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We investigate diurnal variability of the atmospheric ammonia (NH3) budget over unfertilized 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 trans
formations. The observations contain new NH3 flux and molar fraction measurements obtained using the Dif
ferential Optical Absorption Spectroscopy (DOAS) remote sensing technique, eliminating problems related to
inlet tubing. Using strict filter criteria, 22 days with clear-sky summer conditions are selected. From this se
lection, we analyze a single representative day characterized by prototypical convective boundary layer con
ditions, 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 represen
tation 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 ex
change at the subdaily scales.

1. Introduction
It is well established that excess nitrogen deposition leads to acidi
fication and eutrophication of soils; threatening biodiversity (Bobbink
et al., 2003; Erisman et al., 2007, 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 admin
istrative 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, lead
ing 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

* Corresponding author. Wageningen University & Research, P.O. Box 47, 6700, AA Wageningen, the Netherlands.
E-mail address: ruben.schulte@wur.nl (R.B. Schulte).
https://doi.org/10.1016/j.atmosenv.2020.118153
Received 4 November 2020; Received in revised form 14 December 2020; Accepted 14 December 2020
Available online 29 December 2020
1352-2310/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

R.B. Schulte et al.

Atmospheric Environment 249 (2021) 118153

yearly averages with grids ranging from 1 × 1 km to 50 × 50 km
(Simpson et al., 2012; Manders et al., 2017; Matthias et al., 2018; Sauter
et al., 2018; Schaap et al., 2008; Schrader et al., 2016, 2018). As a result,
surface, dynamic and chemistry processes governing the diurnal evo
lution 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 be
tween the atmospheric molar fraction (“Storage”), sources and sinks.
Fig. 1 shows a schematic representation of this budget in an evolving
convective boundary layer (CBL), with the four main processes gov
erning the budget: (bi-directional) surface exchange, entrainment of free
tropospheric (FT) air, advection and chemical gas-particle trans
formations. 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; Sutton et al., 1995; Fowler
et al., 1998; Sommer et al., 2009; Shen et al., 2016). 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 addi
tional 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 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 concen
tration 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. Methodology
2.1. Meteorological site description
This study focuses on the Veenkampen meteorological site in the
Netherlands, located west of Wageningen (51.98◦ N, 5.62◦ E) at 4 m
above sea level. The site is maintained by Wageningen University &
Research and has been in operation since 2011, succeeding the 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 mea
surements can be found at https://met.wur.nl/veenkampen/graphs/cur
/ and the data is freely available at https://met.wur.nl/veenkampen/da
ta. The soil at the 17-ha Veenkampen site consists of a clay layer of
approximately 1 m over peat. In 2011, the site was sown in with reye
grass 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 × 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 m 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 live
stock, 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 Veen
kampen. 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 Ob
servatory
at
Cabauw
(www.ruisdael-observatory.nl).
These

Fig. 1. Schematic representation of the atmospheric ammonia budget.
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measurements are taken using a LD40 ceilometer (Vaisala, Bonn, Ger
many). 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.

To derive FNH3 , we vertically integrate the gradients of Equation (1)
to obtain Equation (3).
)
(
− u* k NH3, 2.36 m − NH3, 0.65 m
)
(
)
(
)
FNH3 = (
(3)
z2.36 m − d
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Ψ
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NH
3
3
−
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We use z0.65 m and z2.36 m to represent the height of the NH3 concen
tration 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 Equation (4) as the
model solves chemical species as molar fraction.

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-min
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 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-min
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 (Wichink Kruit et al., 2010a; Volten et al., 2012b) 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 ob
servations by applying the flux-gradient method, following Equation
(1).
FNH3 = − KNH3

∂NH3
ΔNH3 obs
≈ − KNH3
∂z
Δzobs

NH3,v =

2.3. Data filtering
We apply several filter criteria to the observations, shown in Table 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 condi
tions 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 mea
surements. 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). Further
more, we filter out NH3 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 condi

(1)

ku* z
φNH3 (z/L)

(4)

Here NH3,v is the NH3 molar fraction in ppb, T is the observed tem
perature and p is the observed pressure. The other variables are con
stants 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 paper, we show the NH3 flux in μg m− 2s− 1 for the sake of
interpretation and consistency with literature.

