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Abstract.

We present a dataset of global soil NO emissions comprising gridded monthly data and the corresponding 3-hourly weight
factors, suitable for atmospheric chemistry modelling. Data are provided globally at 0.5°x0.5° degrees horizontal resolution,
and with monthly time resolution over the period 2000-2018. Emissions are provided as total values and also with separate data

5 for soil NO emissions from background biome values, and those induced by fertilizers/manure, pulsing effects, and atmospheric
deposition, so that users can include, exclude or modify each component if wanted.

This paper presents the emission algorithms and their data-sources, some comments on the availability of soil NO emissions
in other inventories (and how to avoid double-counting), and finally some preliminary modelling results and comparison with
observed data.

10 This dataset was constructed as part of the Copernicus Atmosphere Monitoring Service (CAMS), with the dataset referred to
as CAMS-GLOB-SOIL v2.2. These data are available through the Copernicus Atmosphere Data Store (ADS) system, (https:
//doi.org/10.24380/kz2r-fe18, last access June 2021, Simpson 2021a) or through the Emissions of atmospheric Compounds
and Compilation of Ancillary Data (ECCAD) system (https://eccad.aeris-data.fr/, last access June 2021). For review purposes,
ECCAD has set up an anonymous repository where a subset of the CAMS-GLOB-SOIL v2.2 data can be accessed directly

15 (https://eccad.aeris-data.fr/essd-surf-emis-cams-soil/, Last access July 2021, Simpson 2021b).

1 Introduction

This work presents a dataset of global soil emissions of nitrogen oxide (NO), designed for implementation in atmospheric

chemical transport models. The dataset, denoted CAMS-GLOB-SOIL v2.2, is part of a family of emissions datasets intended

to improve the representation of anthropogenic and biogenic emissions within the Copernicus Global and Regional emissions

20 service (CAMSS8I1, Granier et al. 2019; Guevara et al. 2021; Kuenen et al. 2021; Sindelarova et al. 2021), directly supporting
the CAMS production chains (https://atmosphere.copernicus.eu/).

Soil NO emissions are essential to regional modelling of e.g. ozone and particulate matter (PM), especially on the global

scale, and a number of methodologies and datasets for these emissions of NO have been presented (Ganzeveld et al., 2002;

suolssnasig



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Steinkamp et al., 2009; Hudman et al., 2010; Visser et al., 2019). These methodologies have various levels of time-resolution,
25 sophistication and data-requirements, but typically rely on land-cover maps, estimates of nitrogen inputs (fertiliser, deposition)
to the soils, and meteorological modifying factors such as temperature, soil water and/or precipitation.

As will be discussed further in Sect. 2, all estimates of soil NO emissions are rendered very uncertain due to a large number of
factors associated with underlying datasets and also understanding of the source and sink processes of NO in soils. The factors
which influence microbial activity, and NO production and loss are many and complex (Fowler et al., 2009; Butterbach-Bahl

30 etal., 2013; Skiba et al., 2020), and the underlying data (e.g. agricultural practices, soil textures, moisture) are difficult to assess
(e.g Davidson and Kingerlee, 1997; Skiba et al., 1997, 2020; Veldkamp and Keller, 1997; Bouwman et al., 2002; Stehfest and
Bouwman, 2006; Pilegaard, 2013). Therefore, an important component of this work has been to examine and elucidate the
uncertainties in these emissions, and to seek a pragmatic merge of existing methodologies suitable for use in regional and
chemical transport models. The emphasis has been on developing a framework with medium complexity, which does not rely

35 too much on complex and unverified data.

In future these emission estimates will be continuously improved through comparison with more complex models and with
atmospheric concentration data (e.g. from satellites), which is becoming increasingly available.

As noted above, these NO emissions are intended for input to atmospheric chemical transport models (CTMs). Such CTMs
are essential tools for the simulation and mapping of air pollution and radiative forcing, and for the design of effective emis-

40 sions abatement strategies. Within the CAMS system, the emissions produced in this study will be utilised within the CAMS
Integrated Forecasting System coupled model (C-IFS Flemming et al., 2015; Wagner et al., 2021), but for the development and
testing of the emissions we have made made heavy use of the model system of the EMEP MSC-W model (see Sect. 3.1).

In this article we will discuss firstly a brief summary of the processes controlling soil NO emissions (Sect. 2), the availability
of relevant data (Sect. 3), and present the methodology (Sect. 4). Section 5 presents emission estimates and comparison with

45 other estimates. Sect. 6 discusses how the CAMS-GLOB-SOIL data can be used together with some key anthrogenic emission
inventories, since some of the latter also include a soil-NO emission component (hence giving a risk of double-counting).
Finally, Sect.7 presents some model simulations and comparison with measurements with and without the soil-NO emissions,
in order to illustrate the impacts of these emissions on atmospheric NO, and O; concentrations. A brief overview of earlier
versions of this inventory can be found in the Supplementary information.

50 The dataset is referred to as CAMS-GLOB-SOIL v2.2, with final calculations made in March 2021. Data are provided
globally at 0.5°x0.5° degrees horizontal resolution, and with monthly time resolution over the period 2000-2018. Emissions
are provided as total values and also with separate data for soil NO emissions from background biome values, and those induced

by fertilisers/manure, pulsing and atmospheric deposition, so that users can provide their own modifications if wanted.

2 Nitrogen Oxide emissions: background

55 As discussed in e.g. Pilegaard (2013), the production and consumption of NO in soil is a result of both microbial activity

and chemical reactions, and in general is controlled by four main factors: (a) N-inputs to the ecosystem, (b) temperature,
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Figure 1. Dependence of NO emissions on soil water (here water-filled pore space, WFPS). a) (left) sketch (derived from Davidson et al.
2000) often used to illustrate the differing impact of WFPS on NO and N,O emissions; b) (right) Measured relationships between WFPS and
NO emissions from chamber measurements from Schindlbacher et al. (2004). Figures reproduced with permission from Pilegaard (2013),

where also more details are given.

(c) soil water content, and (d) soil pH. Many processes and microorganisms are involved; the two most important groups of
microorganisms are nitrifiers and denitrifiers. Generally, both NO and N,O are produced by the same processes; however,
the relative emissions depend on many factors that are not clearly understood. Many other factors play a role of course,

60 with very complex relationships between microbial and chemical processes. (e.g Davidson and Kingerlee, 1997; Skiba et al.,
1997, 2020; Veldkamp and Keller, 1997; Bouwman et al., 2002; Stehfest and Bouwman, 2006; Pilegaard, 2013). Even among
forests, important differences have been found. For example, in a study of 15 forests sites as part of the European NOFRETETE
project (Pilegaard et al., 2005), only a few of the coniferous forests were found to emit significant levels of NO, with deciduous
forests or coniferous forests in low N-input areas having low emissions. ~ NO emissions were higher in forest than grassland

65 soils. The high NO emissions from forest soils were mainly attributed to low pH and high soil porosity, and NO emissions
were positively correlated with N input.

Figure 1 provides an important example of the complexity of the soil-N system. Fig la illustrates the typical assumed
response, whereby NO is emitted at low to moderate values of water-filled pore space (WFPS), here with maximum emissions
at around 50-60% WEFPS. Fig 1b however illustrates the findings of the relationships found in chamber studies by Schindlbacher

70 etal. (2004). Clearly, different soils have very different characteristics, and so simple modelling systems cannot hope to capture

such variability.

Global estimates of soil NO emissions have been available for many years. For example, Potter et al. (1996) used an ecosys-
tem modeling approach (CASA) to integrate remote sensing, climate, vegetation and soil datasets. Monthly mean global dis-
tributions at 1°x1° grid resolution of the NO emission fluxes (and other gases) were produced. Kesik et al. (2005) and

75 Butterbach-Bahl et al. (2009) produced European inventories of soil NO emissions from forests and grasslands using the bio-

geochemical models DNDC/Forest-DNDC system. In Butterbach-Bahl et al., DNDC captured differences in the magnitude of
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NO emissions between sites, but was less successful when simulating observed day-by-day variations. However, major peak
emission events, e.g. due to fertiliser application or following rainfall events, were mostly simulated. Results from another
biogeochemical model, OCN (Zaehle et al., 2011), have been used in global runs of the EMEP MSC-W CTM (Simpson et al.,
80 2012; Jonson et al., 2018; Schwede et al., 2018). In this case the soil NO emissions are provided as monthly average values.
Methods of modelling short-term NO emissions for CTM applications have also been available for many years, though
with recognised large uncertainties. The most widely used method in early efforts to include soil NO emissions was that of
Novak and Pierce (1993), commonly known as the second version of the Biogenic Emissions Inventory System (BEIS-2). This
method, derived from the results of Williams et al. (1992), has been applied previously in Europe by Simpson et al. (1995) and
85 Stohl et al. (1996).
An important paper with respect to global scale modelling was that of Yienger and Levy (1995), hereafter referred to as
YLO95. In this approach, emissions were parameterised as a function of biome type, temperature and precipitation. YL95
introduced a scheme to allow pulses of emissions when rain follows a dry spell, and they also introduced a canopy reduction
factor (CRF) to allow for capture of soil-emitted NOx before escape from the canopy. Soil temperatures (75) were estimated
90 from air temperatures using simple empirical relationships.
The YL95 model has been widely used in atmospheric CTMs, because of its simplicity and link to readily available meteo-
rological data (e.g. Ganzeveld et al., 2002). YL9S is also part of the MEGAN model (Guenther et al., 2006) which is already
in use to provide BVOC emissions as part of CAMS-81 (Sindelarova et al., 2021).
The ‘BDSNP’ model of Hudman et al. (2012) can be seen as an update of the YL95 methods. The basic formulation

95 is similar, but soil moisture was handled with the use of water filled pore space (WFPS) values from a numerical weather

/

prediction (NWP) model. The background emission factors from each biome (A};,,,.

) are similar to those used in YL95, but
updated using data from Steinkamp and Lawrence 2011. The BDSNP model handles soil water in a smoother way than YL95,
using a response curve similar to that shown in Fig. 1a. In BDSNP the optimum WFPS (denoted ¢ in Hudman et al. 2012) is
given as 0.2 for arid soils and 0.3 elsewhere, with @ being provided by the top 2cm soil layer from GEOS-Chem meteorology.

100 Importantly, Hudman et al. noted that 6 values had not yet been validated; an important caveat which was one of the reasons
for the more simplified treatment of soil moisture which was applied in our CAMS-81 approach.

For N-inputs, Hudman et al. (2012) further used the fertiliser data of Potter et al. (2010), with fertiliser spread according
to a Gaussian distribution around the green-up day of the crops. Data from satellites (MODIS and TRMM) were used to
estimate growing seasons. A simple mass balance approach tracks the changes in soil N4 as a result of fertiliser inputs

105 and atmospheric N-deposition, with decay lifetimes of 4 months for fertiliser inputs and 6 months over landuse with natural
vegetation. Rasool et al. (2016) extended this approach further using a more up-to-date and advanced treatment of fertiliser
inputs from the agroecosystem EPIC model, which provided daily inputs over the U.S.A.

Dammers (2013) implemented this BDSNP model into the LOTOS-EUROS CTM (Schaap et al., 2008), and found that it
lead to more realistic simulations of NOx concentrations. They had to adapt the LOTOS-EUROS land-cover classifications to

110 match the biomes of the BDSNP (Steinkamp and Lawrence 2011) system, also accounting for climate class. They also used

soil temperatures from ECMWEF’s top 7cm layer, which is not quite the same as the 2cm layer used by Hudman et al. 2012,
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but a logical option (also for CAMS simulations). Other details are given in Dammers (2013), who also show that soil-NOx

emissions estimated using the BDSNP scheme are a significant contributor to summertime NOX emissions in some countries.

3 Data sets

115  One of the major problems in producing gridded and spatially disaggregated emissions of any natural/biogenic pollutant is
lack of the necessary data. With soil emissions in particular, many variables are often considered important, but are almost
never available in an accurate way. Among the most difficult variables are soil pH and redox potential, both of which can vary
significantly within a model’s grid-cell, and under different types of vegetation. Even variables that are nominally available to
CTMs are often of very uncertain quality, and among these soil water (SW) stands out as very important for trace gas production

120 and emissions from soils. Agricultural management (including amount and timing of fertilizer applications) is also a crucial
requirement for many emission models, but typically lacking or available only at the country scale (Stehfest and Bouwman,
2006).

