammonia mainly originates from agricultural

activity, Dutch agricultural sector is the largest contributor to the total nitrogen deposition

at about 44%, followed by deposition of nitrogen originating from outside the Netherlands

at about 36%, ”other” sources at 6.9% and road traffic at 6.7% (Hoogerbrugge et al., 2021;

van der Maas et al., 2021).

Starting in the early 1990, the Dutch National Institute for Public Health and the

Environment has been operating an automated network of hourly NH3 concentration

measurements to monitor the effect of Dutch policies meant to reduce emissions, which is

run alongside the Dutch National Air Quality Monitoring Network (LML) (Buijsman et al.,

1998; van Zanten et al., 2017). Figure 1.1 shows the locations of NH3 measurement sites

of the network in 2021, from here referred to as the LML. The locations of the sites are

shown on top of a map showing the modeled yearly average NH3 concentration (Fig. 1.1a)

and dry deposition (Fig. 1.1b) of ammonia and ammonium (NHx) for 2020. Additionally,

Fig. 1.1 shows the locations of the two meteorological measurement sites which are the

focus of this thesis; Veenkampen, operated by Wageningen University (https://www.wur.

nl/en/show/Weather-Station-De-Veenkampen.htm), and the Ruisdael Observatory at

Cabauw, operated by the Royal Netherlands Meteorological Institute (KNMI) (https:

//ruisdael-observatory.nl/cabauw/).

Concentration measurements are taken at six stations, shown black in Fig. 1.1a, with two

new upcoming stations shown in red. Each station is equipped with a state-of-the-art

optical miniDOAS instrument (Differential Optical Absorption Spectroscopy), measuring
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30 minute average NH3 concentrations (Berkhout et al., 2017; Wichink Kruit et al., 2021).

Measurements of NH3 dry deposition are taken at the locations shown in Fig. 1.1b. Here,

the COnditional Time-Averaged Gradient (COTAG) system is used to measure the monthly

average NH3 dry deposition (Famulari et al., 2010; Stolk et al., 2014). Currently, there are

only three operational measurement sites (black), but the network is being expanded with

two more sites that are currently in development (blue) and preparations are being made

for five additional measurement sites (red) (Wichink Kruit et al., 2021).

Furthermore, ammonia wet deposition is measured at 10 sites (not shown), with two

new measurement locations being currently in development (van Zanten et al., 2017;

Wichink Kruit et al., 2021). In addition to the ammonia network at the LML stations,

the Measuring Ammonia in Nature (MAN) network began operation in 2005 (Lolkema

et al., 2015; Noordijk et al., 2020). The MAN network uses commercial passive samplers

providing monthly average NH3 concentrations at 255 locations in 86 Natura 2000 nature

reserves and will be expanded with 10 new locations in rural areas and 9 new locations in

urban areas (Wichink Kruit et al., 2021).

All these measurements together form one of the densest networks for observations of

atmospheric NH3 and NH3 deposition in the world, especially with the additions of the new

measurement locations. The networks provide sufficient spatial coverage of the Netherlands,

ranging from coastal areas, to rural areas, to natural reserves, as well as locations with

varying levels of NH3 concentration and deposition, as shown in Fig. 1.1 for the LML

stations.

This high level of coverage is essential for the two main purposes of the NH3 measurement

networks: monitoring and model validation (van Pul et al., 2004; Wichink Kruit et al.,

2020). In the Netherlands, NH3 concentrations and deposition are modeled using the

Operational Priority Substances (OPS) model (Sauter et al., 2018; van Jaarsveld and

de Leeuw, 1993). OPS models emission, dispersion, transport, chemical conversion and

deposition of atmospheric pollutants over the Netherlands at a chosen spatial resolution,

e.g. 1 x 1 km2. Ammonia dry deposition is estimated in the OPS model using the

state-of-the-art DEPosition of Acidifying Compounds (DEPAC) module (Schrader et al.,

2016; van Zanten et al., 2010; Wichink Kruit et al., 2010b).

The modeled concentration and deposition values of Fig. 1.1a and 1.1b highlight one of

the major challenges of atmospheric NH3. Both maps show high spatial variability, with

localized hot spots of high concentration or deposition, e.g. in the east. This spatial

variability in the NH3 deposition is exemplified in Fig. 1.2, which shows the observed NH3

exchange at both Veenkampen and Cabauw sites. Despite being located only 50 km apart,

as shown in Fig. 1.1, the observations at Cabauw are dominated by daytime emission,

while strong afternoon deposition is observed at Veenkampen.

This high variability is the result of several interacting processes, spanning multiple

disciplines and acting on different spatio-temporal scales. Strong local emission sources
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Figure 1.2: The observed NH3 fluxes at Veenkampen (purple) for clear-sky convective

conditions, taken from May to August 2013, and Cabauw (orange), taken in September 2021.

The shaded area represents the 10 and 90 percentile of all the filtered observations for each

location.

as a result of agricultural activity leads to a high level of (surface) heterogeneity. Once

emitted, atmospheric NH3 is affected by meteorological processes, e.g. changes in wind

direction and turbulent dispersion. The highly reactive gaseous NH3 has a short lifetime

of about a single day, much shorter than that of nitrogen oxides (Adams et al., 1999;

Erisman et al., 2007; Galloway et al., 2003).

Ammonia is removed from the atmosphere through multiple processes. The main removal

mechanism of atmospheric NH3 is dry deposition. Here the gas directly interacts with

the (vegetated) surface. It is an ecophysiological process acting at field scale in which

(vertical) turbulent mixing plays a key role. A second mechanism is wet deposition, where

gaseous NH3 is captured by water droplets, like rain or fog. Finally, there is the chemical

transformation to form fine aerosols, a few micrometers in size. This mechanism can go

in both directions, as some aerosols can evaporate again, depending on temperature and

relative humidity.

All these processes affecting gaseous NH3 at subdaily timescales make studying atmospheric

ammonia and dry deposition a multi-scale and multi-process problem. Taking high-

frequency NH3 observations is particularly challenging, as gaseous NH3 has a tendency

to stick to inlet surfaces or tubing of measurement instruments, causing a delay in the

concentration measurements (Parrish and Fehsenfeld, 2000). Additionally, observations of

the NH3 concentration can be contaminated by gaseous NH3 from evaporating aerosols

(Mozurkewich, 1993; Stelson and Seinfeld, 1982). These problems pose a significant

challenge for high-frequency measurements (e.g. 30 minute) of ammonia dry deposition,

where high precision is particularly important (Nemitz et al., 2004a; von Bobrutzki et al.,

2010; Whitehead et al., 2008).
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While the current measurement and and modeling frameworks are well suited to monitor

NH3 at long time scales (months to years) and at regional scales (10 - 100 km), there is still

are significant challenges in both high-frequency (time) observations and high-resolution

modeling (sub-kilometer) of NH3 concentrations and dry deposition to better understanding

the processes governing the atmospheric NH3 budget and its diurnal variability. In this

thesis, we aim to investigate the relationships of these processes and scales which govern

the diurnal variability of ammonia. We introduce and apply a new comprehensive approach

to advance the interpretation of NH3 observations and to improve modeling of ammonia

surface-atmosphere exchange. To this end, we combine advanced instruments, measuring

both the NH3 concentration and exchange flux, with conceptual models and explicitly

resolved turbulent models. With our focus on interpretation of observations, it is our goal

to translate the theoretical concepts, from fields like high-resolution atmospheric modeling

or plume dispersion, to practical applications for the measurement and decision-making

community.

Following this approach, we aim to answer the overarching research question of this thesis:

What processes and scales control the ammonia diurnal variability over Dutch grassland?

Why are Cabauw and Veenkampen so different?

1.2 Processes and scales

1.2.1 The role of atmospheric processes

Once emitted, NH3 enters the atmosphere and is transported and mixed with the back-

ground NH3, influenced by the changing conditions of the atmosphere, i.e. the weather at

all scales. Wind speed and direction determine area affected by the emission plume, as

these variables govern the main mechanism for transport of atmospheric pollutants. Other

meteorological variables influence the (wet) deposition and chemical conversion rates of

atmospheric NH3, like temperature, humidity or clouds, which affect the available energy

from (solar) radiation and can lead to rain. These (local) meteorological conditions are

driven by meteorological processes acting on a wide range of scales.

At the largest scale, the synoptic scale (order of 1000 km), there is the formation of high

and low pressure systems. As the wind swirls from high pressure systems towards low

pressure systems, these synoptic-scale processes are driving the wind speed and direction

at the surface. Furthermore, these pressure systems lead to changes in weather conditions,

as high pressure systems are commonly associate with light winds and clear skies, while

low pressure systems are characterized as windy and cloudy, with possible rain or even

storms. These large-scale processes are driving weather phenomena in the so-called free

troposphere layer, occurring at a smaller scale, i.e. the mesoscale (5 - 1000 km). Such

mesoscale processes include phenomena like (rain) fronts (100 - 1000 km), sea breeze (10 -

100 km) and large thunderstorms (5 - 10 km).
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In modeling all these scales, there is always a trade-off between cost efficiency and the level

of detail at which processes are represented. The large-scale meteorological processes are

typically well represented by operational (chemical) transport models. More specifically

for NH3, three representative examples are the aforementioned OPS model (Sauter et

al., 2018), the LOng Term Ozone Simulation EURopean Operational Smog (LOTOS-

EUROS) model (Manders et al., 2017; Schaap et al., 2008) or the European Monitoring

and Evaluation Programme (EMEP) model that deals with acid deposition, tropospheric

ozone and particles in Europe (Simpson et al., 2012). These models operate at spatial

resolutions ranging from 1 to 50 km and temporal resolutions of days to months. Smaller

scale processes, acting on scales similar or smaller as the model resolution, need to be

represented by mathematical descriptions that require parameters. Such descriptions are

called parameterizations.

1.2.2 The role of day-by-day turbulence

The free troposphere is connected to the surface through the atmospheric boundary layer

(ABL), also known as the mixed layer. From here on, the large-scale processes described

above function as boundary conditions for the evolution of the ABL, as we focus on

surface-atmosphere interactions at field level (10 m - 10 km). The ABL is defined as the

layer that is directly influenced by the surface. This layer therefore experiences a clear

diurnal cycle, as the surface responds to changes in (solar) radiation (Moene and Van

Dam, 2014; Vilà-Guerau de Arellano et al., 2015).

The surface-atmosphere exchange is governed by the available energy from (solar) radiation

and heat stored in the ground. During the day, this energy heats up the surface and

is released into the atmosphere, partitioned between the transfer of heat (sensible heat

flux) and the evaporation of water (latent heat flux). The increase in temperature and

humidity reduces the density of near-surface air, causing it to rise, creating instability.

The rising plumes of warm and humid air are accompanied by downdrafts, dictated by the

conservation of mass, transporting cold and dry air from aloft towards the surface, after

which the process is repeated. The rising air form turbulent eddies (10 - 100 m) that can

group together to form thermal plumes (i.e. large-eddies), which can reach sizes similar to

the height of the boundary layer (1 - 2 km). This process is called convection, or buoyancy

induced turbulence, and it plays a key role in both the vertical mixing of thermodynamic

characteristics of the ABL and the dispersion of trace gasses, e.g. NH3.

In absence of dominant synoptic situations, it is through convection that the ABL experi-

ences a clear diurnal cycle, shown in Fig. 1.3. Just before sunrise, the available energy

from radiation and the heat stored in the soil is insufficient so start convection. As a

result, the ABL is shallow, i.e. only a couple hundred meters high. Little to no mixing

occurs and the ABL is stably stratified. As the sun rises, the available energy increases

and the turbulent mixing through convection starts. Now, in what is called an unstable,
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Figure 1.3: A schematic representation of the temporal evolution of the atmospheric boundary

layer (Source: Vilà-Guerau de Arellano et al. (2015))

or convective boundary layer, the ABL will rapidly grow until the air at the top is in

equilibrium with the free troposphere, reaching heights of 1 - 2 km, or even up to 4 km in

the tropics. At the top of the ABL, the up and downdrafts lead to exchange of air between

the ABL and free troposphere, a process called entrainment.

During the rapid morning growth of the ABL, two processes can affect the NH3 concentra-

tion. Firstly, the rapid ABL growth increases the entrainment rate of low-ammonia air

from the free troposphere into the ABL, diluting the NH3 concentration. Secondly, as the

ABL height increases, the mixing volume for atmospheric NH3 also increases. As a result,

the NH3 concentration is often observed to decrease as the boundary layer height increases

(Ferrara et al., 2021; Schulte et al., 2021; von Bobrutzki et al., 2010; Wichink Kruit et al.,

2007). At the end of the day, around sunset, the available energy is no longer sufficient to

sustain convective turbulence and the boundary layer collapses. After the collapse of the

ABL, a residual layer can form for multiple hours, as shown in Fig. 1.3, characterized by

weak sporadic turbulence.

Convection is not the only driver of turbulent mixing. There is also shear-induced

turbulence resulting from friction acting on the air flow. This can occur when atmospheric

layers with different wind speeds and direction interact high in the atmosphere, or at the

surface when the airflow passes buildings, trees or even grass. It is possible for a mixed

layer to be maintained by only shear induced turbulence, when driven by sufficiently high

wind speeds. For shear induced turbulence, horizontal mixing is dominant over vertical

mixing, resulting in the ABL being classified as a neutral boundary layer.

Turbulent flows are inherently chaotic and non-linear, making it impossible to be reproduced

in detail. Turbulent eddies are driven by momentum and/or density variations and vary

strongly in size and lifetime. As mentioned before, the largest eddies can reach the size of
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the ABL height (1 - 2 km) and last for over 30 minutes. Over time, these large eddies

break up into smaller eddies, with the smallest spanning only a few centimeters and last

for a couple of seconds.

Due to the chaotic nature, turbulent flows are generally treated in a statistical sense,

based on averages, standard deviations and exchange fluxes. The main method to observe

turbulent exchange fluxes, the eddy-covariance (EC) method, follows such a statistical

approach. The EC method is based on averaging high-resolution measurements of turbulent

fluctuations of the vertical wind speed and a physical quantities like temperature, wind,

water vapor, CO2 or NH3. This is the most direct and most common method to determine

the (vertical) flux of trace gasses, but it does require high-frequency analyzers (>10 Hz).

An alternative to these high-frequency measurements is the flux-gradient method (FG),

where the flux is inferred from observed vertical concentration differences, combined with a

measure of vertical transport (Nemitz et al., 2004a; Swart et al., 2023; Wyers et al., 1993).

The latter method is most common for observing turbulent NH3 exchange, although EC

systems are currently being developed as well, as will be discussed later.

The knowledge on the dynamics of the ABL was gained through a long history of combining

observations with modeling. By reproducing the meteorological observations with models,

we increase our understanding of the processes and interactions between processes in the

ABL. This generally starts with the lowest complexity models, conceptual mixed-layer or

one-dimensional ABL models (Stull, 1988; Tennekes and Driedonks, 1981; Vilà-Guerau

de Arellano et al., 2015). These models are based on simplified, yet physically sound and

well-proven assumptions of the processes governing the evolution of the ABL, like turbulent

mixing. The main advantages of conceptual models are the low operational cost and their

simplicity, making them easy to understand. As a result, these conceptual models are

ideal for developing a conceptual understanding of complex problems or interactions in

the ABL and test the sensitivity to a wide range of meteorological conditions.

The relations developed with conceptual models can be tested, refined and expanded upon

using three-dimensional turbulent resolved simulations (Barbaro et al., 2014; Vilà-Guerau

de Arellano et al., 2011). Here, we make the distinction between modeling techniques, which

still require parameterization, and simulation techniques, where turbulence is explicitly

resolved. These more complex simulation techniques do have a higher computational cost,

at the advantage of a realistic representation of the ABL and turbulent mixing. The most

common types of turbulent resolved simulation techniques are the Large-Eddy Simulation

(LES) technique and the Direct Numerical Simulation (DNS) technique.

Models utilizing LES to resolve turbulent mixing are much more common, as these models

find a balance between operational cost and the level of detail. Nearly all (80 - 95%)

turbulent energy is explicitly resolved in LES models, while eddies smaller than the model

grid are parameterized. As a result, LES models can operate at high spatio-temporal

resolutions (10 - 100 m and 1 - 30 minutes) and domains of similar order of magnitude
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as the resolutions of operational weather or chemical transport models (10 - 100 km).

This makes these simulation technique well suited to focus on the sub-diurnal variability

and study processes and interactions at the subgrid-scale of the large-scale operational

(transport) models. For example, turbulent dispersion of an emission plume is explicitly

resolved using LES models, but this process requires parameterization in large-scale

chemical transport models, e.g. the OPS model uses a Gaussian plume model (Sauter

et al., 2018). In analyzing the data from turbulent resolved simulations, often combined

with in-field observations, we can improve the parameterizations of large-scale (transport)

models.

When comparing model results to meteorological and atmospheric composition mea-

surements, a comprehensive set of (turbulent) meteorological measurements is required.

So-called meteorological supersites, like the Ruisdael Observatory, can provide a long-term

continuous datasets (50 years) of a wide range of meteorological measurements, includ-

ing measurements of radiation, surface fluxes, clouds, trace gasses and measurements of

thermodynamic variables along the 213 m mast (Bosveld et al., 2020).

An alternative for meteorological supersites are temporary measurement campaigns (Holt-

slag et al., 2012; Mangan et al., 2023; Vilà-Guerau de Arellano et al., 2020). Campaigns

encompass a wide range of (labor intensive) measurements tailored towards a specific goal

and offer a unique opportunity for international collaboration. The CloudRoots campaign

is an example of an international collaboration, combining meteorological observations

with detailed measurements at leaf level to study the interactions between vegetation,

atmospheric turbulence and cloud formation (Vilà-Guerau de Arellano et al., 2020).

A new approach of combining observations with models is introduced by the Ruisdael

Observatory project. This national initiative sets out to model the entire Dutch atmosphere

with a high resolution of only 100 meters (Russchenberg et al., 2022). The modeling

effort is supported by a very dense nationwide network of fixed and mobile measurements

spanning multiple ecosystems, like forests, coastal areas and the cities of Rotterdam and

Amsterdam. The wide range of local lessons about weather and climate that can be learned

from such an integrated approach will lead to improvements of operational weather and

air quality models.

1.2.3 Ammonia dispersion above a heterogeneous surface

The Ruisdael project touches upon one of the major challenges in studying the atmospheric

boundary layer: surface heterogeneity. Local differences in the properties of soil and

vegetation characteristics play a key in the evolution and characteristics of the ABL

(Marth, 2000; Van Heerwaarden and Vilà-Guerau de Arellano, 2008). Due to differences

in surface conditions, characterized by variations in the soil and plant characteristics, the

surface-atmosphere exchange can locally lead to very different atmospheric conditions. For

example, there is a noticeable difference in temperature on a warm summer day between



1.2 Processes and scales 11

an urban area and the grassland only hundred meters away (Arnfield, 2003; Heusinkveld

et al., 2014; Oke, 1982; Steeneveld et al., 2011), or between an irrigated crop field and

the bare soil next to it (Boone et al., 2021; Mangan et al., 2023; Vilà-Guerau de Arellano

et al., 2020).

Through turbulent mixing, the different characteristics are mixed within the boundary

layer and the influence of this surface heterogeneity will decrease after a certain height,

called the blending height (Garratt, 1991; Grant, 1991; Marth, 1996). Above this blending

height, it is the combined characteristics of the heterogeneous surface that make up the

well-mixed ABL. Distinguishing between these local and non-local processes with a single

or a few point measurements still remains a challenge for observational studies (Bou-Zeid

et al., 2020; Butterworth et al., 2021; Cuxart et al., 2016; Vilà-Guerau de Arellano et al.,

2020).

With atmospheric ammonia, human activity adds an additional level of complexity to

the challenge of surface heterogeneity. The NH3 surface-atmosphere exchange is typically

governed by the surface characteristics and type of land use, resulting in differences in

the NH3 surface-atmosphere exchange at field scale. Additionally, human activity like

livestock husbandry and manure application, leads to local NH3 emission sources which

are orders of magnitudes larger than natural emission sources, resulting in locally very

large concentration differences (Fowler et al., 1998; Shen et al., 2016; Sommer et al., 2009;

van Pul et al., 2004).

The effects of heterogeneity-induced circulation are difficult to represent well in large-scale

models, because these flows are mostly in the subgrid scale of the models(van Heerwaarden

et al., 2014). High-resolution models are able to explicitly simulate these processes, but

are often limited to an idealized representation of a heterogeneous surface because of the

otherwise very high operational costs (Ouwersloot et al., 2011; Van Heerwaarden and

Vilà-Guerau de Arellano, 2008). Recent efforts to incorporate realistic heterogeneous

surface representations in LES modeling studies show promising results (Heinze et al.,

2017; Schalkwijk et al., 2015) and it is one of the main themes in the aforementioned

Ruisdael Project (van Stratum, 2022). Additionally, describing emission plumes based

on field observations remains a challenge to this day (Mylne and Mason, 1991; Ražnjević

et al., 2022), but developments in the field of turbulent plume dispersion have resulted

in statistical descriptions of the mixing of emission plumes, e.g. Gaussian plume models,

which are commonly used in chemical transport models (Cassiani et al., 2020; Gailis et al.,

2007; Sauter et al., 2018; Sommer et al., 2009; van der Swaluw et al., 2017).

1.2.4 Removal processes of atmospheric ammonia

The three removal mechanisms of atmospheric ammonia are chemical reactions forming

aerosols, dry deposition and wet deposition, i.e. gaseous ammonia being captured by rain

droplets. Ammonia reacts with a few acid gasses to transform the gasses into ammonium
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aerosol particles. The most common ammonium aerosols are ammonium sulphate and

ammonium nitrate. The latter reaction is reversible, meaning that the solid aerosols can

evaporate, depending on atmospheric temperature and humidity (Behera et al., 2013;

Nemitz et al., 2004a; Tang, 1996). As temperature and humidity changes with height, the

formation and evaporation of ammonium aerosols leads to vertical heterogeneity in the

ABL (aan de Brugh et al., 2012; aan de Brugh et al., 2013; Barbaro et al., 2015).

Concentration measurements of aerosols, including ammonium aerosols, are part of the

LML network, as atmospheric aerosols pose a serious risk to human health (Erisman and

Schaap, 2004; Pöschl, 2005; Smit and Heederik, 2017). However, these are measurements

of the total aerosol concentration and do not distinguish between the different types of

aerosols. Taking measurements of aerosol composition is typically done on a campaign

basis, as these instruments are expensive and labor intensive to operate (Meng et al., 2018;

Rumsey et al., 2014; ten Brink et al., 2009; Thomas et al., 2009).

In models, the chemical gas-aerosol transformations are represented with different levels of

detail. The Dutch OPS model for example, uses a percentage loss per hour to represent the

transformation from gaseous NH3 to ammonium aerosols. A more complex representation is

used in LOTOS-EUROS model, which uses thermodynamic equilibrium chemistry module

to represent both the formation and evaporation of aerosols. However, the model lacks

the level of detail to accurately represent the local heterogeneous effects of the chemical

reactions, due to its large grid size (Manders et al., 2017; Schaap et al., 2008). This level

of detail can be achieved when coupling these thermodynamic chemistry modules to LES

models, as was done by aan de Brugh et al. (2013) and Barbaro et al. (2015).

While aerosol formation plays an important role in the atmospheric NH3 budget, the main

removal process is dry deposition through surface-atmosphere exchange, also known as the

turbulent NH3 flux. The NH3 flux follows three parallel pathways; the stomatal, external

leaf and the soil pathway. The dry deposition process can be simplified as NH3 dissolving

in water on different surfaces, with the main difference between each pathway being the

location of the water (Flechard et al., 1999; Fowler et al., 2009). For the stomatal pathway,

water is located inside the plant, called the apoplast fluid (Farquhar et al., 1980). For the

external leaf and soil pathways, the water is found as a thin film of water and leaf surface

waxes, or as moisture in between grains of soil (Van Hove et al., 1989).

For dense vegetation like grassland, which is the focus of this thesis, the soil is completely

covered by vegetation and exchange through the soil pathway is assumed to be negligible

(van Zanten et al., 2010). Grassland is the dominant land-use type in the Netherlands

(30%) and covers approximately half of all agricultural land in the country, where rotational

grazing is the most common land use (Jacobs et al., 2007; van Jaarsveld et al., 2000). As

a result, most of the NH3 emitted from agricultural activity, the dominant emission source,

is deposited on grassland.
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To estimate the surface-atmosphere exchange of ammonia, a representation of an internal

NH3 concentration is used, i.e. the compensation point. The compensation point can be

estimated for the stomatal and external leaf pathway individually. When the compensation

point is lower/higher than the atmospheric concentration, NH3 deposition/emission takes

place. When there is a concentration difference between the surface and atmosphere,

exchange of NH3 requires turbulent mixing, i.e. transporting the atmospheric ammonia

towards the surface in case of deposition. Without one of these two ingredients, there will

be no exchange of ammonia between the surface and atmosphere.

The efficiency of the NH3 exchange is governed by local meteorological and surface

conditions, as well as the state of the vegetation. For the external leaf path, the most

important variable is thickness of the water film, governed by dew formation, rain and

relative humidity (Flechard et al., 1999; Van Hove and Adema, 1996). The NH3 exchange

through the stomatal pathway is governed by the dynamic response of vegetation to

meteorological conditions.

Vegetation regulates the opening and closing of the stomata (literally ’mouths’) for CO2

uptake (photosynthesis) and to regulate evaporation of water. During the day, the stomata

are open, using part of the solar radiation for photosynthesis. Water evaporates (plant

transpiration) while the stomata are open, depending on the leaf temperature and the

water vapor pressure deficit, i.e. the difference between the moisture the air can hold and

the actual moisture in the air. The plant can regulate the stomatal aperture, closing the

stomata to reduce the loss of water or opening them further to use enhanced evaporation to

lower the leaf temperature. During the night, there is no radiation for photosynthesis and

the stomata close. This allows for a distinction between the stomatal and the external leaf

pathway when performing NH3 flux measurements. While the stomata are only a couple

of micrometers in size, the stomatal response of the vegetation affects the atmospheric

conditions at field scale.

The knowledge of the ammonia exchange through the different pathways is gained through

high-resolution observations of the NH3 surface-atmosphere exchange. The aforementioned

eddy-covariance method is the most direct way to measure surface fluxes and is the golden

standard for (trace) gasses like CO2. However, the EC method requires high frequency (>

10 Hz) and precise concentration measurements, which is particularly challenging for NH3

(Baldocchi et al., 2001; Mauder et al., 2021). Recent developments in using this method

for NH3 measurements are promising, but these instruments are very labor intensive and

often require tubing, making them sensitive to the aforementioned ’stickiness’ of NH3

(Famulari et al., 2005; Moravek et al., 2019; Sintermann et al., 2011; Swart et al., 2023;

Wang et al., 2021; Whitehead et al., 2008).

Historically, the flux-gradient method (FG) has been used to observe the NH3 flux (Erisman

and Wyers, 1993; Nemitz et al., 2004a; Sutton et al., 2009; Wichink Kruit et al., 2007;

Wyers et al., 1993). With this method, there is no need for high-frequency measurements,
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allowing for slower chemical denuder systems to be used (Sutton et al., 2009; Wichink

Kruit et al., 2007; Wyers et al., 1993). Currently, optical systems are more common in

both NH3 concentration and flux measurements, e.g. instruments using the Differential

Optical Absorption Spectroscopy (DOAS) technique (Berkhout et al., 2017; Volten et al.,

2012a). The FG method is limited by the assumptions of the theory describing the relations

between the vertical gradient and turbulent transport, i.e. Monin-Obukhov Similarity

Theory (MOST). By applying MOST, one assumes that the mean turbulent quantities

doe not change in time, do not change in space horizontally (horizontal homogeneity) and

are only affected by processes in the lowest part (10%) of the ABL (Businger et al., 1971;

Moene and Van Dam, 2014; Monin and Obuhhov, 1954). As both the FG and the EC

method operate following different principles, the two methods are complementary. Using

both methods alongside each other can help to validate both systems and advance our

understanding of both methods and the NH3 surface-atmosphere exchange (Swart et al.,

2023).

With these high-resolution observational studies, one can develop parameterizations for

the surface-atmosphere exchange of ammonia. The most common method to parameterize

the process is by using the single-layer or ’big-leaf’ approach (Massad et al., 2010; Wichink

Kruit et al., 2010b; Zhang et al., 2010). Multi-layer models for NH3 exchange have

also been developed (Nemitz et al., 2000), but these are used for more complex canopy

types like crop fields or forests, which are outside the scope of this thesis. Single-layer

models, like the aforementioned DEPAC module (van Zanten et al., 2010), have separate

parameterizations for the NH3 compensation point and the exchange efficiency of each

individual pathway.

The efficiency of stomatal exchange is well studied for CO2 and water vapor, and is based

on meteorological variables (temperature, humidity and radiation), as well as vegetation

type. Common parameterizations are the A-gs (Ronda et al., 2001) or the Jarvis-Steward

approach (Jarvis et al., 1976; Stewart, 1988). Such parameterizations are applied to

describe the efficiency of the stomatal exchange of ammonia. The exchange efficiency

of the external leaf pathway is based on several laboratory and field campaigns, and is

related to the relative humidity (Benner et al., 1992; Sutton and Fowler, 1993; Van Hove

et al., 1989). Validation of large-scale models using the observational networks measuring

atmospheric ammonia do indicate that these parameterizations of the NH3 compensation

points and the exchange efficiencies are sufficiently accurate. However, studies targeting

the accuracy of these parameterizations at the subdaily scale are rare Schrader et al. (2016).

Recent developments in high-frequency NH3 flux measurements for long-term hands-off

monitoring, e.g. the mniniDOAS flux setup, open up new possibilities to evaluate these

parameterizations at both short an long time scales. These new developments which

will certainly lead to advancements in our understanding of the NH3 surface-atmosphere

exchange and improvements to parameterizations.
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1.3 A new approach

In this thesis, we apply and consolidate an integrated approach to study atmospheric

ammonia and the surface-atmosphere exchange, coupling the surface flux to both sur-

face and atmospheric boundary-layer conditions. We take full advantage of the latest

developments in high-resolution optical ammonia measurements, which circumvent the

typical challenges which come with measuring ammonia (Berkhout et al., 2017; Swart

et al., 2023; Volten et al., 2012a). Combining these state-of-the-art observations with both

conceptual (Ouwersloot et al., 2012; Vilà-Guerau de Arellano et al., 2015) and explicit

turbulence models (Heus et al., 2010; Ouwersloot et al., 2017a), allows us to perform

a comprehensive analysis, incorporating all processes and scales relevant to the diurnal

variability of atmospheric ammonia.

The scope of this thesis is visualized in Fig. 1.4. The pictures of the two measurement

sites at Cabauw (Fig . 1.4a) and Veenkampen (Fig. 1.4b), appear to show two very similar

and typical grassland sites. However, both sites are a sharp contrast with regards to NH3

characteristics. The measurements at Veenkampen are taken over semi-natural grassland,

while the Cabauw site is characterized as actively managed agricultural grassland, resulting

in the contrast in the observed flux shown in Fig. 1.2. The two pictures also include

representations of the models employed at both sites. Here, the dashed line showing

the ABL growth in Fig. 1.4b represents a conceptual mixed-layer model applied in

combination with the Veenkampen observations and the 3D grid in Fig. 1.4a representing

a high-resolution LES model centered around Cabauw. The level of detail at which

turbulent mixing can be resolved using the LES model is shown in Fig. 1.4c. This vertical

cross-section shows the entrainment of ammonia-low air from the free troposphere at the

time the ABL just reached its maximum height. The Figure shows downward plumes with

ammonia-low air (purple) from aloft entering the ABL and even reaching the surface. This

entrainment process, and other processes governing the atmospheric ammonia budget, are

shown in a simple schematic in Fig. 1.4d.

We start in Chapter 2 by investigating the diurnal variability of atmospheric ammonia,

placing special emphasis on the surface-atmosphere exchange. The study is centered around

high-resolution optical measurements of the NH3 flux and concentration at Veenkampen,

shown as yellow beams in Fig. 1.4b. The observed NH3 flux over the semi-natural grassland

at Veenkampen is characterized by strong deposition in the late afternoon (purple in Fig.

1.2). Focusing on clear-sky convective conditions, we combine the observed NH3 flux with

a conceptual ABL model to reproduce the observed NH3 concentration. We aim to identify

and quantify the individual contributions of key processes to the diurnal variability of

the NH3 concentration, including chemical aerosol formations and the observed surface

deposition. Additionally, the combination of NH3 flux observations with modeling also

allows us to evaluate the performance of the DEPAC parameterization at the subdaily

scale.
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Figure 1.4: An overview of the scope of this thesis. (a) Shows the Ruisdael Observatory

supersite at Cabauw, characterized by NH3 emissions, including representations of varying

weather conditions, agricultural activity and the 3D model applied at Cabauw. (b) Shows

the Veenkampen site, characterized by deposition, with the optical NH3 flux setup (yellow)

and representations of convective conditions and the mixed-layer model (dashed line) applied

at Veenkampen. (c) Shows a vertical cross-section of the NH3 concentration in the ABL at

noon, simulated at 20 x 20 x 5 m3 resolution. The four main processes governing the gaseous

atmospheric NH3 budget are shown in (d).

With this combination of high-resolution observations and modeling we aim to answer the

sub-question to our main research question: How do the individual processes governing the

ammonia budget contribute to the diurnal variability of atmospheric ammonia?

Closely connecting with the topic of the diurnal variability and the surface-atmosphere

exchange, we analyze NH3 measurements at the Ruisdael Observatory at Cabauw (Fig.