Here ΔNHΔz3 obs 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 tur
bulent mixing resulting from the sonic anemometer observations. KNH3 is
determined using Equation (2),
KNH3 =

VSTP T pSTP
ρ
MNH3 TSTP p NH3

(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 BusingerDyer relationships (Dyer and Hicks, 1970).

Table 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
Unfiltered observations
DOAS intercalibration
DOAS signal intensity (Xe)
NH3

obs

error:

Net radiation (Qn)
Atmospheric stability
Sunshine duration tsunshine

criterion

NH3 obs < 20 μg m−
NH3 obs ≥ 20 μg m−

3
3

–
Exclude
Xe > 15,000 counts
σNH3 < 0.3 μg m− 3
σNH3 < 0.015 NH3 obs
Qn>0
z/L<0
tsunshine>1350s/1800s

3

Acceptance [%]

Acceptance [hours]

100%
74%
47%

2952
2172.5
1402

47%

1384

30%
21%
9%

888
606.5
267
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Fig. 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 July 8, 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. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

tions required to perform this case-study. We characterize typical sum
mer 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 (Lz
< 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 min per 30 min. After
filtering, 9% of the available observations remain, i.e. 267 h. When one
considers a 12 period hours per day for which these criteria are met, this
translates to about 22 days of observations.

The Case observed NH3 flux in Fig. 2b, where a negative flux rep
resents 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 h
of filtered data to calculate the average diurnal variability for clear-sky
summer days. The NH3 molar fraction and surface flux of this repre
sentative “Averaged Summer Day” (purple lines) are shown in Fig. 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. 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. 2b, the Case observed flux is shown to be partly
outside the rather small 25/75 percentile spread of the Averaged Sum
mer 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, char
acterized by weak large-scale forcing.

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 criterium: data
availability from sunrise to sunset (Qn > 0), i.e. completeness. Out of the
remaining four complete days (not shown), July 8, 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 summer conditions. Case ob
servations of boundary layer height (h), potential temperature (θ) and
specific humidity (q) are discussed in Section 3.1. The observed NH3
molar fraction and surface flux are shown in black in Fig. 2. The
observed diurnal variability of the molar fraction of our Case is char
acterized 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.

2.5. Model description
The Chemistry Land-surface Atmosphere Soil Slab (CLASS) model
(Vilà-Guerau de Arellano 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 vari
ability of NH3 concentration and flux. We represent and connect all
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relevant processes to the boundary layer ammonia budget of Fig. 1 in
order to identify their respective influences.
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 parame
terized: 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 rep
resents the stomatal conductance of carbon dioxide/water at canopy
level. While the top soil layer also directly interacts with the atmo
sphere, 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 2.3. 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

which specifically depends on the virtual potential temperature (θv ).
This is shown in Equation (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 β(w′ θv )s
+ ws
=
∂t
Δθv

With these four equations, the CLASS model is used to integrate the
evolution with time of atmospheric ammonia (ψ = NH3 ), or any mete
orological, chemical or tracer variable.
2.6. Research design
The combination of the CLASS model and the DOAS NH3 observa
tions 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 Equation (5). These numerical experi
ments 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. 2b. Here the flux is decoupled from the
surface conditions. This experiment allows us to quantify the contribu
tions of each process to the temporal evolution of 〈NH3 〉, i.e. changes in
the NH3 storage term of Equation (5).
In the second numerical experiment, we release our control on the
NH3 surface exchange and couple the surface flux to the diurnal vari
ability of the state variables. For this purpose, the model uses the
DEPosition of Acidifying Compounds (DEPAC) v.3.11 parameterization
(Wichink Kruit et al., 2010b; van Zanten et al., 2010). 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

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 con
stant 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 Equation (5).

∂〈ψ 〉 1 ′ ′
1
= (w ψ )s − (w′ ψ ′ )e + 〈adv〉 + 〈chem〉
h ̅⏞⏞̅̅̅̅̅⏟ ⏟̅̅̅̅
h ̅⏞⏞̅̅̅̅̅⏟ ⏟̅̅⏞⏞̅̅⏟ ⏟̅̅̅̅⏞⏞̅̅̅̅⏟
∂t
⏟̅̅̅̅
⏟̅⏞⏞̅⏟
CHEM
ADV
Storage

SFC

(5)

(NH3, FT). While dh
dt is constrained by ceilometer observations at Cabauw,
NH3, FT requires estimation, as observations are lacking. Similarly,
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 pro
vides the equilibrium molar fractions in the ammonium-nitrate-sulfate
system, which are sensitive to the atmospheric temperature and rela
tive humidity. We account for the equilibrium time by calculating the
new molar fraction following Equation (9).

