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ECLAIRE Deliverable D4.4

1. Executive Summary

For accomplishing this Deliverable, a new multi-layer surface exchange model (ECLAIRE Surface Exchange
model, ESX) was developed and tested against flux data collected within ECLAIRE. In addition, the Multi-
Layer Canopy Chemical Exchange Model (MLC-CHEM) system was extended and applied in an analysis of
atmosphere-biosphere interactions and feedbacks.

ESX was formulated as a generic mathematical framework, based on the one-dimensional, time-dependent
conservation equation for atmospheric mixing ratios that are controlled by turbulent mixing, atmospheric
chemistry and surface exchange. The formulation includes an option for a description of bi-directional
exchange with the mesophyll, external leaf surfaces, non-leaf surfaces and soil. The modelling of vertical
mixing relies on the first order turbulence closure. A variety of chemical schemes are available for ESX
from the EMEP chemistry transport model (CTM) system. ESX can already be run in a stand-alone mode,
providing a tool for site-specific process analysis, and it will be included as an advanced
deposition/emission module in the EMEP CTM. For minimizing the computational cost when implemented
in a CTM, a new subgrid algorithm was developed for ESX.

ESX resolves the vertical distribution of the key variables that characterize atmosphere-vegetation
interactions, i.e. concentration, source/sink exchange rate, source/sink flux density per leaf area,
separating the emission and deposition fluxes, and turbulent mixing and chemical reaction rates. This
makes it a useful tool for analysing field measurements and developing advanced risk assessment
methods for pollution impacts, for example. Simulations with ESX demonstrated the complex interplay
between biogenic emissions, turbulent mixing, chemical reactions, deposition and advection within and
above the vegetation layer.

ESX was tested against the data from ECLAIRE measurements at Hyytiald, Finland. A comparison of
measured deposition velocities with those calculated with different configurations of ESX showed that
inclusion of an explicit description of the forest understory, in addition to the Scots pine canopy, improves
the performance of ESX. A further improvement was obtained by enhancing the stomatal limitation due to
water vapour pressure deficit.

In addition to the development of a new surface exchange model, the work for this Deliverable involved
further development of MLC-CHEM. This model, which constitutes a component of a global chemistry-
climate modelling system that can also be run as a 1-D model, was extended and can now be used as a
multi-layer stand-alone version for site-specific studies. Furthermore, a coupling to the dynamic global
vegetation model LPJ-GUESS was developed for studying interaction between surface exchange and
climate.

The site-specific simulations with MLC-CHEM demonstrated the potential of multi-layer models, such as
MLC-CHEM and ESX, for enhancing the interpretation of measurement data and for supporting the design
of new field campaigns. The observed NOx concentrations in a deciduous forest were compared with
those modelled with MLC-CHEM with different assumptions on leaf-scale NOx exchange. This comparison
indicated that the best agreement can be achieved by introducing a leaf-scale compensation point for NO».
These results provided guidance for pursuing follow-up measurements to better understand the role of
the compensation points in NOx exchange.

The coupled MLC-CHEM/LP]-GUESS system was applied in a study of the interactions between ozone
deposition to vegetation, impacts on primary production and biogenic emissions producing ozone in the
atmospheric boundary layer. A ~100-yr offline LPJ-GUESS simulation of ecosystem dynamics, followed by
a fully coupled seasonal MLC-CHEM/LP]-GUESS simulation, suggested that the detrimental impact of
ozone on net primary productivity reduces evapotranspiration rates. Thus changes in the hydrological
cycle potentially play a significant role in feedback processes involved in the atmosphere-biosphere
interactions.
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Objectives:

Evaluation and improvement of a computationally efficient coupled multi-layer exchange and
chemistry model for site- to global-scale simulations of in-canopy interactions and net exchange
fluxes

Extension of an existing scheme for the NO-NO2-03-VOCs system and the dependence on in-canopy
turbulence, to treat the phase partitioning of the NHz-HNO3-NH4NO3 system