For practical reasons, several of the data sets used in CAMS-GLOB-SOIL are taken either directly from the EMEP MSC-W
modelling system, or derived from meteorology used in that system, so this is discussed first (Sect. 3.1), followed by brief

125 discussions of the other data-sets which are used for soil emission estimates. (Sects. 3.2-3.3.1).
3.1 The EMEP MSC-W model

The atmospheric CTM used to develop and test the NO emission system is that of EMEP MSC-W ( the Meteorological Syn-
thesising Centre — West of the European Monitoring and Evaluation Programme). The EMEP MSC-W CTM (hereafter EMEP
model) is a three-dimensional Eulerian model whose main aim is to support governments in their efforts to design effective
130 emissions control strategies (e.g. Simpson et al., 2012, 2020b, and references therein). The emission estimates presented in
this paper were heavily based upon both input and output data from the EMEP model, since (a) the EMEP model’s input
meteorology is essentially the same ECMWF meteorology as used in the IFS model (Sect. 3.1), and (b) the EMEP model has
been used to generate fields of N-deposition for the multi-year time-series used here.
Version 4.0 of the EMEP model was described in detail by Simpson et al. (2012), though substantial updates have been made
135 in the treatment of aerosols, biogenic emissions and chemistry over the years. These updates have been discussed in specific
articles (e.g. Stadtler et al., 2018; Simpson et al., 2020a; Bergstrom et al., 2021) and in annual EMEP reports (Simpson et al.,
2020b, and refs therein). The model has been used in several studies of N-deposition (Simpson et al., 2006a, b, 2014; Schwede
et al., 2018; Tan et al., 2018; Theobald et al., 2019) and indeed soil N emissions (Kesik et al., 2005, 2006).
Although originally designed for European applications, the model is very flexible and is now applied on scales ranging
140 from global (Jonson et al., 2010, 2018; Schwede et al., 2018; McFiggans et al., 2019) to local (1-7 km grids) (e.g. Vieno et al.,
2010, 2014; Schaap et al., 2015). In this work we use version 4.37 of the model, with 0.5°x0.5° resolution, as used for the
Arctic Monitoring and Assessment Programme (AMAP, Whaley 2021).
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3.2 Landcover

Biomes in v1.1 of CAMS-GLOB-SOIL were from the EMEP MSC-W landcover model’s system which is a hybrid of the
145 GLC-2000 land-cover data-set (https://forobs.jrc.ec.europa.eu/products/glc2000/glc2000.php, last access June 2021), and the
Community Land Model (https://www.cesm.ucar.edu/models/clm/, last access June 2021), Oleson et al. 2010; Lawrence et al.
2011), as described in Simpson et al. (2017).
For v2.1 and v2.2, we have made use of a MODIS-based landcover, which corresponds closely to the landcover used by
SL11 in their analysis of emission factors. The data used were the MCD12C1v006 data set (Sulla-Menashe and Friedl, 2018;
150 Friedl and Sulla-Menashe, 2015), downloaded from https://lpdaac.usgs.gov/products/mcd12c1v006/#tools (last access June
2021). Of the available data sets, we used the LC Type 1 data, which give sub-pixel fractions of land-cover classified according
to the the International Geosphere-Biosphere Programme (IGBP) system.
This MCD12C1 data set provided 17 basic land-cover types. These were further disaggregated into the 23 categories of
SL11 by overlapping these data with the Koppen-Geiger climate classification as provided by Kottek et al. (2006). This new
155 landcover map allows direct application of the SL11 emission factors as detailed in Sect. 4.1 below. The resulting 23 land-cover

biomes are given in Table 2.
3.3 Meteorology

The main meteorological parameters needed for soil NO emissions are (a) soil moisture, and (b) soil temperatures. As noted
above, we have used meteorology from the European Centre for Medium Range Weather Forecasting Integrated Forecasting
160 System (ECMWF-IFS) model (http://www.ecmwf.int/research/ifsdocs/), as processed for the EMEP model in this work. These

data had 3-hourly time resolution, and a 0.5°x0.5° degree longitude-latitude grid.
3.3.1 Soil moisture index (SMI)

The IFS model and all NWP models provide the surface soil moisture in a uniform way and with good temporal resolution.
This seems the most practical solution for CAMS-81 in the initial stages at least, although some satellite-derived products may

165 provide alternatives at a later stage (e.g. Dorigo et al., 2017).
However, the accuracy of SW estimates from NWP models is questionable (e.g. Balsamo et al., 2009; Albergel et al., 2012;
Wipfler et al., 2011; Samaniego et al., 2013). There are also problems in converting between different soil water metrics, e.g.
from mass fractions to water filled pore space (WFPS). A further and important complication is that many agricultural areas
are subject to irrigation. Although data-sets such as GAEZ (Global AgroEcological Zones, https://www.gaez.iiasa.ac.at/, last
170 access June 2021) provide area fractions of irrigated versus non-irrigated crops, the timing and extent of irrigation is usually
unknown. These issues suggest that although it is reasonable to hope that NWP models get SW ‘about-right’, it would be
unreasonable to expect them to predict volumetric fractions, or (even more difficult) soil-water pressure, in an accurate way.

These data must be used pragmatically, and tested as part of the inventory process.
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The EMEP model makes use of the so-called soil moisture index (SMI) which is available from the IFS model (ECMWFE,

175 2021). Defining minimum and maximum soil water amounts to be the permanent wilting point (PWP) and field capacity (FC),

SMI is defined as:
SM — PWP
M= ——— 1
S FC — PWP M

where SM is volumetric soil moisture, PWP is the permanent wilting point, and FC is the field capacity, all in m® m~3.

SMI can be calculated in this way for each soil type in the grid, and then averaged to get a grid-average value which is more

180 physically meaningful than a simple average over absolute volumetric soil moisture values. The SMI values used here (‘SMI1’)
are from the upper 7 cm of the soil.

Although it is simply impossible to take into account all the variability associated with heterogenous vegetation and soil

types within a grid-cell, this SMI index should hopefully capture the main episodes of soil drying and effects on vegetation.
3.3.2 Soil temperatures

185 Although the IFS model does provide soil temperatures, we have simply used 2m air temperature for the current calculations.
There are two main reasons for this: (a) most importantly, this variable was easily available from the EMEP model system we
were using, and (b) it is anyway difficult to interpret soil temperatures from a numerical weather prediction model in terms of
ecosystem-specific values.

The latter point is important, as the relation between air and soil temperatures is complex, and depends upon the vegetation

190 cover and its physiological state (e.g. LAI) over the year. Soil temperatures may be higher or lower than air temperatures, and
the many parameters required may depend on topography, soil texture, and soil water content — all of which may vary over
short distances and even over different types of crops (e.g. Zheng et al., 1993; Brown et al., 2000; Kang et al., 2000; Plauborg,
2002; Tsilingiridis and Papakostas, 2014).

3.4 N-inputs, Fertilizer

195 Nitrogen inputs to ecosystems are a main driver for most N-related emissions. In agricultural areas, fertilizer application is the
main source of N (and sometimes nitrogen fixation). For semi-natural areas atmospheric N-deposition is a key input.
Maps of global fertilizer and manure inputs were estimated by Potter et al. (2010, 2011), for the period of around 2000-2007.
These data were converted to maps of N availability with 0.5°x0.5° degrees spatial resolution and monthly time resolution for
the HEMCO system (Keller et al., 2014, http://wiki.seas.harvard.edu/geos-chem/index.php/HEMCO, last acess June 2021).
200 These data were derived from N-inputs spanning the years 2000-2007, but with most emissions for the latter year (Potter et al.,
2010). Hence we assigned these data a nominal year of 2005.
Scaling factors to get to other years were made by combining national year to year variations from the CEDS database
(Hoesly et al., 2018) with global NH; emission from ECLIPSEv5a database (https://iiasa.ac.at/web/home/research/researchPrograms/

air/Global_emissions.html, last access June 2021) with the latter needed to allocate country codes to grids. For this first emis-
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205 sion estimate, where we only attempt monthly resolution of emissions, we adopted the simple procedure of allowing emission

rates to follow these monthly N-inputs.
3.5 N-inputs, atmospheric deposition

Estimates of atmospheric N-deposition are readily available from CTMs (Dentener et al., 2006; Simpson et al., 2014; Kanaki-
dou et al., 2016; Schwede et al., 2018), though often for limited time periods or with coarser spatial resolutions than are used in

210 CAMSSI. For this work, estimates of atmospheric N-deposition were taken from the EMEP chemical transport model (Simp-
son et al., 2012, 2020b), as run for the Arctic Monitoring and Assessment Programme (AMAP) project (Whaley, 2021). For
these calculations a 0.5°x0.5° degrees resolution horizontal was used over the 2000-2015 period, building upon emissions
from the ECLIPSE v6b dataset (https://iiasa.ac.at/web/home/research/researchPrograms/air/ECLIPSEv6.html, last accessed
24th March 2021). For the years 2017 and 2018 we have simply used the 2016 values.

215 It can be noted that there are large uncertainties in deposition estimates from all CTM models or indeed from observation-
based estimates (Flechard et al., 2011; Schwede et al., 2011; Simpson et al., 2014; Vet et al., 2014; Theobald et al., 2019; Walker
et al., 2020), but simple mass-balance should ensure that over the large scale the amounts deposited should be constrained by

emissions.

4 Methods

220 The basic methodology merges methods from Yienger and Levy (1995) (hereafter YL95, c.f. Tab. 1), with various updates to
reflect recent literature (especially Steinkamp and Lawrence, 2011, hereafter SL11), and some simplifications which reflect
lack of availability of some key data. In YL95 and SL11, background biome emission factors (Ap;ome) Were modified by
estimates of locally available nitrogen (Ngqq41), Which consists mainly of agricultural inputs of N (N from fertilizer, manure,
hereafter Ng¢,), or atmospheric deposition of reactive nitrogen (hereafter Np,), and a pulse factor, Fyyyee. For this work we

225 prefer to calculate the contributions of Npe,t, Npep and Fpyiee separately, so we have:

Fsoil = Fbiome + FFerl + 1::Ndep + Fpulse (2)

where the flux terms have units ng(N) m~2s™1. The calculations of Fujome, Frerts Fndep and Fpyiee are summarised in Sects. 4.1

4.4 below. Canopy-reduction factors (CRF) are discussed in Sect. 4.5. Issues associated with rainforests and estimation of soil
temperatures are discussed in Sects. 4.6-4.7.

230 We have aimed at monthly resolution for this study. One important reason is that many of the underlying data-sets have

monthly resolution, and even this has substantial uncertainties. Secondly, the most dramatic short-term variation with soil NO

emissions is associated with pulses, and for reasons given in Sect. 4.4, estimation of the timing of such events cannot reliably

be provided at this stage.
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Table 1. Frequently used abbreviations

SL11 Steinkamp and Lawrence (2011)

YL95  Yienger and Levy (1995)

vl.l CAMS-GLOB-SOIL vI.1, 2018 version of soil NO emissions. See Simpson (2018), Granier et al.
(2019)

v2.1 CAMS-GLOB-SOIL v2.1, Update of v1.1

v2.2 CAMS-GLOB-SOIL v2.2, This version of soil NO emissions. Update of v2.1

4.1 Calculation of Fy;ope

235 The basic emissions algorithm for Fyiome is given by:

Friome = Apiome X f(T7 SMI) x CRF 3)

where Fpiome is the background biome-based soil NOx flux (ng(N) m~2s71), Apiome is a function of the biome-type,
f(T,SMI) is a function of temperature and soil moisture index, and CRF is the canopy reduction factor accounting for NOx-
capture by the vegetation canopy above the soil.

240 The biome emissions, Fyjome, are driven by the underlying land-cover data, biome factors (Apjome), and meteorological
drivers. Following YL95 and SL11, biome factors are given for dry and wet soils, with different temperature functions (f(T"))
used for both. With the updated landcover used in v2.1, values of the emission factors were now taken directly from SL11, as
tabulated in Table 2.

As seen from Table 2, we need to distinguish ‘dry’ from ‘wet’ soils. YL95 defined soils as being dry when the accumulated

245 precipitation over the last 2 weeks was less than 1 cm, but subsequent authors have made use of NWP soil moisture data.
SL11 defined the threshold between wet and dry soils at 15% volumetric soil moisture, which for an average soil was said to
correspond to midway between PWP and FC, i.e. to SMI=0.5. Figure 2 illustrates the fraction of time that grid-cells are defined
as wet with this SMI=0.5 threshold. Although not identical to the results shown in Fig.7 from Steinkamp and Lawrence (2011),
the results are similar. We therefore define soils with SMI>0.5 as wet, otherwise dry.

250 As with YL9S5 and SL11, crops are assumed to be irrigated, and so the Aw rates applied at all times through the growing
season. Defining this growing season is difficult for number of reasons though. This includes the wide variety of species, with
different planting and phenological developments, and the possibility of multiple harvests in the same fields (e.g. Sacks et al.,
2010; Mills et al., 2018). For this study we have made the simple assumption that the months in which fertilizer application

rates (Sect. 4.2) are above the median values for any particular grid cell are those when crops are likely to be growing.
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Table 2. Biome-based emission factors (Apiome, ng(N) m

canopy reduction factors (CRF), used for the MODIS/SL11 biomes used in this work.