ENT

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 Equation (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 (Equations
(6) and (7)).
(
)
∂h
(6)
− ws Δψ
(w′ ψ ′ )e = − we Δψ =
∂t
(

∂〈NH3 〉 NH3, eq − 〈NH3 〉
=
∂t
τp

)

∂Δψ
∂h
∂〈ψ 〉
= γψ
− ws −
∂t
∂t
∂t

(8)

(7)

(9)

Here, NH3, eq is the equilibrium molar fraction from ISORROPIA2 in
ppb and τp is the partitioning time scale, set to 1800 s (30 min) (aan de
Burgh 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 Burgh et al. (2013), shown in Table 2 of
Appendix B. At the very first time step (not shown), the model finds the
gas-aerosol equilibrium. For the remaining simulation time, both

In Equations (6) and (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, Δψ represents the infinitely small inversion layer at the top of
the CBL: Δψ = ψ FT - ψ CBL . Finally γψ represents the lapse rate of ψ. The
entrainment velocity is related to the growth/decline of the CBL (∂∂ht ),
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Fig. 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 right (b and d). Results of the individual runs are shown in grey, with the smallest MAE combination shown in orange. The ex
periments are initialized with the NH3, FT and advection resulting in the smallest MAE. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

gaseous NH3 and NH+
4 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. Fig. 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 3.2 and 3.3. The complete
initialization of both CLASSprescribed and CLASSDEPAC can be found in
Table 2 of Appendix B.

and ceilometer observations: the initial inversion layer at the start of the
simulation, called the transitional 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.
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 Equation (6), shown in Fig. 4c. Here we find a rapid velocity in
crease 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 re
gimes allow us to make a distinction between the morning with an
actively developing boundary layer until 12:21 CEST (B) and the after
noon where boundary layer growth slows down.
When inspecting the modeled 2 m potential temperature in Fig. 4b,
we see that it follows the observations quite well. The model un
derestimates 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. 4d. While the pattern of the temperature is similar for both loca
tions, the q-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

3. Results
3.1. Model performance
Fig. 4 shows the observed and modeled boundary layer height (h),
specific humidity (q), potential temperature (θ) and modeled entrain
ment velocity (we ) between 9:30 CEST and 19:30 CEST, i.e. convective
conditions (Qn > 0). It shows that CLASS represents these main char
acteristics 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. 4a. To
achieve a good representation of the boundary layer growth, the model
is initialized with three atmospheric regimes based on both radiosonde
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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 (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 a
resistance based modeling approach with surface resistances being
sensitive to changes in humidity (Appendix 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. 1 and
Equation (5)). For the CLASSprescribed experiment, these contributions
are visualized in Fig. 5c, which shows changes in ammonia with time,
where negative/positive values represent a decrease/increase in atmo
spheric ammonia, i.e. a sink/source. When analyzing the overall change
in the modeled ammonia molar fraction, i.e. “Storage” in equation (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. 5c indicate decreasing 〈NH3 〉, as shown in
Fig. 5a. In the afternoon, the positive values indicate an increasing
〈NH3 〉. Note that values close to zero are found in Fig. 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. 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 (6)). The local absolute minimum and maximum of ENT
coincide with the local minimum and maximum of we in Fig. 4c, high
lighted by A and B in both Figs. 4 and 5. Both the magnitude of ENT and
strong visual similarities with the Storage term indicate that entrain
ment dominates the morning budget.
By analyzing Fig. 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 ΔNH3 (not
shown) with decreasing 〈NH3 〉 in the early morning. The combination of
these two processes are temporarily in balance with the constant

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 Equation (5). Fig. 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 CLASS
prescribed experiment (c) and the CLASSDEPAC experiment (d). Fig. 5a
shows that the modeled molar fraction (〈NH3 〉) closely follows the ob
servations for the CLASSprescribed experiment (solid orange), where the
surface flux is prescribed as shown in solid orange in Fig. 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 CLASS
prescribed and will be discussed later.
CLASSprescribed is initialized with low NH3, FT and high advection, as
shown in Fig. 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 significant 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 1 km from sources (Fowler et al., 1998; Sommer et al., 2009;
Shen et al., 2016). 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 in
dicates that, even though advection appears to play a significant role in
the NH3 budget, the modeled advection most likely represents a