Assessment and fine-tuning of the model framework against data from the ECLAIRE intensive
campaigns (WP1) and other suitable datasets and compared against the single-layer approaches

multi-layer model investigations of the vertical distribution of O3 concentration and sinks within the
canopy, resulting from gradients in irradiance, stomatal conductance and surface wetness

2. Activities:

mathematical formulation of a new multi-layer model (ECLAIRE Surface Exchange model, ESX)
development and testing of the Fortran code for ESX
testing and validation of ESX against field measurements

further development Multi-Layer Chemical Exchange Model (MLC-CHEM) and coupling with the
dynamic global vegetation model LPJ-GUESS

application of the coupled MLC-CHEM/LPJ-GUESS system to feedbacks involved in ozone deposition

3. Results:

a new multi-layer model (ESX), suitable for incorporation into chemical transport models (CTMs),
has been developed (Annex 1)

a new sub-grid algorithm has been developed, making it possible to minimize the number of model
layers when ESX is incorporated into a CTM (Annex 1)

detailed vertical profiles of concentrations and different stomatal and non-stomatal flux
components, separating emission and deposition, can be simulated, e.g. for ozone risk assessment
(Annex 1)

mixing ratios of reactive compounds show complex and temporally varying vertical profiles within
and above the vegetation layer, resulting from the interplay between biogenic emissions, chemistry,
turbulent mixing and deposition (Annex 1)

model performance for ozone deposition to a coniferous forest can be improved by introducing an
explicit understory layer in the model (Annex 1)

an improved stand-alone version and coupling to LPJ-GUESS have been developed for the MLC-
CHEM system (Annex 2)

coupled MLC-CHEM/LPJ-GUESS simulations reveal potentially significant interactions between
pollution impacts on vegetation, boundary-layer dynamics and the hydrological cycle (Annex 2)

inclusion of a leaf-scale compensation point for NO; improves the agreement of MLM-CHEM
simulations with measurement data from a deciduous forest (Annex 2)

Milestones achieved:

MS18: Incorporation of results from flux monitoring data generated within ECLAIRE into modelling
framework
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ECLAIRE data from the Hyytiila flux site have been extensively used in the development of the ESX model.
Configuration of ESX for the data collected within the ECLAIRE intensive campaign at Bosco Fontana is in
progress.

5. Deviations and reasons:

Delivery of D4.4 was delayed until the final month of ECLAIRE, because the major part of the activities for
accomplishing this Deliverable was focused on developing a new multi-layer surface exchange model
(ESX) rather than re-parameterising existing models.

6. Publications:

- (Cieslik, S, Tuovinen, J.-P., Baumgarten, M., Matyssek, R., Brito, P. and Wieser, G., 2013. Gaseous
exchange between forests and the atmosphere. Developments in Environmental Science 13, 19-
36.

- Simpson, D. and Tuovinen, ].-P., 2014. ECLAIRE Ecosystem Surface Exchange model (ESX). In:
Transboundary particulate matter, photo-oxidants, acidifying and eutrophying components. EMEP
Status Report 1/2014, Norwegian Meteorological Institute, pp. 147-154.

7. Meetings:

In addition to the annual ECLAIRE General Assemblies:

ECLAIRE meeting on resistance model harmonisation, Edinburgh, 19-21 March 2012
ESX work meeting, Bonn, 7-8 May 2013

- ESX-DEWS work meeting, Amsterdam, 29 August 2013

- C1-ESX work meeting, Edinburgh, 26-28 May 2014

- ESX-DEWS work meeting, Gothenburg, 26-29 August 2014

8. List of Documents/Annexes:

Annex 1: Development of a new multi-layer surface exchange model (ESX)

Annex 2: Simulations with the improved MLM-CHEM system
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Annex 1: Development of a new multi-layer surface exchange model (ESX)