—2S—1

) for dry and wet conditions, and

Biome(® Apiome™® CRF

wet dry  (fraction)

00  water 0.00  0.00 0.00
01  permanent wetlands 0.00 0.00 0.50
02 snow and ice 0.00 0.00 0.00
03  barren or sparsely vegetated DE 0.00 0.00 0.00
04  Unclassified 0.00 0.00 0.00
05  barren or sparsely vegetated ABC® 0.00 0.00 0.00
06  closed shrubland 0.09 0.65 0.75
07  open shrublands ABC 0.09 0.65 0.75
08  open shrublands DE 0.01 0.05 0.75
09 grasslands DE 0.84 6.18 0.75
10 savannas DE 0.84 6.18 0.75
11 savannas ABC 0.24 1.76 0.75
12 grasslands ABC 0.42 3.07 0.75
13 woody savannas 0.62 5.28 0.75
14 mixed forests 0.03 0.25 0.50
15  evergreen broadleaf forest CDE 0.36 2.39 0.50
16  deciduous broadleaf forest CDE 0.36 2.39 0.50
17 deciduous needleleaf forest 0.35 2.35 0.50
18  evergreen needleleaf forest 1.66 12.18 0.50
19  deciduous broadleaf forest AB 0.08 0.62 0.50
20 evergreen broadleaf forest AB 0.44 2.47 0.30
21 croplands 0.57 0.00 0.75
22 urban and built-up 0.57 0.00 0.75
23 cropland natural vegetation mosaic 0.57 0.00 0.75

Notes: (a) labels such as ‘ABC’ denote the Képpen-Geiger categories associated with this biome, in this

case A, B and C; (b) Apiome factors are from Steinkamp and Lawrence (2011), except (c) values for

barren or sparesely vegetated land-cover set to zero.
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Figure 2. Percentage of wet soil conditions during 2012 given an SMI threshold of 0.5.

255 4.2 Calculation of Fye

Estimates of NO emissions from fertilizer N-inputs are commonly defined in terms of fertilizer induced emissions (FIE) - the
percentage of the applied N which is released as NO. Steinkamp and Lawrence (2011) used FIE of 1%, but such estimates vary
widely. YL95 used 2.5%, Bouwman et al. (2002) estimated 0.7%, and in an update of that work Stehfest and Bouwman (2006)
used 0.55 for agriculture and grassland (excluding legumes). For v2.2 we have used an FIE value of 0.7%.
260 Potter et al. (2010) estimated N-inputs of 128.3 Tg(N) (relevant for the year 2007) through manures and 70.2 Tg(N) through
fertilizers (relevant for the year 2000), giving 198.5 Tg(N). Assuming 0.7% of this is released as soil NO emissions, we estimate
a contribution of just under 1.4 Tg(N) for the base-year of 2005 used in this work.
The final Frex emissions for CAMS-GLOB-SOIL are then generated by applying this 0.7% factor to the annual global maps
of N-inputs due to fertilizers and manures (Sect. 3.4). It should also be noted that these Fr,; emissions emissions are sometimes,
265 but not always, included in the agricultural sector of other emission data sets. The obvious risk of double-counting is addressed

in Sect. 6.
4.3 Calculation of Fxgep

As discussed in Sect. 3.1, N-inputs to soils from atmospheric deposition are estimated from monthly model results from the
EMEP MSC-W chemical transport model. Emissions of NO are then estimated using the same re-release factor (0.7%) as used
270 for fertiliser N-inputs. Given the large uncertainties in N-deposition estimates (e.g. Simpson et al., 2014) and relatively small

contribution of the Fygep term, this approach seemed acceptable for the current soil emissions calculation.
4.4 Calculation of Fpy.

Pulsing is the term used for the sudden emission of NO when soils that have been dry for some time are wetted. This release of
NO is often of short duration. Both YL95 and SL11 used rainfall estimates in their approach to pulsing. In SL11 for example,
275 if the accumulated precipitation was less then 10 mm in a gridcell during the last 14 days, and the precipitation then exceeds

1 mm (“sprinkle”), 5 mm (“shower”) or 15 mm (“heavy rain”) during one day, pulses of increasing magnitude and duration
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(3-14 days) were triggered. Using this methodology, SL11, found pulsing fractions to be between 12-20% across all the land-
covers (with mean value of 17%). The BDSNP model of Hudman et al. (2012) used soil water changes to initiate pulsing, but
they also ackowledged that the soil moisture variable used (6) values had not yet been validated.

280 Although many studies suggest that pulsing is important, there is little evidence that such pulses can be accurately timed or
quantified in global or even European scale CTMs. Indeed, Yan et al. (2005) noted that large scale NWP models have trouble
predicting the conditions needed for pulsing, commenting that the ECMWF model’s data never reached a value low enough to
trigger a pulse in tropical savanna regions. Tests conducted for v1.1 showed that the timing of pulses varies greatly from one
method to another (e.g. precipitation or SMI-based, and for different definitions of ‘dry’ versus ‘wet’), so for v1.1 the pulsing

285 emissions were omitted.

As parameters such as volumetric soil water or the SMI used here cannot be verified, we have also explored some of the
simpler rainfall-based approaches suggested in the literature. A very pragmatic methodology was devised for Fyu in v2.2. The
occurrence of potential pulse events was counted using (i) a 14-day rainfall criteria (dry days were days with less than 1 mm
rain per day, as long as SMI remained below 0.5), or (ii) changes in SMI of 0.01 after 3 days of SMI < 0.5 were counted. These

290 criteria in themselves often suggested quite different monthly distributions of possible pulsing events. Instead of choosing,
both counts were simply summed, smoothed in time, and used as a normalising factor for the pulsing emissions. Firstly, the
magnitude of annual emission was simply set to be 15% of the biome emissions set in Sect. 4.1 for each grid square where
pulses were detected, loosely consistent with estimates by SL11.

Further work will be needed, for example based upon use of satellite soil moisture data and/or comparison to TROPOMI

295 NO, data (Veefkind et al., 2012), to find an algorithm which could be used with some confidence with regard to pulsing.
4.5 Calculation of CRF

It is well established that some of the NO emitted from soils can react quickly with ozone, forming NO,. Some of this NO, is
deposited within the canopy, reducing the emission of reactive N. YL95 used canopy reduction factors (CRFs) of between 0.25
for rain forests to 0.77 for Tundra, giving a global average of 0.53. These CRFs are very uncertain however, with Yan et al.

300 (2005) estimating 0.67 and Hudman et al. (2012) found 0.84. The CRF values used in this study, loosely based upon YL95 and
Yan et al. (2005), are given in Table 2.

4.6 Tropical rainforests

The new land-cover data contains the category ‘evergreen broadleaf forest’ in Koppen-Geiger climates A&B, which was
identified as ‘rainforest’ in SL11. As suggested by YL95, Steinkamp et al. (2009) and SL11, this tropical rainforest category

305 receives special treatment, in that the temperature functions are not applied, and instead dry/wet emissions are a function of
season and not meteorology. Combined with the low CRF applies to rainforest the v2.1 and v2.2 emissions are then significantly
reduced compared to v1.1 estimates. (We can note however that YL95 and SL11 differed greatly in the emission factors
suggested for rain forests: YL95 suggested 8.6 and 2.6 ng(N) m~2s~! for dry and wet soils respectively, whereas SL11 suggest
just 2.47 and 0.44 ng(N) m~2s™1.)
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310 According to Steinkamp et al. (2009), the dry and wet seasons of YL95 were defined in a very simple way, with 5 months of
dry season each year, covering May—September in the Northern hemisphere and November—March in the Southern Hemisphere.
Although this definition may suffice for annual calculations, this procedure leads to a large step change in emissions at the
equator. For this work we have calculated the five driest months from a 5-year climatology of gridded rainfall. This procedure
produces a much smoother transition in emissions changes near the equator. Having applied the dry and wet season emission

315 factors to this biome, we further apply a simple temporal smoothing to allow for the great uncertain in both the climatological

shifts in emissions behaviour.
4.7 Temperatures

In S18, soil temperatures (T) were estimated from air temperatures using simple empirical relationships, T5(C) = T, (C) + 5
for dry soils (following YL95) and Ts(K) = 0.72T, (K ) + 82.28 for wet soils (algorithm from the code base of the MEGAN
320 system, Guenther et al. 2012). However, closer examination of these equations, and alternatives as used by YL95 suggested
by YL9S5, show some worrying features. For example, the MEGAN equations predict higher soil than air temperatures up to
ca. 20°C, but in many situations this cannot happen, and indeed 77, should often be higher than 7. At 30°C temperatures the
MEGAN system predicts T of 27.4°C, whereas the Williams et al. (1992) equations used by YL95 would predict 28.9°C for
grasslands and 28.8°C for forests - both close to air temperature. The ideal solution here would be to take 7’s from the ECMWF
325 model for each type of landcover, but this solution was not readily available for the current calculations. As an interim solution

we simply assume that T = T, recognising that this needs to be improved in future methodologies.

5 Results: emission estimates

Figure 3 illustrates the calculated soil NO emissions for the year 2010, giving total emissions and the individual contributions

from Friome> Fpulses Frert and Fygep. Time-series results for selected world regions (regions are shown in Fig. S1) are given
330 in Fig. 4, covering all years (2000-2018). These plots illustrate the strong spatial variations in soil NO emissions, and also

that the drivers vary markedly from region to region. For example, western European emissions are estimated to be strongly

affected by the fertilizer-induced emissions, whereas in southern Africa or South America it is the biome component that

strongly dominates. Atmospheric deposition is seen to be a relatively small contributor, but of course the relative contribution

will increase away from agricultural source areas. Overall, year-to-year variations are not especially large, and trends are rather
335 small.

Month to month variations in emissions are much more prominent, as illustrated in Fig. 5. Seasonal cycles are driven largely
by temperature and associated wet/dry changes. The large contribution of Fre to Western/Eastern European(EUR) emissions
is also very evident, with largest Fr, emissions near the start of the growing season.

Finally, Fig. 6 illustrates the diurnal variations contained within the CAMS-GLOB-SOIL dataset for locations in Brazil,

340 France and Australia. These factors are derived from the temperature-dependent 3-hourly Fpiome biome values, but as a good

first approximation they can probably be applied to the other components also. The main difference between the French and
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Figure 3. Above canopy NO emissions (ng(N) m~2s™1) calculated for year 2010: (a) Biome emissions (b) Pulse emissions (c) Fertilizer-

induced emissions (d) Deposition-induced emissions (e) Total emissions

Australian examples given here is in the timing, since the dataset uses UTC times for all locations. The daily maximum factor
is rather similar, at around 1.4. The factors for Brazil are different, and close to 1.0, a comsequence of the lack of temperature

dependence in the tropical rainforest biome (Sect. 4.6).
5.1 Comparison with other estimates

Table 3 compares our estimates with other values from the literature, both globally and for some of the HTAP regions (c.f.
Fig. S1). A valuable new data set in this regard is that of Weng et al. (2020), who used the HEMCO model (Keller et al., 2014)
to calculate soil-NO emissions at 0.5° lat x 0.625° lon for 1980-2017 and 0.25° lat x 0.3125° lon for 2014-2017. The HEMCO
algorithm is based upon the methods of Hudman et al. (2012), and is designed for use by models such as GEOS-Chem.

In general the global emissions fit rather well with literature values, including those of Weng et al. (2020). Estimates for

Europe and southern Africa are almost identical. Estimates for North America are within 13%. Estimates for South America
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Figure 4. Above canopy NO emissions (ng(N) m~2s~!) calculated for years 2000-2018 for selected world regions. (Regions follow HTAP
tier] approach, c.f. Fig. S1.)
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Figure 5. Above canopy NO emissions (ng(N) m~2s 1) calculated for the year 2010 for the selected world regions.
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are 40% higher in v2.2 than in Weng et al. (2020), 53% for Russia, and 27% for East Asia. v2.2 emission estimates are
substantially lower than Weng et al. (2020) for North Africa (21%) and South Asia (99%) The larger discrepancies for these
regions probably reflects increasing difficulties with land-cover characteristics (e.g. savanna or sparsely vegatated areas) and

355 with the increasing frequency and importance of dry conditions.
The global satellite-based (OMI) estimate of Vinken et al. (2014). suggests somewhat larger global emissions than v2.2 or
SL11, but the uncertainty range (+3.9 Tg(N)/yr) cited in that study is likely low since the analysis depends also on the use of

a chemical transport model (GEOS-Chem) in the analysis.