1.4a) in Chapter 3. Despite being located only 50 km west of Veenkampen, the conditions

at Cabauw are a sharp contrast compared to Veenkampen. The area at the Cabauw site

is characterized by intensely managed and grazed agricultural grassland, leading to highly

heterogeneous NH3 surface characteristics. Furthermore, the observations were taken under

varying meteorological conditions, governed by frontal passages, adding an additional layer

of complexity. At Cabauw, the observed NH3 flux is dominated by emissions as shown in

Fig. 1.4d. The observed diurnal cycle of the NH3 flux strongly resembles that of the CO2
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flux. This would indicate towards stomatal exchange for the daytime NH3 emissions, which

is governed by the opening and closing of the stomata for CO2 uptake and evaporation of

water for photosynthesis.

We therefore aim to link the NH3 flux to photosynthesis in Chapter 3 with the following

two sub-questions. What are the relationships between the observed NH3 flux and the CO2

uptake and transpiration by vegetation? Can this understanding help us to improve the

NH3 stomatal exchange parameterization?

The close proximity of NH3 emission sources during the observations in Chapter 3 sparked

questions on the impact of an emission plume on ammonia concentration and flux mea-

surements. There is currently no consensus on a recommended minimum distance between

concentration or flux measurements and NH3 emission sources (EMEP/CCC, 2001; Schaug,

1988; Wichink Kruit et al., 2021). Literature on turbulent plume dispersion also cannot

provide answers, as these studies rarely include chemical and deposition processes, or

study the role of the emission plume relative to a background concentration.

We therefore study the impact of NH3 emissions in proximity of flux and concentration

measurements in Chapter 4. To this end, we develop a high-resolution (20 x 20 x 5

m3) simulation framework centered around the Cabauw supersite (Fig. 1.4a). Using the

simulation framework, we are not only able to simulate the turbulent dispersion of emitted

NH3, but also to isolate the role of the emission plume by distinguishing between the

emitted NH3 and the background concentration. Unique to this simulation framework

is the inclusion of realistic representations of each of the processes governing the NH3

budget shown in Fig. 1.4d. We introduce a new concept, the blending distance, describing

the distance at which the emission plume is considered well-mixed with respect to the

background ammonia. By performing a suite of numerical experiments, we quantify the

blending distance for a wide range of meteorological and NH3 conditions and provide a

first-order estimate of the minimum distance between NH3 observation and strong local

emission sources.

Focusing on the role of local surface heterogeneity in Chapter 4, we set-up the following

sub-question: What is the impact of ammonia surface heterogeneity (e.g. a local emission

source) on ammonia concentration and flux measurements?

In Chapter 5, we address the interplay between boundary-layer dynamics and the ammonia

heterogeneity. Here, we expand upon the previous Chapter by studying the sensitivity of

the blending distance to changes in the turbulent dynamics of the ABL. We start with

studying the response of the blending distance to large-scale meteorological forcing, by

simulating the arrival of a sea-breeze front. Acting at the mesoscale (Section 1.2.1), a

sea-breeze front advects (transports) cooler air with increased humidity, which in turn

changes the turbulent characteristics of the ABL. We follow up by testing the sensitivity

of the blending distance to the diurnal variability, where both atmospheric stability and

boundary-layer growth affect the mixing of NH3 in the ABL. As shown in Fig. 1.4c, the



18 Introduction

strong entrainment resulting from rapid boundary-layer growth can have a significant

impact on the NH3 spatial variability and the blending distance can vary throughout the

day as a result. Furthermore, we study possible non-linear relationships of the blending

distance to scenarios where multiple variables are changed with respect to the reference

experiment presented in Chapter 4.

With the new numerical experiments presented in Chapter 5, we expand our knowledge

and the applicability of the concept of the blending distance. This leads to the final

sub-question: How do changes in the turbulent characteristics, driven by external factors,

affect the impact of an emission plume on ammonia measurements?

Finally, we connect each of the chapters in Chapter 6. In Section 6.1, we first address

each of the sub-questions individually. We then connect the Chapters, as we answer the

overarching research question at the end of Section 1.1. We end this thesis with Section 6.2,

where we present our vision for the future of atmospheric ammonia research, utilizing both

high-resolution ammonia observations and turbulent resolved simulation techniques.
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Unraveling the diurnal atmospheric

ammonia budget of a prototypical

convective boundary layer

This chapter is based on:

R. B. Schulte, M. C. van Zanten, S. Rutledge-Jonker, D. P. J. Swart, R. J. Wichink

Kruit, M. C. Krol, W. A. J. van Pul, and J. Vilà-Guerau de Arellano (2021). “Unraveling

the diurnal atmospheric ammonia budget of a prototypical convective boundary layer”.

Atmospheric Environment 249, 118153. doi: 10.1016/j.atmosenv.2020.118153
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Abstract

We investigate diurnal variability of the atmospheric ammonia (NH3) budget over un-

fertilized grassland by combining observations with a conceptual atmospheric boundary

layer model. Our combined approach of diurnal observations and modeling enables us to

identify the contribution of the four governing processes to the NH3 diurnal cycle: surface-

atmosphere exchange, entrainment, advection and chemical gas-aerosol transformations.

The observations contain new NH3 flux and molar fraction measurements obtained using

the Differential Optical Absorption Spectroscopy (DOAS) remote sensing technique, elimi-

nating problems related to inlet tubing. Using strict filter criteria, 22 days with clear-sky

summer conditions are selected. From this selection, we analyze a single representative day

characterized by prototypical convective boundary layer conditions, using the boundary

layer model constrained by meteorological observations.

We design two numerical experiments to study the NH3 diurnal variability and the

individual contributions of the processes governing the ammonia budget. These experiments

only differ in their representation of the NH3 surface exchange. First, a fitted function

through the observed NH3 flux is prescribed to the model. In the second numerical

experiment, the surface flux is solved following the DEPosition of Acidifying Compounds

(DEPAC) parameterization. With a prescribed surface flux, the modeled NH3 molar

fraction closely fits the observations. Two regimes are identified in the NH3 diurnal cycle:

the morning, where boundary layer dynamics dominate the budget through entrainment,

and the afternoon, where multiple processes are of importance. A similarly close fit to the

observed molar fraction is achieved in the second experiment, but we identify a mismatch

between the observed and parameterized NH3 surface flux. As a result, the model requires

an unrealistic budget representation to achieve this close fit, e.g. high free tropospheric

NH3. Our findings on the NH3 budget, based on integrating modeling and observations,

paves the way for future research on the NH3 surface-atmosphere exchange at the subdaily

scales.
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2.1 Introduction

It is well established that excess nitrogen deposition leads to acidification and eutrophication

of soils; threatening biodiversity (Bobbink et al., 2003; Erisman et al., 2007; Erisman et al.,

2013). The European Union has made the conservation of natural habitats, i.e. Natura

2000 areas, an essential objective through the EU Habitats Directive (92/43/EEC) and EU

Birds Directive (79/409/EEC). This includes mitigation of the harmful effects of nitrogen

deposition. Currently, nitrogen deposition in most Dutch Natura 2000 areas exceed critical

loads, leading to the highest administrative court of the Netherlands scrapping the permit

system for all projects which include any nitrogen pollution, blocking plans for farm

expansions and construction of new homes, roads and airport runways. The high court

decision led to economic damage and political and social unrest, known as the Dutch

nitrogen crisis. Ammonia (NH3) plays a key role in this crisis as it accounts for two-thirds

of all nitrogen deposition in the Netherlands between 2005 and 2016 (Wichink Kruit and

van Pul, 2018). Policies to mitigate the adverse effects of ammonia are supported by

several decades of scientific studies on atmospheric ammonia, leading to observational

networks, deposition parameterizations and air quality forecasting models (Sutton et al.,

2008). However, these studies are mainly focusing on low spatio-temporal resolutions, e.g.

monthly to yearly averages with grids ranging from 1 x 1 km to 50 x 50 km (Manders et al.,

2017; Matthias et al., 2018; Sauter et al., 2018; Schaap et al., 2008; Schrader et al., 2016;

Schrader et al., 2018; Simpson et al., 2012). As a result, surface, dynamic and chemistry

processes governing the diurnal evolution of the atmospheric ammonia budget are often

simplified or not well captured. This study aims to disentangle the atmospheric ammonia

budget by combining observations with a convective boundary layer model at subdaily

and local scales.

The atmospheric ammonia budget is studied as a mass balance between the atmospheric

molar fraction (”Storage”), sources and sinks. Figure 2.1 shows a schematic representation

of this budget in an evolving convective boundary layer (CBL), with the four main processes

governing the budget: (bi-directional) surface exchange, entrainment of free tropospheric

(FT) air, advection and chemical gas-particle transformations. These processes combine

multiple disciplines, such as biology and chemistry, and interact on multiple spatio-

temporal scales, ranging from stomatal responses of vegetation to NH3 advection over

several kilometers (Farquhar et al., 1980; Fowler et al., 1998; Shen et al., 2016; Sommer

et al., 2009; Sutton et al., 1995). Integration of these disciplines and scales is essential for

any study concerning atmospheric ammonia, making it a highly complex exercise. It is the

novelty of this study that we integrate these four processes via modeling and the maximum

use of observations. Observations of ammonia add an additional layer of complexity as the

gas tends to ”stick” to inlet walls of conventional instruments, causing slow response times,

hysteresis and a sensitivity to changes in relative humidity. Additionally, evaporation of

ammonium aerosols from filters and the instrument interior leads to further inaccuracies
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Figure 2.1: Schematic representation of the atmospheric ammonia budget.

with conventional NH3 observations (von Bobrutzki et al., 2010; Whitehead et al., 2008).

As a result, ammonia concentration and flux measurements at high temporal resolution

are scarce.

By analyzing observations over more than 100 days, collected over an unfertilized grass

field in the Netherlands, we design a case study to identify the contributions of each

process to the diurnal variability of the NH3 budget. The numerical experiments are

constrained by observations of a representative single-day Case, characterized by convective

boundary-layer conditions. The observations include ammonia concentration and flux

measurements by a state-of-the-art optical instrument, eliminating the inlet issues typical

for conventional NH3 observations. We set up a two-experiment approach where we first

disentangle the ammonia budget based on observations and follow up by evaluating the

standard parameterization against the observations at subdaily scales. To this end, we

prescribe the observed NH3 flux to the model in the first numerical experiment. Next,

we change the representation of the NH3 surface exchange in the second experiment by

parameterizing the NH3 flux following the parameterization standard in the Netherlands:

DEPosition of Acidifying Compounds (DEPAC) v.3.11 (van Zanten et al., 2010).

2.2 Methodology

2.2.1 Meteorological site description

This study focuses on the Veenkampen meteorological site in the Netherlands, located

west of Wageningen (51.98o N, 5.62o E) at 4 m above sea level. The site is maintained by

Wageningen University & Research and has been in operation since 2011, succeeding the
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former Haarweg meteorological site which operated from 2001 to the end of 2011 (Calders

et al., 2015). The automated weather station provides half-hourly measurements of several

meteorological variables, radiation and soil temperature and moisture. An overview of the

available measurements can be found at https://met.wur.nl/veenkampen/graphs/cur/

and the data is freely available at https://met.wur.nl/veenkampen/data. The soil at

the 17-ha Veenkampen site consists of a clay layer of approximately one meter over peat. In

2011, the site was sown in with reyegrass and species composition has not been monitored

or managed since. The grass has an approximated height of 10 cm and is cut regularly

during the growing season (April to September). Fertilization of the site stopped in 1979.

Yearly average deposition of NHx, modeled by the Dutch National Institute of Public

Health and the Environment at 1 x 1 km resolution (Velders et al., 2014), is about 1000

mol ha-1year-1 at the site.

At the northern border of the Veenkampen site, about 50 meters from the centerline,

reeds up to 1.5 m high are found. The nearest trees are 350 m east of the site. Both the

reeds and the trees could impact the turbulent flow at the site for medium to high wind

speeds. Neighboring fields are similar in composition, but could differ in nitrogen content

as intensive management only stopped some time before 2011. Farms, mostly livestock,

are found in all directions, with the closest located about 1.75 km north, 1.20 km east,

1.50 km south and 0.65 km west of the Veenkampen. These nearby farms are likely to

contribute significantly to the atmospheric NH3 concentrations and high deposition at

Veenkampen.

To complement the observations at Veenkampen, we support our study with boundary

layer height observations from the Ruisdael Observatory at Cabauw (www.ruisdael-

observatory.nl). These measurements are taken using a LD40 ceilometer (Vaisala, Bonn,

Germany). Additionally, radiosonde measurements from the De Bilt weather station of

the Royal Netherlands Meteorological Institute (KNMI) were used. These two locations

are located 50 km and 35 km west of Veenkampen.

2.2.2 Ammonia observations

Ammonia concentration and flux measurements are taken at the Veenkampen by two

Differential Optical Absorption Spectroscopy (DOAS) instruments (Volten et al., 2012a).

These instruments measure the average NH3 mass density (ρNH3) over a 50 m open path

between the instrument and its retroreflector. Two parallel paths are set up above one

another at heights of 0.65 m and 2.36 m respectively, referred to as NH3, 0.65 m and

NH3, 2.36 m. The mass density is calculated from 30-minute averaged spectra with a

typical standard deviation of 0.15 µg m-3 (Volten et al., 2012a). Both DOAS instruments

are intercalibrated regularly in the field with special measurements. The instruments are

placed in a small building, covered by a smooth man-made hill to minimize flow disturbance,

about 30 m in diameter and 3 m high. The setup includes 20 Hz turbulent measurements at
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3.2 m from a CSAT3 sonic anemometer (Campbell Scientific Inc., Logan, UT, USA). The

anemometer is located in the middle of the path to get the 30-minute average turbulent

properties representative for the path. This state-of-the-art NH3 measurement setup is

unique in the world and has so far been used in two studies: NH3 exchange measurements

over a corn field (Volten et al., 2012b; Wichink Kruit et al., 2010a) and as part of a surface

exchange parameterization validation study over grassland (Schrader et al., 2016).

The ammonia flux (FNH3) is inferred from DOAS concentration observations by applying

the flux-gradient method, following Eq. 2.1.

FNH3 = −KNH3

∂NH3

∂z
≈ −KNH3

∆NH3 obs

∆zobs
(2.1)

Here ∆NH3 obs

∆z
is the observed concentration gradient and KNH3 is the eddy diffusion

coefficient for NH3. We parameterize KNH3 similar to the diffusion coefficient of heat,

using Monin-Obukhov similarity theory including the stability effects, which depends on

the intensity of turbulent mixing resulting from the sonic anemometer observations. KNH3

is determined using Eq. 2.2,

KNH3 =
ku∗z

ϕNH3(z/L)
(2.2)

where k is the von Karman’s constant (assumed k = 0.4), u∗ is the observed friction velocity,

z is the height above the displacement height d, defined by 2/3 of the canopy height.

The atmospheric stability effects are taken into account by ϕNH3(z/L), the dimensionless

flux-gradient relationship as a function of z/L, where L is the Obukhov length. For the

flux-gradient relationships, we use the commonly used Businger-Dyer relationships (Dyer

and Hicks, 1970).

To derive FNH3 , we vertically integrate the gradients of Eq. 2.1 to obtain Eq. 2.3.

FNH3 =
−u∗k (NH3, 2.36 m −NH3, 0.65 m)

ln( z2.36 m−d
z0.65 m−d

)−ΨNH3(
z2.36 m−d

L
) + ΨNH3(

z0.65 m−d
L

)
(2.3)

We use z0.65 m and z2.36 m to represent the height of the NH3 concentration measurements,

with a displacement height d of 0.07 m, and ΨNH3 represents the integrated flux-gradient

relationship for ammonia. For the latter, we assume the relation for ammonia to be equal

to those of water vapor and heat, following Ψh derived by Paulson (1970), based on the

Businger-Dyer flux-gradient relationships for unstable conditions (z/L < 0). For stable

conditions, Ψh is derived by Beljaars and Holtslag (1991).

Note that DOAS observes the mass density of ammonia (ρNH3), in µg m-3. We convert

the DOAS observations following Eq. 2.4 as the model solves chemical species as molar

fraction.
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Table 2.1: Filter criteria for clear-sky summer conditions, applied to meteorological and

DOAS NH3 observations for the months May up to and including August of 2013.

Filter Criterion Acceptance

[%] [hours]

Unfiltered observations - 100% 2952

DOAS intercalibration Exclude 74% 2172.5

DOAS signal intensity (Xe) Xe > 15,000 counts 47% 1402

NH3 obs error:
NH3 obs < 20 µg m-3

NH3 obs ≥ 20 µg m-3

σNH3 < 0.3 µg m-3

σNH3 < 0.015 NH3 obs
47% 1384

Net radiation (Qn) Qn > 0 30% 888

Atmospheric stability z/L < 0 21% 606.5

Sunshine duration tsunshine tsunshine > 1350 s/1800 s 9% 267

NH3,v =
VSTP

MNH3

T

TSTP

pSTP

p
ρNH3 (2.4)

Here NH3 v is the NH3 molar fraction in ppb, T is the observed temperature and p is the

observed pressure. The other variables are constants for the molar mass of NH3 (MNH3

= 17.03 kg kmol-1), volume of air at Standard Temperature and Pressure (VSTP = 22.4

m3), standard temperature (TSTP = 273.15 K) and standard pressure (pSTP = 101.325

103 Pa). In this Chapter, we show the NH3 flux in µg m-2s-1 for the sake of interpretation

and consistency with literature.

2.2.3 Data filtering

We apply several filter criteria to the observations, shown in Table 2.1. As we are interested

in the interaction between processes spanning various spatio-temporal scales, we aim to

study the budget under meteorological conditions in which the local land-atmospheric

conditions are dominant. Therefore, we focus in this study on the ammonia budget under

typical clear-sky summer conditions, i.e. the months of May to August.

We first filter the DOAS observations to ensure high quality measurements. To this end,

we only consider observations from 2013, because of the high data availability and quality

compared to other years. Intercalibration measurements are excluded as well, as no NH3

flux can be inferred from these observations. A minimum DOAS signal intensity is required

to assure high quality concentration measurements. Note that these optical measurements

are sensitive to meteorological conditions which can obstruct the open path and lead

to a significant reduction of signal intensity, e.g. rain or (shallow) fog events which are

particularly common in the Netherlands (Izett et al., 2018). Furthermore, we filter out NH3
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Figure 2.2: The diurnal variability of the ammonia molar fraction observations (a) and

ammonia surface flux (b). Uncertainties for the molar fraction observations are smaller than

the symbols. Case observations of 8 July 2013 are shown in black and the multi-day Averaged

Summer Day observations are shown as a purple line, with their respective 25/75 percentile

shown as purple shading. Atop the NH3 flux, we display the N number of observations over

which the average is taken to construct the Averaged Summer Day. A third degree polynomial

fit to the Case NH3 flux, used in the CLASSprescribed experiment, is shown in orange.

concentration measurements with a standard deviation over 0.3 µg m-3 for concentrations

below 20 µg m-3, or over 1.5% of concentrations over 20 µg m-3. After these DOAS quality

filters, 47% of all observations from May to August remain.

Secondly, we filter the observations for the meteorological conditions required to perform

this case-study. We characterize typical summer conditions by a convective boundary layer

and clear skies. Three criteria are set up to find observations under these conditions. We

first filter the data for convective conditions with two criteria: positive net radiation (Qn

> 0) and a negative Monin-Obukhov stability parameter ( z
L
< 0). The remaining 21% of

the data is filtered for clear-sky conditions, using the sunshine duration observations of

a CSD3 Sunshine Duration Sensor (Kipp & Zonen, Delft, Netherlands) at Veenkampen.

Here, we apply a minimum sunshine duration of 22.5 minutes per 30 minutes. After

filtering, 9% of the available observations remain, i.e. 267 hours. When one considers a 12

period hours per day for which these criteria are met, this translates to about 22 days of

observations.

2.2.4 Representing a prototypical convective boundary layer

The selection of the single day for the case-study, representative of typical summer day

conditions, requires one additional criterion: full data coverage from sunrise to sunset (Qn

> 0). Out of the remaining four complete days (not shown), 8 July 2013 is selected as our

Case, because of the low variability in wind direction (not shown) and because the main

surface and boundary-layer characteristics follow a representative situation of convective
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summer conditions. Case observations of boundary layer height (h), potential temperature

(θ) and specific humidity (q) are discussed in Section 2.3.1. The observed NH3 molar

fraction and surface flux are shown in black in Fig. 2.2. The observed diurnal variability

of the molar fraction of our Case is characterized by high values in the early morning,

followed by a rapid decrease. The molar fraction temporarily levels with a possible local

maximum between 8:00 and 11:00 CEST, after which the molar fraction rapidly decreases

again. Between 13:00 and 19:00 CEST, the molar fraction stabilizes at approximately 12

ppb. Note that the vertical NH3 molar fraction gradient significantly increases between

12:00 and 19:00 CEST.

The Case observed NH3 flux in Fig. 2.2b, where a negative flux represents deposition, also

shows a clear distinction between the morning and afternoon. From 7:00 to 12:00 CEST,

both low deposition and low emission are observed. As a result of the increasing NH3

gradient, a large negative flux is found between 12:00 and 19:00 CEST, peaking around

17:30 CEST.

In addition to our single day Case, we find this observed diurnal variability in multiple

convective conditions. In short, we analyze 267 hours of filtered data to calculate the

average diurnal variability for clear-sky summer days. The NH3 molar fraction and

surface flux of this representative ”Averaged Summer Day” (purple lines) are shown in

Fig. 2.2. Here we find that the Case observed molar fraction (black) is within the 25

and 75 percentile of the Averaged Summer Day (purple shading). Note that, while the

Case observations are in the lower end of the spread, both the Case and the Averaged

Summer Day follow a similar diurnal pattern. In Fig. 2.2a, a strong decrease in the

NH3 molar fraction in the morning, as well as a clear vertical gradient between 12:00 and

19:00 CEST, are found for both sets of observations. Considering the NH3 surface flux in

Fig. 2.2b, the Case observed flux is shown to be partly outside the rather small 25/75

percentile spread of the Averaged Summer Day. Again, the same subdaily pattern of low

deposition/emission in the morning and high deposition in the afternoon is found for both

the sets of observations. We therefore conclude that the results presented in this study

can be generalized to cloudless convective conditions, characterized by weak large-scale

forcing.

2.2.5 Model description

The Chemistry Land-surface Atmosphere Soil Slab (CLASS) model (Vilà-Guerau de Arel-

lano et al., 2015) is a convective boundary layer model used to support the interpretation

of the observations. With CLASS, we aim to integrate the processes that drive the diurnal

variability of NH3 concentration and flux. We represent and connect all relevant processes

to the boundary layer ammonia budget of Fig. 2.1 in order to identify their respective

influences.
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CLASS solves the surface-atmosphere exchange using five interacting layers: the mixed-

layer, the atmospheric surface layer, the surface, the top soil layer and the deep soil.

It is in the well-mixed layer that the model describes the state conserved boundary

layer variables, which include meteorological variables and chemically active species

(Ouwersloot et al., 2012). The surface layer, the bottom 10% of the CBL, connects

the mixed-layer to the surface. Parameterization of surface characteristics is done at

the infinitesimally thin surface. Using moisture exchange (latent heat) as an example,

three parallel paths are parameterized: soil evaporation, liquid water (dew) evaporation

and vegetation evapotranspiration. The latter follows the A-gs approach (Ronda et al.,

2001), where the A represents the photosynthesis process and gs represents the stomatal

conductance of carbon dioxide/water at canopy level. While the top soil layer also directly

interacts with the atmosphere, the deep soil layer mainly acts as reservoirs of heat and

moisture, only interacting with the top soil layer. These layers are coupled, i.e. actively

solved by the model and only require initial values.

CLASS assumes the boundary layer to be well-mixed, requiring the same well-mixed

conditions for which we filter the observations in Section 2.2.3. It allows us to describe

atmospheric and chemical variables as a bulk model in which quantities are approximately

constant with height without losing representativeness.

In order to describe any quantity ψ(t, x, y, z) as a bulk variable, several assumptions are

required. First, we assume the CBL flow to have horizontally homogeneous properties

for all variables: ψ(t, x, y, z) ≈ ψ(t, z). Secondly, the mean vertical velocity within the

CBL is assumed to be zero: w ≈ 0, i.e. we only account for the vertical turbulent flux

(w′ψ′). Finally, there is the assumption that thermodynamic variables are well mixed in

convective conditions and are therefore approximately constant with height. It allows us

to represent any variable in the whole vertical domain with a single value, the bulk value,

by integrating with height: ψ(t, z) ≈ ⟨ψ(t)⟩. With these assumptions, we can describe the

temporal evolution of ⟨ψ⟩ with Eq. 2.5.

∂⟨ψ⟩
∂t︸︷︷︸

Storage

=
1

h

(
w′ψ′

)
s︸ ︷︷ ︸

SFC

− 1

h

(
w′ψ′

)
e︸ ︷︷ ︸

ENT

+ ⟨adv⟩︸ ︷︷ ︸
ADV

+ ⟨chem⟩︸ ︷︷ ︸
CHEM

(2.5)

Here, (w′ψ′)s and (w′ψ′)e describe the turbulent fluxes at the surface and entrainment

at the top of the CBL. Additional changes to ⟨ψ⟩ can result from advection (ADV) and

chemical transformations (CHEM). Other sources and sinks can be added to Eq. 2.5

similar to these last two terms. In order to resolve the evolution equation, we require

parameterization of the turbulent entrainment flux (w′ψ′)e (Eq. 2.6 and 2.7).

(
w′ψ′

)
e
= −we∆ψ =

(
∂h

∂t
− ws

)
∆ψ (2.6)
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∂∆ψ

∂t
= γψ

(
∂h

∂t
− ws

)
− ∂⟨ψ⟩

∂t
(2.7)

In Eq. 2.6 and 2.7, we represents the entrainment velocity, i.e. the exchange velocity

between the CBL and the free troposphere (FT), ws represents the subsidence velocity

resulting from large scale synoptic weather, ∆ψ represents the infinitely small inversion

layer at the top of the CBL: ∆ψ = ψFT - ψCBL. Finally γψ represents the lapse rate of

ψ. The entrainment velocity is related to the growth/decline of the CBL (∂h
∂t
), which

specifically depends on the virtual potential temperature (θv). This is shown in Eq. 2.8,

where β is the ratio of the entrainment to the surface buoyancy flux, for which we use β =

0.2 as closure assumption (Stull, 1988).

∂h

∂t
=

β
(
w′θ′v

)
s

∆θv
+ ws (2.8)

With these four equations, the CLASS model is used to integrate the evolution with time of

atmospheric ammonia (ψ = NH3), or any meteorological, chemical or tracer variable.

2.2.6 Research design

The combination of the CLASS model and the DOAS NH3 observations allows us to design

a two-experiment approach to study the diurnal variability of the ammonia budget and

the individual contributions of the four governing processes of Eq. 2.5. These numerical

experiments only differ in their representation of the surface exchange process (SFC).

In the first experiment, named CLASSprescribed, we fully control the surface exchange by

prescribing the NH3 surface flux to the model (Fsfc) following a third order polynomial

fit to the DOAS observed surface flux (FNH3), shown in orange in Fig. 2.2b. Here the

flux is decoupled from the surface conditions. This experiment allows us to quantify the

contributions of each process to the temporal evolution of ⟨NH3⟩, i.e. changes in the NH3

storage term of Eq. 2.5.

In the second numerical experiment, we release our control on the NH3 surface exchange

and couple the surface flux to the diurnal variability of the state variables. For this purpose,

the model uses the DEPosition of Acidifying Compounds (DEPAC) v.3.11 parameterization

(van Zanten et al., 2010; Wichink Kruit et al., 2010b). With this second experiment,

named CLASSDEPAC, we aim to evaluate the performance of the parameterization against

the DOAS observations.

The representations of the remaining three budget processes are the same for both

experiments. Entrainment (ENT) depends on boundary layer growth (dh
dt
) and the free

tropospheric ammonia molar fraction (NH3, FT). While dh
dt

is constrained by ceilometer

observations at Cabauw, NH3, FT requires estimation as observations are lacking. Similarly,
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Figure 2.3: The results of the systematic estimation of the initialization of NH3, FT and

advection for the CLASSprescribed experiment (a and b) and CLASSDEPAC experiment (c and d).

The sensitivity of ⟨NH3⟩ to these variables by ways of the MAE with respect to the observed

NH3, 2.36 m is shown left (a and c). The modeled ⟨NH3⟩ of each individual combination is

shown shown right (b and d). Results of the individual runs are shown in grey, with the

smallest MAE combination shown in orange. The experiments are initialized with the NH3, FT

and advection resulting in the smallest MAE.

advection (ADV) requires estimation due to a lack of observations. In this study we

prescribe advection to CLASS as a constant forcing term, as a first order estimate. Finally,

chemical transformations (CHEM) are solved by implementing the ISORROPIA version 2

thermodynamic equilibrium model (Fountoukis and Nenes, 2007). ISORROPIA2 provides

the equilibrium molar fractions in the ammonium-nitrate-sulfate system, which are sensitive

to the atmospheric temperature and relative humidity. We account for the equilibrium

time by calculating the new molar fraction following Eq. 2.9.

∂⟨NH3⟩
∂t

=
NH3, eq − ⟨NH3⟩

τp
(2.9)

Here, NH3, eq is the equilibrium molar fraction from ISORROPIA2 in ppb and τp is the

partitioning time scale, set to 1800 seconds (30 minutes) (aan de Brugh et al., 2013;

Barbaro et al., 2015; Guo et al., 2018). We initialize our model with a total amount of

ammonia/ammonium, nitrate and sulfate in the boundary layer by only initializing these

species in the gas phase following aan de Brugh et al. (2013), shown in Table 2.B1 of

Appendix Appendix 2.B. At the very first time step (not shown), the model finds the
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gas-aerosol equilibrium. For the remaining simulation time, both gaseous NH3 and NH4
+

aerosols are simulated and the partitioning time is applied.

We perform a systematic estimation of the initial conditions of NH3, FT and advection,

by studying the sensitivity of the modeled mixed layer molar fraction (⟨NH3⟩) to these

two variables. We vary NH3, FT and advection and compare the modeled ⟨NH3⟩ to the

observed molar fraction at 2.36 m (NH3, 2.36 m) by calculating the Mean Absolute Error

(MAE) between the two. The combination of NH3, FT and advection with the smallest

MAE will be used to initialize the CLASS model. In doing so, we aim to find the best

initial conditions in absence of measurements. The process is repeated for both the

CLASSprescribed and CLASSDEPAC experiment, as any change in the representation of the

surface exchange could potentially lead to a different result. Figure 2.3 shows both the

resulting MAE (left) and each resulting ⟨NH3⟩ (right) for both the CLASSprescribed (a and

b) and the CLASSDEPAC (c and d) experiment. These results are interpreted in Sections

2.3.2 and 2.3.3. The initialization of both CLASSprescribed and CLASSDEPAC can be found

in Table 2.B1 of Appendix Appendix 2.B.

2.3 Results

2.3.1 Model performance

Figure 2.4 shows the observed and modeled boundary layer height (h), specific humidity

(q), potential temperature (θ) and modeled entrainment velocity (we) between 9:30 CEST

and 19:30 CEST, i.e. convective conditions (Qn > 0). It shows that CLASS represents

these main characteristics of the boundary-layer dynamics well, as the model output closely

resembles the observations.

We take a closer look at the boundary layer height in Fig. 2.4a. To achieve a good

representation of the boundary layer growth, the model is initialized with three atmospheric

regimes based on both radiosonde and ceilometer observations: the initial inversion layer,

the residual layer and the free troposphere. The transitions between each regime is

highlighted with A at 400 m and with B at 700 m. Each regime is characterized by its

own lapse rate for heat (γθ) and moisture (γq), which can be found in Table 2.B1. As a

result, each regime is characterized by a different rate of boundary layer growth. This is

best visualized by the entrainment velocity (we) from Eq. 2.6, shown in Fig. 2.4c. Here

we find a rapid velocity increase from the moment h reaches the residual layer at 400 m

(A). Boundary layer growth, and entrainment velocity with it, slows down when h reaches

the free troposphere at 700 m (B). These different regimes allow us to make a distinction

between the morning with an actively developing boundary layer until 12:21 CEST (B)

and the afternoon where boundary layer growth slows down.
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Figure 2.4: The Case observed (black) and modeled (orange) diurnal cycle of the CBL height

(a), potential temperature (b), entrainment velocity (c) and specific humidity (d). Highlighted

are the moments the boundary layer height reaches the top of the transitional layer (A) and

residual layer (B).

When inspecting the modeled 2 m potential temperature in Fig. 2.4b, we see that it

follows the observations quite well. The model underestimates the maximum 2 m θ by 2 K

when compared to Veenkampen observations and overestimates the more western Cabauw

observations by 1 K. A temperature difference between the two locations is expected, as

the west of the Netherlands is generally cooler in summer due to the influence of the North

Sea. Overall, θ is well represented by the model, considering that h is constrained by

observations at Cabauw and De Bilt, west of Veenkampen.

Moisture acts on a more local scale than temperature, as it highly depends on the

local vegetation and soil conditions. This is clearly shown by the observed specific

humidity at Veenkampen and Cabauw in Fig. 2.4d. While the pattern of the temperature

is similar for both locations, the humidity observations only agree until 11:00 CEST,

after which the specific humidity decreases at Veenkampen. Note that our boundary

conditions lead to a drying of the CBL driven by entrainment. A sharp decrease of

over 1 g kg-1 in q is observed at 18:00 CEST, as well as a collapse of the CBL at

18:30 CEST. These features are not well reproduced by the model as they are a likely

a result of changes in synoptic weather, e.g. a sea breeze effect or a weak cold front as

seen on the synoptic weather map for 8 July 2013 (https://www.knmi.nl/nederland-

nu/klimatologie/daggegevens/weerkaarten). The disagreement between the modeled

and the observed specific humidity can have a small impact on the chemical gas-aerosol

equilibrium, as it is sensitive to changes in relative humidity. The disagreement can also

have a minor impact on the magnitude of the parameterized NH3 flux, as DEPAC follows
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a resistance based modeling approach with surface resistances being sensitive to changes

in humidity (Appendix Appendix 2.A).