1 Introduction

Numerical models that simulate both chemistry and transport of gases and aerosols are essential tools
for understanding the atmosphere, and for developing policy measures designed to tackle air pollution
and other environmental problems. Three-dimensional chemistry transport models (CTMs) are used to
estimate concentrations of pollutants such as ozone and to map acidifying and eutrophying deposition
across large areas; examples of such CTMs include the EMEP MSC-W model (Simpson et al., 2012),
CMAQ, (Foley et al., 2010) and the models used in IPCC assessments (Lamarque et al., 2013). These
models operate with horizontal grid sizes of at best several km and at worst several degrees of
longitude/latitude. They are well suited to simulating the large-scale advection and chemical processing
of air masses, but they are necessarily highly simplified with regard to the exchange of pollutants
between the atmosphere and biosphere. For example, most models regard vegetated surfaces, even tall
forests, as thin, flat surfaces - the so-called ‘big-leaf’ approach. Mass exchange, i.e. deposition and
emission, at these hypothetical surfaces is derived from the large volumes associated with the bottom

layers of the CTMs.

The simplification of the atmosphere-ecosystem interactions is a concern, since the processes
governing the exchange are known to be complex, with small-scale turbulence and non-linear chemical
processing causing sometimes major deviations from the results expected from simple big-leaf
approaches (Fowler et al,, 2009). For example, forests constitute major deposition sinks for ozone
(Cieslik et al., 2013), nitrogen compounds (Eugster and Haeni, 2013) and indeed most reactive gases
and particles (Fowler et al., 2009). However, forests are also a major source of biogenic volatile organic
compounds (BVOCs), which are important precursors to ozone and secondary organic aerosols
(Guenther et al,, 1995; Simpson, 1995; Bergstrom et al., 2012; Carslaw et al., 2013). Chemical reaction
time-scales in forest canopies can be very short (minutes), so that some emitted species sometimes do
not even leave the canopy, but are transformed to other gases or aerosols (Kramm et al, 1995;
Ganzeveld et al., 2008). These interactions within and just above the trees are typically completely

ignored by the large-scale CTMs.

Another major challenge for large-scale CTMs is the incorporation of interactions between emissions of
gaseous NH3; and HNO3; and ammonium nitrate aerosol. Indeed, NH; may be emitted from or deposited
to ecosystems, depending upon the level of NH4* in the soil and the apoplast of vegetation (Sutton et al.,
1995; Nemitz et al.,, 2004; Flechard et al., 2013). Although there have been some attempts to cope with
such bi-directional exchanges in modified big-leaf approaches in CTMs (Zhang et al., 2010; Wichink Kruit

et al,, 2012; Pleim et al, 2013), the heterogeneities of sources/sinks, temperature, humidity and
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dispersion conditions lead to complex vertical concentration gradients and chemical flux divergence,

which complicate both modelling and measurement analysis (Nemitz et al., 2004; Fowler et al.,, 2009).

Within Europe, the European Monitoring and Evaluation Programme (EMEP, www.emep.int) is
responsible for estimating the fields of pollutant concentrations and depositions, including
transboundary pollution fluxes. The EMEP MSC-W model (Simpson et al.,, 2012), developed for this
purpose, is a 3-D Eulerian CTM which is typically run with horizontal grid-sizes of around 20-50 km for
European simulations, although it has also been adopted to both fine-scale, e.g. 5-7 km resolution (Vieno
et al,, 2010; Schaap et al,, 2015), and global-scale (Jonson et al., 2010) modelling. The height of the
bottom layer of the EMEP MSC-W model is ca. 90 m.

One of the major tasks for the EMEP MSC-W model is to make predictions of pollutant fluxes to
vegetation, for estimating atmospheric nitrogen supply and potentially deleterious ozone uptake, for
example, both for current conditions and future scenarios (Simpson et al.,, 2007; Fagerli and Aas, 2008;
Tuovinen et al.,, 2009; Simpson et al., 2014). The accuracy of such predictions largely depends on the
description of biosphere-atmosphere exchange processes. However, the modelling (and indeed
understanding) of such exchanges is fraught with difficulties because of the near-surface complexities

highlighted above.