6 Risks of doubling counting? Recommendations for different inventories

360 As discussed above, the CAMS-GLOB-SOIL v2.2 NOx inventory provides estimate of soil NO emissions from four categories,

Foiome» Frert> FNdeps Fpulse> With the sum expressed as Fyoii (Eqn. 2). Given that the inventories to be discussed seem to include a
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Table 3. Emissions (above canopy) of soil NO (Tg(N)/yr)

Region HTAP code  Emissions(®) Sources
Globe 9.14 v2.2, this study(*)
8.8 Weng et al. (2020)(")
12.943.9 Vinken et al. (2014)
9.0 Hudman et al. (2012)
11.6 Zaehle et al. (2011)
8.61 Steinkamp and Lawrence (2011)
4.97 Yan et al. (2005)
8.9 Jaeglé et al. (2005)
5.45 Yienger and Levy (1995)
Europe EUR 0.48 v2.2, this study
0.47 Weng et al. (2020)
0.28 Zaehle et al. (2011), for 2005
045 Yan et al. (2005)
0.11-:0.7 ¢ Simpson et al. (1999)
Russia, Belarus, Ukraine RBU 0.47 v2.2
0.26 Weng et al. (2020)
North Africa NAF 0.32 v2.2, this study
0.75 Weng et al. (2020)
0.24 Zaehle et al. (2011), for 2005
southern Africa SAF 1.71 v2.2, this study
1.72 ‘Weng et al. (2020)
3.24 Zaehle et al. (2011), for 2005
North America NAM 0.93 v2.2, this study
0.81 Weng et al. (2020)
0.63 Zaehle et al. (2011), for 2005
0.64 Yan et al. (2005)
South America SAM 1.34 v2.2, this study
0.84 Weng et al. (2020)
2.06 Zaehle et al. (2011), for 2005
0.57 Yan et al. (2005)
East Asia EAS 0.97 v2.2, this study
0.70 Weng et al. (2020)
0.72 Zaehle et al. (2011), for 2005
South Asia SAS 0.73 v2.2, this study
145 Weng et al. (2020)
1.47 Zaehle et al. (2011), for 2005
Pacific, Australia & New PAN 0.33 v2.2, this study
Zealand
0.53 ‘Weng et al. (2020)
0.24 Zaehle et al. (2011), for 2005
0.46 Yan et al. (2005)

Notes: (a) HTAP domains (see Fig. S1) used to sum emissions from v2.2 and Weng et al.; (b) v2.2 values are averages over 2014-2017; (c) Weng et al.
2020 estimates are for 2014-2017 (0.25°lat x 0.3125°lon data), with regional sums over HTAP regions calculated from netcdf files to match CAMS
estimates; (d) range is from estimates using ‘Skiba’ and BEIS-2 methodologies as applied by Simpson et al. 1999. The YL95 estimate was presented
there as 0.6 Tg(N)/yr.
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component similar to our Fre,, we hereby introduce Foprer, such that:
Fsoi] = FnonFerl + FFerl (4)

where Fonpert is then the sum of the Fyiome, Fndep, and Fpyige terms.

365 Estimates of ‘anthropogenic’ soil NO are also provided by a number of emission inventories used by models from the
CAMS system, including both the IFS model and EMEP MSC-W, and there are risks of both double-counting or omission of
emissions when mixing CAMS-GLOB-SOIL with these other data sets. As will be shown below, many of the emissions derive
their methods from the EMEP/EEA Emission Inventory Guidebook chapter on crop production and agricultural soils, so we
present this first (Sect. 6.1), then for each emission data-set we present the status of s0il-NO emissions, and a recommendation

370 on how these data should be used with CAMS-GLOB-SOIL.
6.1 Soil NO emissions in the EMEP/EEA Guidebook

Within the Convention on Long-range Transboundary Air Pollution (LRTAP Convention), most countries mainly report NOx
emissions due to agricultural activities using the EMEP/EEA Emissions Inventory Guidebook (Hutchings et al., 2019). The
Guidebook provides methods for calculating soil-NO data from fertilizer and other inputs.

375 Table S1 presents the main sources for which soil NO emissions ares covered by the Guidebook, and Table S2 presents the
nationally submitted emissions following this system (data provided by Sabine Schindlbacher, EMEP CEIP, 2021). It can be
seen that for the vast majority of countries the main emission categories are 3Dal,3Da2a-c,and 3Da3. These are all roughly

equivalent to the ‘Fert” emissions from CAMS-GLOB-SOIL.
6.2 WebDab/EMEP emissions

380 WebDab (https://www.ceip.at/webdab-emission-database) is the emission database of EMEP, and contains all emission data
officially submitted to the Secretariat of the LRTAP Convention by the Parties to the Convention. When the detailed national
emissions from webDab are compiled, gap-filled, and processed for use by the EMEP MSC-W, the WebDab 3D emissions
noted above are included in the GNFR! category ‘L’ (emissions from agriculture ‘other’, which excludes livestock).

Figure 7 clearly shows that the ‘Fert’ component of CAMS-GLOB-SOIL is remarkably similar to the sum (3Dyq¢) of the

385 WebDab ‘3D’ categories components in most European countries. CAMS-GLOB-SOIL suggests much higher NO emissions
for France, and also provides emissions for a few countries where soil NO emissions are lacking in WebDab (TR, UA, BY), but
on the whole the agreement is good. It therefore seems reasonable to equate the ‘Fert’ emissions of CAMS-GLOB-SOIL with
these GNFR L emissions as provided to EMEP MSC-W. This also suggests however that we need to add the nonFert emissions
from CAMS-GLOB-SOIL to provide the best so0il-NO estimate for modelling.

390

! GNFR=Gridding nomenclature for reporting/UNECE nomenclature for reporting of emissions to air, e.g. Matthews and Wankmueller 2020
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Figure 7. Comparison of CAMS-GLOB-SOIL emissions against CAMS-GLOB-ANT ags emissions and against National report emissions
of category 3D from the WebDab system. For CAMS-GLOB-SOIL emissions are either from the ‘Fert’ category, or totals.

Recommendation for EMEP/WebDab emissions: When using EMEP emissions derived from officially reported data (with
soil NO emissions as given in GNFR L), for example in EMEP MSC-W reporting runs, retain the official GNFR L data, but
add biome, N-dep and pulse emissions from CAMS-GLOB-SOIL.

6.3 CAMS-REG

The anthropogenic European emissions provided by CAMS-REG (Kuenen et al., 2021; Granier et al., 2019) deliberately
exclude soil-NO emissions, so as to avoid the risk of double-counting when used with CAMS-GLOB-SOIL (J. Kuenen,

pers.comm., 2021). Thus, our recommendation is straightforward:

Recommendation for CAMS-REG: Use GLOB-SOIL-NO directly when used with CAMS-REG.
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6.4 CAMS-GLOB-ANT, EDGAR

The CAMS-GLOB-ANT inventory (Granier et al., 2019) provides emissions from a number of emission sectors, with “agri-
cultural soils” (“ags”) as one specific category. The soil emissions from the ags source are derived from the EDGAR inventory
(Crippa et al., 2018), which in turn uses the methods of the EMEP/EEA Guidebook (Monica Crippa, pers.comm.).

405 Figure 7 shows that the “Fert” component of CAMS-GLOB-SOIL is rather similar to the CAMS-GLOB-ANT components in
most European countries, though CAMS-GLOB-SOIL provides somewhat higher emissions. The total emissions from CAMS-
GLOB-SOIL can be significantly higher than those from CAMS-GLOB-ANT for some countries though, for example for
Russia (RU) and Turkey (TR). In these cases a large land area provides for a large “Biome” component, and hence large
national emission, which is not reflected in emission estimates which are based upon fertilizer applications only.

410 It is difficult to say whether CAMS-GLOB-SOIL-Fert is more realistic than CAMS-GLOB-ANT-ags even for the fertlizer-
related emissions, since the results of both estimates show differences with the WebDab estimate. For example, for France
the CAMS-GLOB-ANT-ags estimate of 21 Gg(N)/a is much closer to the WebDab estimate of 19 Gg(N)/a (CAMS-GLOB-
SOIL-Fert suggests 45 Gg(N)/a), but CAMS-GLOB-ANT-ags suggests much lower emissions for Germany (DE, 15 Gg(N)/a)
whereas CAMS-GLOB-SOIL-Fert suggests 30 Gg(N)/a and WebDab 38 Gn(N)/a. Further work is needed to resolve these

415 differences, but we can conclude:

Recommendation for CAMS-GLOB-ANT, EDGAR: Use ¢ither:

i ags emissions from CAMS-GLOB-ANT (or EDGAR), plus biome, N-dep and pulse from CAMS-GLOB-SOIL. The ags
emissions currently have a flat seasonal cycle, however (Marc Guevara Vilardel, Barcelona Supercomputing Centre,

420 pers.comm., May 2021), which should be improved if such emissions are to be utilised.
ii set ags emissions to zero, and use all CAMS-GLOB-SOIL emissions.

Method [ii] should of course be the most consistent data-set, and both monthly and diurnal time-profiles are provided with

the data-set, but more work to investigate the differences between the data-sets would be worthwhile.
6.4.1 ECLIPSE

425 The ECLIPSE inventories provided by IIASA (e.g. https://iiasa.ac.at/web/home/research/researchPrograms/air/Global_emissions.
html, last access June 2021) have been widely used in global modelling studies (e.g. Stohl et al., 2013; Jonson et al., 2020). In
earlier versions of the ECLIPSE inventory (ECLIPSE v5 and earlier) soil NO emissions were not included. In ECLIPSE v6b
soil NO emissions are included, although in the same sector as other agricultural sources such as agricultural waste burning

Chris Heyes and Z. Klimont, IIASA, pers.comm., 2021).

430 Recommendation for ECLIPSE: Use GLOB-GLOB-SOIL directly when used with ELCIPSE v5 or ealier. Add Biome, Ndep
and Pulse from CAMS-GLOB-SOIL when used with ECLIPSE v6.
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7 Modelling the impact of soil-NO

The CAMS-GLOB-SOIL estimates of soil-NO emissions are inherently difficult to validate, since (a) NOx emissions from
other sources are ubiquitous, hence one cannot easily distinguish soil emissions from other sources, (b) there are few good-

435 quality measurements of NOx in the rural areas where soil-NO emissions are expected to be important. The longer term goal
is to make use of satellite data (e.g. OMI, Tropomi) to look for, evaluate, and calibrate the CAMS-GLOB-SOIL emissions,
though this task is challenging for many reasons. As a first step towards emissions evaluation, and to get a better idea of the
importance of soil NO emissions, we can however compare model runs with and without s0il-NO emissions to measurements
from well-established surface networks.

440 In this section we presents some preliminary calculations of the impacts of soil-NO. The EMEP model (v4.42) has been run
for both the European domain (with resolution 0.2°x0.3° degree lat/lon resolution, and for the global domain with resolution
0.5°x0.5° degrees). For the European runs anthropogenic emissions are from the CAMS-REG dataset (Kuenen et al., 2021;
Granier et al., 2019), and for global runs from CAMS-GLOB-ANT v5.1 (Granier et al., 2019), but with ‘ags’ emissions omitted
to avoid double-counting as discussed in Sect. 6. The CAMS-GLOB-ANT dataset is based on the EDGARVS annual emissions

445  for the years 2000-2015 to which the monthly temporal profiles from CAMS-GLOB-TEMPO v2.1 (Guevara et al., 2021) have
been applied. For 8 species including NO, ship emissions are from CAMS-GLOB-SHIP v2.1 (Jalkanen et al., 2012; Johansson
et al., 2017). Emissions from aircraft are from CAMS-GLOB-AIR, and lightning and biogenic VOC are from EMEP model
defaults (Simpson et al., 2012, 2017, 2020b).

Simulations are made with and without the CAMS-GLOB-SOIL emissions, for the years 2018 for the European run, and

450 2012 for the global run (consistent with Stadtler et al. 2018).

Figure 8 shows the increases in surface concentrations of O; and NO, from the global simulations. The changes in O; are
significant, with around 1-2 ppb increases over most of Europe, and 2—4 ppb over much of North America, Asia and Oceania.
Over much of sub-Saharan Africa and South America ozone increases by 4—8 ppb. Changes in NO, show a somewhat different
spatial pattern to those of O, with the main hot-spots now in Asia. Changes in most other Northern hemispheric land-areas

455 are typically of 0.2-0.6 ppb, with somewhat higher over Africa and South America. Over the oceans there is a belt of NO,
decrease, but these changes are very small (usually less than 0.5 ppt), and presumably reflect increased NO, loss in the more
chemically active troposphere induced by the soil NO emissions.

Table 4 summarises the evaluations statistics for the European run across a large number of stations, and for several gaseous
and particulate compounds. Observations are from the EMEP network (Tgrseth et al., 2012), and comprise stations in rural

460 areas, suitable for evaluation of the EMEP CTM. Inclusion of soil NO emissions is seen to improve almost all statistics, with
bias for N-compounds reduced significantly, but also correlation and IOA metrics are improved.

Table 5 summarises the evaluations statistics for ozone from the global run at a number of stations. Observations are from
the GAW network (Schultz et al., 2015), and also comprise stations in rural and remote areas, suitable for evaluation of global
CTMs. Here the results of adding soil NO emissions are seen to be more mixed. At the European stations we find similar

465 responses to those discussed above, and especially improved R values at most sites (especially Payerne in Switzerland). For
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Figure 8. Impact of soil NO emissions on surface concentrations of ozone and NO,. Calculations with EMEP MSC-W model for 2012, using

CAMS-GLOB-ANT emissions (minus "ags" sector) for anthropogenic emissions, and CAMS-GLOB-SOIL for soil NO emissions. See text

for further details.

sites in N. America the soil-NO emissions sometimes lead to lower R-values (especially Trinidad Head in the USA, or Chapais

in Canada). In Japan the R-values are relatively unchanged. Changes in other areas (Argentina, New Zealand, Cape Verde) are

also relatively small.