2.3.2 Experiment 1: The diurnal variability of atmospheric NH3

The satisfactory agreement between meteorological observations and modeling enables

us to move on and model the ammonia budget following Eq. 2.5. Figure 2.5 shows the

modeled and observed ammonia molar fraction(a), the modeled and observed NH3 flux (b)

and the changes in the modeled molar fraction with time of the CLASSprescribed experiment

(c) and the CLASSDEPAC experiment (d). Figure 2.5a shows that the modeled molar

fraction (⟨NH3⟩) closely follows the observations for the CLASSprescribed experiment (solid

orange), where the surface flux is prescribed as shown in solid orange in Fig. 2.5b. We

place special emphasis on the temporarily leveling of the molar fraction in the observations

between 9:00 CEST and 11:00 CEST, as it is a distinct feature of the diurnal ammonia

cycle that is well captured by CLASSprescribed and will be discussed later.

CLASSprescribed is initialized with low NH3, FT and high advection, as shown in Fig. 2.3a.

The best fit to the top DOAS observations (NH3, 2.36 m), with an MAE of 0.87 ppb,

is achieved with NH3, FT = 0.00 ppb and ADV = 0.72 10-3 ppb s-1. Such low free

tropospheric molar fraction is in line with the findings of Tevlin et al. (2017), who observed

that ammonia molar fractions rapidly decreases with height just above the boundary layer

in both tower and aircraft observations. While no observations are available on advection,

a large positive contribution is in line with our expectations for unfertilized grass-land

surrounded by agricultural activities. Large horizontal molar fraction gradients have been

observed over only one kilometer from sources (Fowler et al., 1998; Shen et al., 2016;

Sommer et al., 2009). However, the horizontal gradient corresponding to the modeled

advection, estimated by dividing ADV by the average 10 m wind speed (3.8 m s-1, not

shown), is low at 0.19 ppb km-1. This indicates that, even though advection appears to

play a significant role in the NH3 budget, the modeled advection most likely represents a

background concentration.

With CLASSprescribed, we are able to identify the contribution of the four processes governing

the NH3 budget at the diurnal scale (Fig. 2.1 and Eq. 2.5). For the CLASSprescribed

experiment, these contributions are visualized in Fig. 2.5c, which shows changes in

ammonia with time, where negative/positive values represent a decrease/increase in

atmospheric ammonia, i.e. a sink/source. When analyzing the overall change in the

modeled ammonia molar fraction, i.e. ”Storage” in Eq. 2.5, a distinction between the

morning and the afternoon can be made, based on boundary layer dynamics. We use

the moment that boundary layer growth begins to stabilize as the start of the afternoon,

marked by the decrease of we at 12:21 CEST (B). In the morning, the negative values

for the Storage term in Fig. 2.5c indicate decreasing ⟨NH3⟩, as shown in Fig. 2.5a. In

the afternoon, the positive values indicate an increasing ⟨NH3⟩. Note that values close to
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Figure 2.5: The diurnal variability of the observed (black) and modeled (orange) NH3

molar fraction (a), the observed (black) and modeled (orange) NH3 surface flux (b) and the

contributions of each of the four governing processes to the change in modeled NH3 molar

fraction (Storage) for the CLASSprescribed (c) and CLASSDEPAC experiment (d). The results

of the CLASSprescribed experiment are shown as a solid orange line in (a) and (b), with the

CLASSDEPAC results shown as a dotted orange line. Highlighted in (a) and (c) are the moments

the boundary layer height reaches the top of the transitional layer (A) and residual layer (B).

zero are found in Fig. 2.5c, which coincide with the distinct leveling of the morning molar

fraction.

In the morning, until 12:21 CEST, entrainment (ENT) has the largest contribution the

ammonia budget. The same can be found in Fig. 2.6a, which shows the averaged

contribution of each process in the morning (from 7:30 CEST to 12:21 CEST) in ppb h-1.

Here, ENT is the largest sink of NH3, with -4.28 ppb h-1, being the main cause of the

Storage reduction of -1.80 ppb h-1. Advection (ADV) is the largest source of NH3 in the

morning, adding 2.60 ppb h-1 to the budget. Both the surface exchange (SFC) and chemical

transformations (CHEM) are shown to only play a small role in the morning budget. Note

that entrainment is distinctly shaped as a result of its relation to the entrainment velocity,

we (Equation 2.6). The local absolute minimum and maximum of ENT coincide with the
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Figure 2.6: The individual contributions of each governing process (Equation 2.5) to the

changing NH3 molar fraction (Storage) of the CLASSprescribed experiment, averaged over the

morning (7:30 - 12:21 CEST) and afternoon (12:22 - 19:30 CEST) regimes.

local minimum and maximum of we in Fig. 2.4c, highlighted by A and B in both Fig. 2.4

and 2.5. Both the magnitude of ENT and strong visual similarities with the Storage term

indicate that entrainment dominates the morning budget.

By analyzing Fig. 2.5c, we can explain the distinct leveling of the NH3 molar fraction

around 10:00 CEST. This distinct feature is a result of changes in the surface exchange

and entrainment. While SFC mainly acts as a sink of ammonia by means of deposition,

emission is observed in the morning between 8:00 and 11:00 CEST, making the surface

exchange a temporary source of NH3. Additionally, entrainment temporarily weakens

around this time, with a local absolute minimum around 10:20 CEST highlighted by A.

This weakening of ENT is a result of a slowdown of the boundary layer growth and the

rapid decrease of ∆NH3 (not shown) with decreasing ⟨NH3⟩ in the early morning. The

combination of these two processes are temporarily in balance with the constant advection,

resulting in the leveling of the NH3 molar fraction.

In the afternoon, from 12:22 CEST to 19:30 CEST, several processes play an important

role in the variability of the NH3 molar fraction. Figure 2.5c shows that the contribution

of ENT decreases, caused by the slowdown of the boundary layer growth. From 14:00

CEST, SFC becomes the largest sink as the observed deposition peaks in the afternoon.

Advection remains the largest, and now only, source of ammonia, as shown in both Fig.

2.5c and 2.6b, with a contribution of 2.60 ppb h-1 to the budget. Advection is only partly

compensated by the surface exchange and entrainment, which contribute -1.29 and -0.86

ppb h-1, respectively. This results in a small increase in ⟨NH3⟩ (Storage) of 0.38 ppb h-1 on

average. Similar to the morning, chemical transformations have a negligible contribution,

due to the abundance of ammonia and the high temperature, hampering significant transfer

of gaseous NH3 to aerosols.
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2.3.3 Experiment 2: The impact of the NH3 surface exchange on the diurnal

variability.

Next, we repeat the previous numerical experiment, but we now release our control on

surface exchange. Here, the ammonia surface flux is coupled to the atmospheric diurnal

variability, similar to heat and moisture, following the DEPAC parameterization. In short,

DEPAC solves the NH3 surface flux following resistance modeling, where resistances are

placed between the atmospheric molar fraction and a canopy compensation point (χc), i.e.

the canopy internal NH3 molar fraction (van Zanten et al., 2010; Wichink Kruit et al.,

2010b). Two paths are defined for exchange over grassland: the stomatal and external

leaf path. Their path-specific resistances and compensation points are parameterized by

DEPAC. A full description of the parameterization for grassland is found in Appendix

Appendix 2.A.

Figure 2.5a shows that ⟨NH3⟩ of the CLASSDEPAC experiment closely follows the observed

molar fraction. Here, the model fits the observations more closely in the afternoon, but it

is unable to capture the distinct leveling off in the morning. Despite the differences, the

performance of the two experiments appears to be similar, with an MAE of 0.91 ppb for

CLASSDEPAC compared to 0.87 ppb for CLASSprescribed.

Figure 2.5b shows that the parameterized surface flux (Fsfc) of the CLASSDEPAC experiment

does not match the observed FNH3 , with Fsfc differing in both magnitude and sign. This

change in the surface exchange leads to different representations of the other processes, as

we tune advection and NH3, FT following our systematic estimation of the initial conditions

for the model. CLASSDEPAC is initialized with a high free tropospheric molar fraction,

NH3, FT = 11.0 ppb, and low advection, ADV = 0.04 10-3 ppb s-1 (Fig. 2.3c). The impact

of the new SFC on the other processes of the CLASSDEPAC experiment is shown in Fig.

2.5d, showing the strongly reduced advection and weaker entrainment compared to the

first numerical experiment. An NH3, FT that is similar in magnitude as the observed

afternoon molar fraction does not match the observations by Tevlin et al. (2017) and seems

unrealistic, since there are no sources of NH3 outside the boundary layer. Even though the

low advection also does not match our expectations, we cannot rule this out as a realistic

possibility due to the lack of observations on the process. Based on the mismatch between

the observed FNH3 and parameterized Fsfc, the unrealistic NH3, FT and the unexpected low

advection, we conclude that the CLASSDEPAC experiment does not realistically reproduce

the atmospheric ammonia budget at the temporal resolution of this study.

Our main explanation for the disagreement on the parameterized Fsfc and the observed

FNH3 concerns the parameterization of the stomatal compensation point (χstom) in DEPAC.

The contribution of the stomatal path increases in the afternoon as the resistance of the

external leaf path increases with decreasing relative humidity (Equation 2.A6 of Appendix

Appendix 2.A). Additionally, the stomatal compensation point is related to (leaf) surface

temperature, increasing χstom with the increasing temperatures. In the afternoon, this
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leads to an increasing canopy compensation point (χc) as well, with temperatures being

high and relative humidity being low. Note that Fsfc is proportional to the difference

between ⟨NH3⟩ and χc. As a result, the parameterized surface flux will always give weak

deposition or emission in the afternoon and a deposition peak in the morning, under clear

sky convective conditions.

2.4 General discussion

2.4.1 Derivation of the NH3 surface flux from observations

The DOAS setup shows high potential as an optical system to observe the ammonia

concentration and flux, therefore eliminating the inlet issues typical of conventional NH3

observations. However, further developments are recommended to improve the quality

of the DOAS gradient measurement. The main challenge with this setup is the need

for intercalibration of the two sensitive DOAS instruments in the field. The aim of this

intercalibration is to match the zero-level and the span of both instruments to an accuracy

that the small concentration differences from dry deposition can be observed. The current

process requires manual realignment of the two DOAS instruments with respect to their

retroreflectors. When manually switching back to flux measurement mode, there still

appear to be unresolved issues that could prevent maintaining the zero-offset between the

instruments that was just obtained. As a result, there may currently still be an unknown

fixed offset between the two instruments. It is therefore possible that the fluxes presented

in this study are a minor overestimation or underestimation of the actual NH3 surface

exchange.

Inferring fluxes using the flux-gradient method requires several assumption with respect to

the surface layer, chemical reactions and horizontal homogeneity. Vilà-Guerau de Arellano

et al. (1993) showed for the NO-O3-NO2 system that the flux-gradient relationships

become more complex when phase transitions and chemical reactions occur at time scales

comparable to that of turbulence, which are typically around 15 - 30 minutes under

diurnal conditions (aan de Brugh et al., 2013; Vilà-Guerau de Arellano et al., 2015). The

gas-particle interactions of ammonia, particularly with ammonium nitrate, can indeed

lead to a divergence of the turbulent diffusion flux. These interactions are related to the

temperature and relative humidity, which do have near-surface vertical gradient. During

the day, these gradients could potentially lead to outgassing of NH3 from volatile aerosols

close to the surface (aan de Brugh et al., 2013; Nemitz et al., 2004a). Nemitz et al.

(2004a) concluded that a flux underestimation of 0.02 µg m-2s-1 could be representative

for Dutch grassland during daytime. We expect this underestimation for our case study

to be small, as nearly all ammonium nitrate aerosols are expected to have evaporated

due to the high temperatures. When inferring fluxes using the flux-gradient method, one

could estimate, and possibly correct for, this effect by observing temperature and humidity
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at the individual measurement heights. These new observations can be combined with

a thermodynamic equilibrium model, e.g. ISORROPIA2, to calculate a potential molar

fraction gradient resulting from NH3 gas-aerosol interactions.

Additionally, nearby obstacles could disrupt the turbulent flow of air and, depending

on wind speed and direction, affect the horizontal homogeneity of the observed gradient

as a result, e.g. reeds (Section 2.2.1). Such disruptions are especially relevant for the

DOAS measurement setup, as the ammonia molar fractions are measured as the average

molar fraction over the 100 m path average NH3, i.e. twice the 50 m distance to the

retroreflectors. In doing so, we additionally assume the vertical NH3 gradient to be

horizontally homogeneous along the path. The potential impact of flow disruptions on the

observed flux is difficult to quantify. However, we minimize the impact on the observations

presented in this study, as we strictly filter for clear-sky summer condition where wind

speeds are low. With less strict filter conditions however, these factors will likely influence

the derived surface fluxes.

While these measurement uncertainties and proposed improvements could affect the inferred

ammonia flux, the general observed pattern is still expected to remain. This pattern,

where a large NH3 gradient in the late afternoon results in high deposition, is not unique

to our single-day Case, but is also found in the Averaged Summer Day observations.

2.4.2 The CLASS model

The CLASS mixed-layer model has proven an effective and inexpensive method to represent

key CBL processes. The model was previously used to study the role of boundary-

layer dynamics on atmospheric chemistry by Vilà-Guerau de Arellano et al. (2011) and

Ouwersloot et al. (2012). Vilà-Guerau de Arellano et al. (2011) additionally compared the

model performance to the CBL-averaged values of the Dutch Atmospheric Large Eddy

Simulation (DALES) model and concluded that the CLASS performance was reasonably

similar to DALES. In this study, the CLASS model proved to be both powerful and flexible

in its representation of processes involving (chemical) scalars, e.g. surface-atmosphere

exchange, which can be either prescribed or parameterized.

This flexibility comes at the cost of simplifications. The main simplification is the

description of atmospheric/tracer variables as a single value for the well-mixed CBL. As

a result, the vertical gradient resulting from the gas-aerosol equilibrium of NH3, which

depends on temperature and relative humidity, is not captured by CLASS. These changes in

equilibrium mixing ratios were shown to be important for ammonium nitrate mixing ratios

(aan de Brugh et al., 2013). However, we again expect the impact on gaseous ammonia to be

small due to the high temperatures. Furthermore, CLASS assumes horizontal homogeneity,

which possibly does not hold true for ammonia, due to the nearby agricultural activity

where very high NH3 molar fractions are expected. The final major simplification of the

model, the infinitely small inversion layer, is expected to only have a minor impact as
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well. This simplification mainly affects entrainment, which plays an important role in the

morning growth of the CBL and is well represented by CLASS, as shown in Fig. 2.4a. The

comparison by Vilà-Guerau de Arellano et al. (2011) also shows that CLASS performs

well regarding entrainment and boundary layer growth when compared to the DALES

model.

2.4.3 Representation of the NH3 surface exchange

The process of surface-atmosphere exchange is represented following two different ap-

proaches: a prescribed NH3 flux based on observations (Section 2.3.2) and a parameterized

flux following DEPAC (Section 2.3.3). The ability to compare the performance of both

approaches is a major advantage of the current strategy. It allows us to evaluate both

the DOAS observed flux and the representation of the diurnal variability of the ammonia

surface exchange by DEPAC.

DEPAC is well-established as a parameterization and is currently applied in Dutch

operational air quality models OPS (Sauter et al., 2018) and LOTOS-EUROS (Manders

et al., 2017; Schaap et al., 2008). These models are used in air quality predictions and

policy making by the Dutch government, where the long term impact of ammonia on

nitrogen deposition is the main focus. Therefore, these models are evaluated as such in

literature and focus on yearly averages rather than subdaily scales as studied here. Despite

the lack of emphasis on the subdaily time scales, which is the focus of this study, these

validation studies still give us some indication of the performance of DEPAC under these

prototypical convective conditions.

One of the few validation studies of DEPAC outside operational models is presented

by Schrader et al. (2016). Here, the non-stomatal ammonia deposition path of DEPAC

is compared to that of Massad et al. (2010), using observations from 5 locations in

Europe, including the DOAS setup at Veenkampen. They showed that the performance of

both parameterizations strongly differs per measurement site and an overall tendency for

DEPAC to overestimate the non-stomatal ammonia deposition. However, only nighttime

observations are used in this study as it is assumed that non-stomatal exchange is dominant

during the night (Schrader et al., 2016). Furthermore, the observations used by Schrader et

al. (2016) are taken over long time periods, e.g. 22 months at Veenkampen, and presented

as daily averages. As a result, they mainly focused on the long term representation of NH3

deposition, even though half-hourly observations are used.

Our study enables us to analyze how diurnal variations of meteorological variables influence

the DEPAC model performance. In Section 2.3.3, we explain the mismatch between

the DOAS observations and DEPAC, focusing on the parameterization of the stomatal

compensation point, χstom. This stomatal compensation point is related to the emission

potential (Γstom) following χstom = f(T )Γstom, where f(T ) only depends on temperature

as shown in Eq. 2.A7 of Appendix Appendix 2.A. Wichink Kruit et al. (2010b) discuss
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that Γstom can be estimated from both bioassay measurements and micrometeorological

observations. However, the latter method generally results in Γstom being a factor 3 higher

compared to bioassay estimates in more polluted areas like Veenkampen (see Figure 9

from Wichink Kruit et al. (2010b)). This is supported by Loubet et al. (2002), who found

stomatal compensation points for grass (Lolium perenne) up to 10 µg m-3 right after

fertilization, based on bioassay measurements. DEPAC is based on micrometeorological

measurements over unfertilized grass (Lolium perenne), but the CLASSDEPAC experiment

estimates the daily average χstom to be 24 ppb, or 17 µg m-3, shown in Fig. 2.C3 of the

Appendix Appendix 2.C. As a result of this high stomatal compensation point, emission is

found in the afternoon of the CLASSDEPAC experiment (2.5b). Such high values for χstom

seem unrealistic, since the Veenkampen grassland site is unfertilized since 1979.

We do recognize that the DOAS observed fluxes are uncharacteristic over grassland in the

Netherlands. High deposition up to -0.4 µg m-2s-1 has been observed before, but only in

the early morning in relation to deposition onto dew droplets (Wichink Kruit et al., 2007).

Focusing on the diurnal variability and these convective conditions, large afternoon NH3

gradients, and the resulting deposition fluxes as presented in this study, have not been

reported before over grassland and cannot be reproduced by the DEPAC parameterization.

Loubet et al. (2012) did observe afternoon deposition of similar magnitude over tritical

crop, where emission was expected. Their measurements could only partly be explained by

high concentrations of certain acid gases (HNO3 and SO2) leading to high surface acidity.

The large afternoon gradient presented here could not be explained by enhanced NH3

deposition due to higher surface acidity (Appendix Appendix 2.A), nor by observational

uncertainties or gas-aerosol interactions (Section 2.4.1).

The results presented in this study on the diurnal variability of NH3, as well as differences

in χstom estimations based on micrometeorological or bioassay measurements (Wichink

Kruit et al., 2010b), indicate that the mechanisms behind the surface-atmosphere exchange

of ammonia are not yet fully understood. This could have significant implications for

approaches that incorporate the DEPAC module. It is relevant to note however, that

these results on the diurnal variability cannot necessarily be applied directly to longer

time scales, e.g. the seasonal variability which is reported on by Wichink Kruit et al.

(2010b). We therefore recommend several follow-up studies, including validation of the

DEPAC parameterization on longer time scales similar to Schrader et al. (2016), but now

taking both the stomatal and the non-stomatal pathway into account. It would also be

worthwhile to systematically study the performance of alternative parameterizations on

the subdaily variability of the NH3 flux. Finally, we believe systematic observations of

the NH3 vegetation-atmosphere exchange, focusing on the diurnal variability and covering

different land use types, are required to allow for the development of more accurate

parameterizations.
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Figure 2.7: The observed NH3 flux against the water vapor pressure deficit plotted for the

single-day Case (black) and the multi-day Averaged Summer Day (purple) with corresponding

time stamps. Also shown are the uncertainty of NH3 flux observations for the Case (error bars)

and the 25 and 75 percentile spread of the Averaged Summer Day observations for the VPD

(purple shading).

Related to the strong variability of temperature and therefore on vapor pressure deficit

(VPD), new insights on the ammonia surface-atmosphere exchange could be gained by

studying its relation to these meteorological variables. Figure 2.7 shows observations

of the NH3 flux against the observed VPD. It seems that high deposition is related to

the VPD increase in the afternoon. These observations show some similarities to the

well-reported diurnal hysteresis between evapotranspiration and the VPD (de Groot et al.,

2019; Zhang et al., 2014). Unfortunately, eddy-covariance measurements of the water

vapor and CO2 fluxes are not available for this study. Therefore, we are unable to further

study the response of vegetation to the meteorological conditions and the potential relation

to the ammonia surface exchange. However, these observations indicate that the ammonia

surface-atmosphere exchange might be strongly regulated by the response of vegetation to

diurnal meteorological conditions.

2.4.4 Representation of NH3 entrainment

Observation and modeling studies showed that entrainment is as important as the surface

exchange process in estimating the diurnal budget for moisture and CO2 (Casso-Torralba

et al., 2008; Davis et al., 1994; Martin et al., 1988; van Heerwaarden et al., 2009; Vilà-

Guerau de Arellano et al., 2004b). Furthermore, scientific studies on ammonium aerosols

in the convective boundary layer have been conducted using large eddy simulations (LES),

with entrainment being explicitly resolved (Barbaro et al., 2015). However, the role of this

process on the diurnal variability of atmospheric ammonia has not yet been studied.

We describe the entrainment flux following Eq. 2.6, based on the modeled boundary

layer dynamics (we) and the free tropospheric NH3 molar fraction. Observations of

free tropospheric ammonia are limited to tower observations and a handful of airborne
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campaigns, e.g. Nowak et al. (2010) and Tevlin et al. (2017). In the Netherlands, there

have only been campaigns with ammonia measurements at the Cabauw meteorological

tower up to 200 m, e.g. Erisman et al. (1988) and Dammers et al. (2017). While valuable,

such tower observations are still within the convective boundary layer.

As observations are lacking, we perform a systematic estimation to find the best initial

values for NH3, FT and the advection, as described in Section 2.2.6. This approach provides

us with a robust method for a first estimate of the tropospheric NH3 molar fraction, while

testing the sensitivity of the ammonia budget to this variable. In doing so, NH3, FT is

assumed to be constant with time and with height. This means that no NH3 residual layer is

simulated, even though radiosonde observations indicate the presence of a residual layer of

potential temperature and specific humidity. However, as entrainment is dominant during

the morning boundary layer growth, the estimated NH3, FT would effectively represent the

NH3 residual layer molar fraction. Therefore, the assumption of constant NH3, FT with

height could lead to an overestimation of NH3, FT in the afternoon.

In order to better understand the role of entrainment on the budget, it would be convenient

to observe NH3 continuously at higher levels (> 100 m), similar to for example CO2 and

methane (CH4) (Vermeulen et al., 2011). Our understanding of the role of entrainment in

the diurnal variability of atmospheric ammonia could be further expanded by modeling

studies where turbulent entrainment is explicitly resolved.

2.4.5 Representation of NH3 advection

In boundary layer studies of atmospheric compounds, advection is generally considered a

large-scale forcing term, e.g. for heat and moisture (Ouwersloot et al., 2012; Vilà-Guerau

de Arellano et al., 2015) or CO2 (Vilà-Guerau de Arellano et al., 2004b). For ammonia, it

acts on smaller scales (100 m to several kilometers) as the high molar fraction over source

areas decreases rapidly with distance (Fowler et al., 1998; Shen et al., 2016; Sommer et al.,

2009). Depending on wind direction and source proximity, advection is shown to strongly

increase NH3 molar fractions (Loubet et al., 2012). Operational models do represent

long-range advection, but are unable to capture this at sub-kilometer scales, as their

typical spatial resolution ranges from 1 x 1 km to 50 x 50 km (Sauter et al., 2018; Schaap

et al., 2008; Simpson et al., 2012). Attempts to capture and quantify short-range advection

with observations has proven to be very challenging (Aubinet et al., 2010; Mauder et al.,

2010). As a result, the representation of advection strongly differs in modeling studies

(aan de Brugh et al., 2012; Barbaro et al., 2015; Vilà-Guerau de Arellano et al., 2004b;

Vilà-Guerau de Arellano et al., 2011).

In this study, advection is the only term that is not based on observations. Ammonia

advection is mainly driven by wind speed and direction, as well as the emission strength

of nearby sources. The emission strength of a source is only rarely constant with time, e.g.

emissions from organic wastes are related to changes in temperature (Pagans et al., 2006).



2.5 Conclusions 43

We expect such changes to have a negligible impact on the advection at Veenkampen,

as the small horizontal NH3 gradient estimated from the prescribed advection indicates

that the NH3 emitted from nearby sources is already largely diluted when it reaches our

site. Additionally, the wind direction during our Case is approximately constant and wind

speeds are low. We therefore expect the assumption of constant advection to be valid as a

first order estimate.

2.4.6 Representation of NH3 chemical transformations

Chemical transformations of ammonia between the gas and aerosol phase only play a very

small role in this budget study. We represent this process by coupling the ISORROPIA2

thermodynamic model to the CLASS model with a partitioning time (τp) of 30 minutes.

ISORROPIA2 is used in the operational LOTOS-EUROS model and was used by aan de

Brugh et al. (2013), Barbaro et al. (2015) and Guo et al. (2018). The partitioning time is

very difficult to derive from in-situ measurements, but the impact on ammonium nitrate

formation was studied by aan de Brugh et al. (2013). They presented τp = 30 minutes in

their main results and the same time scale was later on used by Barbaro et al. (2015) and

Guo et al. (2018).

The main source of uncertainty to our representation of the chemical transformation is

a lack of observations on both the molar fraction of the relevant gaseous species and on

particulate matter molar fractions and its composition. Such measurements, e.g. similar

to Meng et al. (2018), could significantly improve our representation of this process. As it

stands, we initialize CLASS based on the observations used by aan de Brugh et al. (2013),

which were taken under similar fair-weather conditions and with ammonia molar fractions

comparable to our Case. Due to the high temperatures and abundance of ammonia in our

single-day Case, we expect this uncertainty to only have a minor impact on the modeled

ammonia budget.

Further sources of uncertainty come from the bulk model approach of the CLASS model as

discussed in Section 2.4.2. The NH3 gas-aerosol equilibrium moves towards gaseous NH3

near the surface (high T and low RH) and towards aerosols near the top of the mixed-layer

(low T and high RH). We expect that the aerosol molar fraction is slightly overestimated

by using a bulk model approach, as the largest vertical gradient of the equilibrium molar

fraction is found in the bottom half of the mixed-layer (aan de Brugh et al., 2013).

2.5 Conclusions

To analyze the diurnal variability of atmospheric ammonia (NH3) over non-fertilized

grassland, we perform a case study where we combine multiple observations with the

CLASS conceptual boundary layer model. With the model, we disentangle and quantify the
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contributions of the four main processes governing the ammonia budget: surface-atmosphere

exchange, entrainment, advection and chemical gas-aerosol transformations.

Our approach allows us to specifically addresses the role of the NH3 surface-atmosphere

exchange, by performing two numerical experiments where we vary the representation

of this process. We first prescribe the surface flux based on observations and follow

up by parameterizing the surface exchange. While both experiments perform similarly

in reproducing the observed NH3 molar fraction, we identify a mismatch between the

DEPAC parameterized surface exchange and the observed flux. This leads to an unrealistic

representation of the NH3 budget for the second experiment, e.g. unrealistic high free

tropospheric NH3. The mismatch in the surface flux cannot be explained by the uncertainty

of the NH3 flux observations. This indicates a need for further research in the NH3 surface-

atmosphere exchange. Advancements such as improving the quantification of the stomatal

compensation point through both micrometeorological and bioassay observations are

recommended.

Based on the combination of the model and observations, our findings are summarized as

follows:

• The mixed-layer model accurately reproduces the diurnal variability in the observed

NH3 molar fractions, when prescribing the observed surface flux.

• In the morning, boundary layer dynamics dominate the atmospheric NH3 variability

through entrainment.

• In the afternoon, the atmospheric NH3 variability is controlled by processes acting

on both non-local (advection) and local scales (surface-atmosphere exchange).

• Combining observations with the conceptual CLASS model has proven a powerful tool

to both interpret observations and to analyze the performance of parameterizations

to the diurnal variability of ammonia.
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Figure 2.A1: A schematic representation of the DEPAC parameterization resistance model.

A simplified representation with a combined canopy resistance and canopy compensation point

is shown left. The complete resistance model with the separate deposition/emission paths is

shown on the right. The soil path is shown grey as this path is assumed to be negligible for

grassland, which is the focus of this study.

Appendix 2.A DEPAC parameterization for grass-

land

The DEPAC parameterization module is used in the Dutch OPS model and LOTOS-Euros

to calculate the dry deposition of ammonia and other acidifying acids. The module allows

for 9 land use types, ranging from grass to coniferous forest and urban areas. Here, we

describe the DEPAC modeling approach and the parameterization for grassland.

DEPAC describes multiple deposition pathways following the resistance modeling approach

(van Zanten et al., 2010). Here, the deposition/emission flux results from a molar fraction

difference (∆χ) between the atmosphere (χatm.) and the canopy at the surface (χc) and the

resistance between them, i.e. F = ∆χ/R equivalent to I = V /R for electric circuits.

The atmosphere is connected to the surface by three resistances in series: two atmospheric

resistances (Ra and Rb) and one canopy resistance (Rc), as shown on the left in Fig. 2.A1.

The ammonia surface flux (Fsfc) is calculated following Eq. 2.A1.

Fsfc =
χc − χatm

Ra +Rb +Rc

(2.A1)

Here, χatm is the atmospheric ammonia molar fraction, R represents the resistances and

χc is the canopy compensation point, which represents the internal molar fraction of

the canopy surface. Within the canopy, three deposition paths are described by the

parameterization, as shown right in Fig. 2.A1. The stomatal path (subscript stom) and
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the external leaf path (subscript ext) describe the atmosphere-vegetation exchange. The

third pathway is to soils (subscript soil) and describes the atmosphere-soil exchange.

The total canopy resistance Rc is calculated as three parallel resistances, following Eq.

2.A2.

1

Rc

=
1

Rstom

+
1

Rext

+
1

Rsoil

(2.A2)

The canopy compensation point is the weighted average of the individual path compensation

points, as shown in Eq. 2.A3.

χc =
Rc

Rstom

χstom +
Rc

Rext

χext +
Rc

Rsoil

χsoil (2.A3)

The first of the atmospheric resistances, the aerodynamic resistance (Ra), describes

transport by turbulence and follows Eq. 2.A4.

Ra =
1

k u∗

[
ln

(
z − d

z0

)
−ΨH

(
z − d

L

)
+ΨH

(z0
L

)]
(2.A4)

Here, k is the Von Karman constant, u∗ is the friction velocity, z is the height above the

surface, d is the displacement height, z0 is the roughness length, L is the Obukhov length

and ΨH is the integrated stability function for heat of Paulson (1970) and Dyer (1974).

The second atmospheric resistance is the quasi-laminar boundary layer resistance (Rb).

Turbulent eddies do not penetrate this thin quasi-laminar boundary layer, which is in

direct contact with the (canopy) surface. Rb is parameterized following to Eq. 2.A5.

Rb =
2

k u∗

(
Sc

Pr

)2/3

(2.A5)

Here, k is the Von Karman constant, u∗ is the friction velocity, Sc is the Schmidt number

and Pr is the Prandtl’s number.

These three deposition pathways are shown left in Fig. 2.A1. The stomatal path and

the external leaf path describe the atmosphere-vegetation exchange. The soil pathway

describes the atmosphere-soil exchange. For short and dense vegetation, like the grassland

canopy used in this study, the single-layer or ’big-leaf’ approach is applied and the soil

pathway is assumed to be negligible.

Stomatal resistance (Rstom) is calculated following the A-gs approach, as described in

Section 2.2.5. The external leaf resistance (Rext) in Eq. 2.A6 is based on the minimum

external leaf surface resistance by Sutton and Fowler (1993) and observations at the

Haarweg meteorological site by Wichink Kruit et al. (2010b).
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Rext =
SAIHaarweg

SAI
α exp

(
100−RH

β

)
(2.A6)

Here, SAIHaarweg and SAI are the surface area index at the Haarweg and at the to be

calculated location, RH is the relative humidity in % and α and β are parameterization

constants with α = 2 s m-1 and β = 12%.

The compensation points of both paths are parameterized following Eq. 2.A7, based on

the formulation of Nemitz et al. (2001) and Wichink Kruit et al. (2007).

χpath =
2.75 1015

Ts + 273.15
exp

(
−1.04 104

Ts + 273.15

)
Γpath (2.A7)

Here, Ts is the leaf surface temperature in oC and Γ is the dimensionless molar ratio

between NH4
+ and H+, or emission potential. Subscript ”path” indicates the deposition

pathway, i.e. the stomatal or external leaf path. The two pathways differ only in their

respective Γ parameterizations. For the stomatal deposition path, Γstom is solved following

Eq. 2.A8, as described by Wichink Kruit et al. (2010b).

Γstom = 362χatm, 4m, long−term 4.7exp (−0.071Ts) (2.A8)

Here, Ts is the leaf surface temperature in oC and χatm, 4m, long−term is the ’long-term’ NH3

molar fraction at four meters height, for which we take the monthly average molar fraction.

The external leaf deposition path is parameterized following Eq. 2.A9. The original

formulation as described by van Zanten et al. (2010) is expanded with the codeposition

factor for enhanced NH3 deposition in the presence of SO2, as described in Wichink Kruit

et al. (2017).

Γext = F (αSN)
[
1.84 103χatm, 4m exp (−0.11Ts)− 850

]
F (αSN < 0.83) = 1.10− 1.32αSN

F (αSN ≥ 0.83) = 0

(2.A9)

Here, TS is the leaf surface temperature in oC, χatm, 4m is the atmospheric molar fraction at

four meters height and αSN is the molar ratio between annual average SO2 and NH3.