Alarge number of 1-D CTMs have been built, offering some solution to the above problems. As examples
of earlier efforts, we refer to Hov (1983), who modelled the short-term dynamics of about 40 chemical
species in the atmospheric boundary layer, including a highly simplified treatment of dry deposition; to
Meyers and Baldocchi (1988), who tested multi-layer canopy deposition models with no chemistry; and
to Gao et al. (1993), who incorporated a multi-layer surface exchange model into a coupled diffusion-
chemistry model to study the vertical concentration and flux profiles of reactive trace gases. A summary
of more recent 1-D models can be found in Saylor (2013). By allowing the 1-D column to move along air
mass trajectories, a Lagrangian implementation of such models can also be achieved (e.g. Hertel et al.,
1995). However, many of these models are no longer operational, and those that are are generally not
released in the public domain. In any case, such models often deal with a limited part of the problem;
e.g. they focus on forests but not grasslands, or on ozone chemistry but not nitrogen exchange. Such 1-
D models also tend to be constructed for research purposes, with computational efficiency not being a

priority, and often provide little flexibility in terms of the number of layers or chemical schemes.

In order to bridge the gap between the needs of scientifically complex canopy models and large-scale 3-
D CTMs, a new 1-D surface exchange model, called ESX, has been developed within ECLAIRE. The
structure of the ESX code specifically aims at an integration into the modelling system of EMEP MSC-W,
in which it will serve as an advanced dry deposition module that will replace the present big-leaf-based
parameterisation. For site-specific analysis, ESX can already be run in a stand-alone mode, with input

data and boundary conditions either being set in configuration files or obtained from the EMEP CTM
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data or directly from in-situ measurements. The ESX code is written in Fortran 90/95 (with traces of

F2003/2008). A summary of the model formulation and some test results are presented below.

2 Model description

2.1 Basic structure

The basic formulation chosen for ESX is the one-dimensional conservation equation
a9 0o
Pot™ oz

where £ is scalar mixing ratio, p is air density, ¢ is vertical flux density, and S represents sources and

+S

sinks. The latter includes, in addition to chemical kinetics, generic first (D) and zeroth (E) order

deposition and emission terms

Sex(2) = D(2)x(2) + E(2) (2)

Within ESX these terms are formulated so as to account for bi-directional exchange occuring at the
surfaces of vegetation. Similarly, the lower boundary condition of Eq. (1) provides a flexible interface

for including soil emission and deposition fluxes in different ways:

®(0) = F1x(0) + Fo
where y = pf is scalar density, and F; are F; the first and zeroth order coefficients, respectively. A
corresponding condition is set for the upper boundary, the specific form of which depending on the

application; for example, a fixed concentration can be set.

The deposition/emission fluxes are formulated using the common approach of electrical analogy. Figure
1 depicts the exchange pathways in terms of this analogy. There are three potential exchange targets
within the vegetation canopy: the mesophyll, external leaf surfaces and non-leaf vegetation surfaces.
The ESX structure allows for bi-directional exchange for all of these, and similarly for the soil exchange,
by defining a ‘compensation point’ or a non-zero boundary condition concentration at each interface,

typically estimated from equilibrium considerations with the apoplast or soil medium.