The above comparisons are just meant as a quick snapshot of the impact of the CAMS-GLOB-SOIL emissions, and there is

a clear need to greatly expand the evaluation process. This will need to involve both a more detailed look at data from surface

stations, and (probably most importantly) the use of satellite data.
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Table 4. Comparison of modelled versus observed components over Europe, with and without (in parentheses) soil-NO emissions. Model
results from EMEP MSC-W model (rv4.42, 0.2°x0.3° degree lat/lon resolution, European domain), measurements from EMEP network

(Tgrseth et al., 2012).

Component Ns obs mod bias (%) RMSE R? I0A

Ozone daily max., ppb 116 4266  40.77(39.95)  -4(-6)  349(4.10) 0.79(0.77)  0.81 (0.74)
NO in air, pg(N) m~? 45 0.40 0.40 (0.36) 0(-11) 0.29 (0.28) 0.81 (0.80) 0.89 (0.89)
NO, in air, ug(N) m~? 73 1.71 1.73 (1.54) 1(-10) 0.80 (0.80) 0.84 (0.84) 0.91 (0.91)
HNO; in air, ug(N) m~? 17 0.12 0.09 (0.08) -25(-35) 0.09 (0.10) 0.44 (0.41) 0.61 (0.58)
NOj in air, ug(N) m~3 24 0.27 0.28 (0.25) 47 0.11 (0.11) 0.81 (0.81) 0.90 (0.89)
ST HNOINO; inair, pg(N)m=3 34 042 0.42 (0.37) S1(-14)  0.08(0.10)  0.94(0.94)  0.97 (0.94)
NO; conc. in precip., mg(N)/I 42 031 027(023)  -12(24) 024(025) 0.44(0.43)  0.56 (0.53)

Notes: Statistics given are number of stations (Ns), observed and modelled values, bias, root mean square error (RMSE), correlation coefficient (R?) and index of agreement (IOA).

8 Conclusions

We have presented a dataset of global soil NO emissions, CAMS-GLOB-SOIL v2.2, which comprises gridded monthly data,
also with 3-hourly weight factors, suitable for atmospheric chemistry modelling. Data are provided globally at 0.5°x0.5°
475 degrees horizontal resolution, and with monthly time resolution over the period 2000-2018. Emissions are provided as total
values and also with separate data for soil NO emissions induced by fertilizers/manure, pulsing effects, and atmospheric
deposition, so that users can include, exclude or modify each component if wanted.
It should be emphasised that all estimates of soil NO emissions are notoriously uncertain, since the emissions are driven by
complex under-soil processes (microbial activity, pH, organic-C content, nutrients) rather than the simple meteorological and
480 air quality variables which CTMs usually deal with, and there are very few data which can be used to evaluate such estimates.
For example, Davidson et al. (2000) suggested that although their review of data (covering many tropical ecosystems) clearly
supported the assertion that nitrogen oxide emissions are related to rates of nitrogen cycling in ecosystems, a model based on
these regression parameters will have only order-of-magnitude prediction accuracy. Further, the emissions can vary markedly
with vegetation type, fertilizer type and agricultural management systems, and prior occurrence of biomass-burning (e.g. Skiba
485 et al., 1997; Bouwman et al., 2002; Steinkamp and Lawrence, 2011).
For the CAMS-GLOB-SOIL datasets, we have here aimed at pragmatic solutions rather than sophistication, in order to set
up a transparent initial framework, and to avoid over-parameterising a model in which many of the underlying datasets (e.g.
on agricultural inputs, or soil characteristics) are necessarily uncertain. For example, the implementation of pulsing as done

here (essentially, as 15% of the biome-related emissions where some moisture criteria was met) is deliberately simple, and
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Table 5. Comparison of modelled versus observed means of daily maximum O; (ppb) at global GAW sites with and without (in parentheses)

50il-NO emissions. Model results from EMEP MSC-W model (rv4.42, 0.5°x0.5° degree lat/lon resolution, global domain), measurements
from GAW network (Schultz et al., 2015).

Site Country LatN LonE Alt DC (%) Obs Mod Bias (%) R

Ushuaia Argentina -54.8 -68.3 18 97 24.8 23.9(22.8) -3 (-7 0.79 (0.77)
Kejimkujik Canada 44.4 -65.2 127 97 37.1 40.1 (38.0) 8(2) 0.51 (0.55)
Algoma Canada 470 844 411 98 401 41.0(377) 2(-5)  0.64(0.64)
Saturna Canada 48.8 -123.1 178 99 37.1 36.2 (34.9) -1(-5) 0.71 (0.71)
Experimental Lakes Canada 49.7 -93.7 369 99 37.9 38.1(34.3) 1(-8) 0.68 (0.70)
Chapais Canada 49.8 -75.0 381 100 36.6 35.4(32.4) -2(-10) 0.72 (0.80)
Trinidad Head USA 41.0 -124.2 120 92 35.5 36.3 (34.3) 2(-2) 0.56 (0.66)
Cape Verde Obs. Cape Verde 16.8 -24.9 10 99 35.0 39.6 (38.4) 13 (10) 0.90 (0.89)
Waldhof Germany 52.8 10.8 74 99 38.7  38.0(36.1) -1 (-6) 0.86 (0.83)
Neuglobsow Germany 532 130 65 98 365  37.8(359)  4(1)  0.81(0.81)
Zingst Germany 54.4 12.7 1 99 38.1 38.5(36.7) 1(-3) 0.80 (0.78)
Westerland Germany 54.9 83 12 96 418  403(386) 3(7)  0.80(0.78)
Mace Head Ireland 533 -9.9 8 100 41.7 40.2 (38.1) -3(-8) 0.64 (0.66)
Zoseni Latvia 57.1 255 182 98 46.0 35.8 (33.8( -21 (-26) 0.75 (0.78)
Giordan Lighthouse Malta 36.1 14.2 160 94 479 489 (47.5) 2 (0) 0.70 (0.69)
Kollumerwaard Netherlands 533 6.3 0 95 372 37.9(36.5) 2(-1) 0.77 (0.75)
Vindeln Sweden 64.2 19.8 271 95 35.0 33.1(33.1) -5 (-10) 0.75 (0.79)
Payerne Switzerland 46.8 7.0 490 99 41.1 42.8 (40.7) 4(0) 0.74 (0.66)
Minamitorishima Japan 243 154.0 8 87 332 35.1(34.3) 6(3) 0.87 (0.87)
Yonagunijima Japan 24.5 123.0 30 98 449 53.2(52.1) 18 (16) 0.75 (0.74)
Tsukuba Japan 36.0 140.1 25 99 46.1 49.5 (48.7) 8(6) 0.72 (0.72)
Ryori Japan 39.0 141.8 260 98 46.6  45.2(43.9) -2(-5) 0.69 (0.68)
Lauder New Zealand -45.0 169.7 370 92 24.6 26.8 (24.8) 9(1) 0.59 (0.6)

Notes: Statistics are data capture (DC), Observer and Modelled daily max Os, bias, and Correlation Coefficient (R).

reflects difficulties in even identifying the timing of pulses, let alone the magnitude. There are also some puzzling differences

in the emission rates assigned to different land-cover by SL11, e.g. that the rates for mixed forest are lower than those of any

deciduous or coniferous forest (cf Table 2). These differences presumably reflect a lack of measurement data, and this is a

fundamental problem.

Future revisions to this data-set will hopefully include improved estimation of soil temperatures, inclusion of the impact of

forest-fires, and generally more use of field data and satellite products to evaluate and constrain the estimated emissions.

9 Data availability

These data are available through the Copernicus Atmosphere Data Store (ADS) system, (https://doi.org/10.24380/kz2r-fel8,

last access June 2021, Simpson 2021a) or through the Emissions of atmospheric Compounds and Compilation of Ancillary

Data (ECCAD) system (https://eccad.aeris-data.fr/, last access June 2021). For review purposes, ECCAD has set up an anony-
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500 mous repository where a subset of the CAMS-GLOB-SOIL v2.2 data can be accessed directly (https://eccad.aeris-data.fr/

essd-surf-emis-cams-soil/, Last access July 2021, Simpson 2021b).

Author contributions. DS developed the soil NO emissions algorithms and generated the emission data, as well as writing most of this paper.
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505 Acknowledgements. The presented work was supported by project CAMS_81: Global and Regional Emissions funded within the Copernicus
Atmosphere Monitoring Service (CAMS, https://atmosphere.copernicus.eu/), coordinated by Claire Granier of the Centre National de la
Recherche Scientifique (CNRS, France) and (from 2021) by Hugo Denier van der Gon (TNO, The Netherlands). The Copernicus Atmosphere
Monitoring Service (CAMS, https://atmosphere.copernicus.eu/) is operated by the European Centre for Medium-Range Weather Forecasts
on behalf of the European Commission as part of the Copernicus Programme. Additional funding was provided by EMEP under UNECE.

510 Thanks are also due to Bram Maasakkers (GEOS-Chem Support) for help in interpreting the HEMCO implementation of the Potter N-
input datasets, Barron Henderson (US EPA) for spotting a bug (oceanic emissions) and for helpful discussions, and Meiyun Lin (US NOAA)
for bringing up the issue of potential double-counting between CAMS-GLOB-ANT and CAMS-GLOB-SOIL. Ute Skiba (CEH, Scotland),
Nick Hutchins (Arhus University, Denmark) J. Webb (Univ. Wolverhampton, UK), Claire Granier (Laboratoire d’ Aérologie, France), Jeroen
Kuenen (TNO, Netherlands) and Sabine Schindlbacher (EMEP CEIP, Austria) are thanked for help in interpreting the definitions of soil NO

515 emissions with respect to the EMEP/EEA Emission Inventory Guidebook. Michael Gauss (MET Norway) is thanked for help in accessing

atmospheric deposition data as provided to the AMAP project.

26

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

References

Albergel, C., de Rosnay, P., Balsamo, G., Isaksen, L., and MuFIXFIXoz-Sabater, J.: Soil Moisture Analyses at ECMWEF: Evaluation Using

Global Ground-Based In Situ Observations, J. Hydrometeorology, 13, 1442-1460, https://doi.org/10.1175/JHM-D-11-0107.1, http://dx.
520 doi.org/10.1175/JHM-D-11-0107.1, 2012.

Balsamo, G., Viterbo, P., Beljaars, A., van den Hurk, B., Hirschi, M., Betts, A. K., and Scipal, K.: A Revised Hydrology for the ECMWF
Model: Verification from Field Site to Terrestrial Water Storage and Impact in the Integrated Forecast System, J. Hydrometeorology, 10,
623-643, https://doi.org/10.1175/2008THM1068.1, 2009.

Bergstrom, R., Jenkin, M., Hayman, G., and Simpson, D.: Update and comparison of atmospheric chemistry mechanisms for the EMEP

525 MSC-W model system — EmChem19a, EmChem19X, CRIV2RSEm, CB6r2Em, and MCMv3.3Em, In preparation, xx, xx, 2021.

Bouwman, A., Boumans, L., and Batjes, N.: Modeling global annual N2O and NO emissions from fertilized fields, Global Biogeochem.
Cycles, 16, 1080, doi:10.1029/2001GB00 812, https://doi.org/10.1029/2001GB001812, 2002.

Brown, E., Pregitzer, S., Reed, D., and Burton, A.: Predicting Daily Mean Soil Temperature from Daily Mean Air Temperature in Four
Northern Hardwood Forest Stands, Forest Science, 46, 297-301, 2000.

530 Butterbach-Bahl, K., Kahl, M., Mykhayliv, L., Werner, C., Kiese, R., and Li, C.: A European-wide inventory of soil NO emissions using the
biogeochemical models DNDC/Forest-DNDC, Atmos. Environ., 43, 1392 — 1402, https://doi.org/10.1016/j.atmosenv.2008.02.008, 2009.

Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R., and Zechmeister-Boltenstern, S.: Nitrous oxide emissions from soils: how
well do we understand the processes and their controls?, Philosophical Transactions of the Royal Society B: Biological Sciences, 368,
https://doi.org/10.1098/rstb.2013.0122, http://rstb.royalsocietypublishing.org/content/368/1621/20130122, 2013.

535 Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener, F., van Aardenne, J. A., Monni, S., Doering, U., Olivier, J. G. J., Pagliari,
V., and Janssens-Maenhout, G.: Gridded emissions of air pollutants for the period 1970-2012 within EDGAR v4.3.2, Earth System Sci.
Data., 10, 1987-2013, https://doi.org/10.5194/essd-10-1987-2018, https://essd.copernicus.org/articles/10/1987/2018/, 2018.

Dammers, E.: Assessment of soil nitrogen oxides emissions and implementation in LOTOS-EUROS, techreport R-1819-A, TU/e Eindhoven
University of Technology The Netherlands, 2013.

540 Davidson, E. A. and Kingerlee, W.: A global inventory of nitric oxide emissions from soils, Nutr. Cycling Agroecosys., 48, 91-104, 1997.