Appendix 2.B Experiment initialization

The CLASSprescribed and CLASSDEPAC numerical experiments are initialized following Table

2.B1.
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Table 2.B1: Initialization of the CLASSprescribed and CLASSDEPAC numerical experiments.

Parameter Symbol Initial value

General

Start time t0 05:30 UTC

End time tend 17:30 UTC

Step size ∆t 1 s

Meteorological variables

CBL height at t0 z0, 1 200 m

Transitional layer height at t0 z0, 2 410 m

Residual layer height at t0 z0, 3 700 m

Wind speed at t0 u0 2.0 m s-1

Geostrophic wind speed at t0 ugeo, 0 10.0 m s-1

Flow divergence factor (subsi-

dence)

wsls 3 10-6 s-1

Heat (X = θ) Moisture (X = q)

Initialization CBL at t0 X0 286 K 8.8 g kg-1

Initialization inversion at t0 ∆X 0.5 K 0.0 g kg-1

Transition layer lapse rate γX, 1 0.030 K m-1 -0.005 g kg-1m-1

Residual layer lapse rate γX, 2 0.005 K m-1 -0.018 g kg-1m-1

Free troposphere lapse rate γX, 3 0.010 K m-1 -0.005 g kg-1m-1

Surface properties

Albedo A 0.28

Leaf area index LAI 3.0 (van Tiggelen et al., 2018)

Surface temperature at t0 Ts, 0 289.5 K

Soil temperature top layer at

t0

Tsoil, 0 292.0 K

Soil temperature deeper soil

layer

T2 282.0 K

Volumetric water content top

soil layer at t0

wg, 0 0.40 m3 m-3

Volumetric water content

deeper soil layer

w2 0.72 m3 m-3

Volumetric water content field

capacity

wfc 0.75 m3 m-3

Saturated volumetric water

content

wsat 0.80 m3 m-3

Wilting point wwilt 0.35 m3 m-3
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Table 2.B1: (Continued)

Parameter Symbol Initial value

Chemical species

Chemical equilibrium time τ 1800 s

Long term NH3 molar fraction χatm, long−term 15 ppb

CLASSprescribed CLASSDEPAC

NH3 CBL at t0 NH3, 0 27 ppb 27 ppb

NH3 FT NH3, FT 0.00 ppb 11.0 ppb

NH3 advection ADV 0.72 10-3 ppb s-1 0.04 10-3 ppb s-1

HNO3 CLB at t0 HNO3, 0 3.5 ppb 3.5 ppb

HNO3 FT HNO3, FT 1.0 ppb 1.0 ppb

H2SO4 at t0 H2SO4, 0 1.3 ppb 1.3 ppb

H2SO4 FT H2SO4, FT 0.0 ppb 0.0 ppb

Appendix 2.C Supplementary Figures

2.C.1 An alternative initialization of the CLASSDEPAC experiment

The CLASSDEPAC experiment of Section 2.3.3 is now initialized following the initialization

for advection (ADV) and the free tropospheric NH3 molar fraction (NH3, FT) of the

CLASSprescribed experiment of Section 2.3.2 (Table 2.B1). This increases ADV from

0.04 10-3 ppb s-1 to 0.72 10-3 ppb s-1 and decreases NH3, FT from 11 ppb to 0 ppb.

Figure 2.C1 shows the observed and modeled NH3 molar fraction (a) and flux (b) for

this alternative initialization (CLASSDEPAC alternative init.) and the original initialization

(CLASSDEPAC).

2.C.2 The diurnal variability of the observed NH3 flux from 2012 to 2015

Figure 2.C2 shows, similar to Fig. 2.2b, the average mean diurnal variability of the observed

ammonia flux in the months May up to and including August of 2013 (orange) and 2012

to 2015 (purple). The filter criteria of Table 2.1 were applied to these observations. Solid

lines represent the mean diurnal variability, averaged over N number of observations shown

above. Note that 2013 contains about half the number of observations (N) of the 2012 -

2015 period. Similar to Fig. 2.2b, the coloured shadings show the 25/75 percentile of each

set of observations.



50 The diurnal atmospheric ammonia budget

Figure 2.C1: The observed (black) and modeled (orange) NH3 molar fraction (a) and flux

(b). An alternative initialization of the CLASSDEPAC experiment (ADV = 0.72 10-3 ppb s-1,

NH3, FT = 0 ppb) is shown in solid orange, with the original initialization (ADV = 0.04 10-3

ppb s-1, NH3, FT = 11 ppb) is shown in dotted orange as a reference. Note that this alternative

initialization is the same as used in the CLASSprescribed experiment.

Note: Figure 2.C2 is based on a dataset which was provided in an earlier stage of the

research. Since then, improvements have been made in the processing of the DOAS

measurements, which can lead to minor changes in the NH3 flux.

2.C.3 The DEPAC parameterized canopy compensation points

In Fig. 2.C3a, the observed (black) and modeled (orange) NH3 molar fraction is compared

to the modeled compensation points (purple). The modeled NH3 flux is proportional

to the difference between the modeled molar fraction (⟨NH3⟩, orange) and the canopy

compensation point (χc, solid purple), following Eq. 2.A1, and compared to the observed

flux (black) in Fig. 2.C3b. This canopy compensation point is calculated as the average of

the stomatal compensation point (χstom, dotted purple) and the external leaf compensation

point (χext, dashed purple), weighted by the path specific resistances (not shown), following

Eq. 2.A3.
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Figure 2.C2: The mean diurnal variability (solid line), with the 25/75 percentile (shading),

of the observed NH3 flux for the months May to August of 2013 (orange) and 2012 to 2015

(purple). The observations for these aggregated diurnal cycles are filtered for high quality

DOAS observations and cloudless convective conditions, characterized by weak large-scale

forcing (Table 2.1). Atop the NH3 flux, the N number of observations over which the averages

is taken is shown.

Figure 2.C3: The observed (black) and modeled (orange) NH3 molar fractions, with the

modeled compensation points (purple), (a) and the observed and modeled NH3 flux (b). The

canopy compensation point (χc, solid purple) is calculated as the average of the stomatal

compensation point (χstom, dotted purple) and the external leaf compensation point (χext,

dashed purple), weighted by the path specific resistances (not shown) following Eq. 2.A3.
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Abstract

In this study, we present a comprehensive observational approach, aiming to establish

relations between the surface-atmosphere exchange of ammonia (NH3) and the CO2

uptake and transpiration by vegetation. These processes are well understood and can

lead to new insights in the NH3 stomatal exchange. The NH3 concentration and flux

are measured using a novel open-path miniDOAS measurement setup, taken during the

RITA-2021 campaign at the Ruisdael Observatory at Cabauw, the Netherlands. After

filtering for unobstructed flow, sufficient turbulent mixing and CO2 uptake, we find the

diurnal variability of the NH3 flux to be characterized daytime emissions (0.05 µg m-2s-1

on average) and deposition at sunrise and sunset (-0.05 µg m-2s-1 on average). We first

compare the NH3 flux to the observed gross primary production (GPP), representing CO2

uptake, and latent heat flux (LvE), representing to evapotranspiration. Next we organize

the observations following the main drivers of the dynamic vegetation response, based on

temperature (T), photosynthetically active radiation (PAR) and the water vapor pressure

deficit (VPD). We find strong indications towards stomatal emission of NH3, with high

correlation between the observed emissions and both LvE (0.70) and PAR (0.72), as well as

clear similarities in the diurnal variability of the NH3 flux and GPP. However, the efforts

to establish relationships are hampered due to the amount of diversity of NH3 sources of

the active agricultural region and low data availability after filtering. Still, the results of

this study do demonstrate that there is room to find patterns between the high-quality

NH3 observations and fluxes of CO2 and water vapor.
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3.1 Introduction

While nitrogen is an essential nutrient for the growth of plants, acting as a fertilizer,

excess nitrogen deposition causes environmental damage and leads to an increased public

health risk through the formation of particulate matter (Behera et al., 2013; Bobbink

et al., 2003; Erisman et al., 2013; Erisman and Schaap, 2004; Smit and Heederik, 2017).

When nitrogen critical loads are exceeded, excess nitrogen deposition threatens biodiversity

through acidification and eutrophication of soils. When mitigation of the harmful effects

of nitrogen fails, there can be serious political, economic and societal consequences, as

demonstrated by the current Dutch nitrogen crisis (Stokstad, 2019). Atmospheric ammonia

(NH3) plays a key role in the deposition of nitrogen, mainly originating from agricultural

activity. This is especially true in the Netherlands where NH3 deposition accounts for

about three-quarters of all nitrogen deposition (RIVM et al., 2019; Wichink Kruit and

van Pul, 2018).

Efforts to mitigate the harmful effects of nitrogen deposition heavily rely on models

representing the concentration and deposition of nitrogen compounds, supported by a

network of concentration and surface-atmosphere exchange measurements. The surface-

atmosphere exchange in such models is represented by parameterizations, which are

developed, validated and improved based on advanced high-resolution observations. In the

case of atmospheric ammonia, taking accurate high-resolution measurements is notoriously

difficult, due to the reactive nature of gaseous NH3 causing the gas to ”stick” to inlet walls

of conventional instruments (Parrish and Fehsenfeld, 2000; von Bobrutzki et al., 2010).

These challenges are amplified when measuring the NH3 surface-atmosphere exchange flux

(deposition or emission), where high precision is particularly important (Nemitz et al.,

2004a; Whitehead et al., 2008).

Recent developments in advanced instrumental techniques resolve these inlet issues by

using optical open-path analyzers. Swart et al. (2023) presents an intercomparison of two

novel open-path measurement setups, aimed at measuring the NH3 flux at half-hourly

resolution: the RIVM-miniDOAS 2.2D and the commercial Healthy Photon HT8700E. The

two setups showed very similar results, despite being widely different in their measurement

principle and approach to derive the flux from concentrations, as the Healthy Photon uses

the eddy covariance technique while the miniDOAS applies the flux-gradient method to line

average concentration measurements over a 22 m open-path at two heights. In this study,

we continue the analysis of the observations of the miniDOAS system presented by (Swart

et al., 2023), as the system provides reliable measurements of both the concentration and

flux with a high operational uptime.

In a previous study, based on measurements from the predecessor of the miniDOAS

system at the Veenkampen meteorological site in the Netherlands, we identified that the

mechanisms behind stomatal exchange of NH3 are not yet fully understood (Schulte et al.,
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2021). Here, we continue to study this stomatal exchange pathway by linking the observed

NH3 flux (FNH3) to photosynthesis, i.e. the stomatal exchange of CO2 and water vapor

(plant transpiration). The similarities between the stomatal exchange of NH3 and CO2

have long been recognized (San José et al., 1991; Schrader et al., 2020). However, there are

very few parallel measurements of NH3 and CO2 fluxes, and research into the two gases is

generally conducted by separate scientific communities (Milford et al., 2001). Milford et al.

(2001) performed one of the few attempts to develop a simple parameterization for both

the CO2 and NH3 flux, but was unsuccessful to find such relations for NH3 as the observed

NH3 flux over Scottish Heathland was dominated by non-stomatal exchange.

In this Chapter, we re-ignite the efforts in linking NH3 and CO2 fluxes to further our

understanding of NH3 stomatal exchange. Utilizing the recent developments in NH3

measurement techniques, we combine the high-quality miniDOAS FNH3 observations with

measurements of both CO2 and water vapor fluxes, as well as other meteorological variables.

We first describe the observations, after which we link the observed FNH3 to stomatal

exchange, with the intention to establish relationships between the stomatal exchange

of ammonia and the processes of CO2 uptake and transpiration by vegetation. As these

processes of photosynthesis are well understood, we explore how this understanding can

lead to further improving the parameterization of the NH3 stomatal exchange.

3.2 Characterizing the RITA-2021 campaign observa-

tions

3.2.1 Site description and measurement strategy

In September 2021, the Ruisdael Land-Atmosphere Interactions Intensive Trace-gas and

Aerosol measurement campaign, known as RITA-2021, took place at the Cabauw Observa-

tory (https://ruisdael-observatory.nl/cabauw/). The Cabauw Observatory, one of

the 6 sites within the Ruisdael Observatory, is located on flat grassland in the Netherlands

(51.971oN, 4.927oE), with an average grass height of 0.1 m. The site provides a unique

set of surface and upper air observations, matched by only a very few station world-wide.

This includes measurements of thermodynamic variables along the 213 m mast, radiation,

surface fluxes, clouds and trace gasses. Surface elevation changes are at most a few meters

over 20 km and the nearby region is agricultural. An overview of the Cabauw site, the

instruments stationed at the site and its 50-years of observations is given in Bosveld et al.

(2020).

During the campaign, 48 days of ammonia measurements are taken using the miniDOAS

(Differential Optical Absorption Spectroscopy) flux measurement setup (Berkhout et al.,

2017), starting on 25 August until 12 October. The measurement setup and more details on

the measurement campaign are described in Swart et al. (2023). In short, the miniDOAS
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Figure 3.1: The area surrounding the Cabauw Observatory (left) and the setup of the

instruments at the measurement site (right). The transparent white circle represents a distance

of 500 m from the NH3 measurements and the color coded dots represent the locations of nearby

farms, i.e. emission sources of NH3 (Source: Emissieregistratie, www.emissieregistratie.nl, last

access 21 January 2022). The colored circle in both panels indicates the wind directions where

the airflow towards the miniDOAS light-path is obstructed by either other instruments (yellow)

or larger structures (red). (Source left panel: ”Cabauw Observatory”, 51.971oN, 4.927oE.

GOOGLE EARTH, 27 January 2022, Image by Landsat / Copernicus. Source right panel:

Swart et al. (2023), modified)

is an optical instrument, measuring the line average concentration (mass density) over

a 22 m open path from instrument to its retroreflector. The 30 minute average NH3

concentrations have an accuracy of 0.01 µg m-3. The flux measurement setup uses two

miniDOAS instruments, which measure the concentration over parallel paths at different

heights, i.e. 0.76 m and 2.29 m respectively. FNH3 is then inferred using the flux-gradient

method, based on the Monin–Obukhov similarity theory (Moene and Van Dam, 2014).

The flux-gradient method combines the observed vertical NH3 gradient with turbulent

measurements of a sonic anemometer (model Gill WindMasterProTM Gill Instruments,

Lymington, UK) (Nemitz et al., 2004a; Schulte et al., 2021; Wichink Kruit et al., 2007;

Wyers et al., 1993).

The measurement field and its surroundings are shown in Fig. 3.1. The miniDOAS light

paths are aimed in north-northwestern direction (right panel) to ensure unobstructed flow

for wind coming from the west, which is the dominant wind direction in the Netherlands.

North of the light path, shown in yellow in Fig 3.1, the flow of air is obstructed by

several instruments, including the aforementioned sonic anemometer. To the east and

south, the airflow is obstructed by a trailer, the 213 m high meteorological tower and the

container which houses the miniDOAS instruments. The unobstructed region west of the
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Table 3.1: Filter criteria with the filter acceptance rates (in percentages and hours).

# Filter Criterion Acceptance

[%] [hours]

- Unfiltered observations - 100% 1152

Discard 1: miniDOAS intercalibration - 65% 746

Discard 2:
Fertilization events

11 - 12 September
- 61% 698

Filter 1: Wind direction 331o ≥ Ud ≥ 201o 16% 188

Filter 2: Rain duration train ≤ 5 min 16% 179.5

Filter 3: Turbulent mixing u∗ > 0.1 ms−1 13% 151

Filter 4: Gross primary production GPP > 0 mgCm−2s−1 11% 123.5

Filter 5: Incoming short-wave radiation SWin > 10 Wm−2 9% 102

measurement field, is mainly characterized by actively managed agricultural grassland and

the small town of Cabauw (about 750 inhabitants), as shown left in Fig. 3.1. Several farms

can be seen northwest and west of the measurement field, with varying emission strengths

up to over 1200 kg NH3 year-1. Sheep and cattle graze on these agricultural fields, which

are actively maintained and fertilized. These activities were not documented and sporadic

fertilization events do affect the NH3 measurements, as will be discussed later.

3.2.2 Data filtering

We apply several filter criteria to the RITA-2021 observations, which are shown in Table

3.1 with acceptance rates for each individual filter criterion. The miniDOAS flux setup

requires several days of intercalibration measurements, as described in Swart et al. (2023).

No ammonia flux can be inferred from these intercalibration measurements, leaving 65%

of the campaign observations suitable for flux measurements. We furthermore discard

observations from 11 - 12 September, as these NH3 emission fluxes are outliers with respect

to the average observed NH3 flux, indicating towards a fertilization event in close proximity

to the measurement site.

The remaining measurements are processed by applying 5 filters in total. The use of

the flux-gradient method requires unobstructed upwind air flow with sufficient turbulent

mixing. Figure 3.1 shows that the instruments were positioned anticipating winds from

the south-west (green), with the obstacles located east (red) and north (yellow) of the

miniDOAS optical path. We therefore apply a criterion filtering for wind directions between

201o and 331o. This filter leads to a large reduction data available for analysis, decreasing

the available data from 61% to 16% as the prevalent wind direction during the campaign

was from the north-east. As a secondary effect of this filter, the available observations are
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taken under synoptic weather conditions characterized frontal passages with some rain

events. The second filter excludes rain events lasting more than 5 min, as rain droplets

can obstruct the light path of the miniDOAS. Finally, sufficient turbulent mixing is one of

the main requirements for flux measurement using the flux-gradient method. The third

filter therefore requires the friction velocity to have a value of at least 0.1 m s-1 (u* ≥
0.1 m s-1). With these three filters, we ensure the quality of the ammonia measurements,

observing the NH3 flux with an accuracy of 0.01 µg m-2s-1.

The fourth and fifth filter criteria focus on the ammonia surface-atmosphere exchange

pathways. The NH3 flux follows three pathways: the stomatal pathway, external leaf

surface pathway and the soil pathway (Massad et al., 2010; Nemitz et al., 2001; van Zanten

et al., 2010). The latter is generally assumed to be negligible for the FNH3 over grass, as

the dense vegetation completely covers the soil. The external leaf pathways, represents

exchange of ammonia with a thin film of water and leaf surface waxes on the leaf surface,

depending on the relative humidity (RH) (Van Hove et al., 1989). Finally, the stomatal

pathway represents exchange of NH3 through the plant stomata with ammonium dissolved

in the apoplast fluids of the plant (Farquhar et al., 1980; Wichink Kruit et al., 2010b).

While these processes happen at very small scales, at micrometer or milometer level, they

can be represented at the canopy level, i.e. at field scale (Vilà-Guerau de Arellano et al.,

2020).

The NH3 exchange through the stomatal pathway is governed by the dynamic response

of vegetation to meteorological conditions and is closely related to photosynthesis. The

stomata open during the day in response to solar radiation, as the vegetation uses energy

for photosynthesis, particularly the photosynthetically active radiation (PAR) (Cowan and

Farquhar, 1977; Hsiao, 1973; Papaioannou et al., 1996; Ronda et al., 2001). Plants ingest

CO2 through the stomata, but water from inside the plant can evaporate as the stomata

are opened. The plant can reduce this loss of water by (partly) closing the stomata in case

of high water vapor pressure deficit (VPD), or increase the evaporation rate by actively

opening the stomata. Increasing the evaporation rate provides cooling, lowering the leaf

temperature to reach optimal conditions to perform photosynthesis (de Groot et al., 2019;

Jacobs and de Bruin, 1997; Takagi et al., 1998; Vilà-Guerau de Arellano et al., 2020). As

the temperature and VPD are often highest in the late afternoon, the stomata often partly

close to manage the loss of water. During the night, there is no PAR for photosynthesis,

so the stomata are closed. As a result, the characteristics of ammonia surface-atmosphere

exchange of NH3 differ between day and night, with the stomatal pathway being dominant

during the day and the external leaf pathway being the dominant pathway during the

night and in the early morning.

The uptake of CO2 is represented by the Gross Primary Production (GPP), in mgC m-2s-1.

The GPP and the (soil) CO2 respiration (RESP) combined define the Net Ecosystem

Exchange (NEE) of CO2, following NEE = GPP +RESP , which is measured as the CO2
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flux. The CO2 respiration is estimated by taking the average campaign nighttime (Qnet <

0) CO2 flux, which is approximately 2.2 mgCO2 m-2 s-1. The GPP is then estimated by

subtracting this respiration estimate from the observed CO2 flux, orGPP = NEE−RESP .

Note that a positive GPP (carbon uptake) corresponds to a observed negative CO2 flux

(CO2 deposition).

To capture observations whit active stomatal exchange, Filter 4 is set to only accept GPP

> 0 mgCO2 m-2 s-1. Due to the uncertainty of our GPP estimate, there are still some

night-time observations which pass the filter. We therefore add an additional 5th filter

using incoming shortwave radiation (SWin). Only measurements with SWin > 10 W m-2

will pass, in order to filter out these last remaining night-time observations.

After filtering, 102 hours (9%) of all RITA-2021 observations, or 18% of all daytime

RITA-2021 observations, are available for analysis. These observations are taken over

17 unique days, spanning 29 August to 30 September, with an average of 6 hours and a

maximum of 12 hours of accepted measurement per day.

3.2.3 Characterization of the campaign meteorology

The summer months (June, July and August) leading up to the RITA-2021 campaign are

characterized as an average Dutch summer, with average temperatures (17.7 oC), above

average precipitation (244 mm accumulated) and below average hours of sunshine (618

hours). Additionally the ground and surface water levels are actively managed for the

agricultural activity in the area (Brauer et al., 2014). It is therefore expected that the role

of long-term vegetation stress on stomatal exchange is negligible during the RITA-2021

campaign.

As discussed in Section 3.2.2, high temperatures or VPD can induce vegetation stress during

the campaign. We therefore characterize the meteorological conditions of the 17 unique

days in which the 102 hours of filtered measurements were taken. The meteorological

conditions of these days are summarized in Table 3.2, which shows the 17 day average

and the observed range of the diurnal minimum/maximum of several variables. The

17-day average values provide a characterization of mild meteorological conditions with no

indication that the vegetation is under stress. Additionally, Table 3.2 includes an estimate

of the maximum daytime footprint of the sonic anemometer, as a first-order approximation

of the footprint of the NH3 flux measurements. The footprint shown in Table 3.2 is the

70% footprint of the sonic anemometer at a height of 2.8 m, following the method from

Kljun et al. (2015).

As the filtered campaign measurements are characterized by frontal passages, the weather

conditions range from clear sky summer conditions with moderately high temperatures,

to colder cloudy days with short precipitation events (not shown). Furthermore, the

atmospheric stability for the 102 hours of filtered measurements is classified using the
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measured Obukhov length (L) and the height of the sonic anemometer (z = 2.8 m). In

total, 4.5 hours (4%) can be classified as stable (z/L > 0.05), 61 hours (60%) as neutral

(-0.05 ≤ z/L ≤ 0.05) and 36.5 hours (36%) as unstable conditions (z/L < -0.05). This

variation leads to a large spread in all variables shown in Table 3.2, as indicated by the

column showing the 17-day range.

3.2.4 Characterization of the NH3 observations

The variety in meteorological conditions could be an explanation of the large day-to-day

difference in the observed NH3 concentrations, shown in Fig. 3.2b. The histogram shows

that most observed NH3 concentrations are below 7 µg m-3, with a long tail leading to a

maximum concentration of 24.7 µg m-3. Still, the mean (solid line) and median (dotted

line) concentrations do indicate that the concentration decreases during the day, until the

late afternoon. This would be in line with observations at several other sites, both in the

Netherlands (Schulte et al., 2021; Wichink Kruit et al., 2007) and in other countries, e.g.

Scotland (von Bobrutzki et al., 2010) or Italy (Ferrara et al., 2021). The large day-to-day

differences in the NH3 measurements could be a result of the changing meteorological

conditions, the nearby agricultural activity, or a combination of both.

Despite the high variability in the NH3 concentration measurements, a consistent diurnal

variability is observed in the NH3 gradient (∆NH3) and corresponding flux in Fig. 3.2c

and 3.2d. Both Fig. 3.2b and 3.2c indicate that the observed ∆NH3 is independent of

the absolute NH3 concentration, i.e. high absolute concentrations do not lead to a large

concentration difference between the two miniDOAS instruments. The average diurnal

variability is characterized by negative ∆NH3 (deposition) in the early morning and late

afternoon and positive (emission) ∆NH3 during the afternoon, with a typical range of

about 0.5 µg m-3 in both directions. In total 79% of the filtered observations have a

positive ∆NH3, corresponding to NH3 emissions.

As FNH3 is directly inferred from ∆NH3, the diurnal variability in Fig. 3.2d is very similar.

The NH3 flux typically reaches its maximum around noon at little over 0.05 µg m-2s-1 on

average, with individual noon observations ranging from -0.01 µg m-2s-1 to 0.14 µg m-2s-1.

Note that the measurements taken on 11 - 12 September, the aforementioned fertilization

event, are approximately a factor 4 larger than the mean campaign values. Despite the

large observed FNH3 on these days, the observed concentrations are only slightly larger

than the campaign averages. These two days will not be included in the analysis presented

in this study, but they are shown as an illustration of how fertilization events can impact

our analysis.

3.2.5 Characterization of the ammonia flux

The main drivers of ammonia surface-atmosphere exchange are turbulent mixing, as well

as the difference between the atmospheric NH3 concentration and the so called canopy
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b)

a)

Deposition

Emission

c)

Deposition

Emission

d)

e)

Figure 3.2: The diurnal variability from sunrise (6:00 UTC) to sunset (18:00 UTC) of the

filtered NH3 concentration (b), NH3 gradient (c), FNH3 (d) and the GPP with the corresponding

histogram to the right. At each moment in time, the multi-day mean (solid line) and median

(dotted line) are calculated. Highlighted are observations from the fertilization event at 11

- 12 September (open circles). The N number of observations over which these averages are

calculated are displayed at the top (a). ∆NH3 is defined so the sign matches that of FNH3
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b)a)

Figure 3.3: The 2.8 m temperature plotted against FNH3 (a) and observed NH3, 2.29 m (b).

The color coding in (a) represents the NH3 concentration, observed at 2.29 m. In (b), the

dotted line represents the theoretical stomatal compensation point (χs) for a long-term NH3

concentration of 7.7 µg m-3. Highlighted with black circles are observations with RH > 80%,

taken before noon, where NH3 exchange through the external leaf pathway can play a significant

role.

compensation point, i.e. an internal NH3 concentration (Farquhar et al., 1980; Nemitz

et al., 2001; Wichink Kruit et al., 2007). A compensation point lower than the atmospheric

concentration leads to deposition of ammonia and vice-versa. The canopy compensation

point consists of individual compensation points for each of the individual flux pathways.

Following parameterizations of the stomatal compensation point, we find it related to the

(leaf) temperature and some form of nitrogen input parameter (actual or long-term NH3

concentration). The stomatal compensation point increases non-linearly with increasing

temperature or nitrogen input (Massad et al., 2010; Nemitz et al., 2001; van Zanten

et al., 2010). As the stomatal compensation point increases and becomes larger than the

atmospheric NH3 concentration, or as the atmospheric concentration drops below this

compensation point, emission will be observed from the stomatal exchange pathway.

In Fig. 3.3a, we show the observed ammonia flux against the observed temperature of the

sonic anemometer, with the colors indicating the atmospheric NH3 concentration at 2.29

m. Despite our efforts to filter for observations where the stomatal pathway is dominant,

it is possible that the external leaf pathway still plays an important role in the morning,

through deposition onto morning dew at canopy level (van Zanten et al., 2010; Wentworth

et al., 2016). We therefore use black circles to mark observations taken before 12:00 UTC

with RH > 80% in Fig. 3.3. These highlighted observations indeed generally correspond

with measurements of deposition or weak emission, indicating that NH3 exchange through

the external leaf pathway is still significant for these observations. While the inclusion

complicate our analysis of stomatal NH3 exchange, they are still included in the analysis

as it also offers an opportunity to test if the relations found in the filtered dataset differ
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for the marked- and unmarked observations. If that is the case, it shows we are indeed

able to attribute the unmarked observations to stomatal exchange.

Figure 3.3a shows that the observed FNH3 increases with temperature for low atmospheric

concentration (2 µg m-3 ≤ NH3, 2.29m ≤ 7 µg m-3). We attribute this increase in NH3

emissions to the change in ∆NH3 for increasing temperature, i.e. the difference between

the approximately constant atmospheric NH3 concentration and stomatal compensation

point. This is indeed shown in Fig. 3.3b, where the theoretical stomatal compensation

point (dotted line) increases with temperature. Here, the compensation point is calculated

following the DEPosition of Acidifying Compounds (DEPAC) parameterization (van

Zanten et al., 2010), using the sonic anemometer temperature and campaign median

NH3, 2.29 m (7.7 µg m-3).

This relation is scattered for measurements taken at high temperatures (> 21 oC). While

there were only small variations in the NH3 concentration for temperatures below 21 oC,

NH3 concentration for these warmer temperatures are higher than the campaign average

(> 7 µg m-3) and highly variable. As the NH3 flux is directly related to the difference

between the atmospheric NH3 and the stomatal compensation point, the variability in

the atmospheric concentration leads to the scatter shown in Fig. 3.3a, where higher NH3

observations correspond to weaker emission fluxes.

3.3 Ammonia flux relationships to dynamic vegeta-

tion responses

The diurnal pattern of FNH3 in Fig. 3.2d shows similarities with the diurnal variability

of the GPP in Fig. 3.2e. To further study the role of stomatal exchange during the

campaign, we link the observed FNH3 to the dynamic vegetation responses. First, we relate

the ammonia flux to the GPP, the latent heat flux (LvE) and the sensible heat flux (H).

The GPP and LvE are directly governed by the opening and closing of the stomata and

represent stomatal exchange. Given the low data availability (9%), we are aware that the

analysis could be dominated by variations resulting from the diurnal variability of the

fluxes. We therefore also include H in our analysis. The sensible heat flux is only indirectly

related to the dynamic vegetation response through the surface energy balance, as the

available energy from (solar) radiation and the soil heat flux is split between LvE and H.

If the observed fluxes are indeed regulated through the opening and closing of stomata,

the analysis for FNH3 to LvE and GPP should differ from the comparison with H.

Next, we organize the observations following current dynamic vegetation models, based

on temperature, radiation and moisture (Jarvis et al., 1976; Ronda et al., 2001; Stewart,

1988). Here, we compare the responses of the four individual fluxes to temperature (T),

PAR and VPD. As these three variables control the stomatal response at canopy level, we

will use the responses of the fluxes to these variables as a guidance to better understand
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b)

c)

a)

Figure 3.4: Scatter plots of FNH3 against the GPP (a), LvE (b) and H (c), with the colors

indicating the ABL stability. Highlighted by black circles are observations with a RH >80%,

where deposition through the external leaf path can still play an important role. The black

crosses are observations from the fertilization event observed on 11 - 12 September.

the diurnal variability of the ammonia flux. Note that measurements taken on 11 - 12

September are not used to calculate correlation coefficients, but are shown in the figures

and included in the visual analysis.

3.3.1 Relating the ammonia flux to photosynthesis

Plotting FNH3 against the GPP in Fig. 3.4a shows a low positive correlation between

the two fluxes, with a correlation coefficient of 0.48. There is a large spread in the data,

particularly for GPP values larger than 0.125 mgC m-2s-1. Part of this spread is attributed

to the high relative humidity (black circles), where FNH3 is not yet dominated by stomatal

exchange and exchange through the external leaf pathway is still expected to be significant.

Note that the atmospheric stability (color coded) plays an important role for the GPP as

unstable conditions are typically characterized by clear skies and high PAR values, which
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favors photosynthesis (discussed in Section 3.3.2). This relation is not found in the observed

FNH3 , as there is a large spread in FNH3 for both neutral and unstable conditions.

A moderate positive correlation is found in Fig. 3.4b between FNH3 and LvE. Our

interpretation of this moderate correlation is that both evaporation and stomatal NH3

emissions follow a similar process. The opening of the stomata for photosynthesis allows

for the exchange of several gasses, including water vapor and ammonia, depending on

VPD or the difference between atmosphere NH3 and the stomatal compensation point

(Cowan and Farquhar, 1977; Farquhar et al., 1980; Hsiao, 1973; Wichink Kruit et al.,

2010b). Note that the observations with high relative humidity generally correspond to

low LvE and that again unstable conditions correspond with high LvE values, related to

the VPD between the leaf and stomata, and the atmosphere.

When plotting FNH3 against H, two branches are found in the spread of the data, with

a third branch being formed by the filtered out fertilization event on 11 - 12 September

(black crosses). The smaller branch, with FNH3 > 0.1 µg m-2s-1, could point towards

another (weaker) fertilization event. Still, the second highest positive correlation is found

at 0.65, indicating that the natural diurnal variability indeed plays and important role.

Note that most of the measurements with high relative humidity are clustered around H

= 0 W m-2, i.e. there is little transfer of heat between the surface and atmosphere.

Based on the three scatter plots we find the highest correlation between FNH3 and LvE.

Together with the diurnal variability of FNH3 , transitioning from nighttime deposition to

daytime emission from 8:30 to 16:30 UTC, this is the second indication towards stomatal

emission of NH3, opposed to emission from fertilization or animal droppings. However,

the moderate correlation between FNH3 and H indicates that the diurnal variability of the

fluxes influences the correlation coefficient. Finally, we want to mention the observations

on 11 - 12 September, which support the interpretation of the scatter plots in showing

how fertilization events affect our analysis.

3.3.2 The dynamic vegetation response to varying meteorological condi-

tions

The dynamic response to temperature

We further investigate the stomatal exchange of NH3 by analyzing the response of FNH3 to

varying meteorological conditions. The optimal conditions (PAR, T, VPD) for photosyn-

thesis are different for different vegetation types (Gates, 1980; Jacobs, 1994; Vilà-Guerau

de Arellano et al., 2015). Starting with the 2.8 meter temperature (T) in Fig. 3.5, we find

a large spread for all four surface fluxes, resulting in low positive correlations (0.33 - 0.51).