The leaf exchange, both stomatal and non-stomatal, is defined separately for the adaxial and abaxial leaf
surfaces (j = 1, 2). The canopy exchange can be expressed by writing the corresponding source/sink
term, Eq. (2), as

2

Sex = Z[gsm,j()(s,j - Xc,j) + gns,j()(ns,j - Xc,j)] ap + gn{’,j()(n{’,j - Xc,nt’) Ane

Jj=1
where ggn, j combines stomatal conductance gs ; and mesophyll conductance gy, j, and other notation

is explained in Figure 1. All terms in Eq. (4) are height- and time-dependent. The leaf-level exchange, Eq.
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(4), is coupled with atmospheric mixing, Eq. (1), via the boundary layers that encompass the vegetation
surfaces and are modelled with the g, terms in Figure 1. Based on this coupling, we can derive

expressions for the D and E terms in Eq. (2):

2
, . 4 ,
D= _z gb,](gsm,] gns,]) ar — IbneGne

£ Ane
= YIsum,j Jone + Gne "
2
9o ]gsm] 9b,jYns,j GontGne
E= Z < +—an,j Ap + —————— Xn¢Qne
gsum] sum,j gb,n{’ + Ine

j=1
where gsum,j = gb,j + 9sm,j + gns,j- Bi-directional exchange at the soil-atmosphere is realized with a

series of standard big-leaf resistances that are connected to soil compensation point (x, in Fig. 1).

2.2 Turbulent mixing

Modelling of vertical mixing is based on the first order turbulence closure

_ kB
(p_ pZaZ

where K, is eddy diffusivity (Fig. 1). As a default, the K, profile within and just above the canopy is
calculated in ESX using the approach of Leuning (2000) with a minor modification introduced to ensure

the continuity of the K, profile. In this approach, eddy diffusivity is expressed as

where Ty, is the Lagrangian time scale of turbulence, o,, is the standard deviation of vertical wind
velocity and the function ¢}, accounts for the influence of atmospheric stability. The vertical profiles of
11, and o,, depend on vegetation height and friction velocity. Optionally, a correction factor developed

by Makar et al. (1999) can be added as a multiplier of the K, derived from Eq. (7).

Including the stability correction in Eq. (7) means that we assume the Monin-Obukhov similarity theory
of the inertial sublayer to be valid also within the roughness sublayer. At the top of the surface layer,
this profile is matched to the K, used within the EMEP MSC-W model (Simpson et al., 2012). Examples

of in-canopy residence times calculated with ESX are presented in ECLAIRE Deliverable 7.3.

2.3 Chemistry

As with the standard EMEP CTM, a variety of chemical schemes are available for ESX (Table 1). New
schemes can be readily added by a chemical pre-processor (GenChem), which is part of the EMEP
modelling system (Simpson et al., 2012). GenChem generates the Fortran code needed for solving the

differential equations representing chemical reactions.
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Table 1. Chemical schemes operational in ESX.

Mechanism No of species No of reactions No of BVOCs Comments

ESX-F19 19 11 0 Minimal scheme, for
testing

EmChem09 72 137 1 EMEP standard?
(Simpson et al., 2012)

EmChem09-ESX 72+5 137+16 1+3 ESX standardb

CBO05 70 189 2 Carbon bond

(Yarwood et al., 2005)

CRI V2 465 1202 3 Condensed version of
Master Chemical

Mechanism (Jenkin et al.,
2008

CRIV2 R5 195 569 2 (Archibald et al., 2010)

aNumbers refer to the default EMEP chemistry where only isoprene is included for BVOCs. Some tracer
species are excluded. An a-pinene chemistry is available for organic aerosol studies.
bAdds some monoterpene and sesquiterpene species and reactions to EmChem09.

The standard ‘EmChem09’ scheme derived from the EMEP MSC-W model has only isoprene chemistry,
although expanded versions are available when tackling secondary organic aerosol formation from
monoterpenes (Bergstrom et al., 2012). Considering the more comprehensive chemical schemes in the
EMEP/ESX system, the ‘CRI v5’ scheme has isprene, a-pinene and f-pinene mechanisms, and ‘CRI v2’

has in addition 3-methyl-2-buten-2-ol (MBO).