Davidson, E. A., Keller, M., Erickson, H. E., Verchot, L. V., and Veldkamp, E.: Testing a Conceptual Model of Soil Emissions of Ni-
trous and Nitric Oxides: Using two functions based on soil nitrogen availability and soil water content, the hole-in-the-pipe model char-
acterizes a large fraction of the observed variation of nitric oxide and nitrous oxide emissions from soils, BioScience, 50, 667-680,
https://doi.org/10.1641/0006-3568(2000)050[0667:TACMOS]2.0.CO:;2, https://doi.org/10.1641/0006-3568(2000)050[0667: TACMOS]2.

545 0.CO:;2, 2000.

Dentener, F., Drevet, J., Lamarque, J. F., Bey, L., Eickhout, B., Fiore, A. M., Hauglustaine, D., Horowitz, L. W., Krol, M., Kulshrestha, U. C.,
Lawrence, M., Galy-Lacaux, C., Rast, S., Shindell, D., Stevenson, D., Van Noije, T., Atherton, C., Bell, N., Bergman, D., Butler, T., Cofala,
J., Collins, B., Doherty, R., Ellingsen, K., Galloway, J., Gauss, M., Montanaro, V., Mueller, J. F., Pitari, G., Rodriguez, J., Sanderson, M.,
Solmon, F., Strahan, S., Schultz, M., Sudo, K., Szopa, S., and Wild, O.: Nitrogen and sulfur deposition on regional and global scales: A

550 multimodel evaluation, Global Biogeochem. Cycles, 20, https://doi.org/10.1029/2005GB002672, 2006.

Dorigo, W., Wagner, W., Albergel, C., Albrecht, F., Balsamo, G., Brocca, L., Chung, D., Ertl, M., Forkel, M., Gruber, A., Haas, E.,

Hamer, P. D., Hirschi, M., Ikonen, J., de Jeu, R., Kidd, R., Lahoz, W., Liu, Y. Y., Miralles, D., Mistelbauer, T., Nicolai-Shaw, N.,

Parinussa, R., Pratola, C., Reimer, C., van der Schalie, R., Seneviratne, S. 1., Smolander, T., and Lecomte, P.. ESA CCI Soil Mois-

27

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

ture for improved Earth system understanding: State-of-the art and future directions, Remote Sensing of Environment, 203, 185
555 — 215, https://doi.org/https://doi.org/10.1016/j.rse.2017.07.001, http://www.sciencedirect.com/science/article/pii/S0034425717303061,
earth Observation of Essential Climate Variables, 2017.
ECMWEF, 2021: Change to soil hydrology scheme in IFS cycle 32r3, https://www.ecmwf.int/en/forecasts/documentation-and-support/
evolution-ifs/cycles/change-soil-hydrology-scheme-ifs-cycle, last access, Mar 2021.

Flechard, C. R., Nemitz, E., Smith, R. L., Fowler, D., Vermeulen, A. T., Bleeker, A., Erisman, J. W., Simpson, D., Zhang, L., Tang, Y. S., and

560 Sutton, M. A.: Dry deposition of reactive nitrogen to European ecosystems: a comparison of inferential models across the NitroEurope
network, Atmos. Chem. Physics, 11, 2703-2728, https://doi.org/10.5194/acp-11-2703-2011, http://www.atmos-chem-phys.net/11/2703/
2011/, 2011.

Flemming, J., Huijnen, V., Arteta, J., Bechtold, P., Beljaars, A., Blechschmidt, A.-M., Diamantakis, M., Engelen, R. J., Gaudel, A., Inness,

A., Jones, L., Josse, B., Katragkou, E., Marecal, V., Peuch, V.-H., Richter, A., Schultz, M. G., Stein, O., and Tsikerdekis, A.: Tropospheric
565 chemistry in the Integrated Forecasting System of ECMWEF, Geoscientific Model Dev., 8, 975-1003, https://doi.org/10.5194/gmd-8-975-
2015, https://gmd.copernicus.org/articles/8/975/2015/, 2015.

Fowler, D., Pilegaard, K., Sutton, M., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring, J., Granier,
C., Neftel, A., Isaksen, 1., Laj, P., Maione, M., Monks, P., Burkhardt, J., Daemmgen, U., Neirynck, J., Personne, E., Wichink-Kruit, R.,
Butterbach-Bahl, K., Flechard, C., Tuovinen, J., Coyle, M., Gerosa, G., Loubet, B., Altimir, N., Gruenhage, L., Ammann, C., Cieslik,

570 S., Paoletti, E., Mikkelsen, T., Ro-Poulsen, H., Cellier, P., Cape, J., Horvith, L., Loreto, F., Niinemets, U., Palmer, P., Rinne, J., Misztal,
P., Nemitz, E., Nilsson, D., Pryor, S., Gallagher, M., Vesala, T., Skiba, U., Briieggemann, N., Zechmeister-Boltenstern, S., Williams, J.,
O’Dowd, C., Facchini, M., de Leeuw, G., Flossman, A., Chaumerliac, N., and Erisman, J.: Atmospheric composition change: Ecosystems-
Atmosphere interactions, Atmos. Environ., 43, 5193-5267, https://doi.org/10.1016/j.atmosenv.2009.07.068, 2009.

Friedl, M. and Sulla-Menashe, D.: [Data set] MCD12C1 MODIS/Terra+Aqua Land Cover Type Yearly L3 Global 0.05Deg CMG V006,

575 https://doi.org/10.5067/MODIS/MCD12C1.006, distributed by NASA EOSDIS Land Processes DAAC, Last access 2020-08-27., 2015.

Ganzeveld, L., Lelieveld, J., Dentener, F., Krol, M., Bouwman, A., and Roelofs, G.: Global soil-biogenic NOx emissions and the role of
canopy processes, J. Geophys. Res., 107, https://doi.org/10.1029/2001JD001289, 2002.

Granier, C., Darras, S., Denier van der Gon, H., Doubalova, J., Elguindi, N., Galle, B., Gauss, M., Guevara, M., Jalkanen, J.-P., Kuenen, J.,
Liousse, C., Quack, B., Simpson, D., and Sindelarova, K.: The Copernicus Atmosphere Monitoring Service global and regional emissions

580 (April 2019 version), https://doi.org/10.24380/d0bn-kx 16, https://atmosphere.copernicus.eu/sites/default/files/2019-06/cams_emissions_
general_document_apr2019_v7.pdf, 2019.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. L., and Geron, C.: Estimates of global terrestrial isoprene emissions using
MEGAN (Model of Emissions of Gases and Aerosols from Nature), Atmos. Chem. Physics, 6, 3181-3210, http://www.atmos-chem-phys.
net/6/3181/2006/, 2006.

585 Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions of Gases
and Aerosols from Nature version 2.1 (MEGAN?2.1): an extended and updated framework for modeling biogenic emissions, Geoscientific
Model Dev., 5, 1471-1492, https://doi.org/10.5194/gmd-5-1471-2012, http://www.geosci-model-dev.net/5/1471/2012/, 2012.

Guevara, M., Jorba, O., Tena, C., Denier van der Gon, H., Kuenen, J., Elguindi, N., Darras, S., Granier, C., and Pérez Garcia-Pando,
C.: Copernicus Atmosphere Monitoring Service TEMPOral profiles (CAMS-TEMPO): global and European emission temporal pro-

590 file maps for atmospheric chemistry modelling, Earth System Sci. Data., 13, 367-404, https://doi.org/10.5194/essd-13-367-2021, https:
/lessd.copernicus.org/articles/13/367/2021/, 2021.

28

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R. J., Bolt, R. M., Bond,
T. C., Dawidowski, L., Kholod, N., Kurokawa, J.-I., Li, M., Liu, L., Lu, Z., Moura, M. C. P,, O’'Rourke, P. R., and Zhang, Q.: Historical
(1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS), Geoscientific

595 Model Dev., 11, 369—408, https://doi.org/10.5194/gmd-11-369-2018, https://www.geosci-model-dev.net/11/369/2018/, 2018.

Hudman, R. C., Russell, A. R., Valin, L. C., and Cohen, R. C.: Interannual variability in soil nitric oxide emissions over the United States
as viewed from space, Atmos. Chem. Physics, 10, 9943-9952, https://doi.org/10.5194/acp-10-9943-2010, http://www.atmos-chem-phys.
net/10/9943/2010/, 2010.

Hudman, R. C., Moore, N. E., Mebust, A. K., Martin, R. V., Russell, A. R., Valin, L. C., and Cohen, R. C.: Steps towards a mechanis-

600 tic model of global soil nitric oxide emissions: implementation and space based-constraints, Atmos. Chem. Physics, 12, 7779-7795,
https://doi.org/10.5194/acp-12-7779-2012, 2012.

Hutchings, N., Webb, J., and Amon, B.: 3.D Crop production and agricultural soils, in: EMEP/EEA air pollutant emission in-
ventory guidebook 2019, EMEP/European Environment Agency, https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/
part-b-sectoral-guidance-chapters/4-agriculture/3-d-crop-production-and, 2019.

605 Jaeglé, L., Steinberger, L., Martin, R. V., and Chance, K.: Global partitioning of NOx sources using satellite observations: Relative roles
of fossil fuel combustion, biomass burning and soil emissions, Faraday Discuss., 130, 407—423, https://doi.org/10.1039/B502128F, http:
/ldx.doi.org/10.1039/B502128F, 2005.

Jalkanen, J.-P., Johansson, L., Kukkonen, J., Brink, A., Kalli, J., and Stipa, T.: Extension of an assessment model of ship traffic exhaust
emissions for particulate matter and carbon monoxide, Atmos. Chem. Physics, 12, 2641-2659, https://doi.org/10.5194/acp-12-2641-2012,

610 http://www.atmos-chem-phys.net/12/2641/2012/acp-12-2641-2012.pdf, 2012.

Johansson, L., Jalkanen, J.-P., and Kukkonen, J.: Global assessment of shipping emissions in 2015 on a high spatial and temporal resolu-
tion, Atmospheric Environment, https://doi.org/http://dx.doi.org/10.1016/j.atmosenv.2017.08.042, http://www.sciencedirect.com/science/
article/pii/S1352231017305563, 2017.

Jonson, J., Stohl, A., Fiore, A., Hess, P., Szopa, S., Wild, O., Zeng, G., Dentener, F., Lupu, A., Schultz, M., Duncan, B., Sudo, K., Wind, P.,

615 Schulz, M., Marmer, E., Cuvelier, C., Keating, T., Zuber, A., Valdebenito, A., Dorokhov, V., De Backer, H., Davies, J., Chen, G., Johnson,
B., Tarasick, D., Stiibi, R., Newchurch, M., von der Gathen, P., Steinbrecht, W., and Claude, H.: A multi-model analysis of vertical ozone
profiles, Atmos. Chem. Physics, 10, 5759-5783, https://doi.org/10.5194/acp-10-5759-2010, 2010.

Jonson, J. E., Schulz, M., Emmons, L., Flemming, J., Henze, D., Sudo, K., Lund, M. T., Lin, M., Benedictow, A., Koffi, B., Dentener, F.,
Keating, T., Kivi, R., and Davila, Y.: The effects of intercontinental emission sources on European air pollution levels, Atmos. Chem.

620 Physics, 18, 13655-13 672, https://doi.org/10.5194/acp-18-13655-2018, 2018.

Jonson, J. E., Gauss, M., Schulz, M., Jalkanen, J.-P., and Fagerli, H.: Effects of global ship emissions on European air pollution levels, Atmos.
Chem. Physics, 20, 1139911422, https://doi.org/10.5194/acp-20-11399-2020, https://acp.copernicus.org/articles/20/11399/2020/, 2020.

Kanakidou, M., Myriokefalitakis, S., Daskalakis, N., Fanourgakis, G., Nenes, A., Baker, A., Tsigaridis, K., and Mihalopoulos, N.: Past,
present and future atmospheric nitrogen deposition, J. Atmos. Sci., 73, 2039-2047, https://doi.org/10.1175/JAS-D-15-0278.1, 2016.

625 Kang, S., Kim, S., Oh, S., and Lee, D.: Predicting spatial and temporal patterns of soil temperature based on topography, surface cover
and air temperature, Forest Ecology and Management, 136, 173-184, https://doi.org/https://doi.org/10.1016/S0378-1127(99)00290-X,
https://www.sciencedirect.com/science/article/pii/S037811279900290X, 2000.

29

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Keller, C. A., Long, M. S., Yantosca, R. M., Da Silva, A. M., Pawson, S., and Jacob, D. J.: HEMCO v1.0: a versatile, ESMF-compliant

component for calculating emissions in atmospheric models, Geoscientific Model Dev., 7, 1409-1417, https://doi.org/10.5194/gmd-7-
630 1409-2014, 2014.