The lowest correlation coefficients are found for GPP and LvE, indicating that temperature

has little impact on the opening and closing of the stomata. Slightly higher correlation is

found for FNH3 , which we attribute to the relation between the stomatal compensation
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b)a)

d)c)

Figure 3.5: Scatter plots of the temperature against FNH3 (a), GPP (b), LvE (c) and H (d),

with the colors indicating the ABL stability. Highlighted by black circles are observations

with a RH > 80%. The black crosses are observations from the fertilization event on 11 - 12

September.

point and the NH3 flux, discussed in Section 3.2.5. Note that the NH3 emissions on 11 -

12 September stand out as outliers in Fig. 3.5a, while being average for the other three

subplots.

The dynamic response to VPD

Moving on to analyzing the response of the four fluxes to the VPD, we find moderate

correlation coefficients (0.42 - 0.53) in Fig. 3.6. The latent heat flux shows in Fig. 3.6c a

non-linear relationship with the VPD, called the evaporation hysteresis (de Groot et al.,

2019; Zhang et al., 2014). This hysteresis is driven by both the vegetation regulating the

loss of water through evaporation, described in Section 3.2.2, and the time difference when

the maximum values for LvE (12:00 UTC) and VPD (15:00 UTC) are reached. The same
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b)a)

d)c)

Figure 3.6: Scatter plots of the VPD against FNH3 (a), GPP (b), LvE (c) and H (d), with the

colors indicating the ABL stability. Highlighted by black circles are observations with a RH >

80%. The black crosses are observations from the fertilization event on 11 - 12 September.

holds true for the other three fluxes (FNH3 , GPP and H), as all three reach their maximum

around noon.

Note that the observations of 11 - 12 September again are clear outliers in Fig. 3.6a,

forming two branches in the scatter plot. Also standing out are several observations with

FNH3 > 0.1 µg m-2s-1. These are the observations that appear as the small upper branch

in the H - FNH3 scatter plot in Fig. 3.4c and, again, form their separate branch here in

Fig. 3.6a. This further indicates that there is a second (weak) fertilization event in the

filtered dataset of the RITA-2021 campaign.

The dynamic response to PAR

When relating FNH3 to PAR, we find high positive correlation coefficients for all four

surface fluxes (0.72 - 0.93) in Fig. 3.7. The highest value is found for H (Fig. 3.7d), as the
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b)a)

d)c)

Figure 3.7: Scatter plots of PAR against FNH3 (a), GPP (b), LvE (c) and H (d), with the

colors indicating the ABL stability. Highlighted by black circles are observations with a RH >

80%. The black crosses are observations from the fertilization event on 11 - 12 September.

solar radiation is the main source of energy for the surface-atmosphere exchange of heat.

Where H exhibits a linear relation to PAR, non-linear effects are observed in the response

of the two photosynthesis fluxes GPP and LvE. This difference, together with the high

correlation coefficients, indicates that PAR is the main driver of the dynamic vegetation

response.

The GPP has a strongly non-linear response to PAR, as the GPP appears to reach a plateau

for PAR > 150 W m-2. There are several reasons for this GPP maximum. At constant

temperature and PAR, the stomatal uptake of CO2 will increase the concentration within

the plant to the point that the CO2 supply is no longer the limiting factor. The GPP then

reaches a plateau of maximum photosynthesis rate (see Figure 6.13a Moene and Van Dam

(2014)), similar to the observations in Fig. 3.7b. Additionally, the photosynthesis system

can become light saturated for high PAR values, at constant temperature. Following this
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latter process, the GPP is expected to level off more gradually, compared to the plateau

that is reached by CO2 saturation (see Figure 6.13b Moene and Van Dam (2014)). Finally,

the (partly) closing of the stomata in response to high VPD could also reduce the GPP.

However, as the VPD typically reaches its maximum around 15:00 UTC (not shown), it is

unlikely that this is a limiting factor for GPP at high PAR values, which peaks around

noon. All these processes depend on the temperature, VPD and PAR, and can explain

the vertical spread in Fig. 3.7b.

When taking a close look at the response of the LvE to PAR, is it possible to distinguish

two phases in Fig. 3.7c. First, for PAR values up to about 100 W m-2, the LvE increases

linearly to roughly 75 W m-2, related to the opening/closing of the stomata around

sunrise/sunset. The second phase shows a more gradual linear increase of LvE to PAR.

From the linear response and the small spread in Fig. 3.7c, we conclude that opening and

closing of the stomata during the RITA-2021 campaign is governed by PAR and that the

role of the VPD or temperature is small.

Similar to the LvE, the NH3 flux generally shows a linear response; transitioning from

weak deposition to emission as the stomata open in response to increasing PAR. The

spread in the FNH3 response is larger compared to the LvE response, which results in

the lowest correlation coefficient at 0.72. We attribute this spread to three factors: the

relation between temperature and the stomatal compensation point, the variations in the

NH3 concentration and the measurements where RH > 80% (black circles). Furthermore,

observations where FNH3 > 0.1 µg m-2s-1, i.e. the possible (weak) fertilization event, again

appear to form a second branch in the scatter plot. Based on the strong similarities

between FNH3 and LvE in their response to PAR, we conclude that the observed NH3

emission is indeed stomatal (re)emission from vegetation.

3.4 Discussion

Observations of the NH3 flux after filtering, taken over 17 individual days during the

RITA-2021 campaign, are characterized by day-time emissions. The measurement site

at Cabauw is located on flat grassland in an agricultural area, with the nearby fields

being actively managed and/or grazed upon. It is therefore possible that the observed

NH3 emissions originate from sources like fertilization events (e.g. manure application) or

animal droppings. We therefore first aim to link the NH3 emissions to stomatal exchange

and follow up by attempting to find relations between FNH3 and observations of the CO2

and water vapor flux.

The first indication towards stomatal emission is found in the diurnal variability of FNH3 .

The flux transitions from deposition to emission in the early morning around 8:00 UTC,

reaches maximum emission around 12:00 UTC and transitions to deposition again just

before sunset, around 16:30 UTC, as shown in Fig. 3.2c. Our interpretation of this diurnal
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cycle is the flux transitions from (nighttime) NH3 deposition, through the external leaf

path, towards emission through the stomatal path during the day. This diurnal variability

of FNH3 shares similarities to the diurnal variability of the CO2 flux. As the stomata open

for photosynthesis in response to PAR, the CO2 flux transitions from CO2 respiration

to stomatal uptake of CO2. High correlation coefficients between FNH3 and LvE (0.7)

and between FNH3 and PAR (0.72), further point towards stomatal NH3 emission and a

possible relation between FNH3 and the photosynthesis fluxes.

3.4.1 Critical analysis of RITA-2021 dataset

The conditions during the RITA-2021 campaign present a challenge for the analysis

conducted in this study. The site is located in an active agricultural region, with several

potential emission sources within only a few hundred meters to a couple of kilometers

distance upwind of the measurement site. The fields next to the site are actively managed

and nitrogen contents of the soil and vegetation can differ on a field-to-field basis. This

high level of surface heterogeneity within the estimated footprint of the flux measurements

(up to about 250 m, Table 3.2) adds an additional level of complexity to the analysis

(Swart et al., 2023). Furthermore, there are several farms located within two kilometers of

the site, some of which with yearly NH3 emissions up to 12000 kg year-1. Studies on the

blending distance indicate that emission plumes from such strong local NH3 sources can

affect flux measurements over distances of a couple of kilometers (Schulte et al., 2022a).

In this study, at least one instance of strong local emissions has been identified as the

fertilization event on 11 - 12 September. Other potential weaker events have been shown

and discussed as well in Fig. 3.4a, 3.4c and 3.6a.

The analysis is further complicated by the complex meteorological conditions, characterized

by frontal passages. As the miniDOAS setup was positioned anticipating winds from the

south-west, the meteorology of the filtered data is characterized by frontal passages. As a

result, most observations are taken under neutral stability conditions (60%), with clouds

and some rain showers. While rain events are filtered out, wet deposition by rain does

lead to a sudden change in the NH3 concentration and can lead to re-emission of NH3 as

the rainwater evaporates.

Finally, the south-western orientation of the instruments leads to a significant loss in

the availability of data suitable for analysis. Historically, southwestern winds tend to

be most common in September, but the wind direction during the campaign was highly

variable. Filtering for unobstructed wind directions reduces the availability of viable

data by 510 hours, i.e. 44% of all measurement data. As a result, the observed range in

the measurements presented in the Figures is strongly influenced by the natural diurnal

variability of the variables. While we do address the role of the natural diurnal variability

by including the sensible heat flux in our analysis, it does make the observed relations

between FNH3 and the other variables somewhat speculative.
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The high level of heterogeneity, the low data availability after filtering and the complex

weather conditions make the RITA-2021 dataset unfavorable for establishing relationships

between FNH3 and the CO2 or water vapor flux. It highlights the importance of homogeneity

of the NH3 surface characteristics and that proximity of NH3 emission sources should be

considered as well when selecting a measurement site, in addition to the availability of high

quality meteorological observations. Despite the challenges, the NH3 measurements are of

unprecedented high quality (Swart et al., 2023) and analyzing the unique dataset following

our approach is still worthwhile. While we do not manage to develop new relationships, we

are able to link the observed FNH3 emission to stomatal exchange, following an approach

where we organize the observations following current dynamic vegetation models.

3.4.2 Recommendations

Following the results presented in this study, we recommend a comprehensive approach

to future NH3 flux measurements, including observations of the CO2 and water vapor

flux as auxiliary measurements. The opening of the stomata for CO2 uptake through

photosynthesis allows for the exchange of several other gasses, including water vapor and

ammonia. The process of photosynthesis is well understood and such auxiliary observations

can be used to further our understanding of NH3 exchange through the individual exchange

pathways, as was done for ozone deposition by Visser et al. (2021).

Furthermore, we recommend to analyze and compare observations of the NH3 flux at

different measurement (grassland) sites, similar to the intercomparison of CO2 exchange

measurements by Jacobs et al. (2007). For example, the FNH3 diurnal variability presented

in this study significantly differs from measurements in 2013 at the Veenkampen me-

teorological site near the city of Wageningen (https://www.wur.nl/en/show/Weather-

Station-De-Veenkampen.htm). Located only 50 km east, the diurnal variability of FNH3 at

Veenkampen is characterized by weak morning deposition and strong afternoon deposition,

up to about -0.3 µg m-2s-1, for clear sky conditions over unfertilized grassland (Schulte et al.,

2021). At the Haarweg meteorological site, the predecessor to the Veenkampen, chemical

wet denuder measurements of FNH3 in 2004 were characterized by strong deposition in the

early morning, attributed to morning dew, and weak stomatal emissions in the afternoon

(Wichink Kruit et al., 2007). The differences between observed diurnal variability in these

three studies stress the high variability at the local and regional scales and highlight the

need for long term high-resolution FNH3 observations at multiple locations.

Efforts to further our understanding of the NH3 exchange and its diurnal variability are

already being made. The miniDOAS setup used in the RITA-2021 campaign will be taking

long-term (> 1 year) observations of the NH3 flux at the Veenkampen meteorological site,

starting in the summer of 2022. This year-long record of high-resolution FNH3 observations

will be analyzed, alongside a wide range of meteorological and turbulent measurements,

including the CO2 and water vapor flux, aiming to improve the parameterization of the
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NH3 surface-atmosphere exchange. The analysis can be taken one step further in the

context of the Ruisdael Project, following a process analysis combining the observations

with both conceptual and high-resolution turbulent resolved models (Schulte et al., 2021;

Schulte et al., 2022a).

3.5 Conclusions

We analyze over a month of ammonia flux measurements (FNH3), taken during the RITA-

2021 campaign at the Ruisdael Observatory at Cabauw. The analysis is centered around

observations from the miniDOAS flux measurement setup, which applies the flux-gradient

method to line average concentration measurements over a 22 m open-path at two heights.

We aim to link the observed NH3 flux to stomatal exchange and establish relations to

photosynthesis, i.e. the stomatal exchange of CO2 and water vapor (plant transpiration).

The process of photosynthesis is well understood and such auxiliary observations can

be used to advance our understanding of NH3 surface-atmosphere exchange through the

individual exchange pathways, e.g. stomatal exchange.

After filtering, the observed FNH3 is characterized by daytime emissions, averaging at about

0.05 µg m-2s-1, and nighttime deposition of about -0.05 µg m-2s-1. We compare the NH3

flux to the CO2 uptake by vegetation and the exchange of water vapor, represented by the

gross primary production (GPP) and latent heat flux (LvE), as well as the sensible heat

flux (H) which is only indirectly related to the dynamic vegetation response. Here, we

find high correlation between the observed daytime NH3 emissions and LvE (0.70) and the

photosynthetically active radiation (0.72). These results indicate towards stomatal emission

of NH3 and show that auxiliary flux measurements of CO2 and water vapor are appropriate

variables to distinguish stomatal NH3 exchange from non-stomatal exchange.

The analysis presented in this study is hampered by the challenging conditions during the

RITA-2021 campaign. The measurement site is located in a highly agricultural region, with

actively managed (i.e. fertilized) grassland and emission sources in close proximity (< 2 km)

of the NH3 measurements. These heterogeneous NH3 surface characteristics lead to outlier

observations caused by at least one fertilization event and there are indications of other

(weaker) fertilization events. Additional layers of complexity are added by the varying

meteorological conditions, characterized by frontal passages, and the small subset of the

campaign measurements being suitable for analysis after filtering (9% or 102 hours). The

latter is largely the outcome of filtering out unfavorable wind directions, where the airflow

is obstructed. As a result, the observed range in the measurements is largely governed by

the natural diurnal variability, hampering the efforts to establish clear relationships.

Despite the challenging conditions, the comprehensive approach presented in this study

does show the potential of combining high-quality NH3 observations with auxiliary flux

measurements of CO2, water vapor and other meteorological variables. By organizing the
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observations following current dynamic vegetation models, we managed to attribute the

observed NH3 emission to stomatal exchange and identify outliers. In order to establish

relations between the NH3 and the photosynthesis fluxes, the approach should be applied

to measurements that are still representative of the sources and sinks, but at the same

time are well mixed and outside the blending distance of individual or a group of emission

sources. The results presented in this study already indicate that there is room to find

such patterns.
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Abstract

This study presents a fine-scale simulation approach to assess the representativity of

ammonia (NH3) measurements in proximity to an emission source. Close proximity to

emission sources (< 5 km) can introduce a bias in regionally representative measurements

of the NH3 molar fraction and flux. Measurement sites should therefore be located a

significant distance away from emission sources, but these requirements are poorly defined

and can be difficult to meet in densely agricultural regions. This study presents a consistent

criterion to assess the regional representativity of NH3 measurements in proximity to an

emission source, calculating variables that quantify the NH3 plume dispersion using a series

of numerical experiments at a fine resolution (20 m). Our fine-scale simulation framework

with explicitly resolved turbulence enables us to distinguish between the background NH3

and the emission plume, including realistic representations of NH3 deposition and chemical

gas-aerosol transformations. We introduce the concept of blending distance, based on the

calculation of turbulent fluctuations, to systematically analyze the impact of the emission

plume on simulated measurements, relative to this background NH3. We perform a suite

of systematic numerical experiments for flat homogeneous grasslands, centered around

the Ruisdael Observatory at Cabauw, to analyze the sensitivity of the blending distance,

varying meteorological factors, emission/deposition and NH3 dependences. Considering

these sensitivities, we find that NH3 measurements at this measurement site should be

located at a minimum distance of 0.5 - 3.0 km and 0.75 - 4.5 km from an emission

source for NH3 molar fraction and flux measurements, respectively. The simulation

framework presented here can easily be adapted to local conditions and paves the way for

future ammonia research to integrate simulations at high spatio-temporal resolutions with

observations of NH3 concentrations and fluxes.
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4.1 Introduction

Excess atmospheric nitrogen leads to an increased public health risk through the formation

of particulate matter and causes environmental damage: nitrogen deposition leads to

eutrophication, ecosystem acidification and shifts in climate change (Behera et al., 2013;

Erisman et al., 2013; Erisman and Schaap, 2004; Smit and Heederik, 2017; Sutton et al.,

2008). There can be serious societal consequences when nitrogen deposition critical loads

are exceeded, as is the case in the Netherlands where the nitrogen crisis threatens the

Dutch environment and economy (Stokstad, 2019). Atmospheric ammonia (NH3) plays a

key role in this process, mainly originating from agricultural activities and accounting for

two-thirds of all nitrogen deposition in the Netherlands between 2005 and 2016 (Wichink

Kruit and van Pul, 2018).

It is therefore important to have a network of NH3 concentration and deposition measure-

ments used for model validation and (trend) monitoring (Wichink Kruit et al., 2021). For

these purposes, the measurement sites in such a network must be representative of a larger

region. One requirement for these regional measurement sites is that they are located a

sufficient distance away from local NH3 sources, as local emissions introduce a bias in the

observations (EMEP/CCC, 2001; Wichink Kruit et al., 2021). Positioning measurement

sites a sufficient distance away from local sources is a challenge in densely agricultural

areas like the Netherlands and regions all across the world with intensive livestock farming,

e.g., North-West Germany, the province of Lleida in Spain, the state of North Carolina in

the USA or the Hai River basin in China.

The emitted NH3 is transported and mixed within the convective boundary layer (CBL)

through turbulent dispersion. The field of turbulent plume dispersion is extensively

researched using both observations and turbulent-resolved models. However, these studies

typically focus on concentration peaks of highly toxic/flammable gases (Ardeshiri et al.,

2021; Cassiani et al., 2020; Mylne and Mason, 1991), quantification of the emission strength

and position (Ražnjević et al., 2022; Shah et al., 2020) or on statistical descriptions of the

emission plume (Barad, 1958; Dosio and Vilà-Guerau de Arellano, 2006; Dosio et al., 2003;

Vrieling and Nieuwstadt, 2003), typically used in chemistry transport models, e.g., OPS

(Sauter et al., 2018), LOTOS-EUROS (Schaap et al., 2008) or EMEP MSC-W (Simpson

et al., 2012). These transport models typically operate with resolutions at a kilometer

scale (1 - 50 km) and parameterized turbulence, making them unsuitable to study the

impact of local NH3 sources on nearby measurement sites at the subkilometer scale.

Furthermore, plume dispersion studies generally focus on chemically inert gases, e.g.,

methane (Ražnjević et al., 2022; Shah et al., 2020). Ammonia is highly reactive; sur-

face–atmosphere exchanges and chemical transformations play an important role in the

NH3 budget (aan de Brugh et al., 2013; Behera et al., 2013; Fowler et al., 1998; Nemitz

et al., 2004b; Schulte et al., 2021; Shen et al., 2016; Van Oss et al., 1998). Additionally,
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ammonia emissions in densely agricultural areas are released and mixed into a background

concentration, a result of long range transport of NH3 (10-100 km). Yearly averaged

background concentrations can vary from 1-2 µg m-3 (e.g in coastal regions) up to up to

tens of µg m-3 in regions with intensive agricultural activity, which is the focus on this

study (van Zanten et al., 2017).

In this study, we investigate the impact of a typical ammonia emission source on the

regional representativeness of NH3 concentration and flux measurements. The novelty of

our approach is twofold:

• We use a fine-scale large-eddy simulation (LES) model with explicitly resolved

turbulence at a very high spatio-temporal resolutions (10-100 m and 10 s - 1 min).

• We include realistic representations of the surface-atmosphere exchange, chemical

gas-aerosol transformations and a background ammonia concentration.

Following this approach, we combine fine-scale simulations, where turbulence is explicitly

resolved, with theoretical concepts on turbulent emission plume dispersion. We then

translate this knowledge to practical applications for the measurement community. The

aim is to carry out a systematic analysis of how meteorological factors, including boundary-

layer dynamics, deposition, chemical transformation and model resolution influence the

relationships between emission and receptor. To this end, we introduce and analyze the

concept of a blending distance (BD), i.e., the horizontal distance at which the emission

plume can be considered well-mixed with respect to the background NH3. With the concept

of blending distance, we aim to provide an estimate of the minimum required distance

from a typical NH3 emission source for regionally representative measurements.

4.2 Methodology

4.2.1 NH3 turbulent dispersion in DALES

To understand the variations of the NH3 budget due to turbulence and heterogeneous

sources and sinks of ammonia, our approach is twofold: (a) an explicit simulation of

processes that govern turbulent dispersion and mixing of NH3 and (b) identifying their

individual contributions to the NH3 molar fraction and surface–atmosphere exchange. For

the former, we use the large-eddy simulation technique with a high resolution to solve

explicitly turbulence. To this end, we conduct our numerical experiments using a modified

version of the Dutch Atmospheric large-eddy simulation (DALES) version 4.2 (Heus et

al., 2010; Ouwersloot et al., 2017b), with the original v4.2 freely available online (http:

//doi.org/10.5281/zenodo.3759193, last access: 23 June 2022). DALES explicitly

resolves processes at scales ranging from 100 meters to kilometers, using filtered Navier-

Stokes equations with the Boussinesq approximation. The filter size is generally equal to

the grid size of the simulations, with subfilter-scale processes being parameterized using
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one-and-a-half-order closure. The numerical experiments presented here are performed

using a 20 m x 20 m x 5 m grid for a 10 km x 4.8 km x 3 km domain (500 x 240 x 600

grid points). Atmospheric NH3 is added to DALES as a passive scalar in ppb, of which

the spatial evolution is solved simultaneously with the thermodynamic variables. The

boundary conditions for scalars and meteorological variables are periodic, unless stated

otherwise.

The atmospheric ammonia budget is further governed by surface-atmosphere exchange

and chemical gas-particle transformations (Schulte et al., 2021). We use a simplified, yet

realistic, approach in our representation of these processes. The NH3 surface-atmosphere

exchange is modeled by a constant homogeneous deposition of 0.045 ppb m s-1 (about

0.032 µg m-2s-1), representative of the observed yearly average NH3 dry deposition in the

Netherlands (https://www.rivm.nl/stikstof/meten/drogedepositieNH3; Stolk et al.,

2014, last access: 23 June 2022).

The representation of the chemical gas-aerosol transformations follows the approach of the

OPS model, applying a percentage per hour change in the molar fraction of gaseous NH3

to the whole domain (van Jaarsveld, 2004). This simplified, yet realistic, representation of

chemistry as a net removal process will reduce the reach of the emission plume. However,

the model is unable to resolve potential nonlinear effects of turbulent mixing on the chemical

reaction rate within the plume. Turbulent dispersion of the emission plume is characterized

by macromixing (meandering) and micromixing (in-plume mixing) (Galmarini et al., 1995;

Vilà-Guerau de Arellano et al., 1990). The former is mainly carried out by large-scale

turbulent eddies and is related to the average dispersion of the plume. Micromixing is

carried out by turbulent eddies smaller than the plume and is related to the fluctuations

of NH3 and its chemical reactants. The reaction rate can slow down close to the emission

source, as macromixing is the dominant dispersion process here and little micromixing

occurs to supply chemical reactants from outside the plume. The extend to which turbulent

mixing can limit the chemical reactions within the plume depends on the ratio of the

turbulent timescales and the timescale of chemistry (Damköhler number) (Galmarini et al.,

1995; Meeder and Nieuwstadt, 2000). When the timescales of chemistry are similar to

the turbulent timescales, as is the case for ammonia (aan de Brugh et al., 2013), the

reduction in the chemical reaction rate close to the source can be significant (Vilà-Guerau

de Arellano et al., 2004a).

Special attention is placed on the representation of one NH3 emission source in our domain,

a dairy barn. Agricultural activity accounts for over 90% of the NH3 emissions in the

Netherlands and the European Union (Anys et al., 2020; van Bruggen et al., 2021; Vonk

et al., 2020). Dairy farms account for approximately 50% of these agricultural NH3

emissions, with approximately 15.000 farms with about 100 cows each on average in the

Netherlands (Research, 2021; van der Peet et al., 2018). A typical cubicle stable for 80

cows has a yearly emission of about 800 kg NH3 year-1 and requires 10 m2 per cow (800
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m2 in total) (Remmelink et al., 2020, Table 10.19; RIVM, 2021, type A1). Contrary to

the closed off and air filtered housing for pigs and chickens, a dairy barn is open and the

ammonia-rich air can freely escape. Therefore, we can represent a typical 80-dairy-cow

barn as a surface emission source (Theobald et al., 2012), with an emission flux of 45 ppb

m s-1 (about 32 µg m-2s-1) over an area of 800 m2.

We identify the individual contributions of ammonia sources to the NH3 molar fraction

and surface-atmosphere exchange, with each source of NH3 represented by a unique scalar.

In this study, these sources are identified as a background molar fraction (NH3,bg) and

the NH3 emission plume (NH3,plume) from a surface emission source. The sum of these

two unique scalars represents the total atmospheric ammonia (NH3,total), as would be

observed by in-field observations. Here, we modify DALES v4.2 to force the NH3,plume

molar fraction to zero at both x edges of the domain (west and east), preventing circulation

of the emission plume in x direction.

Further modifications to DALES v4.2 are made to include the remaining processes govern-

ing the variability of the atmospheric ammonia budget. The scalar surface flux (Ftotal),

representing surface atmosphere exchange, is divided between a flux acting on the back-

ground scalar (Fbg) and another flux acting on the emission plume scalar (Fplume). The

magnitude of these two fluxes is weighted by their respective molar fractions (NH3,bg

and NH3,plume), relative to the total NH3 molar fraction, e.g., Fbg =
NH3,bg

NH3,total
Ftotal for

NH3,bg.

The final modification adds an additional term to the change in the scalar molar fraction ( S
dt
).

This modified change in the scalar molar fraction reads dS
dt
+Rchem

3600
S, with Rchem representing

the gain/loss rate in % hour-1 and subscript S representing the scalar molar fraction, which

can be substituted by either NH3,plume or NH3,bg. The modified DALES v4.2 code used in

this study is also freely available online (http://doi.org/10.4121/19869478).

4.2.2 Numerical experiments

We simulate the meteorological conditions observed on 8 May 2008 at the Ruisdael Ob-

servatory (https://ruisdael-observatory.nl/cesar/) at Cabauw in the Netherlands

(51.971oN, 4.927oE), as described by aan de Brugh et al. (2013) and Barbaro et al. (2015)

and Barbaro et al. (2014). The supersite, with a 213 m high mast, is located on flat

(agricultural) grassland with an average height of 0.1 m and the surface elevation changes

are, at most, a few meters over 20 km. 8 May 2008 is selected as it is widely studied and

includes measurements of the NH3 molar fraction. In May 2008, the intensive observa-

tional campaign IMPACT/EUCAARI was held, which included ammonia concentration

measurements by a MARGA system (aan de Brugh et al., 2012; Mensah et al., 2012)

and several additional meteorological variables, including vertical profiles and radiosondes

(Kulmala et al., 2011). The meteorology of this day is described in detail by Barbaro

et al. (2014), where the experiment is called CESAR2008. Figures 2 and 3 by Barbaro



4.2 Methodology 83

et al. (2014) show vertical profiles and time series of, among other variables, potential

temperature, specific humidity, surface fluxes and boundary-layer heigtt. The case can be

characterized as typical clear-sky, fair-weather conditions with an absence of large-scale

heat advection. The model is initialized following the conditions as described by Barbaro

et al. (2014), and the initial and prescribed meteorological values of the experiment can

be found in Barbaro et al. (2014) Table 1.

In the morning, a 1500 m residual layer leads to an overshooting of the boundary layer

height around 10:30 CEST, up to roughly 1800 m. In the afternoon (12:30 – 17:00 CEST),

CBL growth is weak and the thermodynamic conditions remain relatively constant (Barbaro

et al., 2014). Therefore, we only study the turbulent dispersion in the afternoon, when the

impact of boundary layer dynamics on the NH3 budget is minimal. The wind speed is

moderate at 5.5 to 7 m s-1 in the afternoon, resulting in strong shear production near the

surface and a strong momentum entrainment at the CBL top. The convective timescale

(τ ) in the afternoon is typical for convective fair-weather conditions, increasing from 18 to

27 minutes between 12:30 and 17:00 CEST. The Monin-Obukhov length fluctuates around

approximately -50 m.

The numerical experiments are split into three phases: the meteorological spin-up phase,

the buffer phase and the analysis phase. During the meteorological spin-up, 8:00 – 12:30

CEST, the ammonia surface-atmosphere exchange and chemical transformations are not

active. These processes are activated at the start of the buffer phase, from 12:30 – 14:00

CEST. Entrainment is still an important factor until around 13:00 CEST, causing large

fluctuations of the NH3 molar fraction (> 4 ppb) as will be discussed in Section 4.3.1. The

CBL is considered well-mixed around 13:00 CEST, but we extend the buffer phase with one

more hour. We do so to minimize the impact of earlier entrainment on the one-hour moving

average used to calculate statistics during the analysis phase. The analysis phase therefore

starts at 14:00 CEST until the collapse of the CBL around 17:00 CEST. The analysis

phase is the focus of this study and it is when we analyze the impact of the emission plume

on (simulated) point measurements of the NH3 concentration and flux.

4.2.3 Quantifying the emission plume impact on NH3 measurements

Inspired by the plume observation study by Mylne and Mason (1991), we introduce three

variables to assess the presence of the emitted NH3 plume and relevance of the plume

fluctuations to nearby observations. These variables - intermittency factor (I), fluctuation

intensity (fI) and NH3 flux (F) - are all defined by fluctuations in the NH3 molar fraction.

Fluctuations in the NH3 molar fraction result from the turbulent mixing of differences

in NH3, caused by local sinks and sources. NH3 fluctuations are therefore found in the

background molar fraction as a result of ammonia-poor air near the surface (deposition)

and the top of the CBL (entrainment). NH3 fluctuations are further enhanced in proximity

to heterogeneous surfaces. A strong local emission source (e.g., a dairy barn), as presented
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Figure 4.1: Top panel shows 10 s time series of NH3,total (orange) and NH3,plume (yellow)

during the analysis phase, at 250 m from the emission source. The detrended NH3,total (orange)

is shown in the bottom panel. Fluctuation intensity and intermittency are calculated following

Eq. 4.4 and 4.1, respectively, based on the mean NH3,total, standard deviation (light purple)

and NH3 detection limit (dotted black).

in this study, will cause an emission plume as the enhanced NH3 molar fraction is mixed

with the background molar fraction through turbulent mixing. Turbulent models like

DALES explicitly resolve this turbulent mixing at a high spatial-temporal resolution and

can provide valuable information in the interpretation of in-field observations where surface

heterogeneity plays an important role.

We first introduce the intermittency factor (I) to quantify the detectability of the emission

plume. Intermittency is defined as the proportion of time during which the plume molar

fraction is above the detection limit of instruments typically used to measure atmospheric

ammonia, as seen in Fig. 4.1 and Eq. 4.1, where N is the number of time steps.

I =
1

N

N∑
i=1

{
1, if NH3,plume(i) ≥ 0.25ppb

0, if NH3,plume(i) < 0.25ppb
(4.1)

Note that the intermittency is calculated for each individual grid point during the analysis

window (14:00 - 17:00 CEST) at 10 s temporal resolution. We set the NH3 detection

limit at 0.25 ppb, similar to the detection limit of the miniDOAS instrument used in the

Dutch ammonia monitoring network (Berkhout et al., 2017). The concept of intermittency

cannot be applied to NH3,bg or NH3,total, as the background molar fraction always exceeds

0.25 ppb in our numerical experiments, which would result in an intermittency of 1. We

therefore only calculate the intermittency for NH3,plume to analyze the detectability of the

emission plume.
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The second variable, fluctuation intensity (fI), determines the magnitude of the NH3

fluctuations, i.e., NH3 standard deviation (σNH3), relative to the mean NH3 molar fraction

(NH3). Fluctuation intensity is defined following Eq. 4.2:

fI =
σNH3

NH3

(4.2)

The fluctuation intensity quantifies the level of turbulent mixing. High fI indicates that

there are large fluctuations in the measured NH3, which can introduce a positive bias in

measurements. In the field of plume dispersion, high fI is found close to the source where

plume meandering dominates the mixing process (Dosio and Vilà-Guerau de Arellano,

2006), or at the edge of the emission plume as a result of lateral entrainment of air from

outside the plume (Gailis et al., 2007; Mylne and Mason, 1991; Ražnjević et al., 2022).

When analyzing the fluctuation intensity of NH3,total, we have a consistent reference for

the fluctuation intensity in NH3,bg. Comparing the fI for the total ammonia (fItotal) to

the fI for the background ammonia (fIbg) enables us to quantify the relative impact of

the emitted NH3 plume to a simulated measurement. When fItotal is of the same order of

magnitude as fIbg, we consider the emission plume indistinguishable from the background

NH3, i.e., the plume is well mixed. Note that for NH3, plume, the average NH3 concentration

is (very close to) zero outside the emission plume, which could lead to an infinitely large

fluctuation intensity following Eq. 4.2. Therefore, fI is only calculated inside the plume

using an arbitrary requirement of NH3,plume > 10-5 ppb.

Fig. 4.1 shows a downward trend in NH3,bg and NH3,total, resulting from surface deposition

and the loss by chemical gas-aerosol transformations. To minimize the impact of this

downward trend on σNH3 , we detrend the simulated molar fraction by subtracting a 1 hour

leading moving average (NH3,MA), following Eq. 4.3 and shown in Fig. 4.1. The detrended

molar fraction (NH3,detrend) is assumed to only represent turbulent fluctuations and is used

to calculate the standard deviation to derive fluctuation intensity. By using NH3,detrend to

calculate σNH3 , the fluctuation intensity follows from Eq. 4.4.