For the ESX work, we have extended the basic ‘EmChem09’ scheme with two surrogate monoterpene
species: a-pinene (70% of monoterpene emissions) and limonene (30%). We assume further a
sesquiterpene (surrogate f3-caryophyllene) emission rate of 10% of monoterpene emissions (see
ECLAIRE Deliverable 7.3) . For a-pinene we use the simple mechanism of Makar et al. (1999). For

limonene and S-caryophyllene we use simplified mechanisms based on Wolfe and Thornton (2011).

2.4 Numerical methods

Chemical kinetics are separated from the overall problem of Eq. (1) with an operator splitting technique
and solved with the TWOSTEP method implemented in the EMEP CTM (Verwer and Simpson, 1995).
The remaining problem encompassing vertical mixing and surface exchange processes is solved with a

mass-conserving finite volume method and semi-implicit Crank-Nicolson time differencing (e.g.
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Patankar, 1980). In principle, ESX makes it possible to define any number of computation layers of

arbitrary depth within and above the vegetation.

The numerical finite volume method and its implementation have been verified with analytical solutions
available for simplified cases (power-law K, profile with no sources/sinks; constant K, profile with
ground removal). An example of the good agreement between numerical and analytical solutions is
shown in Figure 2. The mixing algorithm has also been shown to produce results very similar to those
obtained from a stochastic Lagrangian particle model. The mass balance is verified within the ESX code

at each time step.

In ESX, Sox and K,, Egs. (4) and (7), are calculated as ’effective’ values that incorporate sub-grid
information within the model layer. For the source/sink term this means that all the conductance and
other terms contributing to Sey are first evaluated at several (five) points within each layer and the grid-
point value used in solving Eq. (1) is obtained by numerical integration with the Legendre-Gauss
quadrature. The definition of effective K, is presented in Figure 3. This novel feature makes it possible
to minimize the number of the actual model layers that are needed to adequately resolve the vertical

gradients especially within and just above vegetation, thus reducing the overall computational cost.

2.5 Parameterisations

Vegetation is described by area distributions of leaves and other external plant surfaces (a, and a,, in
Fig. 1), and there is an option for parallel vegetation distributions, allowing simultaneous inclusion of

both trees and shrubs, for example.

ESX has two options for calculating stomatal conductance: (1) multiplicative response model and (2)
photosynthesis-based model. The former option is implemented based on the EMEP/DO3SE deposition
algorithms included in the EMEP CTM (Simpson et al., 2012), while the latter makes use of the new
DOsSE parameterisations developed within ECLAIRE, including the DOsSE-ESX interface coded for ESX
(described within ECLAIRE Deliverable 4.3).

Within the multiplicative algorithm, the stomatal conductance is assumed to depend on irradiance, so
the conductances within the sunlit and shaded leaf areas differ in magnitude. This is taken into account
in the calculation of gy, ; by areal weighting. The fraction of sunlit leaf area is assumed to decrease
exponentially downwards from the canopy top as a function of accumulated vegetation surface area,
A.(z). The vertical in-canopy distribution of photosynthetically active radiation is calculated according

to the multi-layer adaptation of the Norman scheme by Zhang et al. (2001).

The non-stomatal conductance terms have so far been derived from the existing big-leaf
parameterisations of the EMEP/DO3SE deposition module. The new algorithms developed within

ECLAIRE will be incorporated in the future, as far as is possible considering input data requirements.
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The leaf-scale boundary layer conductance is calculated according to the aerodynamic flat-plate theory,
and both forced and free convection conditions are allowed for. Leaf temperature is estimated by
applying an energy balance model. The vertical profile of wind speed, which drives forced convection,
is calculated from the canopy-top wind speed by assuming exponential attenuation as a function of 4,
as per Wolfe and Thornton (2011). The canopy-top wind speed is calculated from a reference value

defined above the canopy by extrapolating the Monin-Obukhov wind profile used in the EMEP CTM.