Kesik, M., Ambus, P., Baritz, R., Briiggemann, N., Butterbach-Bahl, K., Damm, M., Duyzer, J., Horvith, L., Kiese, R., Kitlzer, B., Leip, A.,
Li, C., Pihlatie, M., Pilegaard, K., Seufert, G., Simpson, D., Skiba, U., Smiatek, G., Vesala, T., and Zechmeister-Boltenstern, S.: Inventory
of N2O and NO emissions from European forest soils, Biogeosciences, 2, 353-375, 2005.

Kesik, M., Briiggemann, N., Forkel, R., , Kiese, R., Knoche, R., Li, C., Seufert, G., Simpson, D., and Butterbach-Bahl, K.: Future scenarios of

635 N20O and NO emissions from European forest soils, J. Geophys. Res. - Biogeosciences, 111, 14pp, https://doi.org/10.1029/2005JG000115,
2006.

Kottek, M., Grieser, J., Beck, C., Rudolf, B., and Rubel, F.: World Map of the Képpen-Geiger climate classification updated, Meteorologische
Zeitschrift, 15, 259-263, 2006.

Kuenen, J., Dellaert, S., Visschedijk, A., Jalkanen, J., and Denier van der Gon, H. A. C.: CAMS -REG-v4: a state-of-the-art high-resolution

640 European emission inventory for air quality modelling, Earth System Sci. Data., In preparation, 2021.

Lawrence, D. M., Oleson, K. W., Flanner, M. G., Thornton, P. E., Swenson, S. C., Lawrence, P. J., Zeng, X., Yang, Z.-L., Levis, S., Sak-
aguchi, K., Bonan, G. B., and Slater, A. G.: Parameterization Improvements and Functional and Structural Advances in Version 4 of the
Community Land Model, J. Adv. Modeling Earth Systems, 3, https://doi.org/10.1029/2011MS000045, 2011.

Matthews, B. and Wankmueller, R.: Methodologies applied to the CEIP GNFR gap-filling 2020 Part I: Main Pollutants (NO,, , NMVOCs,

645 SO, , NH3 , CO), Particulate Matter (PM2.5 , PM1o , PMcoarse ) and Black Carbon (BC) for the years 2000 to 2018, EMEP CEIP
Technical report 01/2020, CEIP umweltbundesamt, https://www.ceip.at/fileadmin/inhalte/ceip/3_ceip_reports/main_pm_bc_gap-filling_
documentation_2020.pdf, 2020.

McFiggans, G., Mentel, T. F., Wildt, J., Pullinen, I., Kang, S., Kleist, E., Schmitt, S., Springer, M., Tillmann, R., Wu, C., Zhao, D., Hal-

Iquist, M., Faxon, C., Le Breton, M., Hallquist, A. M., Simpson, D., Bergstroem, R., Jenkin, M. E., Ehn, M., Thornton, J. A., Alfarra,

650 M. R., Bannan, T. J., Percival, C. J., Priestley, M., Topping, D., and Kiendler-Scharr, A.: Secondary organic aerosol reduced by mixture
of atmospheric vapours, Nature, 565, 587-593, https://doi.org/10.1038/s41586-018-0871-y, https://doi.org/10.1038/s41586-018-0871-y,
2019.

Mills, G., Sharps, K., Simpson, D., Pleijel, H., Frei, M., Burkey, K., Emberson, L., Uddling, J., Broberg, M., Feng, Z., Kobayashi, K.,
and Agrawal, M.: Closing the global ozone yield gap: Quantification and cobenefits for multistress tolerance, Global Change Biol.,

655 https://doi.org/10.1111/gcb.14381, https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.14381, 2018.

Novak, J. and Pierce, T.: Natural emissions of oxidant precursors, Water, Air and Soil Pollution, 67, 57-77, 1993.

Oleson, K., Lawrence, D., Bonan, G., Flanner, M., Kluzek, E., Lawrence, P., Levis, S., Swenson, S., Thornton, P., Dai, A., Decker, M.,
Dickinson, R., Feddema, J., Heald, C., Hoffman, F., Lamarque, J., Mahowald, N., Niu, G., Qian, T., Randerson, J., Running, S., Sakaguchi,
K., Slater, A., Stockli, R., Wang, A., Yang, Z., Zeng, X., and Zeng, X.: Technical Description of version 4.0 of the Community Land

660 Model (CLM), NCAR Technical Note NCAR/TN-478+STR, National Center for Atmospheric Research, National Center for Atmospheric
Research, Boulder, CO, 2010.

Pilegaard, K.: Processes regulating nitric oxide emissions from soils, Phil. Trans. R. Soc. Lond. B, 368,
https://doi.org/10.1098/rstb.2013.0126, 2013.

Pilegaard, K., Skiba, U., Ambus, P, Beier, C., Briiggemann, N., K.Butterbach-Bahl, Dick, J., Dorsey, J., Duyzer, J., Gallagher, M., Gasche,

665 R., Horvath, L., Kitzler, B., Leip, A., Pihlatie, M. K., Rosenkranz, P., Seufert, G., Vesala, T., Westrate, H., and Zechmeister-Boltenstern,

30

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

S.: Factors controlling regional differences in forest soil emission of nitrogen oxides (NO and N2O), Biogeosciences, 3, 651-661,
https://doi.org/www.biogeosciences.net/3/651/2006/, 2005.
Plauborg, F.: Simple model for 10 cm soil temperature in different soils with short grass, European Journal of Agronomy, 17, 173-179,
https://doi.org/https://doi.org/10.1016/S1161-0301(02)00006-0, https://www.sciencedirect.com/science/article/pii/S1161030102000060,
670 2002.
Potter, C., Matson, P., Vitousek, P., and Davidson, E.: Process modeling of controls on nitrogen trace gas emissions from soils worldwide, J.
Geophys. Res., 101, 1361-1377, https://doi.org/10.1029/95JD02028, 1996.
Potter, P, Ramankutty, N., Bennett, E. M., and Donner, S. D.: Characterizing the Spatial Patterns of Global Fertilizer Application and Manure
Production, Earth Interactions, 14, 1-22, http://dx.doi.org/10.1175/2009EI288.1, 2010.
675 Potter, P., Ramankutty, N., Bennett, E. M., and Donner, S. D.: Global Fertilizer and Manure, Version 1: Nitrogen Fertilizer Application,
http://dx.doi.org/10.7927/H4Q81BOR, dataset, 2011.
Rasool, Q. Z., Zhang, R., Lash, B., Cohan, D. S., Cooter, E. J., Bash, J. O., and Lamsal, L. N.: Enhanced representation of soil
NO emissions in the Community Multiscale Air Quality (CMAQ) model version 5.0.2, Geoscientific Model Dev., 9, 3177-3197,
https://doi.org/10.5194/gmd-9-3177-2016, http://www.geosci-model-dev.net/9/3177/2016/, 2016.
680 Sacks, W. ], Deryng, D., Foley, J. A., and Ramankutty, N.: Crop planting dates: an analysis of global patterns, Global Ecology and Biogeog-
raphy, 19, 607-620, https://doi.org/10.1111/j.1466-8238.2010.00551.x, 2010.
Samaniego, L., Kumar, R., and Zink, M.: Implications of Parameter Uncertainty on Soil Moisture Drought Analysis in Germany, Journal of
Hydrometeorology, 14, 47-68, https://doi.org/10.1175/JHM-D-12-075.1, http://dx.doi.org/10.1175/JHM-D-12-075.1, 2013.
Schaap, M., Timmermans, R. M. A., Roemer, M., Boersen, G. A. C., Builtjes, P. J. H., Sauter, F. J., Velders, G. J. M., and Beck, J. P.: The
685 LOTOS-EUROS model: description, validation and latest developments, Int. J. Environment and Pollution, 32, 270-290, 2008.
Schaap, M., Cuvelier, C., Hendriks, C., Bessagnet, B., Baldasano, J., Colette, A., Thunis, P., Karam, D., Fagerli, H., Graff,
A., Kranenburg, R., Nyiri, A., Pay, M., Rouil, L., Schulz, M., Simpson, D., Stern, R., Terrenoire, E., and Wind, P.: Per-

formance of European chemistry transport models as function of horizontal resolution, Atmos. Environ., 112, 90 - 105,
https://doi.org/http://dx.doi.org/10.1016/j.atmosenv.2015.04.003, http://www.sciencedirect.com/science/article/pii/S1352231015300066,
690 2015.

Schindlbacher, A., Zechmeister-Boltenstern, S., and Butterbach-Bahl, K.: Effects of soil moisture and temperatue on NO, NO2, and N>O
emissions from European forest soils, J. Geophys. Res., 109, D17 302, https://doi.org/10.1029/2004JD004590, 2004.

Schultz, M., H, A., Bottenheim, J., Buchmann, B., Galbally, I, Gilge, S., and et, a.: The Global Atmosphere Watch reactive gases measure-
ment network, Elem Sci Anth., 3, https://doi.org/http://doi.org/10.12952/journal.elementa.000067, 2015.

695 Schwede, D., Zhang, L., Vet, R., and Lear, G.: An intercomparison of the deposition models used in the CASTNET and CAPMoN networks,
Atmos. Environ., 45, 1337-1346, https://doi.org/10.1016/j.atmosenv.2010.11.050, 2011.

Schwede, D. B., Simpson, D., Tan, J., Fu, J. S., Dentener, F., Du, E., and deVries, W.: Spatial variation of modelled total, dry and wet nitrogen
deposition to forests at global scale, Environ. Poll., 243, 1287 — 1301, https://doi.org/https://doi.org/10.1016/j.envpol.2018.09.084, http:
/Iwww.sciencedirect.com/science/article/pii/S0269749118327386, 2018.

700 Simpson, D.: D81.3.6.1, Soil N emissions for 2000-present, Deliverable report for CAMS-SOIL-NO vl.1 data, Ref:
CAMS81_2017SC1_D81.3.6.1-201804_v1.docx, available in large part also as Chapter 9 of Granier et al., 2019: doi: 10.24380/d0bn-
kx16, 2018.

31

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Simpson, D.: Copernicus Atmosphere Monitoring Service soil global NOx emissions (CAMS-GLOB-SOIL v2.2), https://doi.org/10.24380/
kz2r-fel8, 2021a.

705 Simpson, D.: CAMS-GLOB-SOIL v2.2 Snapshot, Copernicus Atmosphere Monitoring Service, ECCAD, https://eccad.aeris-data.fr/
essd-surf-emis-cams-soil/, last access, July 2021, 2021b.

Simpson, D., Guenther, A., Hewitt, C., and Steinbrecher, R.: Biogenic emissions in Europe 1. Estimates and uncertainties, J. Geophys. Res.,
100, 22 875-22 890, 1995.

Simpson, D., Winiwarter, W., Borjesson, G., Cinderby, S., Ferreiro, A., Guenther, A., Hewitt, C. N., Janson, R., Khalil, M. A. K., Owen, S.,

710 Pierce, T. E., Puxbaum, H., Shearer, M., Skiba, U., Steinbrecher, R., Tarrasén, L., and Oquist, M. G.: Inventorying emissions from Nature
in Europe, J. Geophys. Res., 104, 8113-8152, 1999.

Simpson, D., Butterbach-Bahl, K., Fagerli, H., Kesik, M., Skiba, U., and Tang, S.: Deposition and Emissions of Reactive Nitrogen over
European Forests: A Modelling Study, Atmos. Environ., 40, 5712-5726, https://doi.org/10.1016/j.atmosenv.2006.04.063, 2006a.

Simpson, D., Fagerli, H., Hellsten, S., Knulst, J., and Westling, O.: Comparison of modelled and monitored deposition fluxes of sulphur and

715 nitrogen to ICP-forest sites in Europe, Biogeosciences, 3, 337-355, 2006b.

Simpson, D., Benedictow, A., Berge, H., Bergstrom, R., Emberson, L. D., Fagerli, H., Flechard, C. R., Hayman, G. D., Gauss, M., Jonson,
J. E., Jenkin, M. E., Nyiri, A., Richter, C., Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, A., and Wind, P.: The EMEP MSC-
W chemical transport model — technical description, Atmos. Chem. Physics, 12, 7825-7865, https://doi.org/10.5194/acp-12-7825-2012,
http://www.atmos-chem-phys.net/12/7825/2012/acp-12-7825-2012.html, 2012.

720 Simpson, D., Christensen, J., Engardt, M., Geels, C., Nyiri, A., Soares, J., Sofiev, M., Wind, P., , and Langner, J.: Impacts of climate and emis-
sion changes on nitrogen deposition in Europe: a multi-model study, Atmos. Chem. Physics, 14, 6995-7017, https://doi.org/10.5194/acp-
14-0073-2014, http://www.atmos-chem-phys.net/14/0073/2014/acp-14-0073-2014.html, 2014.

Simpson, D., Bergstrom, R., Imhof, H., and Wind, P.: Updates to the EMEP/MSC-W model, 2016-2017, in: Transboundary particulate
matter, photo-oxidants, acidifying and eutrophying components. Status Report 1/2017, pp. 115-122, The Norwegian Meteorological

725 Institute, Oslo, Norway, www.emep.int, 2017.

Simpson, D., Bergstrom, R., Briolat, A., Imhof, H., Johansson, J., Priestley, M., and Valdebenito, A.: GenChem v1.0 — a chemical pre-
processing and testing system for atmospheric modelling, Geoscientific Model Dev., 13, 6447-6465, https://doi.org/10.5194/gmd-13-
6447-2020, https://gmd.copernicus.org/articles/13/6447/2020/, 2020a.