NH3,detrend = NH3 −NH3,MA (4.3)

fI =
σNH3

NH3

=

√
1

N−1

∑N
i=1 |NH3,detrend − (NH3,detrend)|2

NH3

(4.4)

Finally, we introduce the 30 minute NH3 flux, studied to mimic the in-field ammonia eddy

covariance flux measurements and calculated following Eq. 4.5. The flux presented in this
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study is the average 30 minute flux for each individual grid point over the analysis phase

between 14:00 and 17:00 CEST.

FNH3 = NH ′
3w

′ (4.5)

4.2.4 The concept of blending distance

We use the fluctuation intensity and flux to quantify the impact of the emission plume

on the simulated NH3 molar fraction and flux measurements, by introducing the concept

of blending distance. The blending distance is based on the percentage change (PCX) in

the simulated NH3 measurements resulting from the emission plume, i.e., the percentage

change between NH3,total and NH3,bg. PCX is calculated following Eq. 4.6, where X can be

substituted by either fI or F.

PCX = |Xtotal −Xbg

Xbg

| ∗ 100% (4.6)

Based on this percentage change, we define a threshold for which we assume that the

impact of the emission plume is negligible. The blending distance (BDX) is defined as

the maximum distance at which PCX drops below the threshold level (e.g., PCX < 25%),

following Eq. 4.7.

BDX = max( dist( PCX < threshold ) ) (4.7)

In this study, we present blending distances based on an arbitrary set of threshold levels,

ranging from 5% to 50%.

The concept of blending distance is applied to the fluctuation intensity (BDfI) and the

NH3 flux (BDF) to quantify the impact on the simulated NH3 measurements of NH3 molar

fraction and flux, respectively. For context, we also present the intermittency in Section

4.3.2 to quantify the detectability of the plume.

4.2.5 blending distance sensitivity

A key aspect of the study is to determine the sensitivity of the concept of the blending

distance to variations in meteorological and NH3 pollution factors. This is in order study

the impact of each process on the blending distance and to identify the driving variables.

We study the sensitivity of the blending distance for fluctuation intensity and NH3 flux

by varying the geostrophic wind speed (ug), initial background molar fraction (Cbg) at

the start of the analysis phase, emission strength (E), deposition strength (D), chemical

conversion rate (R), simulation height (H) and model grid resolution (∆). Table 4.1

presents the suite of numerical experiments in this study. A single numerical experiment

was performed for the sensitivity studies of the NH3 background, emission, deposition and

chemistry, each with separate scalars for NH3,bg and NH3,plume. This single experiment,
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which does not include the variations in the geostrophic wind speed nor the high-resolution

experiment, generates just under 1 TB of model output with a computational cost of

about 64.000 SBU (System Billing Unit, i.e., the usage of one processor of the Cartesius

supercomputer system for one hour).

The sensitivity study is structured from large-scale processes to small-scale processes and

modeling numerics. Starting with mesoscale processes, we vary the geostrophic wind speed

to study the impact of the atmospheric stability on blending distance, i.e., a shear or

convection-dominated CBL. Atmospheric stability plays a key role in the turbulent mixing

of local sources (emission) and sinks (entrainment and deposition), affecting both the

fluctuations in the background molar fraction and the mixing of the emission plume (Dosio

et al., 2003). Next, we study the sensitivity of BD to different levels of the background NH3

at the start of the analysis window, representing different levels of regional NH3 pollution.

Additionally, varying the background levels of ammonia changes the NH3 inversion at the

top of the CBL, affecting the impact of entrainment. Next, the emission strength is varied,

in order to study the local effect of different emission strengths.

Furthermore, we study the sensitivity of both BDfI and BDF to NH3 deposition and the

chemical gas-aerosol transformation. These are dynamic processes, i.e., experiencing clear

diurnal and seasonal variability, mainly related to temperature, humidity and pollution

levels (aan de Brugh et al., 2013; van Zanten et al., 2010; Wichink Kruit et al., 2010b).

Our simulation approach, with a simplified representation of deposition and chemistry,

allows us to distinctly study the role of these two processes.

Finally, we study the sensitivity of BD to choices made in the numerical setup of the exper-

iments. We vary the height of the simulated measurements. The numerical experiments

are generally taken at a simulated height of 37.5 m. This is a trade-off between simulating

measurements close to the surface to mimic in-field observations and the resolved turbulent

kinetic energy (TKEres) of the model. The TKEres at the lowest level of DALES (at 2.5 m)

is zero due to the no-slip boundary at the surface (Heus et al., 2010). When we aim for a

TKEres of 75% at all three (vertical) resolutions, we find TKEres of 76%, 95% and 96% for

the low, middle and high resolution at 37.5 m (36.25 m for high resolution). Additionally, it

is also expected that varying the measurement height will allow practical insight for in-field

observations. Finally, the sensitivity of the blending distance to changes in resolution is

studied with two new numerical experiments with higher and lower resolutions of 10 m x

10 m x 2.5 m (1000 x 480 x 1200 grid points) and 50 m x 50 m x 15 m (200 x 96 x 200

grid points), respectively.
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a)

b)

Figure 4.2: 10 s time series (a) of NH3,total (orange), NH3,bg (purple) and NH3,plume (light

purple) during the buffer phase (gray area) and the analysis phase, taken at 250 m distance

from the emission source. The large high-frequency fluctuations shown (> 4 ppb) are not

captured by the 30 minute average of NH3,total (light orange). The vertical xz cross-section

at 12:46 CEST (b), displays high spatial variability during the buffer phase in NH3,total (>

4 ppb) over short distances (hundreds of meters). The black/white contour lines represent

upward/downward wind speeds in steps of 0.5 m s-1.

4.3 Results

4.3.1 Qualitative analysis of the NH3 emission plume impact

The concept of blending distance is based on fluctuations in the NH3 molar fraction.

To better understand the sources of these fluctuations, we first study the time series of

a ”virtual” point measurement at 250 m horizontal distance from the emission source,

shown in Fig. 4.2a. Our simulation framework allows us to distinguish the individual

contributions of NH3,bg (purple) and NH3,plume (light purple) to NH3,total (orange). Here

we find that the large NH3,total fluctuations are mainly ascribed to NH3,plume.

As discussed in Section 4.2.3, fluctuations are also found in the background molar fraction

(NH3,bg), leading to non-zero fIbg. Fluctuations NH3,bg are a result of heterogeneous
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turbulent mixing. In this study, the fluctuations are caused by vertical gradients only, as

we use a homogeneous surface in the simulation of NH3, bg. These vertical gradients are

found near the surface and at the top of the CBL. At the surface, the surface-atmosphere

exchange (deposition) decreases the NH3 molar fraction, which results in a vertical gradient

in NH3,bg. At the top of the CBL, the vertical gradient is a result of the turbulent exchange

with the free troposphere (entrainment). Fig. 4.2b shows that the intrusion of NH3-low air

masses from the free troposphere are transported by the downdraft subsidence motions,

resulting in large fluctuations in NH3,bg in the boundary layer. As shown in Fig. 4.2a,

the amplitude of these fluctuations can reach 4 ppb and can last for over 5 minutes.

When averaging over 30 minutes, even the large fluctuations between 12:30 and 13:15 are

filtered out, but these high-frequency turbulent fluctuations could still be present in raw

measurement data of high-resolution in-field observations.

Now that we understand the source of the NH3 fluctuations, we take a closer look at the

emission plume without any background NH3. The xy plot in Fig. 4.3a shows low fI in

the plume center (≈ 2) and a strong increase near the plume edges, up to fI ≈ 30. This is

echoed by the plume transects, as they show the typical “U-shape” found for Gaussian

plumes (Gailis et al., 2007; Mylne and Mason, 1991; Ražnjević et al., 2022). These high fI

values at the edges of the plume are a result of very low average molar fractions combined

with low intermittency. This leads to a high standard deviation, relative to the very low

averaged molar fraction, at the plume edges. Without background NH3, it is at the edges

of the plume that in-plume lateral entrainment of ammonia-free air happens, diluting the

emission plume by turbulent mixing.

The intermittency cross-section in Fig. 4.3b shows that maximum I is only a little over

0.3, resulting from the meandering of the plume. Figure 4.3b also shows that with an NH3

detection limit of 0.25 ppb, the plume can be detected up to a distance of about 2.0 km

from the source.

The cross-section of fI changes dramatically when analyzing NH3,total, the sum of NH3,bg and

NH3,plume. With the addition of a non-zero background molar fraction, fI can be calculated

over the whole domain, as shown in Fig. 4.3c. Now, we find a much lower fluctuation

intensity, with a maximum of 0.08 for NH3,total compared to 30 for NH3,plume. The U-shape

shown in the transect of Fig. 4.3a is replaced by an approximately Gaussian shape, with the

highest fluctuation intensities at the centerline of the plume. This centerline fI decreases

with distance from the source and becomes indistinguishable from the out-of-plume fI

after approximately 1 km distance, i.e., a rough estimate for BDfI.

Finally, Fig. 4.3d shows that the emission plume leads to a positive flux (emission) for

NH3,total in proximity to the emission source, while the flux is negative (deposition) outside

the plume. Note that significant fluctuations are found in the flux over the full domain,

with σF,bg = 0.0065 ppb m s-1 (prescribed Fsfc. = -0.045 ppb m s-1) for NH3,bg. Similar to

fItotal in Fig. 4.3c, the transects for the NH3 flux are approximately Gaussian in shape,
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a) c)

b) d)

Figure 4.3: The xy cross-sections at 37.5 m with y transects through the NH3 emission plume

for the NH3,plume fluctuation intensity (a), intermittency (b), NH3,total fluctuation intensity (c)

and NH3,total flux (d). The plume transects are labeled dx,1 to dx,9 for increasing x distance

from the NH3 emission source and normalized by plume width for NH3,plume > 10-5 ppb. The

data presented are calculated during the analysis phase (14:00 and 17:00 CEST) at 37.5 m

.

with peak values close to the plume centerline at y/yplume = 0. After approximately 1 km

at the approximate plume centerline, the in-plume flux becomes visually indistinguishable

from the background, i.e., a rough estimate for BDF. This positive anomaly is the result

of the emission source being within the footprint of these receptors.

4.3.2 Quantitative analysis of the NH3 emission plume impact

We apply the concept of blending distance in Fig. 4.4 to the fluctuation intensity (a),

flux (b) and intermittency (c). The markers represent the value at each individual grid

point on the 37.5 m horizontal plane, the continuous orange line represents the grid point

with the highest value within a 50 m moving window (maximum), the orange dotted line

represents the plume centerline and the purple dashed and continuous lines represent the

blending distances for their respective threshold.

We interpret the calculation of the blending distance based on four arbitrary threshold

levels (5%, 10%, 25% and 50%) for fI and F, shown in Fig. 4.4a and b. The distance at

which the maximum value of PCX drops below the threshold level is the blending distance.

The sensitivity of BD to these thresholds will be discussed in detail in Section 4.4.1, using

Fig. 4.6 and 4.7. Additionally, the intermittency in Fig. 4.4c shows that the emission

plume is quantifiable up to over 2.4 km distance.
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a)

b)

c)

Figure 4.4: The percentage change of NH3,total relative to NH3,bg against absolute distance

from the NH3 emission source. The panels show fluctuation intensity (a), NH3 flux (b) and

intermittency (c). The maximum value within a 50 m moving window (orange) and the plume

centerline (dotted orange) are highlighted. blending distances (purple dashed) are calculated

based on four thresholds at 5%, 10%, 25% and 50% (purple continuous).

Starting with the fluctuation intensity (Fig. 4.4a), PCfI peaks at a relative change of about

300%, caused by the NH3 emission plume. BDfI decreases nonlinearly from 0.7 km to 1.9

km with the thresholds decreasing from 50% to 5%. Figure 4.4b shows that the emission

plume has a larger impact on NH3 flux measurements than on the fluctuation intensity of

the NH3 molar fraction. The large difference between the emission strength (45 ppb m

s-1) and the deposition (-0.045 ppb m s-1) results in a maximum PCF of about 1200% in

close proximity to the emission source. The long tail of PCF indicates that the turbulent
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a)

b)

Figure 4.5: The left panels show the spatial structure of the percentage change in grayscale

for the fluctuation intensity (PCfI) in (a) and the ammonia flux (PCF) in (b). The colored

contour lines show the locations where the 50% (orange), 25% (light orange), 10% (light purple)

and 5% (purple) thresholds are met, representing the blending distance (BD). The right panels

show these blending distances as a function of different angles from the plume centerline (W),

with these angles representing the wind direction.

fluctuations in the emission plume affect flux measurements over several kilometers. As a

result, BDF increases from 1.2 km to 2.9 km for decreasing thresholds, significantly longer

distances than our 1 km qualitative estimate based on Fig. 4.3d. Note that Fig. 4.3d

shows that the flux changes signs in proximity to the emission source and that this sign

change is not reflected in Fig. 4.4b.

Figure 4.4 shows that the centerline and the maximum statistics give similar results,

indicating that the highest values of PC are found at the plume centerline, however with

some variability. These variabilities are visualized in Fig. 4.5, which shows the spatial

structure of the percentage change in grayscale for the fluctuation intensity (PCfI) in

(a) and the ammonia flux (PCF) in (b). The colored lines in these panels represent the

blending distances for different thresholds. The right panels show these same blending
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Figure 4.6: The sensitivity of BDfI to the geostrophic wind speed (ug), initial background

molar fraction (Cbg), emission strength (E), deposition strength (D), chemical reaction rate

(R), model resolution (∆) and simulated measurement height (H). BDfI is determined for

threshold levels ranging from 5% (orange dashed) to 50% (orange dotted).

distances for different angles from the plume centerline (W), representing different wind

directions. Fig. 4.5 shows large variability in the blending distance, especially for the 5%

and 10% threshold levels, as a result of the chaotic nature of turbulence.

4.4 Discussion

4.4.1 Sensitivity of blending distance to meteorological and NH3 pollution

variables

We study the sensitivities of BDfI and BDF to a range of meteorological, NH3 pollution

parameters and model resolution and simulated measurement height (Table 4.1). The

results of the sensitivity study are shown in Fig. 4.6 and 4.7 for an arbitrary set of

thresholds ranging from 5% (orange dashed) to 50% (orange dotted), representing the

maximum acceptable difference in fI and F caused by the emission plume in %.
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Starting with BDfI, Fig. 4.6 shows that BDfI ranges roughly between 0.5 and 3.0 km,

a first-order estimate of the minimum distance for NH3 molar fraction measurements.

There is a negative correlation between BDfI and the choice in threshold, i.e., increasing

the threshold level decreases BDfI. We generally find that BDfI decreases nonlinearly by

approximately 1.0 km when increasing the threshold level from 10% to 50%, halving BDfI,

highlighted by the large difference between the 10% (dashed-dotted) and 5% (dashed)

threshold levels for both BDfI and BDF. We discuss the individual variables of Fig. 4.6

from top to bottom, starting at the mesoscale (ug), down to the micrometer scale (R) and

finishing with the model resolution and simulated measurement height.

The geostrophic wind speed (ug) is one of the main drivers of turbulent mixing and

transport of the plume (Dosio and Vilà-Guerau de Arellano, 2006; Dosio et al., 2003;

Vrieling and Nieuwstadt, 2003). Figure 4.6 shows a positive correlation between BDfI and

ug. By varying ug we move from a convection-driven boundary layer (ug = 2 m s-1) to more

shear-driven meteorological conditions (ug = 10 m s-1). In a convection-driven boundary

layer, turbulent mixing is rather weak and the NH3 emission plume rises from the surface

as convection plumes are the main drivers of turbulent mixing. Under these conditions, in-

plume molar fractions are very high, but horizontal transport of the emission plume is weak,

resulting in a low BDfI. For shear-driven conditions, the NH3 emission plume tends to stick

to the surface as the increased horizontal wind speed enhances horizontal transport and

turbulent mixing. The enhanced horizontal transport and emission plume sticking to the

surface should significantly increase BDfI, but the enhanced turbulent mixing counteracts

these processes by reducing the NH3,plume molar fraction and fluctuations. This is shown in

Fig. 4.6 and explains why the sensitivity of BDfI increases for lower threshold levels (5%),

as smaller plume fluctuations will reach long distances in shear-driven conditions.

One panel below, Fig. 4.6 shows a negative correlation between BDfI and the initial

background molar fraction (Cbg), i.e., the regional level of NH3 pollution. The first

cause of the negative correlation is the higher average molar fraction, which lowers the

relative weight of the NH3,plume fluctuations (σplume) when fItotal is calculated following

Eq. 4.2. Additionally, increasing NH3, bg leads to a large difference in the NH3 air mass

characteristics at the top of the boundary layer. The exchange between the boundary

layer and free tropospheric air masses through entrainment increases σbg at 37.5 m from

0.13 ppb (Cbg = 5 ppb) to 0.38 ppb (Cbg = 25 ppb), resulting in an increased fIbg. Both

processes reduce the magnitude of PCfI with increasing Cbg and reducing BDfI.

At the local scale, Fig. 4.6 shows a clear positive and negative correlation when varying

emission strength (E) and deposition strength (D), respectively. Both variables directly

affect one of the main drivers of turblent mixing - heterogeneity. Increasing the NH3

emission strength of the local (heterogeneous) source directly increases fIplume, increasing

BDfI. Varying the deposition on the other hand, directly affects the vertical gradient of
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the NH3 molar fraction near the surface, increasing fIbg for increasing D and therefore

reducing BDfI.

We only briefly touch upon the chemical conversion rate (R), as Fig. 4.6 shows that varying

R does not significantly affect BDfI. R is applied uniformly to the 3D domain and has

little effect on turbulent mixing. Note that our simplified representation of chemistry could

lead to a potential underestimation of the impact of chemistry on BDfI, as our approach is

unable to resolve potential nonlinear effects of turbulent mixing on the in-plume chemical

reaction rate near the emission source (see discussion in Section 4.4.2).

Next, we vary the model resolution (∆) in Fig. 4.6 and find that BDfI is weakly sensitive

to the model resolution. The results indicate that the calculation of the blending distance

does benefit by increasing the simulation resolution. However, there is a trade-off between

the computational costs of the simulation and the resolution.

Finally, Fig. 4.6 shows two regimes in the sensitivity of BDfI to the simulated measurement

height (H). For the 50% threshold, BD decreases by about 500 m with height up to 90

m. Above 90 m, there is a transition where BDfI rapidly goes to zero. In this second

regime, the simulated measurements are located above the plume centerline. Thereon,

fIplume rapidly decreases with height until PCfI does not reach the 50% threshold and

BDfI becomes zero. This rapid decrease is a result of the simulated measurements being

located above the emission plume, as the height of the plume does not reach above 150

m for the first 1.5 km horizontal distance. The height of this transition increases with

decreasing threshold levels as the thresholds become more sensitive to smaller NH3,plume

fluctuations.

Figure 4.7 shows the results of the sensitivity study for BDF (Table 4.1). Both the blending

distance for molar fraction measurements (BDfI) and for flux measurements (BDF) can

be interpreted as an inverse footprint analysis, as we estimate the area affected by the

emission source. The results of the sensitivity study of BDF, however, are different from the

BDfI results, as the footprints for flux and molar fraction measurements are not the same.

The footprint for flux measurements is smaller than those of molar fraction measurements

(Kljun et al., 2003; Rannik et al., 2000; Vesala et al., 2008). However, comparing BDfI

to the footprint of NH3 molar fraction measurements is not straightforward, as BDfI is

based on the NH3 fluctuation intensity, not the molar fraction. It is therefore interesting

to determine whether the results of the sensitivity study of BDF will differ compared to

the results of BDfI.

When analyzing Fig. 4.7, we find that there are indeed differences between BDF and BDfI.

BDF is significantly longer, ranging from 0.75 to roughly 5 km, indicating that NH3 flux

measurements are more sensitive to the emission plume. Note that we removed the results

for D = 0 ppb m s-1. Here, Fbg approaches zero, resulting in infinitely large PCF and

unrealistic BDF values, following Eq. 4.6.
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Figure 4.7: The sensitivity of BDF to the geostrophic wind speed (ug), initial background

molar fraction (Cbg), emission strength (E), deposition strength (D), chemical reaction rate

(R), model resolution (∆) and simulated measurement height (H). BDF is determined for

threshold levels ranging from 5% (orange dashed) to 50% (orange dotted).

One of main differences between BDF and BDfI is found in the sensitivity to the threshold

levels (5% to 50%). BDF is more sensitive to the different threshold levels compared to

BDfI. This is in agreement with the results shown in Fig. 4.4b, where we discussed that

PCF is significantly larger than PCfI, with a longer tail. As a result, the nonlinear effect

of the aforementioned long tail in PCF (Fig. 4.4b) increases BDF for low threshold levels.

Despite these differences, the same arbitrary set of thresholds is used for both BDfI and

BDF.

Significant differences between BDF and BDfI are also found in the sensitivity to the

geostrophic wind speed (ug) and the simulated measurement height (H). Both variables

directly affect the footprint of the simulated flux measurements. In shear-driven turbulent

conditions (high ug), the footprint of the measurement is elongated compared to convective

conditions. This reduces the width of the footprint and lengthens the up-wind distance at

which the emission source can be measurement, thus, increasing BDF. Increasing H also

increases the footprint of the measurements, but there is no elongation of the footprint.
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As a result, BDF has a strong positive correlation to ug, but is only weakly correlated to

H, except for the lower threshold levels.

Figure 4.7 appears to show that BDF has a weak positive correlation with increasing Cbg.

This is mainly attributed to an increase in the spatial variations of the background NH3

flux, which increases from σF,bg = 0.0065 ppb m s-1 for Cbg = 10 ppb (Fig. 4.3d) to σF,bg

= 0.015 for Cbg = 25 ppb. As a result, the fluctuations in PCF shown in Fig. 4.4b increase

in amplitude and frequency, which particularly affects the low threshold levels of 5% and

10% .

There are also strong similarities between the sensitivity of BDF and BDfI. Both Fig. 4.6

and 4.7 show that the blending distance is only weakly sensitive to the chemical reaction

rate (R) and the model resolution (∆). For both molar fraction and flux measurements,

the emission strength (E), deposition (D) and, to a lesser extent, the geostrophic wind

speed (ug) are the driving variables of the blending distance.

4.4.2 Uncertainty of the blending distance estimation

The turbulent dispersion of the emission plume is chaotic by nature and driven by a

wide range of factors. We therefore carry out a systematic analysis on how these factors

and resolution, influence the relationships between emissions and the simulated in-field

measurements. The chaotic nature of turbulence results in random variations in both

the emitted NH3 (Fig. 4.3a and b) and the background NH3 (Fig. 4.3c and d). These

random fluctuations lead to variability in the calculation of the blending distances, leading

to uncertainty in the blending distances presented in this study. The variability increases

when using the lower threshold levels (e.g., 5% and 10%), as is visualized and discussed

in Section 4.3.1 and 4.3.2. The variability could be reduced by increasing the length of

the analysis window, i.e., increasing the averaging time to filter out the small and short

spatio-temporal turbulence variability.

Increasing the length analysis window, however, means that the blending distance is

calculated using a wider range of boundary layer dynamics and variations in the ther-

modynamic variables. Boundary layer dynamics are especially relevant in the morning

and early afternoon when the boundary-layer grows and air from the residual layer and

free troposphere is entrained, or in the afternoon when turbulence decays (Pino et al.,

2006). It leads to entrainment being one of the dominant processes driving the NH3

diurnal variability (Schulte et al., 2021; Wichink Kruit et al., 2007). In Fig. 4.2 we show

that it leads to large fluctuations in NH3, bg, significantly increasing fIbg. We therefore

filter out the impact of boundary layer dynamics and variations in the thermodynamic

variables with our choice of analysis window from 14:00 and 17:00 CEST, in order to find

a first-order estimate of the blending distance. We do recommend a follow-up study on

the role of boundary dynamics.
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Finally, there is a downside to our simplified representation of chemical transformations in

that it is applied uniformly to the 3D domain. In reality, the equilibrium molar fractions

for these chemical transformations are related to temperature and humidity and results in a

near-surface NH3 gradient of the NH3 molar fraction (aan de Brugh et al., 2013). Therefore,

we are likely to underestimate the role of chemical transformations and overestimate BDfI,

as turbulent mixing of this near-surface gradient increases fIbg.

The blending distance cannot be captured by a single number. This is partly due to the

uncertainty involved in calculating the blending distance, but the blending distances is,

most of all, an integrated variable. Several processes are captured by the blending distance

in one single variable, including the chaotic nature of turbulent plume dispersion, convective

and shear-induced turbulence, atmospheric pollution levels and surface heterogeneity. As

shown in Section 4.4.1, each of these processes impacts the blending distance differently.

Despite its complexity, the blending distance is a useful variable since it is an integrated

variable; all the aforementioned processes are represented in this distance at which the

impact of an emission plume is negligible with respect to the background.

The applicability of the results presented here depends not only on the meteorological and

NH3 pollution factors, but also on the physical context of the measurement site. This study

is based on the Ruisdael Observatory at Cabauw, which is located on flat agricultural

grassland with surface elevation changing only by a few meters over 20 km. A different

physical context, like a heterogeneous surface which changes the turbulent properties

(Ouwersloot et al., 2011), is likely to significantly affect the resulting blending distances.

With the simulation framework presented here, the blending distance can be calculated for

specific weather conditions and for the physical context of the measurement site, providing

a more accurate assessment of the impact of nearby emissions on NH3 observations at

a specific measurement site. The results presented in this study provide a valuable first

estimate of and discussion on a typical blending distance and its driving variables.

4.4.3 blending distance literature for passive tracers

Evaluating the blending distance results against typical literature on plume dispersion is

a difficult exercise. The topic is generally not mentioned as these studies focus on the

release of passive scalars in an unpolluted environment, and only few studies even research

(near) surface releases (Cassiani et al., 2020). Normalization of both distance from the

source and the in-plume molar fraction further complicates the interpretation of literature

results.

We therefore try to estimate the order of magnitude of the blending distance based on the

in-plume molar fraction and fluctuation intensity of plume dispersion modeling studies.

Following figures by Dosio et al. (2003) and Dosio and Vilà-Guerau de Arellano (2006), we

find that the in-plume molar fraction rapidly decreases for a convection-driven boundary

layer (−z/L ≥ 40 and u∗/w∗ ≤ 0.2) at the surface up to roughly 6 km distance, after
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which, it starts to level off. Similar results are found for the fluctuation intensity; however,

the results are less pronounced for the near-surface release experiments. The 6 km distance

approximately doubles for shear-driven boundary layers (−z/L ∼ 40 and u∗/w∗ ∼ 0.46).

The observations shown in Figure 10 by Mylne and Mason (1991) show that the observed

fluctuation intensity also decreases with distance, but levels after roughly 15 km distance

from the emission source. We use these distances at which the plume statistics start to

level off as an estimate of the order of magnitude of the blending distance, indicating that

the blending distance could be in the order of several kilometers (6 to 15 km), based on

plume dispersion literature.

These rough estimates of the 6 to 15 km distance are significantly larger than the blending

distances presented in this study. Such long distances between source and measurement

site would not make feasible requirements in densely agricultural regions, but are likely an

overestimation of the blending distance. These estimates are based on the molar fraction

and fI of the emission plume, with no representation of background ammonia levels. The

latter is especially important, as we show in Section 4.3.1 and 4.3.2 that the impact

of the emission plume rapidly decreases relative to the turbulent background ammonia,

while the emission plume itself can be detected for several kilometers as indicated by the

intermittency.

4.4.4 blending distance literature for ammonia measurements

Articles on ammonia measurements in close proximity to an emission source implicitly

include all relevant processes. These studies could also provide a qualitative, perhaps

more realistic, evaluation of the NH3 blending distance results presented here. In-field

measurements show that the NH3 molar fraction exponentially decreases with distance from

the source, with measurements close to the background molar fraction after 300 to 500 m

(Fowler et al., 1998; Shen et al., 2016; Sommer et al., 2009). Similar results were obtained

in an intercomparison study of short-range atmospheric dispersion models by Theobald

et al. (2012), at horizontal resolutions of 25 - 50 m and receptors at 100 m intervals along

four radial directions (N, E, S and W). However, these measurements are typically arranged

a few lines downwind of the source, with only a handful of measurements over a distance

of 300 to 1000 m. At these short distances, plume dispersion is dominated by meandering

of the plume (Nieuwstadt, 1992) and the in-plume molar fraction measurements are

underestimated as a result, especially given the averaging times of these measurements

ranging from several hours up to multiple weeks.

Finally, we can evaluate our findings against measurement site requirements of air quality

networks. The Dutch air quality network and the EMEP (European Monitoring and

Evaluation Programme) network do set requirements for the minimum distance from

emission sources and no references to scientific studies are provided. Back in 1990, the

Dutch network required a minimum distance for NH3 sites of 300 - 500 m from NH3 point
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or area sources, depending on source strength (Boermans and Erisman, 1990). This is in

line with the literature on measurements in proximity to emission sources discussed earlier,

but closer than the blending distances presented here. Currently, no hard requirements

are in place in the Netherlands, although the potential impact of NH3 sources is still

recognized (Wichink Kruit et al., 2021). At a European level, EMEP measurement sites

require a 2 km minimum distance for measurements nearby the stabling of animals and

manure application, depending on the number of animals and field size (EMEP/CCC,

2001; Schaug, 1988). This 2 km distance is in line with our recommendations, although

the results in this study indicate that distances below 2 km could also be sufficient.

4.4.5 Towards an NH3 virtual test bed: integrating fine-scale simulations

with advanced observations

This study is the first that specifically addresses the regional representativity of ammonia

measurements in proximity to an emission source. The systematic analysis presented in

Fig. 4.6 and 4.7 can be used as a reference when interpreting in-field NH3 measurements.

Additionally, the simulation framework can be applied to individual locations to study

the representativity of (potential new) measurement sites under local conditions by using

the concept of blending distance. One can expand the simulation framework to include

multiple sources, area sources - each with an unique passive scalar - and heterogeneous

surface conditions (Ouwersloot et al., 2011), to simulate local NH3 conditions.

The DALES model proved to be flexible, allowing for simulations of a convective, sheared

convective, stable and cloud-topped boundary layer (Heus et al., 2010; Verzijlbergh

et al., 2009). The fine-scale simulation framework will be included in the Ruisdael

Observatory at Cabauw (https://ruisdael-observatory.nl), a nationwide observatory

for measurements and modeling of the atmosphere and air quality. It can be a powerful

tool in future ammonia research, e.g., in preparation of (emission) measurement campaigns

or to improve interpretation of NH3 (flux) measurements. Furthermore, we want to stress

that the methods presented here are not limited to ammonia, but can be used for any gas

for which relevant processes occur at high spatio-temporal resolutions.

We recommend expanding the simulation framework to create a test bed to study NH3

at high spatio-temporal resolutions, including all processes relevant to the NH3 diurnal

variability. The main additions should be a dynamic parameterization of the surface-

atmosphere exchange, e.g., DEPAC (van Zanten et al., 2010), and a thermodynamic

chemistry module, e.g., ISORROPIA version 2 (Fountoukis and Nenes, 2007). With these

additions, on top of the existing possibility to distinguish between background and emitted

NH3, the fine-scale simulation framework with explicitly resolved turbulence will be well

suited to study short-range dispersion of ammonia, e.g., deposition in close proximity to

emission sources and the impact of turbulent micromixing on the chemical reaction rate.

These studies are typically performed using models where turbulence is parameterized or
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Gaussian plume models are used (Loubet et al., 2006; Sommer et al., 2009; van der Swaluw

et al., 2017). Furthermore, the addition of a thermodynamic chemistry module can lead

to new insights on NH3 flux measurements. The equilibrium molar fractions of the NH3

gas-aerosol transformations depend on atmospheric temperature and humidity, resulting

in a near-surface molar fraction gradient. This gradient leads to an underestimation of the

NH3 deposition flux of about 0.02 µg m-2s-1, when using the flux-gradient method (Nemitz

et al., 2004b). With these additions to the simulation framework, the virtual NH3 test

bed can be used improve the interpretation of NH3 flux measurements.

4.5 Conclusions

This study presents a fine-scale simulation framework with which we assess the regional

representativity of the NH3 molar fraction and flux measurements in proximity to a

typical NH3 emission source. We aim to translate concepts from the fields of plume

dispersion and fine-scale simulations to support the analysis of NH3 observations in areas

characterized by NH3 (point) source emissions. This includes realistic representations of

NH3 surface-atmosphere exchange and chemical gas-aerosol transformations. The concept

of a blending distance is introduced to systematically analyze the impact of the emitted

NH3 on simulated measurements, relative to a background concentration. Following this

approach, we define a first-order estimate of a minimum distance requirement between

regional representative measurements and a typical NH3 emission source.

By means of fine-scale simulation of atmospheric NH3, we investigate the representativity of

NH3 measurements from kilometer to meter scales in proximity to a typical emission source.

The fine-scale simulation framework presented has proven to be a powerful and flexible

tool for future research on ammonia, or any gas for which the relevant processes occur

at high spatio-temporal resolutions. The simulation framework, with explicitly resolved

turbulence not only enables us to quantify the variability in NH3 measurements, but also

to analyze and quantify the individual contribution of the NH3 emission plume. The

concept of blending distance presents a consistent criterion, based on second-order statistics,

for the minimum distance at which the impact of the emitted NH3 is estimated to be

indistinguishable from the variability of the background NH3. Following this approach, we

perform several numerical experiments to analyze the sensitivity of the blending distance to

a variety of meteorological and NH3 pollution variables, centered around the flat grassland

at Ruisdael Observatory at Cabauw. This systematic analysis shows a strong sensitivity

to the emission strength, deposition and threshold level used in the calculation, and to

the stability of the (convective or shear dominated) boundary layer. Furthermore, we find

that the blending distances differ for NH3 molar fraction and flux measurements, with flux

measurements being more sensitive to the NH3 emission plume. Following this sensitivity

analysis, we conclude that NH3 measurements at the Ruisdael Observatory should be
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taken at a minimum distance of 0.5 - 3.0 km or 0.75 - 4.5 km from an emission source for

measurements of the NH3 molar fraction or flux, respectively.