Fig. 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). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 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 (d)
experiments. 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). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. The individual contributions of each governing process (Equation (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.
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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.
Fig. 5c shows that the contribution of ENT decreases, caused by the
slowdown of the boundary layer growth. From 14:00 CEST, SFC be
comes 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 Figs. 5c and 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, respec
tively. 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.

path increases in the afternoon as the resistance of the external leaf path
increases with decreasing relative humidity (Equation (15) of
Appendix A). Additionally, the stomatal compensation point is related to
(leaf) surface temperature, increasing χ stom with the increasing temper
atures. In the afternoon, this leads to an increasing canopy compensation
point (χ c ), with temperatures being high and relative humidity being
low. Note that Fsfc is proportional to the difference between 〈NH3 〉 and
χ c . 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.

3.3. Experiment 2: the impact of the NH3 surface exchange on the diurnal
variability

The DOAS setup shows high potential as an optical system to observe
the ammonia concentration and flux, therefore eliminating the inlet is
sues typical of conventional NH3 observations. However, further de
velopments 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 the flux measurement
mode, there still appears to be unresolved issues that could prevent
maintaining the zero-offset between the instruments that was just ob
tained. 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 min under diurnal conditions (aan de Burgh 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 a near-surface
vertical gradient. During the day, these gradients could potentially lead
to outgassing of NH3 from volatile aerosols close to the surface (Nemitz
et al., 2004; aan de Burgh et al., 2013). Nemitz et al. (2004) 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
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 ho
mogeneity of the observed gradient as a result, e.g. reeds (Section 2.1).
Such disruptions are especially relevant for the DOAS measurement

4. General discussion
4.1. Derivation of the NH3 surface flux from observations

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 sol
ves the NH3 surface flux following resistance modeling, where re
sistances are placed between the atmospheric molar fraction and a
canopy compensation point (χ c ), i.e. the canopy internal NH3 molar
fraction (Wichink Kruit et al., 2010b; van Zanten et al., 2010). Two paths
are defined for exchange over grassland: the stomatal and external leaf
path. Their path-specific resistances and compensation points are
parameterized following DEPAC. A full description of this parameteri
zation for grassland is found in Appendix A.
Fig. 5a shows that 〈NH3 〉 of the CLASSDEPAC experiment closely fol
lows the observed molar fraction. Here, the model fits the observations
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.
Fig. 5b shows that the parameterized surface flux (Fsfc) of the
CLASSDEPAC experiment does not match the observed FNH3, with Fsfc
being different 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. 3c). The impact of the new SFC on the
other processes of the CLASSDEPAC experiment is presented in Fig. 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 repro
duce 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 (χ stom ) in DEPAC. The contribution of the stomatal
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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 con
dition 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.

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 proto
typical 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 Veen
kampen, 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 meteoro
logical variables influence the DEPAC model performance. In Section
3.3, we explain the mismatch between the DOAS observations and
DEPAC, focusing on the parameterization of the stomatal compensation
point, χ stom . This stomatal compensation point is related to the emission
potential (Γstom ) following χ stom = f(T)Γstom , where f(T) only depends on
temperature as shown in Equation (16) of Appendix A. Wichink Kruit
et al. (2010b) discuss 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 χ stom to be 24 ppb, or 17 μg m− 3, shown in
Fig. S3 of the Supplementary data in Appendix C. As a result, emission is
found in the afternoon of the CLASSDEPAC experiment (5b). Such high
values for χ stom 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 A), nor by observational uncertainties or
gas-aerosol interactions (Section 4.1).
The results presented in this study on the diurnal variability of NH3,

4.2. The CLASS model
The CLASS mixed-layer model has proven an effective and inex
pensive method to represent key CBL processes. The model was previ
ously 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 Atmo
spheric Large Eddy Simulation (DALES) model and concluded that the
CLASS performance was reasonably similar to DALES. In this study, the
CLASS model proves to be both powerful and flexible in its representa
tion 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 Burgh et al., 2013). However,
we again expect the impact on gaseous ammonia to be small due to the
high temperatures. Furthermore, CLASS assumes horizontal homoge
neity, 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 well. This simplifica
tion 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. 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.
4.3. Representation of the NH3 surface exchange
The process of surface-atmosphere exchange is represented following
two different approaches: a prescribed NH3 flux based on observations
(Section 3.2) and a parameterized flux following DEPAC (Section 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 (Schaap et al., 2008; Manders et al., 2017). These
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Fig. 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 (errorbars) and the 25 and 75 percentile spread of the Averaged
Summer Day observations for the VPD (purple shading). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