Simpson, D., Bergstrom, R., Tsyro, S., and Wind, P.: Updates to the EMEP MSC-W model, 2019-2020, in: Transboundary particulate mat-

730 ter, photo-oxidants, acidifying and eutrophying components. EMEP Status Report 1/2020, pp. 155-165, The Norwegian Meteorological
Institute, Oslo, Norway, 2020b.

Sindelarova, K., Markova, J., Simpson, D., Huszar, P., Karlicky, J., Darras, S., and Granier, C.: High resolution biogenic global emission
inventory for the time period 2000-2019 for air quality modelling., Earth System Sci. Data., In preparation, 2021.

Skiba, U., Fowler, D., and Smith, K.: Nitric oxide emissions from agricultural soils in temperate and tropical climates: Sources, controls and

735 mitigation options, Nutr. Cycling Agroecosys., 48, 139-153, 1997.

Skiba, U., Medinets, S., Cardenas, L. M., Carnell, E. J., Hutchings, N., and Amon, B.: Assessing the contribution of soil NOx emissions
to European atmospheric pollution, Environ. Res. Lett., https://doi.org/10.1088/1748-9326/abd2f2, https://doi.org/10.1088/1748-9326/
abd2f2, 2020.

32

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Stadtler, S., Simpson, D., Schroder, S., Taraborrelli, D., Bott, A., and Schultz, M.: Ozone impacts of gas—aerosol uptake in global chemistry-

740 transport models, Atmos. Chem. Physics, 18, 3147-3171, https://doi.org/10.5194/acp-18-3147-2018, https://www.atmos-chem-phys.net/
18/3147/2018/, 2018.

Stehfest, E. and Bouwman, L.: N2O and NO emission from agricultural fields and soils under natural vegetation: summariz-
ing available measurement data and modeling of global annual emissions, Nutrient Cycling in Agroecosystems, 74, 207-228,
https://doi.org/10.1007/s10705-006-9000-7, 2006.

745  Steinkamp, J. and Lawrence, M. G.: Improvement and evaluation of simulated global biogenic soil NO emissions in an AC-GCM, Atmo-
spheric Chemistry and Physics, 11, 6063-6082, https://doi.org/10.5194/acp-11-6063-2011, http://www.atmos-chem-phys.net/11/6063/
2011/, 2011.

Steinkamp, J., Ganzeveld, L. N., Wilcke, W., and Lawrence, M. G.: Influence of modelled soil biogenic NO emissions on related trace gases
and the atmospheric oxidizing efficiency, Atmos. Chem. Physics, 9, 2663-2677, 2009.

750 Stohl, A., Williams, E., Wotawa, G., and Kromp-Kolb, H.: A European inventory of soil nitric oxide emissions and the effect of these
emissions on the photochemical formation of ozone in Europe, Atmos. Environ., 30, 3741-3755, 1996.

Stohl, A., Klimont, Z., Eckhardt, S., Kupiainen, K., Shevchenko, V. P., Kopeikin, V. M., and Novigatsky, A. N.: Black carbon in
the Arctic: the underestimated role of gas flaring and residential combustion emissions, Atmos. Chem. Physics, 13, 8833-8855,
https://doi.org/10.5194/acp-13-8833-2013, 2013.

755  Sulla-Menashe, D. and Friedl, M.: User guide to collection 6 MODIS Land Cover (MCD12Q1 andMCD12C1) Product, https://Ipdaac.usgs.
gov/documents/101/MCD12_User_Guide_V6.pdf, 2018.

Tan, J., Fu, J. S, Dentener, F., Sun, J., Emmons, L., Tilmes, S., Sudo, K., Flemming, J., Jonson, J. E., Gravel, S., Bian, H., Davila, Y., Henze,
D. K., Lund, M. T., Kucsera, T., Takemura, T., and Keating, T.: Multi-model study of HTAP II on sulfur and nitrogen deposition, Atmos.
Chem. Physics, 18, 6847-6866, https://doi.org/10.5194/acp-18-6847-2018, 2018.

760 Theobald, M. R., Vivanco, M. G., Aas, W., Andersson, C., Ciarelli, G., Couvidat, F., Cuvelier, K., Manders, A., Mircea, M., Pay, M.-T., Tsyro,
S., Adani, M., Bergstrom, R., Bessagnet, B., Briganti, G., Cappelletti, A., D’Isidoro, M., Fagerli, H., Mar, K., Otero, N., Raffort, V., Rous-
tan, Y., Schaap, M., Wind, P., and Colette, A.: An evaluation of European nitrogen and sulfur wet deposition and their trends estimated by
six chemistry transport models for the period 1990-2010, Atmospheric Chemistry and Physics, 19, 379-405, https://doi.org/10.5194/acp-
19-379-2019, https://www.atmos-chem-phys.net/19/379/2019/, 2019.

765 Tgrseth, K., Aas, W., Breivik, K., Fjeraa, A. M., Fiebig, M., Hjellbrekke, A. G., Lund Myhre, C., Solberg, S., and Yttri, K. E.: Introduction to
the European Monitoring and Evaluation Programme (EMEP) and observed atmospheric composition change during 1972-2009, Atmos.
Chem. Physics, 12, 5447-5481, https://doi.org/10.5194/acp-12-5447-2012, http://www.atmos-chem-phys.net/12/5447/2012/, 2012.

Tsilingiridis, G. and Papakostas, K.: Investigating the relationship between air and ground temperature variations in shallow depths in north-
ern Greece, Energy, 73, 1007-1016, https://doi.org/https://doi.org/10.1016/j.energy.2014.07.004, https://www.sciencedirect.com/science/

770 article/pii/S036054421400824X, 2014.

Veefkind, J., Aben, I., McMullan, K., Forster, H., de Vries, J., Otter, G., Claas, J., Eskes, H., de Haan, J., Kleipool, Q.,

van Weele, M., Hasekamp, O., Hoogeveen, R., Landgraf, J., Snel, R., Tol, P, Ingmann, P., Voors, R., Kruizinga, B., Vink,

R., Visser, H., and Levelt, P.. TROPOMI on the ESA Sentinel-5 Precursor: A GMES mission for global observations of

the atmospheric composition for climate, air quality and ozone layer applications, Remote Sensing of Environment, 120, 70—

775 83, https://doi.org/https://doi.org/10.1016/j.rse.2011.09.027, https://www.sciencedirect.com/science/article/pii/S0034425712000661, the

Sentinel Missions - New Opportunities for Science, 2012.

33

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Veldkamp, E. and Keller, M.: Fertilizer-induced nitric oxide emissions from agricultural soils, Nutr. Cycling Agroecosys., 48, 69-77, 1997.
Vet, R., Artz, R. S., Carou, S., Shaw, M., Ro, C.-U., Aas, W., Baker, A., Bowersox, V. C., Dentener, F., Galy-Lacaux, C., Hou, A., Pienaar,
J. 1., Gillett, R., Forti, M. C., Gromov, S., Hara, H., Khodzher, T., Mahowald, N. M., Nickovic, S., Rao, P., and Reid, N. W.: A global

780 assessment of precipitation chemistry and deposition of sulfur, nitrogen, sea salt, base cations, organic acids, acidity and pH, and phos-
phorus, Atmospheric Environment, 93, 3 — 100, https://doi.org/http://dx.doi.org/10.1016/j.atmosenv.2013.10.060, a global assessment of
precipitation chemistry and deposition of sulfur, nitrogen, sea salt, base cations, organic acids, acidity and pH, and phosphorus, 2014.

Vieno, M., Dore, A. J., Stevenson, D. S., Doherty, R., Heal, M. R., Reis, S., Hallsworth, S., Tarrason, L., Wind, P., Fowler, D., Simp-
son, D., and Sutton, M. A.: Modelling surface ozone during the 2003 heat wave in the UK, Atmos. Chem. Physics, 10, 7963-7978,

785 https://doi.org/10.5194/acp-10-7963-2010, http://www.atmos-chem-phys.net/10/7963/2010/, 2010.

Vieno, M., Heal, M. R., Hallsworth, S., Famulari, D., Doherty, R. M., Dore, A.J., Tang, Y. S., Braban, C. F.,, Leaver, D., Sutton, M. A., and
Reis, S.: The role of long-range transport and domestic emissions in determining atmospheric secondary inorganic particle concentrations
across the UK, Atmos. Chem. Physics, 14, 8435-8447, https://doi.org/10.5194/acp-14-8435-2014, http://www.atmos-chem-phys.net/14/
8435/2014/, 2014.

790 Vinken, G. C. M., Boersma, K. F.,, Maasakkers, J. D., Adon, M., and Martin, R. V.: Worldwide biogenic soil NO, emissions inferred
from OMI NO; observations, Atmospheric Chemistry and Physics, 14, 10363-10 381, https://doi.org/10.5194/acp-14-10363-2014, https:
/Iwww.atmos-chem-phys.net/14/10363/2014/, 2014.

Visser, A. J., Boersma, K. F., Ganzeveld, L. N., and M. C., K.: European NOx emissions in WRF-Chem derived from OMI: impacts on
summertime surface ozone., Atmos. Chem. Physics, p. 11821, http://search.ebscohost.com/login.aspx ?direct=true& AuthType=sso&db=

795 edsdoj&AN=edsdoj.020efc31129f4c4da30892e10b8f51bS&site=eds-live&scope=site&custid=s3911979&authtype=sso&group=main&
profile=eds, 2019.

Wagner, A., Bennouna, Y., Blechschmidt, A.-M., Brasseur, G., Chabrillat, S., Christophe, Y., Errera, Q., Eskes, H., Flemming, J., Hansen,
K. M., Inness, A., Kapsomenakis, J., Langerock, B., Richter, A., Sudarchikova, N., Thouret, V., and Zerefos, C.: Comprehensive evaluation
of the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis against independent observations: Reactive gases, Elementa: Sci-

800 ence of the Anthropocene, 9, https://doi.org/10.1525/elementa.2020.00171, https://doi.org/10.1525/elementa.2020.00171, 00171, 2021.

Walker, J. T., Beachley, G., Zhang, L., Benedict, K. B., Sive, B. C., and Schwede, D. B.. A review of measure-
ments of air-surface exchange of reactive nitrogen in natural ecosystems across North America, Sci. of the Total Env-
iron., 698, 133975, https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.133975, https://www.sciencedirect.com/science/article/pii/
S0048969719339452, 2020.

805 Weng, H., Lin, J., Martin, R., Millet, D. B., JaeglA, L., Ridley, D., Keller, C., Li, C., Du, M., and Meng, J.: Global high-resolution emissions of
soil NOx, sea salt aerosols, and biogenic volatile organic compounds, Scientific Data, 7, 148, https://doi.org/10.1038/s41597-020-0488-5,
https://doi.org/10.1038/s41597-020-0488-5, 2020.

Whaley, X.: chapter 6, xxx, in: AMAP SLCF Assessment 2021, edited by Flanner, M., Arctic Monitoring and Assessment Programme
(AMAP), 2021.

810 Williams, E., Guenther, A., and Fehsenfeld, F.: An inventory of nitric oxide emissions from soils in the United States, J. Geophys. Res., 97,
7511-7519, 1992.

Wipfler, E. L., Metselaar, K., van Dam, J. C., Feddes, R. A., van Meijgaard, E., van Ulft, L. H., van den Hurk, B., Zwart, S. J., and
Bastiaanssen, W. G. M.: Seasonal evaluation of the land surface scheme HTESSEL against remote sensing derived energy fluxes of the

Transdanubian region in Hungary, Hydrol. Earth Sys. Sci., 15, 1257-1271, https://doi.org/10.5194/hess-15-1257-2011, 2011.

34

suoissnasiq



https://doi.org/10.5194/essd-2021-221
Preprint. Discussion started: 21 July 2021
(© Author(s) 2021. CC BY 4.0 License.

Earth System
Science

Data

Open Access

815 Yan, X. Y., Ohara, T., and Akimoto, I.: Statistical modeling of global soil NOx emissions, Global Biogeochem. Cycles, 19,
https://doi.org/10.1029/2004GB002276, 2005.
Yienger, J. and Levy, H.: Empirical model of global soil-biogenic NOx emissions, J. Geophys. Res., 100, 11 447-11464, 1995.
Zaehle, S., Ciais, P., Friend, A. D., and Prieur, V.: Carbon benefits of anthropogenic reactive nitrogen offset by nitrous oxide emissions,
Nature Geoscience, 4, 601-605, https://doi.org/10.1038/ngeo1207, 2011.
820 Zheng, D., Hunt, E., and Running, S.: A daily soil temperature model based on air temperature and precipitation for continental applications,

Clim. Res., 2, 183-191, 1993.

35

suoissnasiq