Chapter 5

Sensitivity analysis on how the NH3

blending distance is influenced by

meteorological large-scale forcing,

diurnal variability and the

simultaneous interaction of

processes

This Chapter expands on the concept of blending distance based on the thorough review of

Chapter 4, by investigating new aspects on how the blending distance responds to changes

in the turbulent dynamics of the atmospheric boundary layer
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Abstract

The blending distance is an integrated variable that quantifies the impact of an emission

plume on near-surface concentration and flux measurements, relative to background

pollution levels. The concept was introduced analyzing the dynamics and evolution of

turbulent fluctuations in the afternoon, when boundary layer growth is weak and almost

in steady state. Here, we expand on the concept of blending distance, performing multiple

numerical experiments using a large-eddy simulation technique with high resolution (20 x

20 x 5 m3, 10 seconds) to study three relevant aspects on the blending distance. First, we

perform two experiments simulating the arrival of a sea breeze to study how large-scale

forcing might vary turbulent conditions governing the dispersion of the NH3 emission plume.

We follow up with an experiment to analyze the diurnal variability of the blending distance.

These experiments show that changes in the turbulent and stability characteristics of

the boundary layer affect the blending distance, increasing the blending distance with

decreasing turbulent kinetic energy, especially for the morning transition from a stable

to an unstable boundary layer. In an unstable boundary layer, it is the mixing of air

masses with different ammonia characteristics, e.g. entrainment of free tropospheric air,

that affects the blending distance. Finally, we expend on the original sensitivity study of

blending distance, where individual meteorological and ammonia pollution variables are

varied. We perform two new experiments in which multiple processes occurring at different

scales are varied and interacting. These combined scenarios indicate towards non-linear

interactions between the individual driving variables of the blending distance.
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5.1 Introduction

Ammonia (NH3) is a chemically reactive species with a large spatial- and temporal

variability. This high variability stems from the interaction of local sources with different

emission rates, deposition processes depending on vegetation and thermodynamic turbulent

characteristics, chemical reactivity and the influence of local and regional meteorology. In

the previous chapter (Chapter 5) we developed a high-resolution simulation framework (20

x 20 x 5 m3, 10 seconds), freely available for use online (Schulte et al., 2022b), to advance

our understanding on how NH3 varies at short ranges and define improved measurement

strategies. To integrate and quantify the results, the concept of blending distance (BD)

was introduced for measurements of the NH3 molar fraction and NH3 flux in Chapter

4.

The blending distance is defined as the horizontal distance at which the emission plume

can be considered well-mixed with respect to the background NH3. Therefore we identify

the individual contributions of the background ammonia (NH3,bg) and ammonia emitted

from local sources (NH3,plume) to the total ammonia molar fraction (NH3,total = NH3,bg

+ NH3,plume), using the high-resolution simulation framework with explicitly resolved

turbulent mixing, introduced in Chapter 4. Based on the relative difference between

NH3, total and NH3, bg, the blending distance is calculated for near-surface ammonia molar

fraction and flux measurements, using the fluctuation intensity (fI) of the NH3 molar

fraction and the 30 minute NH3 flux respectively.

The introduction of the concept of blending distance provides a first-order estimate of the

minimum distance between NH3 measurements and a local emission source. Based on a

sensitivity study, where several individual meteorological and ammonia pollution variables

are varied, the blending distance is estimated to range between 0.5 - 3.0 km and 0.75 - 4.5

km for NH3 molar fraction and flux measurements, respectively. However, these results are

limited in their applicability, as the blending distance is calculated only in the analysis phase

of the numerical experiment, between 14:00 and 17:00 CEST. As a result, the role of the

diurnal variability of boundary-layer dynamics was actively filtered out. Furthermore, the

study is build around the well studied meteorological measurements taken on 8 May 2008

at the Ruisdael Observatory at Cabauw (https://ruisdael-observatory.nl/cabauw/)

in the Netherlands (51.971oN, 4.927oE) (aan de Brugh et al., 2013; Barbaro et al., 2015;

Barbaro et al., 2014). This day is characterized by clear-sky convective conditions and the

surface elevation changes are at most a few meters over 20 km.

In this study, we expand on the original work by performing several new numerical

experiments to analyze three relevant aspects on the blending distance. In Section 5.2, we

first study the sensitivity of the blending distance to changes in the turbulent and stability

conditions of the atmospheric boundary layer (ABL), under the influence of mesoscale

or synoptic situations, or as a result of orography or land use contrast of a region. To
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this end, we perform two new experiments simulating the arrival of a sea-breeze front.

Secondly, the diurnal variability of the blending distance is analyzed in Section 5.3. Finally,

we expand on the original sensitivity study in Section 5.4, by performing a multi-variable

sensitivity analysis of the blending distance, based on two new experiments. With these

new experiments, we aim to expand our understanding of the blending distance as an

integrated variable.

5.2 Dependence of blending distance to large-scale

forcing

Two new numerical experiments representing the arrival of a sea-breeze front, which is

well documented at the Ruisdael Observatory site in Cabauw (the Netherlands) (Arrillaga

et al., 2018), are adaptations of the reference experiment described in Chapter 4. The

front is represented by the addition of large-scale forcing terms to the simulation for both

the potential temperature (θ) and specific humidity (q), adding an additional source or

sink of heat and moisture to the simulation without changing the wind direction. The

forcing terms are applied from the surface up to just below the boundary-layer height at

1700 m.

We first perform a realistic sea breeze experiment (SB), followed by an enhanced sea-breeze

experiment (SBenhanced), shown in Table 5.1. The blending distance for each of the two

experiments are compared to the results of the reference experiment. The SB experiment

is designed based on over 100 days of sea breeze observations at the Ruisdael Observatory

at Cabauw, as shown in Figure 8 by Arrillaga et al. (2018). In this numerical experiment,

the sea breeze arrives at 15:00 CEST, one hour after the start of the analysis phase at

14:00 CEST, when there are convective conditions (z/L < 0). The forcing terms for θ

and qt are based on Figure 8 by Arrillaga et al. (2018). With the second experiment,

SBenhanced, we double the strength of the forcing of potential temperature and initialize

the forcing earlier, at 13:00 CEST.

Fig. 5.1 shows the changes in the potential temperature and specific humidity as the

sea breeze arrives at 15:00 and 13:00 CEST for SB and SBenhanced respectively. For the

SB experiment, the cooling by the sea breeze is rather small, reducing the potential

temperature by about 1.5 K at 17:00 CEST. The specific humidity increases by over 1 g/kg

at 17:00 CEST compared to the reference experiment and a weakening of the inversion

is also visible in the humidity vertical profiles. These effects are amplified for SBenhanced,

reducing the potential temperature by more than 5 K and specific humidity by over 1.5

g/kg at 17:00 CEST in the well-mixed boundary layer.

These changes in the mixed-layer potential temperature and specific humidity lead to

changes in the inversion layer at the top of the well-mixed ABL, as shown in the vertical

profiles of Fig. 5.1. While the inversion strength increases for the potential temperature,
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a) b)

Figure 5.1: The vertical profiles at each hour from 12:00 to 17:00 CEST of the potential

temperature, θ, (a) and the total water specific humidity, qt, (b) for the reference experiment

(Ref., solid), the sea breeze experiment (SB, dotted) and the extreme sea breeze experiment

(SBenhanced, dashed).

Table 5.1: The arrival time of the sea breeze, the forcing of the potential temperature (θ) and

specific humidity (qt), for both the sea breeze (SB) and the extreme sea breeze (SBenhanced)

experiment.

Experiment Sea breeze arrival dθ/dt dqt/dt

SB 15:00 CEST -0.75 K hour-1 0.45 g kg-1 hour-1

SBenhanced 13:00 CEST -1.50 K hour-1 0.45 g kg-1 hour-1

e.g. increasing by 1 K between 13:00 and 14:00 CEST for SBenhanced, the boundary-layer

inversion becomes less well defined. Starting at the top of the ABL, the profile of both θ

and qt changes and is no longer considered well-mixed, reminiscent of a ABL collapse at

the end of the day. Again, this effect is more pronounced for SBenhanced experiment, as the

well-mixed boundary layer only reaches up to about 1000 m at 17:00 CEST. With this

change in the vertical profile, the capping inversion of both θ and qt in Fig. 5.1 increases

in height, rising from about 1800 m to over 2100 m for SBenhanced. This height increase of

the capping inversion corresponds to the increase in ABL height of SBenhanced shown in

Fig. 5.2a. Here, the boundary-layer height is defined based on the height of the maximum

gradient in potential temperature (Heus et al., 2010), which does not capture the decline

of the well-mixed ABL height down to 1000 m shown Fig. 5.1.

The surface fluxes respond to the increase in humidity and cooling of the ABL, as seen

in Fig. 5.2b. The latent heat flux (LvE) decreases due to the increase in atmospheric
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b)

c)

a)

Figure 5.2: Time series of the domain average atmospheric boundary-layer height (a), the

evaporation fraction (b) and the heat budget (c) for the reference experiment (solid), the sea

breeze experiment (dotted) and the extreme sea breeze experiment (dashed). The grey area

represents the meteorological spin-up phase of the experiment and is not considered in the

sea-breeze experiment.
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a)

b)

Figure 5.3: The blending distance based on the fluctuation intensity (a) and based on the

NH3 flux (b) for the reference experiment (Ref.), the sea breeze experiment (SB) and the

extreme sea breeze experiment (SBenhanced).

humidity with about 25 and 75 W m-2 for SB and SBenhanced, respectively. In response,

the sensible heat flux (H) increases by the same amount, as the forcing terms have little

impact on the available energy, i.e. net radiation (Qnet) and soil heat flux (G). This is

reflected in the evaporation fraction, shown in Fig. 5.2c, which shows that a smaller

fraction of the available energy is used for evaporation in the late afternoon (16:30 CEST)

for the SB (0.85) and SBenhanced (0.68) experiments when compared to the reference (0.9).

These effects are amplified in the case of SBenhanced, not only because the cooling term

has doubled in strength, but also because the large-scale forcing starts 1.5 hours earlier

compared to the SB experiment, at 13:00 CEST.

Focusing on our main interest, the impact of a large-scale disturbance in the turbulent

characteristics of the ABL on blending distance, we find in Fig. 5.3 that the impact of the

sea breeze is small. Both BDfI and BDF, slightly increase for the SB experiment, but not

for the SBenhanced experiment. This could be attributed to the reduction of about 0.2 in

the evaporation fraction between SB and SBenhanced. The increased sensible heat flux for

SBenhanced leads to stronger convection and more vertical mixing of the emission plume,

which reduces the blending distance near the surface. Still, the effect of the sea breeze on

the blending distance remains small for both experiments.

5.3 The diurnal variability of the blending dis-

tance

Similar to the sea-breeze numerical experiments, is the full-day experiment an adaptation

of the reference experiment as presented in Chapter 4. This reference experiment was

originally set up to allow for a sensitivity study where multiple meteorological and NH3
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c) d)a) b)

Figure 5.4: The domain average vertical profiles of the potential temperature (a), total

water specific humidity (b), background NH3 molar fraction (c) and background NH3 flux (b)

between 10:00 and 14:00 CEST.

pollution variables are varied individually, including varying the NH3 background levels.

Note that several variables included in this sensitivity study, such as the surface deposition,

emission and the chemical conversion rate, affect the background NH3 molar fraction. To

minimize the impact of these variables on the background molar fraction in the sensitivity

study, we used a fixed analysis phase in Chapter 4 from 14:00 to 17:00 CEST with surface

deposition, emission and the chemical conversion rate being initialized at 12:30 CEST. In

this full-day experiment, we initialize these processes at the start of the simulation (8:00

CEST). While we maintain the length of the analysis phase at three hours, we vary the

starting time by 30 minutes from 8:30 to 14:00 CEST.

The growth of the ABL plays an important role in the diurnal variability of the NH3 molar

fraction. As the ABL grows, air masses with different NH3 characteristics mix through

entrainment of air from the residual layer or free troposphere, enhancing the fluctuations

and changing the concentration of the background NH3 (Schulte et al., 2021). The domain

averaged vertical profile of θ in Fig. 5.4a shows that the 250 m shallow ABL at 10:00

grows rapidly as a result of a residual layer, becoming well mixed at 12:00 CEST. This

matches the rapid increase of the ABL height shown in Fig. 5.2a, growing from 300 m to

1700 m in about 45 minutes, as the boundary-layer height is defined based on the largest

θ gradient, as discussed in Section 5.2. The vertical profiles of qt and the background NH3

molar fraction in Fig. 5.4b and 5.4c however, show a more gradual ABL growth between

10:00 and 13:00 CEST. Here, we see the 250 m shallow ABL mixing with the residual

layer, gradually becoming well mixed around 13:00 CEST and reaching a height of about

1800 m.

Focusing on the background NH3 molar fraction, Fig. 5.4c shows an ABL of about 250 m

at 10:00 CEST. The NH3 molar fraction of this shallow ABL is lower compared to the

residual layer (250 - 1400 m), as a result of the prescribed surface deposition. Both the
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b)

c)

a)

Figure 5.5: A time series of simulated NH3 measurements of a single grid cell at a height of

37.5 m, 250 m distance downwind from the NH3 emission source. The top panel (a) shows

the time series NH3,total (orange), NH3,bg (purple) and NH3,plume (light purple) at 10 second

temporal resolution. In the middle (b), the fluctuation intensity (fI) is shown for NH3,total and

NH3,bg, calculated every 30 minutes. The bottom panel (c) shows the 30 minute NH3 flux

(FNH3 for NH3,total and NH3,bg.

shallow ABL and the residual layer experience an additional uniform loss in the NH3 molar

fraction of 5% hour-1 representing chemical gas-aerosol transformations. The residual

layer is gradually mixed with the ABL through entrainment, as the boundary-layer height

increases between 10:00 and 12:00 CEST. Between 12:00 and 13:00 CEST, the ABL grows

up to about its maximum height of 1800 m and entrainment of free tropospheric air (NH3

≈ 1 ppb) reduces the NH3 molar fraction in the ABL from 10 ppb to about 7.5 ppb.

This turbulent mixing of the ABL with the residual layer and free troposphere is clearly

visible in the domain average vertical profile of the NH3 flux in Fig. 5.4d. Here, a positive

NH3 flux corresponds to ammonia-rich air being transported upwards and ammonia-low
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air being transported downwards (vice versa for a negative flux). At 12:00 CEST, the NH3

molar fraction below 1300 m decreases as ammonia-low air from the surface is mixed with

the air between 400 and 1300 m, resulting in a negative flux peaking at -0.1 ppb m s-1.

At the top of the ABL, in the entrainment zone, ammonia-low air of the free troposphere

is entrained into the ABL and ammonia-rich air from the ABL is transported upwards.

This is represented in Fig. 5.4d by a positive flux between 1300 and 1600 m that peaks at

0.2 ppb m s-1. This positive entrainment flux is still found at 13:00 and 14:00 CEST, but

weakens in strength as the ABL stops growing in height and entrainment weakens. Still,

an entrainment flux of about 0.1 ppb m s-1 is shown at 14:00 CEST, which is over two

time the prescribed surface flux of -0.045 ppb m s-1.

The impact of entrainment of air with different NH3 characteristics is clearly visible in

the time series of the NH3 molar fraction for a single grid cell of the simulation at 250 m

distance from the emission source, shown in Fig. 5.5a. Between 10:00 and 12:00 CEST,

when the ABL is mixing with the residual layer, NH3,bg slightly increases. Here, the loss of

NH3 by chemical transformations (5% hour-1, or ≈ -0.5 ppb h-1) and surface deposition (-

0.045 ppb m s-1) is offset by entrainment of air from the residual layer with a slightly higher

NH3 molar fraction. At about 12:30 CEST, entrainment of free-tropospheric air leads to a

sudden decrease in NH3,bg of about 2.5 ppb, accompanied by large NH3 fluctuations (up

to 4 ppb), as shown in Fig. 5.5a and was visualized in the vertical cross-section in Figure

4.2b of Chapter 4.

The changes in the NH3 molar fraction resulting from entrainment of free-tropospheric

air also impact the fluctuation intensity (fI) and flux (F). Figure 5.5b shows that the fI

of the background NH3 (fIbg) is low at about 0.01 until 12:30 CEST. The fI of the total

NH3 molar fraction (fItotal), is significantly higher at about 0.08 as the emission plume

fluctuations (NH3, plume) are now added to NH3, bg. When free-tropospheric air is entrained

at 12:30 CEST, we find that fIbg increases from 0.01 to about 0.85. The difference between

fItotal and fIbg decreases as the change in fItotal appears to be dampened compared to the

background.

Figure 5.5c shows simulated flux measurements of a single grid cell for NH3, bg (purple)

and NH3, total at 250 m distance from the emission source. When only the background

NH3 is considered, Fbg approaches the prescribed surface flux of -0.045 ppb m s-1. By

analyzing the flux for NH3, total, we find that the emission plume increases the simulated

flux measurements from deposition of about -0.045 ppb m s-1 to emissions ranging from

0.1 to 0.3 ppb m s-1. At 12:30 CEST, entrainment of ammonia-low air from the free

troposphere reaches the surface and changes Fbg from deposition (negative) to emission

(positive). For Ftotal, NH3 entrainment leads to an increase in the simulated flux from 0.16

to 0.3 ppb m s-1.
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The blending distance is calculated over a three-hour analysis phase, following Eq. 5.1

and 5.2 where X can be substituted by fI or F, as presented in Chapter 4.

PCX = |Xtotal −Xbg

Xbg

| ∗ 100% (5.1)

BDX = max( dist( PCX < threshold ) ) (5.2)

To study the diurnal variability of the blending distance, BDfI and BDF are calculated at

30 minute intervals, between 8:30 and 17:00 CEST. The results for each three-hour window

are shown in Fig. 5.6 for a range of thresholds (5% to 50%). To quantify the turbulent

conditions of the ABL and relate it to the blending distance, we also show the explicitly

resolved turbulent kinetic energy (TKE), integrated over the boundary layer height.

Fig. 5.6a shows that BDfI is affected by the level of turbulent mixing, entrainment of

free-tropospheric air and the change in the background molar fraction. In the morning,

TKE increases as the ABL transitions from stable conditions to unstable conditions. BDfI

is high while there is little turbulent mixing of the emission plume, ranging from 1.5 to 6

km between 8:30 and 11:30 CEST. BDfI rapidly decreases as the TKE increases and the

emission plume is mixed with the background molar fraction

The fluctuations in the NH3 molar fraction as a result of entrainment occur between 12:30

and 13:30 CEST. Here, not only fIbg increases, but the difference between fIbg and fItotal
decreases as well. Following Eq. 5.1 and 5.2, BDfI should therefore decrease as a result of

entrainment. Figure 5.6a indeed shows that BDfI reaches its lowest value, ranging from 0

to about 1 km, whenever entrainment (12:30 - 13:30 CEST) is included in the three-hour

analysis phase.

In the afternoon, Fig. 5.5a shows that chemical transformations and surface deposition

lead to a steady decrease of the background NH3 molar fraction, without significantly

affecting the fluctuations of the emission plume. Following the definition of the fluctuation

intensity (fI = σNH3/NH3), fItotal increases as the fluctuations of the emission plume

gain in relative weight as NH3 is reduced by the decreasing NH3, bg. This increase in

fItotal leads to an increase BDfI in the afternoon, as shown in Fig. 5.6a, because fIbg is

approximately constant.

Figure 5.6b shows that the blending distance of the simulated NH3 flux (BDF) is less

sensitive to both changes in TKE or in NH3, bg. We do find a strong sensitivity to

entrainment, as BDF increases by about 1.5 km whenever entrainment (12:30 - 13:30

CEST) is included in the three-hour analysis window. Entrainment transports air from the

free troposphere downwards, mixing with the ABL. These downward plumes of ammonia-

low air also reach the surface, which can locally result in a positive simulated flux, as

shown in Fig. 5.5c. The change in the NH3, bg flux by entrainment reduces the absolute

value of the flux. This results in an increase in PCF, following Eq. 5.1, as the impact of

the emission plume increases, relative to the background flux. With PCF increasing, the
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a)

b)

Figure 5.6: BDfI (a) and BDF (b) for each three-hour long analysis phase between 8:00 and

17:00 CEST, accompanied by the corresponding horizontal average TKE integrated over the

boundary layer height in the panels on the right.

blending distance for flux measurements increases whenever entrainment is included in the

analysis window.

The results in Fig. 5.6 show that the blending distance is only weakly sensitive to changes in

the ABL turbulent characteristics. Atmospheric stability only plays an important role when

transitioning from stable conditions to unstable conditions. For convective conditions, it is

the change in the NH3 characteristics in the ABL which drives the blending distance, like

the mixing of air masses with different NH3 characteristics. In this experiment, this mixing

of air masses occurs when entrainment mixes ammonia-low air from the free troposphere in

the ammonia-rich ABL. The mixing increases the turbulent NH3 fluctuations and affects

the flux of the background molar fraction, leading to a reduction of BDfI and an increase in

BDF whenever entrainment is included in the analysis window. Even close to the surface,

entrainment plays a key role in the diurnal variability of atmospheric ammonia and affects

the relative impact of an emission source in close proximity to NH3 observations.

5.4 The multi-process sensitivity of the blending dis-

tance

With the introduction of the concept of blending distance in Chapter 4, a sensitivity study

was conducted to identify the driving variables and to obtain an first-order estimate of the

range of the blending distance under different conditions. With this sensitivity study, only

individual meteorological or NH3 related variables were varied to analyze their individual

impact on the blending distance. Here, we perform a multi-variable sensitivity analysis of

the blending distance to determine the non-linearity of the processes.
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Table 5.2: Variable names, symbols and their values for the reference experiment and the

two multi-variable experiments (MVE#1 and MVE#2).

Variable Reference MVE#1 MVE#2

experiment

NH3 emission strength E 45 ppb m s-1 200 ppb m s-1 45 ppb m s-1

NH3 deposition strength D -0.045 ppb m s-1 0 ppb m s-1 -0.045 ppb m s-1

Geostrophic wind speed ug 8 m s-1 8 m s-1 4 m s-1

Initial background NH3 Cbg 10 ppb 10 ppb 25 ppb

To this end, we set up two new numerical experiments where we change two variables

simultaneously. With the first experiment, multi-variable experiment number 1 (MVE#1),

we focus on the combined impacts of surface heterogeneity, as we vary the strength of the

emission source (E) and the surface deposition (D). Furthermore, both variables affect

the turbulent NH3 fluctuations. The deposition strength determines the strength of the

near-surface NH3 gradient, which leads to fluctuations in the background NH3 through

turbulent mixing. The emission strength directly affects the strength of the NH3 plume

fluctuations. In the second experiment, multi-variable experiment number 2 (MVE#2), we

study the combined effect of the two non-local processes of the original sensitivity study

by changing the geostrophic wind speed (ug) and the background NH3 molar fraction at

the start of the analysis phase (Cbg). Changes in geostrophic wind speed are a result

of pressure gradients at the synoptic scale and are one of the driving variables for the

turbulent mixing in the ABL. The initial NH3 background molar fraction is a measure of

the regional level of NH3 pollution and affects the magnitude of the turbulent fluctuations

in the background NH3.

The values of these four variables for the two multi-variable experiments, as well as the

reference experiment, are listed in Table 5.2. With these two experiments, we aim to test

the hypothesis stating that there is a linear relation between the results of the individual

sensitivity study, i.e. the change in the blending distance of the multi-variable experiments

is equal to the sum of the changes in blending distance of the individual experiments. To

this end, we focus on the blending distance for molar fraction measurements (BDfI) and

define the change in blending distance as ∆BD = BDexperiment − BDreference.

In the first multi-variable experiment, we focus on enhancing the NH3 heterogeneity by

increasing the emission strength and decrease the surface-atmosphere exchange. The

emission strength is increased from the 45 ppb m s-1 reference value, representative of

a typical Dutch medium sized (80 cow) farm, to 200 ppb m s-1. The surface deposition

is decreased from -0.045 ppb m s-1 to 0 ppb m s-1. Both individual scenarios result in

a significant increase in BDfI, following the results of the sensitivity study presented in

Chapter 4. The left panel of Fig. 5.7 indeed shows a strong increase in BDfI for the
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Figure 5.7: BDfI for the reference experiment (black), the individual scenarios (purple) and

the multi-variable experiment #1 (orange) are shown on the left panel for three threshold levels.

The right panel shows changes in blending distance with respect to the reference experiment

(∆BDfI) for the sum of the individual scenarios (purple) and MVE#1 (orange)

MVE#1 (orange). The right panel shows the ∆BDfI for the sum of the individual scenarios

in purple and the ∆BDfI of MVE#1 in orange. Here, we find that the sum of ∆BDfI for

the individual scenarios is roughly equal to ∆BDfI of MVE#1, indicating that there is

indeed a linear relation between the blending distance of these two scenarios.

In the second multi-variable experiment, we vary the background NH3 molar fraction

and geostrophic wind speed, variables which act on the regional and mesoscale. The

background NH3 molar fraction is increased to 25 ppb and the geostrophic wind speed is

decreased to 4 m s-1, which both result in a reduction of BDfI. The left panel of Fig. 5.8

indeed shows that BDfI of MVE#2 is generally smaller than both the reference and the

individual experiments. The only exception is the 50% threshold, where MVE#2 is slightly

larger than the Cbg = 25 ppb experiment. By analyzing ∆BDfI in the right panel, we find

that the sum of the individual scenarios is consistently larger than the combination of

the two scenarios. This indicates that there is a non-linear relation between the blending

distance of these two scenarios and that, contrary to the results of MVE#1, the hypothesis

is false for this numerical experiment.

The results of both MVE#1 and MVE#2 demonstrate that combining results from

individual scenarios presented in the sensitivity study is not straightforward. It is therefore

recommended to perform additional multi-variable experiments and systematically analyze

the relationships between the variables and the change in the blending distance with respect

to the reference experiment. Here, one could systematically repeat the multi-variable

experiments presented in this section for all possible combinations of variables, focusing

on the four variables with the largest impact on the blending distance: emission strength,

deposition strength, background molar fraction and geostrophic wind speed.
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Figure 5.8: BDfI for the reference experiment (black), the individual scenarios (purple) and

the multi-variable experiment #2 (orange) are shown on the left panel for three threshold levels.

The right panel shows changes in blending distance with respect to the reference experiment

(∆BDfI) for the sum of the individual scenarios (purple) and MVE#2 (orange).

A more cost-effective approach would be to first perform a targeted subset of new exper-

iments to identify what variables are causing the non-linear interactions, based on the

new insights gained from the new experiments presented in this section. Here we find a

linear relation when varying both the emission and deposition strength in MVE#1, two

variables which directly affect the NH3 fluctuations in the emission plume and background

molar fraction and are related linearly through Eq. 5.1. Next would be to identify if

either the change in Cbg or ug is causing the non-linear relation found in MVE#2, or if the

interaction is a specific to these two variables. This can be tested by performing two new

multi-variable experiments where Cbg and ug are combined with a different variable (e.g.

the emission strength). With such targeted experiments, one should be able to identify

non-linear relations without testing all possible combinations.

5.5 Conclusions

The concept of the blending distance integrates a wide range of processes that govern the

evolution and distribution of atmospheric NH3 in a single variable. With the introduction

of the concept of the blending distance in Chapter 4, the strength of the emission source

and the NH3 deposition strength of the region, were identified as the main drivers of the

blending distance, followed by the geostrophic wind speed and the background NH3 levels

(Schulte et al., 2022a). In this study, we expand on this original sensitivity study and find

that changes in the turbulent characteristics of the convective boundary layer, e.g. the

arrival of a sea-breeze front, do not significantly affect the blending distances for the NH3

fluctuation intensity nor the NH3 flux (changes < 500 m). Similar results were found when
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analyzing the diurnal variability of the blending distance in Section 5.3. Here, we find that

the blending distance is mainly driven by turbulent mixing of different NH3 characteristics,

i.e. entrainment of ammonia-low free-tropospheric air. Only in the morning, as the stable

boundary layer transitions to convective conditions, does the atmospheric stability result

in a large decrease in the blending distance. Furthermore, the results of multi-variable

experiments, as presented in Section 5.4, indicate possible non-linear relations between

individual variables of the sensitivity study presented in Chapter 4.

These new findings advance our understanding of the concept of the blending distance and

provide valuable context for the interpretation of the original sensitivity study presented

in Chapter 4. We find that the results of this sensitivity study are representative for the

blending distance under convective conditions, as the blending distance is not sensitive

to changes in the turbulent characteristics of the convective boundary layer. We do find

the blending distance to be sensitive to entrainment of ammonia-low air from the free

troposphere, affecting both the fluctuations in the background NH3 molar fraction and

simulated NH3 flux near the surface. We therefore conclude that one should consider

the impact of entrainment when selecting the analysis window used to estimate the

blending distance. Furthermore, we find non-linear relations between the individual

variables of the original blending distance sensitivity study for one of the two new multi-

variable experiments. While the difference in the blending distances of this new multi-

variable experiment and the original experiments is relatively small, a few hundred meters,

the results indicate that combining scenarios presented in the sensitivity study is not

straightforward and further research on different combinations is recommended. The

scenarios and corresponding blending distance results presented here and in Chapter 4

do provide a valuable first-order estimate and understanding of the concept, which can

already be used to assess the conditions at individual measurement sites.

The next step is to apply the simulation framework at individual measurement sites and

account for the local surface and NH3 characteristics, as well as meteorological conditions.

The simulation framework allows for the analysis of more than one emission source and

to study the effects of multiple nearby sources with different emission characteristics,

furthering our understanding of the blending distance. A second point of interest is to go

beyond estimations of the blending distance for convective stability conditions, as is done

in this Chapter, and expand the analysis to a broader range of meteorological conditions,

e.g. a neutral or cloud-topped boundary layer. A final point of interest is to continuously

analyze the effect of future updates of the simulation framework on the blending distance,

like a dynamic representation of the surface-atmosphere exchange or a thermodynamic

chemistry module, representing dynamic gas-aerosol interactions. It is the strength of

the concept of blending distance that this broad range of processes and interactions are

integrated into one single intuitive variable.



Chapter 6

Conclusions and Outlook
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In this Chapter, we summarize the main findings of the thesis. In Section 1.1, we organized

our findings by providing an overarching research question, which was broken down into

four sub-questions for each of the Chapters. In this Chapter, we provide an answer to

these research (sub)questions in Section 6.1. We wrap up this thesis in Section 6.2, where

we present our outlook for the future of atmospheric ammonia (NH3) research, utilizing

high-resolution ammonia observations and advanced simulation techniques.

6.1 Conclusions

6.1.1 Chapter 2

How do the individual processes governing the ammonia budget contribute to the diurnal

variability of atmospheric ammonia?

Our analysis of the diurnal variability of atmospheric ammonia in Chapter 2 was centered

around advanced observations of the atmospheric NH3 concentration and flux (FNH3).

By analyzing over 100 days of measurements and filtering for clear sky convective condi-

tions, we designed a case study centered around a single representative day, supported

by the averaged observed diurnal variability of over 20 unique days. Constrained by

meteorological observations of this representative day, we modeled the meteorological

conditions and NH3 observations using a conceptual model that represents the evolution

of a prototypical atmospheric boundary layer. With the model, we disentangled and

quantified the contributions of the four main processes governing the ammonia budget: the

NH3 surface-atmosphere exchange, entrainment of air from the free troposphere, regional

advection of NH3 and chemical gas-aerosol transformations. Our analysis of the diurnal

variability is based on two sets of experiments where we aimed to reproduce the observed

NH3 concentration with the model. In the first set of experiments, the surface-atmosphere

exchange was prescribed to the model based on the observed FNH3 , while this process was

parameterized in the second set of experiments.

By prescribing the NH3 surface flux, the modeled NH3 concentration closely fitted the

observed diurnal variability. The combined analysis of the mixed-layer model with obser-

vations allowed us to identify two distinct regimes in the diurnal variability of atmospheric

NH3, driven by boundary-layer dynamics. We found a clear distinction in the process

contributions to the NH3 budget between the morning and the afternoon. In the morning,

the NH3 concentrations decreased as a result of entrainment. In short, with the growth of

the boundary-layer height, ammonia-low concentration air from the free troposphere was

entrained and mixed with the ammonia-rich air of the boundary layer, reducing the NH3

concentration. This process was partly offset by advection of NH3 from regional emission

sources, which acted as a significant source of NH3. The remaining two processes, surface-

atmosphere exchange and chemical transformations, were found to be less important to

the morning variability of the NH3 budget.
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In the afternoon, the contribution of entrainment to the atmospheric NH3 variability

rapidly decreased, as the boundary-layer growth slows down. Here, the contribution of the

surface-atmosphere exchange to the NH3 budget increased significantly for the unfertilized

grassland at Veenkampen, as high deposition was observed in the late afternoon. The loss

of NH3 through the local surface flux was counteracted by the aforementioned regional

advection, resulting in a small net increase in the NH3 concentration. As the contribution

of chemical transformations was still negligible, the variability of the afternoon NH3

budget was governed by the local surface-atmosphere exchange and regional advection of

NH3.

In the second set of numerical experiments, where the surface-atmosphere exchange

was parameterized, we identified a mismatch between the observed and parameterized

surface flux. A similarly close fit to the observed NH3 observations was achieved in these

experiments, but required an unrealistic representation of the processes governing the NH3

budget, including high NH3 concentrations in the free troposphere. While this second

set of experiments was not used to answer the research questions, it did indicate towards

potential improvements of the NH3 surface-atmosphere parameterization. The results of

both sets of experiments showed how our comprehensive approach, where we combined

advanced observations with a conceptual land-atmosphere model including NH3, supports

the interpretation of the NH3 observations and demonstrates that the diurnal variability

of atmospheric ammonia is governed by processes acting on both local and non-local

scales.