as well as differences in χ stom 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.
Related to the strong variability of temperature and therefore on
vapor pressure deficit (VPD), new insights on the ammonia surfaceatmosphere exchange could be gained by studying its relation to these
meteorological variables. Fig. 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 similar
ities to the well-reported diurnal hysteresis between evapotranspiration
and the VPD (Zhang et al., 2014; de Groot et al., 2019). 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 poten
tial relation to the ammonia surface exchange. However, these obser
vations indicate that the ammonia surface-atmosphere exchange might
be strongly regulated by the response of vegetation to diurnal meteo
rological conditions.

diurnal variability of atmospheric ammonia has not yet been studied.
We describe the entrainment flux following Equation (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 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 2.6. 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 over
estimation 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.
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 mois
ture (Vilà-Guerau de Arellano et al., 2015; Ouwersloot et al., 2012) or
CO2 (Vilà-Guerau de Arellano et al., 2004). 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;
Sommer et al., 2009; Shen et al., 2016). 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 × 1 km to 50

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 (Martin et al., 1988; Davis et al., 1994;
Vilà-Guerau de Arellano et al., 2004; Casso-Torralba et al., 2008; van
Heerwaarden et al., 2009). Furthermore, scientific studies on ammo
nium 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
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× 50 km (Sauter et al., 2018; Schaap et al., 2008; Simpson et al., 2012).
Attempts to capture and quantify short-range advection with observa
tions 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 (Vilà-Guerau de Arellano et al., 2004; 2011; aan de
Burgh et al., 2012; Barbaro et al., 2015).
In this study, advection is the only term that is not based on obser
vations. Ammonia advection is mainly driven by wind speed and di
rection, 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). We expect such changes to have a negligible impact on the
advection at Veenkampen, as the small horizontal NH3 gradient esti
mated 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 con
stant and wind speeds are low. We therefore expect the assumption of
constant advection to be valid as a first order estimate.

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 experi
ments where we vary the representation of this process. We first pre
scribe 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 un
certainty 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 find
ings are summarized as follows:

4.6. Representation of NH3 chemical transformations

• 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.

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 min. ISORROPIA2 is
used in the operational LOTOS-EUROS model and was used by aan de
Burgh 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
Burgh et al. (2013). They presented τp = 30 min 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
Burgh et al. (2013), which were taken under similar fair-weather con
ditions and with ammonia molar fractions comparable to our Case. Due
to the high temperatures and abundance of ammonia in our 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 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 over
estimated 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 Burgh et al., 2013).
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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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Fig. 8. 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 paper.
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Appendix A. DEPAC parameterization for grassland
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 deposi
tion/emission flux results from a molar fraction difference (Δχ ) between the atmosphere (χ atm ) and the canopy at the surface (χ c ) and the resistance
between them, i.e. F = Δχ /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. 8. The ammonia surface flux (Fsfc ) is calculated following Equation (10).
Fsfc =

χ c − χ atm
Ra + Rb + Rc

(10)

Here, χ atm is the atmospheric ammonia molar fraction, R represents the resistances and χ c 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. 8. The stomatal path (subscript stom) and 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
Equation (11).
1
1
1
1
=
+
+
Rc Rstom Rext Rsoil

(11)

The canopy compensation point is the weighted average of the individual path compensation points, as shown in Equation (12).

χc =

Rc
R
R
χ + cχ + cχ
Rstom stom Rext ext Rsoil soil

(12)

The first of the atmospheric resistances, the aerodynamic resistance (Ra ), describes transport by turbulence and follows Equation (13).
[ (
)
(
)
(z )]
1
z− d
z− d
0
Ra =
+ ΨH
ln
− ΨH
k u*
z0
L
L

(13)

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 Equation (14).
( )2/3
2 Sc
Rb =
(14)
k u* Pr
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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. 8. The stomatal path and the external leaf path describe the atmosphere-vegetation ex
change. 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 2.5. The external leaf resistance (Rext ) in Equation (15)
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).
(
)
SAIHaarweg
100 − RH
Rext =
(15)
α exp
SAI
β
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 Equation (16), based on the formulation of Nemitz et al. (2001) and Wichink
Kruit et al. (2007).
(
)
2.75 1015
− 1.04 104
χ path =
(16)
exp
Γ path
Ts + 273.15
Ts + 273.15
+
Here, Ts is the leaf surface temperature in oC and Γ is the dimensionless molar ratio between NH+
4 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 Equation (17), as described by Wichink Kruit et al. (2010b).