3 Results

3.1 Examples of modelled profiles

ESX makes it possible to resolve the vertical distribution of the key variables that characterize
atmosphere-vegetation interactions, i.e. concentration (mol m-3), source/sink exchange rate (mol m=3 s-
1), source/sink flux density per leaf area (mol m-2 s-1 PLA) separating the emission and deposition fluxes,
and turbulent mixing and chemical reaction rates (mol m=3 s1). Examples of modelled ozone

concentration and flux profiles within and above a Scots pine forest are shown in Figure 4.

In the case of ozone, both the forest canopy and forest soil act as sink surfaces, the former being strongly
variable due to environmental control of stomatal exchange. The simulations show that, while the
overall concentration profile is expectedly affected by deposition, the canopy-induced local gradients
are modest. In contrast, there is large flux divergence within the canopy layer, and (close-to-)constant-

flux layers are formed both above the canopy and within the trunk space.

Figure 5 (top row) illustrates how the rate of stomatal sink evolves during the first half of a day, being
zero during the night and then increasing with the increasing availability of photosynthetically active
radiation. As extinction of the radiation available across the canopy is accounted for in ESX, the stomatal
sink rate is not proportional to leaf area. Nearly proportional relationship is established for the non-
stomatal sink rate (Fig. 5, 2nd row from top), which in these simulations is derived from a constant
conductance term g,,p, with only a small perturbation from the wind speed profile to the boundary-layer

conductance gy, o and hence the ozone flux.

Risk assessment of detrimental ozone effects on vegetation is typically based on ambient concentation
and, nowadays more commonly, on stomatal uptake (CLRTAP, 2014). This uptake is expressed as the
stomatal flux density per leaf area, and risk indices have been developed which cut out a certain
threshold flux to compensate for the detoxification capacity of plants. So far, these flux-based indices,
most notably the Phytoxic Ozone Dose above a threshold of Y (PODY) used within UNECE (CLRTAP,
2014), and the related dose-response relationships have only been derived for the sunlit leaves at the

canopy top. Figure 5 (2nd row from bottom) shows that very large vertical flux gradients are to be
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expected, which are further enhanced when introducing a threshold flux (Fig. 5, bottom row). These
results demonstrate how a multi-layer model such as ESX could serve as a significantly improved tool,

as compared to traditional one-layer models, enabling development of more realistic risk metrics.

The role of chemistry is discussed in more detail in ECLAIRE Deliverable D7.3, which is focused on the
effect of NO emissions from soil and in-canopy emissions of VOCs on different deposition terms.
However, we present here examples of ESX calculations that demonstrate the importance of modelling
the vertical profiles of reactive compounds. Figure 6 shows the variations in NO, HNO3, limonene (a
BVOC) and NO3z radical concentrations for a 12-h period over a forest with high emissions of BVOCs from
the foliage and NO from the soil. In these calculations, concentrations of O3 and other long-lived
compounds from the EMEP CTM were used as 'advected' boundary conditions above 45 m. These
concentrations are then modified within ESX by the BVOC and NO emissions as well as the other

chemical and exchange processes modelled within the vertical column.

These calculations show, for example, a strong effect of the (admittedly high) soil-NO emissions on the
near-ground NO concentrations — much higher values than seen above (Fig. 6). HNO3, on the other hand,
is also changing at higher levels due to changes in the advected concentrations. Within the canopy a
mixture of processes operate in tandem, with HNO3 deposition losses to the canopy and increases near

the ground due to conversion of the soil-emitted NO through NO; chemistry.

The concentrations of limonene vary rather straightforwardly, with concentrations dropping to near
zero at heights above 100 m (Fig. 6). This steep gradient is clearly reflected in the NO3 profile: where
limonene and other BVOCs are present, the night-time NO3z concentration drops to zero due to rapid
reaction with these compounds. Above the 'BVOC layer’, the nocturnal NO3 concentrations rise rapidly
to high values. (The very high concentrations shown here are rather untypical, but reflect our high
biogenic emission test configuration.) In daytime, NO3z concentrations are minuscule simply due to its

rapid photolysis.