6.1.2 Chapter 3

What are the relationships between the observed NH3 flux and the CO2 uptake and

transpiration by vegetation? Can this understanding help us to improve the NH3 stomatal

exchange parameterization?

In Chapter 3, we aimed to establish simple relations between the NH3 surface-atmosphere

exchange and photosynthesis, i.e. the stomatal exchange of CO2 and water vapor (plant

transpiration). The process of photosynthesis is well understood and such auxiliary

observations can be used to further our understanding of NH3 exchange through the

individual exchange pathways, e.g. stomatal exchange. To this end, we analyzed daytime

observations of FNH3 , taken during the RITA-2021 campaign at the Ruisdael Observatory

meteorological supersite at Cabauw. We focused on establishing relationships between

the observed FNH3 , the latent heat flux (LvE), representing evapotranspiration, and gross

primary production (GPP), representing CO2 uptake by vegetation. The observations

were organized following the main drivers of the dynamic vegetation response, based on

temperature, radiation and moisture. Following this approach, we analyze the responses of

the surface-atmosphere exchange fluxes to the atmospheric temperature, photosynthetically

active radiation (PAR) and the water vapor pressure deficit (VPD).
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In contrast to the unmanaged grassland at the Veenkampen site of Chapter 2, grassland

near the Cabauw site is actively maintained and fertilized, with point sources of NH3

emissions located in close proximity (< 2 km, connected with Chapter 4), e.g. farms,

animal droppings or fertilization of nearby fields. As a result, the observed NH3 flux is

characterized by daytime emissions. Given the close proximity of potential NH3 emission

sources, we first aimed to link the observed emission to stomatal exchange. We did find

high correlation between the observed daytime NH3 emissions and LvE (0.70) and PAR

(0.72), as well as strong similarities in the diurnal variability of FNH3 and GPP. These

were strong indications towards stomatal NH3 emissions and show that observations of

LvE and the GPP are appropriate variables to distinguish stomatal NH3 exchange from

non-stomatal exchange.

The complex NH3 surface characteristics and varying meteorological conditions added

additional layers of complexity to the analysis. The heterogeneous NH3 characteristics of

the area resulted in outlier observations from at least one fertilization event, with strong

indications of other weaker fertilization events. Furthermore, only a small subset of the

campaign measurements (9% or 102 hours) were suitable for analysis after filtering, with

the largest loss of data resulting from filtering for wind directions where the airflow is

obstructed. As a result the observed range in the measurements was dominated by the

natural diurnal variability. Despite the unfavorable conditions, the results of the analysis

did indicate towards a strong link between the NH3 flux and plant transpiration. While

the conditions at the Cabauw site were unsuitable to establish clear relationships between

FNH3 and the photosynthesis fluxes, the results presented in Chapter 3 did demonstrate

that there is room to find patterns between the high-quality NH3 observations and fluxes

of CO2 and water vapor.

6.1.3 Chapter 4

What is the impact of ammonia surface heterogeneity (e.g. a local emission source) on

ammonia concentration and flux measurements?

Sparked by the heterogeneous NH3 characteristics at the Cabauw site in Chapter 3, we

designed a high-resolution simulation framework (20 x 20 x 5 m 3, 10 s) for a 5 x 10 km2

domain, including realistic representations of the processes governing the NH3 budget. In

Chapter 4, we simulated near-surface observations of the NH3 concentration and flux in

proximity of a single emission source, utilizing the large-eddy simulation technique which

explicitly resolves nearly all (80 - 95%) turbulent energy. The simulation framework allows

us to distinguish between the background NH3 and the emission plume. Utilizing this

turbulent resolved simulation framework, we introduced a new concept, called the blending

distance, to assess the distance at which the emission plume is considered well-mixed with

respect to the background NH3 concentration.
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The turbulent dispersion of the emission plume affected the simulated concentration

measurements by increasing the fluctuation intensity (i.e. increased NH3 fluctuations).

The emission plume was found to affect concentration measurement at distances up to a

couple of kilometers, as indicated by the blending distance ranging from 0.5 to 3.0 km.

The numerical experiments further showed that flux measurements are more sensitive

to the turbulent fluctuations of the emission plume, reflected by the blending distance

ranging 0.75 up to 4.5 km.

The range presented in the blending distances for both concentration and flux measurements

follows from a sensitivity analysis where we varied several meteorological and NH3 related

variables, as well as different values of an arbitrary threshold used to calculate the blending

distance. This threshold determines the maximum acceptable percentage change induced

by the emission plume with respect to the background NH3, ranging from 5% to a 50%

change. Decreasing this threshold from 50% to 5% resulted in an increase of the blending

distance by over 1 km. Furthermore, we found the blending distance to be sensitive

to several meteorological and NH3 variables, with the distance increasing for increasing

(geostrophic) wind speed and emission strength, while decreasing for increasing surface

deposition.

The results presented in Chapter 4 showed that heterogeneity as a result of local emission

sources has a significant impact on measurements of the both NH3 concentration and flux

over a distance of several kilometers. The simulation framework presented here can be

applied to individual locations to study the representativity of existing or potential new

measurement sites under local conditions by using the concept of blending distance.

6.1.4 Chapter 5

How do changes in the turbulent characteristics, driven by external factors, affect the

impact of an emission plume on ammonia measurements?

In Chapter 5, we expanded upon the concept of blending distance by studying its sensitivity

to changes in turbulent characteristics with three sets of new numerical experiments. First,

we simulated the arrival of a mesoscale sea-breeze front, represented by adding large-

scale forcing terms of cold and humid air. Next, the diurnal variability of the blending

distance was studied. Finally, we performed two numerical experiments in which more

than one meteorological and/or NH3 processes was changed, studying potential non-linear

interactions. Here, we calculated the blending distance when changing two variables and

compared the results to the original sensitivity study, where only single variables were

changed.

Based on these numerical experiments, we found the blending distance to be highly sensitive

to NH3 fluctuations and boundary layer stability. The diurnal variability experiment showed

that the transition from a stable to an unstable boundary layer leads to a strong reduction
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in the blending distance, from 7 km down to 1 km for the NH3 concentration and from 4.5

to 2.5 km for the NH3 flux. However, for an already unstable boundary layer, changes in

the turbulent characteristics appeared to have little effect on the blending distance, as

demonstrated with the sea-breeze experiments where the blending distance changes less

than 0.5 km.

The diurnal variability experiment demonstrates that ammonia-low air is entrained from

the free troposphere as the boundary layer grows, mixing with ammonia-rich air in the

boundary layer and enhancing turbulent fluctuations in the background NH3. This leads

to a decrease in blending distance for concentration measurements, as the relative impact

of the in-plume fluctuations is reduced with respect to the enhanced background NH3

fluctuations. The opposite effect is found for the blending distance of the NH3 flux, which

increases as the downdraft of ammonia-low air affects the background NH3 flux.

Finally, when varying both the turbulent characteristics by changing the geostrophic wind

speed, as well as changing the background concentration, the change in the blending

distance was about 75% compared to the results of the individual changes in blending

distance in the original sensitivity study. This indicates towards potential non-linear

relations between the individual variables when changing the turbulent characteristics of

the boundary layer.

6.1.5 Concluding words

What processes and scales control the ammonia diurnal variability over Dutch grassland?

Why are Cabauw and Veenkampen so different?

From the findings presented in this thesis we conclude that the diurnal variability of the

atmospheric NH3 concentration is governed by a wide range of processes, interacting and

acting at different scales. The differences between the observed diurnal variability at the

Veenkampen site and the Ruisdael Observatory at Cabauw stem from differences in both

meteorological conditions and the NH3 surface characteristics.

The analysis of the Veenkampen observations focused on clear-sky convective conditions,

which generally correspond to high-pressure systems at the synoptic scale. For these

conditions, a clear diurnal pattern is found in both the observed NH3 concentration

and flux. Here, the morning is governed by boundary-layer dynamics as entrainment

of ammonia-low air from the free-troposphere decreases the NH3 concentration as the

boundary layer grows in height. This process is partially offset by regional advection of

ammonia. As the role of boundary-layer dynamics decreases in the afternoon, regional

advection and local surface-atmosphere exchange become the dominant processes. The

advection of ammonia-rich air from the agriculturally active area results in high background

levels of NH3 (> 10 µg m3) which, combined with the low nitrogen characteristics of the

unfertilized grassland at the Veenkampen field, leads to high afternoon deposition of NH3.
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Finally, chemical transformations from gaseous NH3 to aerosols was found to have little

impact on the diurnal variability.

The conditions for the filtered observations at the Ruisdael Observatory at Cabauw differ

from the unmanaged grassland at Veenkampen in multiple ways. During the measurement

campaign, the meteorological conditions were characterized by low-pressure frontal passages.

Furthermore, the grassland near the Cabauw site is actively managed and grazed upon,

with NH3 emission sources in close proximity (< 0.5 km), e.g. farms, grazing livestock and

fertilized grassland. As a result, no clear diurnal pattern was found in the observed NH3

concentration. Instead, large day-to-day differences are observed, with an average daytime

concentration of about 5 µg m3 and multiple days with concentrations over 10 µg m3.

Despite the variability in the NH3 concentration, a clear diurnal pattern is found in the

observed NH3 flux, characterized by daytime emissions. These emissions are attributed to

stomatal exchange, a process which occurs at micrometer level but affects the exchange at

field scale.

The local advection of NH3 from emissions near the Cabauw site increased the complexity

of the analysis of the observations. The heterogeneity in the NH3 surface characteristics

and local emission sources affect both the concentration and flux measurements, with at

least one fertilization event leading to outlier observations being identified. Based on the

concept of blending distance, we found that local emission sources (< 5 km) can potentially

have a significant impact on observations of both the NH3 concentration and flux.

Our findings show that the diurnal variability is governed by processes at scales ranging

from the synoptic scale, to heterogeneity of the NH3 surface characteristics and the dynamic

vegetation response at field scale. Integrating these scales and processes is essential to

improve our understanding of the diurnal variability of atmospheric NH3 and the surface-

atmosphere exchange. The comprehensive approach presented in this thesis, where we

combine advanced observations with both conceptual and turbulent-resolved models, paves

the way for future ammonia research.

6.2 Outlook

When studying atmospheric ammonia, we are faced with a unique set of challenges. Gaseous

ammonia is highly reactive, making observing the NH3 concentration, and especially the

NH3 flux, a notoriously difficult endeavor, as the gas tends to ”stick” to inlet surfaces. The

reactive nature of NH3 also results in a short atmospheric lifetime of about 1 day, due to

the high deposition rate and the formation of aerosols. This short lifetime results in high

spatial variability in both concentration and surface-atmosphere exchange, especially when

combined with the large amount of emission (point) sources with heterogeneous spatial

distribution and a wide range of emission rates. As a result, regions with high levels of

agricultural activity are characterized by localized hot spots of high NH3 concentration
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and/or deposition. Additional complexity is added by the high level of heterogeneity

in NH3 surface characteristics at field level, due to differences in fertilization history.

As a result, atmospheric ammonia is a system governed by both meteorological and

heterogeneous surface processes, which requires an integrated approach at high spatio-

temporal resolution for a detailed understanding. With the recent advances in both

high-resolution measurements of the NH3 concentration and flux, as well as the use of

turbulent resolved models, this level of detail can now be achieved.

6.2.1 Towards a comprehensive simulation tool

The DALES simulation framework presented in this thesis, based on the large-eddy

simulation technique, is well suited to tackle the challenges that come with research on

atmospheric ammonia. In its current state, the simulation framework includes realistic

representations of each of the processes governing the ammonia budget, while explicitly

resolving 80 - 95% of the turbulent mixing of NH3. While the simulation framework can

already be applied to improve the interpretation of NH3 measurements, we recommend to

continue the development of this simulation framework.

Our main recommendation towards improving the simulation framework would be to

further develop the representations of the surface-atmosphere exchange and the gas-aerosol

transformations. First, we advocate for a dynamic representation of the surface-atmosphere

exchange, following mechanistic models that reproduce the assimilation of CO2 at leaf

level coupled to the stomatal aperture, e.g. the A-gs model (Ronda et al., 2001). These

models depend on the meteorological variables (Chapter 3) and they are scaled from leaf

to canopy. The output of these models is a representation of the stomatal variables in

form of resistance. Such an approach is very suitable to integrate the NH3 flux with the

sensible heat, latent heat and CO2 exchange fluxes.

By including such a dynamic representation of the stomatal exchange, the flux will be

calculated based on the difference between the near-surface NH3 concentration and the

ammonia compensation points, i.e. internal NH3 concentration at the surface. As a follow

up, parameterization of the NH3 compensation points should be added to the simulation

framework, e.g. the DEPAC module (van Zanten et al., 2010; Wichink Kruit et al., 2010b).

With these additions, it would be interesting to apply the approach of Chapter 2 to the

measurements of NH3 emissions during the RITA-2021 campaign presented in Chapter 3,

using the turbulent resolved simulation framework.

With regards to the gas-aerosol transformation, we recommend coupling the simulation

framework to a thermodynamic equilibrium model (e.g. ISORROPIA2). This would

allow for a realistic and detailed representation of the transformation of NH3 to aerosols,

as the process will be resolved taking into account the local heterogeneity of trace gas

concentrations, temperature and relative humidity. With these additions, the simulation

framework is able to resolve both macromixing (meandering) and micromixing (in-plume
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Figure 6.1: Fine-resolved simulation of evapotranspiration field in the Netherlands influenced

by the presence of a shallow cumulus field (1) and the penetrations of a sea breeze front (2). The

simulation is performed using the fine-scale Ruisdael TestBed (100 x 100 m2 resolution). These

simulations have HARMONIE-AROME boundary conditions set at 2.5 km2. The situation

correspond to 15th August 2016 at 13.50 UTC. (Source: Vilà-Guerau de Arellano et al. (n.d.))

mixing) of the emission plume (Galmarini et al., 1995; Vilà-Guerau de Arellano et al.,

1990). This allows for analysis of the role of non-linear effects of turbulent mixing on the

chemical reaction rate within the plume and its impact on the local NH3 concentration

and surface-atmosphere exchange.

We strongly advocate that these developments on the representation of atmospheric NH3

are incorporated in the high-resolution simulation efforts of the Ruisdael Project, the

Ruisdael TestBed (in progress). The TestBed almost continuously combines observations

and simulations of the meteorological conditions in the Netherlands. An example of the

level of detail that can be achieved with the Ruisdael TestBed is shown in Fig. 6.1.

The efforts of the Ruisdael TestBed go beyond individual case studies and aim to test the

performance and improve parameterizations under all sort of weather and atmospheric

composition conditions. At the time of writing, the Ruisdael team is testing a realistic

implementation of trace gas emission sources to the TestBed, based on the national emission
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inventory for gasses like CO2 and nitrogen compounds. Within this aim of more explicit

treatment of the atmospheric flow to the spatial and temporal distribution of atmospheric

compounds, we suggest to extend the Ruisdael TestBed to include atmospheric ammonia

as well. This integration is done in a continuous manner that facilitates the comprehensive

approach where turbulent resolved models are combined with observations.

At the current rate of increasing computational power and decreasing cost, the Ruisdael

TestBed will be applied to complement, or potentially replace, operational models like OPS

or LOTOS-EUROS within 5-10 years. Application of the TestBed for operational purposes

will depend. For multi-year forecasting, the use of Large-Eddy simulation techniques will

be too computationally expensive for quite some time. Here, the TestBed will likely be

embedded in current operational models, providing high-resolution support in regions with

high spatio-temporal variability at 100 m resolution. For other purposes, like monitoring

the development of air pollution and nitrogen deposition in the Netherlands, the Ruisdael

TestBed will likely be operational within a few years.

6.2.2 An integrated measurement approach

When establishing a measurement site, the local NH3 surface characteristics and the

orientation of the instruments require considerations. Ideally, the NH3 characteristics are

well-mixed, with (approximately) homogeneous NH3 surface characteristics and negligible

impact of emission sources within a few (1 - 3) kilometers distance. Such idealized

conditions are rare in agriculturally active regions where understanding and mitigating

the harmful effects of nitrogen deposition is most important. We therefore recommend to

apply the simulation framework presented in this thesis (Chapter 4) beforehand, to assess

the potential impact of the nearby (< 5 km) sources and avoid introducing a bias in the

observations. While measuring, we also recommend to estimate the emissions based on the

emission inventory or using inexpensive sensors (Melse et al., 2016) and collaborate with

local farmers and other potential emitters of NH3, in order to track manure applications

and other potential emission events while NH3 measurements are taken.

In addition to nearby emission sources, the orientation of the instruments requires con-

siderable attention when designing a measurement site, in order to avoid introducing a

bias in the long-term averages. Housing of the (NH3) instruments, data storage and power

supply will lead to an obstruction of the airflow and will require filtering for wind direction.

As meteorological conditions have significant impact on both the NH3 concentration and

flux, we recommend to not only fixate on minimizing the loss of data, but to orient the

measurement setup to capture a wide range of weather conditions. The importance was

highlighted in Chapter 3, where the instrumental setup was designed anticipating prevailing

winds from the south-west, resulting in the synoptic weather conditions, characterized

frontal passages. As a result, very few measurement were taken for clear-sky conditions,

while we found a strong relation between the stomatal exchange of NH3 and radiation.
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Figure 6.2: The miniDOAS NH3 flux measurement setup at the Ruisdael Observatory

at Cabauw during the RITA-2021 campaign. The light-path emitted by the miniDOAS

instruments is clearly visible at night, with the miniDOAS instruments being housed in the

container on the left and the retroreflectors at 22 m distance on the mast on the right. (Picture

taken by Arnoud Apituley, September 2021)

Measurements for a broader range of meteorological conditions would have likely improved

the analysis in Chapter 3.

A second consideration for the orientation of measurement instruments is the spatial

variability of the NH3 concentration. Filtering out specific wind directions can lead

to an under- or overestimation of the observed NH3. Depending on the upwind NH3

characteristics, e.g. an agricultural area or a nature reserve, the airflow from a specific wind

direction can be characterized by low or high upwind concentrations. These considerations

should not only be taken into account with the measurement site preparations, but it also

provides valuable context to the observations when analyzing the NH3 measurements.

The newly developed miniDOAS flux measurement setup (Swart et al., 2023), shown in Fig.

6.2, is at the core of our observational approach. Typical inlet issues of conventional NH3

observations are eliminated with the use of the differential optical absorption spectroscopy

(DOAS) technique, measuring a line averaged concentration over a 22 m open-path. By

applying the flux-gradient method on concentration measurements at two heights, the
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miniDOAS setup sets a new standard for high-accuracy concentration and flux measure-

ments at 30 minute resolution. Furthermore, the high up-time and low maintenance allows

for long term (> 1 year) continuous NH3 flux measurements. We recommend to support the

miniDOAS flux measurements with occasional (e.g. biannual) intercomparison campaigns,

using eddy-covariance flux measurements as presented by Swart et al. (2023). Using

the miniDOAS system, we envision an integrated approach centered around long-term

continuous NH3 measurements (> 1 year), combining observations with both conceptual

and turbulent-resolved models.

With the new miniDOAS setup, the contribution of the NH3 surface-atmosphere exchange

to the atmospheric ammonia budget is well constrained. We recommend the addition of

auxiliary measurements, to better constrain the other processes governing the atmospheric

NH3 budget and further our understanding of the diurnal variability of atmospheric

ammonia. To represent the process of gas-aerosol transformations, we recommend mea-

surements of aerosol concentration and composition at the height of one of the miniDOAS

instruments. When combined with measurements of temperature and relative humidity at

both miniDOAS heights, one can estimate the equilibrium concentration of the aerosols

at both miniDOAS heights using a thermodynamic equilibrium model. From this set of

measurements, the role of the formation or evaporation of aerosols on the miniDOAS

observed NH3 gradient can be estimated, similar to Nemitz et al. (2004a).

The role of boundary-layer dynamics and entrainment can be represented in part by

continuous measurements of the boundary-layer height, using ceilometers. Estimating the

NH3 concentration in the free troposphere or residual layer still remains a major challenge,

which could be estimated based on high-tower (> 100 m) or airborne NH3 measurements.

Finally, advection can be estimated using turbulent-resolved or operational models, or by

using the approach presented in Chapter 2 using a conceptual model.

Integrating these measurements with conceptual and turbulent-resolved models will further

our understanding of the the atmospheric NH3 budget. The results can be compared with

operational models, to identify weaknesses in the representation of the diurnal variability of

the NH3 concentration, which is directly linked to the surface-atmosphere exchange.

6.2.3 Improving the parameterization of the NH3 surface-atmosphere ex-

change

The results presented in this thesis indicate that exchange through the stomatal pathway

is not yet fully understood and that the parameterization of the stomatal compensation

point needs to be revisited to improve the performance at the subdaily scales. Long-term

miniDOAS NH3 observations provide a unique opportunity to systematically study the

surface-atmosphere exchange parameterization, at both subdaily and seasonal timescales.

We would recommend to start with estimating the NH3 flux based on current parameteriza-

tions, parallel to the observed flux, to identify potential weaknesses in the parameterizations.
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After this preliminary analysis, we recommend to follow up by combining the advanced

NH3 measurements with a comprehensive set of auxiliary measurements and a systematic

suite of numerical experiments.

The miniDOAS setup infers the net NH3 flux and cannot distinguish between stomatal and

non-stomatal exchange. Generally, this distinction is made based on daytime (stomatal)

and nighttime (non-stomatal) observations, as well as linking non-stomatal exchange to

high relative humidity. We advocate to expand the efforts to distinguish between the

pathways using auxiliary observations. The non-stomatal pathway mainly depends on

the relative humidity and the water film on the leaf surface (dew). Adding auxiliary

measurements of leaf wetness would therefore better constrain the analysis of non-stomatal

exchange, especially after sunrise when the contribution of the stomatal pathway starts to

increase.

To support the analysis of stomatal exchange, we recommend adding continuous flux

measurements of water vapor and other trace gasses (e.g. CO2, NO2 and O3), which each

have a stomatal component, as well as the momentum flux, sensible heat flux and a wide

range of meteorological variables (e.g. radiation and vapor pressure deficit). We recommend

to expand these efforts with measurement campaigns including leaf-level observations (e.g.

leaf temperature and stomatal aperture) and estimations of the stomatal compensation

point based on bioassay measurements, similar to Loubet et al. (2002). Supported by

these observations, relations can be inferred and the NH3 compensation points can be

estimated, which should be further analyzed and tested in numerical experiments.

In the future, the comprehensive approach described above should not be limited to a single

site, but be applied to a comprehensive and representative measurement network. In that

respect, the future Ruisdael TestBed provides a unique opportunity for the observations

from this network to be integrated with advanced simulations. With the lessons learned in

this thesis and the recent developments in both the use of advanced instrumental techniques

and high spatio-temporal simulations, we are taking research on atmospheric ammonia to a

higher level of quantification and detail. As such, we can further advance the understanding

and representation of the diurnal variability of ammonia over grassland.





References

aan de Brugh, J. M. J., J. S. Henzing, M. Schaap, W. T. Morgan, C. C. van Heerwaarden,

E. P. Weijers, H. Coe, and M. C. Krol (2012). “Modelling the partitioning of ammonium

nitrate in the convective boundary layer”. Atmospheric Chemistry and Physics 12.6,

3005–3023. doi: 10.5194/acp-12-3005-2012.

aan de Brugh, J. M. J., H. G. Ouwersloot, J. Vilà-Guerau de Arellano, and M. C. Krol (2013).
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M. Sastre, and C. Román-Cascón (2018). “Impacts of afternoon and evening sea-breeze

fronts on local turbulence, and on CO2 and radon-222 transport”. Quarterly Journal of

the Royal Meteorological Society 144.713, 990–1011. doi: 10.1002/qj.3252.

Asman, W. A. H. (1995). “Parameterization of below-cloud scavenging of highly soluble

gases under convective conditions”. Atmospheric Environment 29.12, 1359–1368. doi:

10.1016/1352-2310(95)00065-7.



136 References

Aubinet, M., C. Feigenwinter, B. Heinesch, C. Bernhofer, E. Canepa, A. Lindroth, L.

Montagnani, C. Rebmann, P. Sedlak, and E. van Gorsel (2010). “Direct advection

measurements do not help to solve the night-time CO2 closure problem: Evidence

from three different forests”. Agricultural and Forest Meteorology 150, 655–664. doi:

10.1016/j.agrformet.2010.01.016.

Baldocchi, D., E. Falge, L. Gu, R. Olson, D. Hollinger, S. Running, P. Anthoni, C. Bernhofer,

K. Davis, R. Evans, J. Fuentes, A. Allen Goldstein, G. Gabriel Katul, B. Law, X. Lee, Y.

Malhi, M. Meyers, W. Munger, W. Oechel, K. T. Paw U, K. Pilegaard, H. P. Schmid, R.

Valentini, S. Verma, T. Vesala, K. Wilson, and S. Wofsy (2001). “FLUXNET: A New Tool

to Study the Temporal and Spatial Variability of Ecosystem-Scale Carbon Dioxide, Water

Vapor, and Energy Flux Densities”. Bulletin of the American Meteorological Society

82.11, 2415–2434. doi: 10.1175/1520-0477(2001)082<2415:FANTTS>2.3.CO;2.

Barad, M. L. (1958). Project Prairie Grass, a field program in diffusion. Volume 1. Tech. rep.

No. 59, Vol I , Report AFCRC-TR-58-235(I). AIR FORCE CAMBRIDGE RESEARCH

LABS.
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Vilà-Guerau de Arellano (2023). “The surface-boundary layer connection across spatial

scales of thermal heterogeneity”. Agricultural and Forest Meteorology. (Under Review).

Marth, L. (1996). “The bulk aerodynamic formulation over heterogeneous surfaces”.

Boundary-Layer Meteorology 78, 87–119. doi: 10.1007/BF00122488.

– (2000). “Surface Heterogeneity and Vertical Structure of the Boundary Layer”. Boundary-

Layer Meteorology 96, 33–62. doi: 10.1023/A:1002482332477.

Martin, C., D. Fitzjarrald, M. Garstang, S. Greco, A. Oliveira, and E. Browell (1988).

“Structure and growth of the mixing layer over the Amazon rain forest”. Journal of

Geophysical Research Atmospheres 93. doi: 10.1029/JD093iD02p01361.

Massad, R. S., E. Nemitz, and M. A. Sutton (2010). “Review and parameterisation of

bi-directional ammonia exchange between vegetation and the atmosphere”. Atmospheric

Chemistry and Physics 10.21, 10359–10386. doi: 10.5194/acp-10-10359-2010.

Matthias, V., J. A. Arndt, A. Aulinger, J. Bieser, H. Denier van der Gon, R. Kranenburg,

J. Kuenen, D. Neumann, G. Pouliot, and M. Quante (2018). “Modeling emissions for

three-dimensional atmospheric chemistry transport models”. Journal of the Air & Waste

Management Association 68.8, 763–800. doi: 10.1080/10962247.2018.1424057.

Mauder, M., R. L. Desjardins, E. Pattey, and D. Worth (2010). “An Attempt to Close

the Daytime Surface Energy Balance Using Spatially-Averaged Flux Measurements”.

Boundary-Layer Meteorology 136.2, 175–191. doi: 10.1007/s10546-010-9497-9.



144 References

Mauder, M., T. Foken, M. Aubinet, and A. Ibrom (2021). Eddy-Covariance Measurements.

Springer International Publishing, 1473–1504.

McAllister, T. A., K. A. Beauchemin, S. M. McGinn, X. Hao, and P. H. Robinson (2011).

“Greenhouse gases in animal agriculture—Finding a balance between food production

and emissions”. Animal Feed Science and Technology 166-167. Special Issue: Greenhouse

Gases in Animal Agriculture - Finding a Balance between Food and Emissions, 1–6.

doi: 10.1016/j.anifeedsci.2011.04.057.

Meeder, J. P. and F. T. M. Nieuwstadt (2000). “Large-eddy simulation of the turbulent

dispersion of a reactive plume from a point source into a neutral atmospheric boundary

layer”. Atmospheric Environment 34.21, 3563–3573. doi: 10.1016/S1352-2310(00)

00124-2.

Melse, R. W., J. P. M. Ploegaert, and N. W. M. Ogink (2016). Laboratory test of Draeger

Polytron 8000 with FL-6813260 sensor for NH3 measurement. Tech. rep. BO-20-0004-049

/BO-20-004-093. Wageningen UR, Livestock Research. doi: 10.18174/388326.

Meng, Z., X. Xu, W. Lin, B. Ge, Y. Xie, B. Song, S. Jia, R. Zhang, W. Peng, Y. Wang,

H. Cheng, W. Yang, and H. Zhao (2018). “Role of ambient ammonia in particulate

ammonium formation at a rural site in the North China Plain”. Atmospheric Chemistry

and Physics 18, 167–184. doi: 10.5194/acp-18-167-2018.

Mensah, A. A., R. Holzinger, R. Otjes, A. Trimborn, T. F. Mentel, H. ten Brink, B.

Henzing, and A. Kiendler-Scharr (2012). “Aerosol chemical composition at Cabauw,

The Netherlands as observed in two intensive periods in May 2008 and March 2009”.

Atmospheric Chemistry and Physics 12.10, 4723–4742. doi: 10.5194/acp-12-4723-

2012.

Milford, C., K. J. Hargreaves, M. A. Sutton, B. Loubet, and P. Cellier (2001). “Fluxes of

NH3 and CO2 over upland moorland in the vicinity of agricultural land”. Journal of Geo-

physical Research: Atmospheres 106.D20, 24169–24181. doi: 10.1029/2001JD900082.

Moene, A. F. and J. C. Van Dam (2014). Transport in the Atmosphere-Vegetation-Soil

Continuum. Camebridge University Press.

Monin, A. S. and A. M. Obuhhov (1954). “Basic laws of turbulent mixing in the surface

layer of the atmosphere”. Tr. Akad. Nauk SSSR Geophiz. Inst. 24, 163–187.

Moravek, A., S. Singh, E. Pattey, L. Pelletier, and J. G. Murphy (2019). “Measurements

and quality control of ammonia eddy covariance fluxes: a new strategy for high-frequency

attenuation correction”. Atmospheric Measurement Techniques 12.11, 6059–6078. doi:

10.5194/amt-12-6059-2019.

Mozurkewich, M. (1993). “The dissociation constant of ammonium nitrate and its depen-

dence on temperature, relative humidity and particle size”. Atmospheric Environment.

Part A. General Topics 27.2, 261–270. doi: 10.1016/0960-1686(93)90356-4.



References 145

Mylne, K. R. and P. J. Mason (1991). “Concentration fluctuation measurements in

a dispersing plume at a range of up to 1000 m”. Quarterly Journal of the Royal

Meteorological Society 117.497, 177–206. doi: 10.1002/qj.49711749709.

Nemitz, E., C. Milford, and M. A. Sutton (2001). “A two-layer canopy compensation

point model for describing bi-directional biosphere-atmosphere exchange of ammonia”.

Quarterly Journal of the Royal Meteorological Society 127.573, 815–833. doi: 10.1002/

qj.49712757306.

Nemitz, E., M. A. Sutton, J. K. Schjoerring, S. Husted, and G. P. Wyers (2000). “Resistance

modelling of ammonia exchange over oilseed rape”. Agricultural and Forest Meteorology

105.4, 405–425. doi: 10.1016/S0168-1923(00)00206-9.

Nemitz, E., M. A. Sutton, G. P. Wyers, and P. A. C. Jongejan (2004a). “Gas-particle

interactions above a Dutch heathland: I. Surface exchange fluxes of NH 3, SO 2, HNO 3

and HCl”. Atmospheric Chemistry and Physics 4.4, 989–1005. doi: 10.5194/acp-4-

989-2004.

Nemitz, E., M. A. Sutton, G. P. Wyers, R. P. Otjes, M. G. Mennen, E. M. van Putten,

and M. W. Gallagher (2004b). “Gas-particle interactions above a Dutch heathland:

II. Concentrations and surface exchange fluxes of atmospheric particles”. Atmospheric

Chemistry and Physics 4.4, 1007–1024. doi: 10.5194/acp-4-1007-2004.

Nieuwstadt, F. T. M. (1992). “A large-eddy simulation of a line source in a convective

atmospheric boundary layer—I. Dispersion characteristics”. Atmospheric Environment.

Part A. General Topics 26.3, 485–495. doi: 10.1016/0960-1686(92)90331-E.

Noordijk, H., M. Braam, S. Rutledge-Jonker, R. Hoogerbrugge, A. P. Stolk, andW. A. J. van

Pul (2020). “Performance of the MAN ammonia monitoring network in the Netherlands”.

Atmospheric Environment 228, 117400. doi: 10.1016/j.atmosenv.2020.117400.

Nowak, J. B., J. A. Neuman, R. Bahreini, C. A. Brock, A. M. Middlebrook, A. G. Wollny,

J. S. Holloway, J. Peischl, T. B. Ryerson, and F. C. Fehsenfeld (2010). “Airborne obser-

vations of ammonia and ammonium nitrate formation over Houston, Texas”. Journal of

Geophysical Research: Atmospheres 115.D22304. doi: 10.1029/2010JD014195.

Oke, T. R. (1982). “The energetic basis of the urban heat island”. Quarterly Journal of

the Royal Meteorological Society 108.455, 1–24. doi: 10.1002/qj.49710845502.

Ouwersloot, H. G., A. F. Moene, J. J. Attema, and J. Vilà-Guerau de Arellano (2017a).
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cost of using low-resolution concentration data in the estimation of NH3 dry deposition

fluxes”. Scientific Reports 8.969. doi: 10.1038/s41598-017-18021-6.

Schulte, R. B., M. C. van Zanten, S. Rutledge-Jonker, D. P. J. Swart, R. J. Wichink Kruit,

M. C. Krol, W. A. J. van Pul, and J. Vilà-Guerau de Arellano (2021). “Unraveling
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