Γ stom = 362χ atm, 4 m, long−

term

(17)

4.7exp( − 0.071Ts )
o

Here, Ts is the leaf surface temperature in C and χ atm, 4 m, long− term is the ‘long-term’ NH3 molar fraction at 4 m height, for which we take the monthly
average molar fraction. The external leaf deposition path is parameterized following Equation (18). 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 ) 1.84 103 χ atm, 4 m exp( − 0.11Ts ) − 850
(18)
F(αSN < 0.83) = 1.10 − 1.32αSN
F(αSN ≥ 0.83) = 0
Here, TS is the leaf surface temperature in oC, χ atm, 4 m is the atmospheric molar fraction at 4 m height and αSN is the molar ratio between annual
average SO2 and NH3.
Appendix B. Experiment initialization
The CLASSprescribed and CLASSDEPAC numerical experiments are initialized following Table 2.

Table 2
Initialization of the CLASSprescribed and CLASSDEPAC numerical experiments.
Parameter
Start time
End time
Step size
CBL height at t0

Transitional layer height at t0

Symbol
t0

Transition layer lapse rate
Residual layer lapse rate

Free troposphere lapse rate

410 m

z0, 2

700 m
2.0 m s−

ugeo, 0

10.0 m s−

wsls

3 10
Heat (X = θ)
286 K

X0

0.5 K

ΔX

0.030 K m

γX, 1
γX, 3
A
LAI

Surface temperature at t0

Ts, 0

− 1

0.005 K m−

γX, 2

Albedo
Leaf area index
Soil temperature top layer at t0

200 m

z0, 1

u0

Initialization CBL at t0

1s
Meteorological variables

Wind speed at t0

Initialization inversion at t0

17:30 UTC

Δt

z0, 3

Flow divergence factor (subsidence)

05:30 UTC

tend

Residual layer height at t0
Geostrophic wind speed at t0

Initial value
General

0.010 K m−
Surface properties

1
1

1
1

− 6 − 1

s

Moisture (X = q)
8.8 g kg− 1
0.0 g kg−
− 1

− 0.005 g kg

m

1

− 1

− 0.018 g kg− 1m−
− 0.005 g kg− 1m−

1
1

0.28
3.0 (van Tiggelen et al., 2018)
289.5 K

Tsoil, 0

292.0 K
(continued on next page)
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Table 2 (continued )
Parameter
Soil temperature deeper soil layer

Symbol

Initial value

T2

282.0 K

wg, 0

0.40 m3 m−

Volumetric water content deeper soil layer

w2

0.72 m m

Volumetric water content field capacity

wfc

Volumetric water content top soil layer at t0

Saturated volumetric water content
Wilting point

3

0.75 m3 m−
0.80 m3 m−

wsat

wwilt

Chemical equilibrium time
Long term NH3 molar fraction

τ
χatm, long−

NH3 CBL at t0

NH3, 0

3

0.35 m m
Chemical species
term

3

− 3
3
3

− 3

1800 s
15 ppb
CLASSprescribed
27 ppb

CLASSDEPAC
27 ppb

NH3 FT

NH3, FT

HNO3 FT

HNO3, FT

1.0 ppb

1.0 ppb

H2 SO4, 0

1.3 ppb

1.3 ppb

H2 SO4, FT

0.0 ppb

0.0 ppb

NH3 advection
HNO3 CLB at t0

ADV
HNO3, 0

H2SO4 at t0
H2SO4 FT

0.00 ppb

0.72 10−

3

ppb s− 1
3.5 ppb

11.0 ppb

0.04 10−

3

ppb s− 1
3.5 ppb

Appendix C. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosenv.2020.118153.
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Vilà-Guerau de Arellano, J., Duynkerke, P.G., Builtjes, P.J.H., 1993. The divergence of
the turbulent diffusion flux due to chemical reactions in the surface layer: NO-O3NO2 system. Tellus B 45, 23–33. https://doi.org/10.1034/j.1600-0889.1993.00002.
x.
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