3.2 Optimisation of the number of model layers

ESX has been developed to serve two purposes: (1) to act as a stand-alone tool for site-specific
simulations, supporting data analysis and providing climate-change scenarios, for example, and (2) to
act as a generic deposition module within a regional-scale CTM, in particular the EMEP MSC-W model.
While in principle an arbitrarily large number of vertical layers can be used in the former application,
ensuring sufficient vertical resolution, for the latter objective the number of layers needs to minimized

for computational cost.

Figure 7 shows results from a set of ESX calculations where the exchange parametrisations,
meteorological conditions and vegetation distribution are identical in each run but vegetation

height, h,, and model layer depth, Az, are varied. The error due to compromised resolution is calculated

12 of 27



ECLAIRE Deliverable D4.4

for both the across-canopy integrated stomatal conductance and sink rate by taking the results for Az =
0.5 m as reference. These errors show that even in a rather extreme case of Az = h,, i.e. when all
vegetation (here forest canopy) is incorporated into a single model layer, the error remains limited,
being consistently less than 10% for stomatal conductance. For the stomatal sink rate, the

corresponding error is even smaller, less than 5% for any hy, due to dynamical compensation effects.

The conclusions drawn from Figure 7 can be generalised for a longer simulation period. Figure 8
presents three-day time series for the downward flux/concentration ratio (‘deposition velocity’) above
a forest canopy. For h, = 5 m, for example, a layer resolution of Az = 5 m produces results that are very
similar to those calculated with Az = 1 m. Similarly in the case of h, = 15 m, throughout the diurnal
cycle there are only relatively small differences between the deposition velocities calculated with Az =
1 m and 15 m. Overall, these results indicate that the new sub-grid integration developed here for ESX

makes it possible to implement a detailed multi-layer model in a CTM in a cost-effective manner.

3.3 Comparison against measurement data

The ESX model will be tested against data collected at different ECLAIRE measurement sites. The first
tests have been carried out for Hyytialg, Finland. This site is dominated by a 15-m-high Scots pine forest
with a projected leaf area index of 2.5. On the forest floor there is a low shrub layer mainly consisting of

lingonberry, bilberry and mosses.

In these tests, the downward flux/concentration ratio (‘deposition velocity’) of ozone calculated with
ESX was compared against the values derived from ozone flux and concentration measurements at
Hyytiald in July 2011, which data were made available by the University of Helsinki. The meteorological
input and chemical boundary conditions were obtained from the EMEP MSC-W modelling system. ESX
was run over the one-month period by changing input on an hourly basis assuming that a steady state
is established at the end of each hour. The upper boundary of the modelling domain was set at 45 m,
which is the height of the lowest grid point of the EMEP CTM, and the concentrations at this height were
fixed to those provided by that model.

First, ESX was run with exchange parameters derived from the existing dry deposition module of the
EMEP model (Simpson et al., 2012). In this ESX version (below referred to as ‘Default’), deposition to
ground surface is controlled by big-leaf resistances Ry,g and R, (Fig. 1), with Ry set to a constant value.
For a second set of ESX runs (‘Shrub’ version), this was replaced by an explicit description of the forest
understory layer, where vertical mixing and stomatal and non-stomatal exchange were modelled the
same way as for the tree canopy. This change resulted in a significant improvement in the model
performance, this version outdoing the standard big-leaf EMEP/DO3SE model (Table 2, Fig. 9). The
overestimation by the model was significantly reduced, and the correlation between the hourly values

was increased when introducing an additional vegetation distribution.
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Table 2. Mean measured and modelled deposition velocity of ozone and related performance statistics

of the big-leaf EMEP/DOsSE and multi-layer ESX models at Hyytidl4, Finland in July 2011.

Modelled
Measured
Big-leaf Default Shrub Shrub + VPD

Mean (cm s1)

day? 0.491 0.636 0.706 0.550 0.508

nightt 0.192 0.202 0.261 0.172 0.171
RMSE¢ (cm s1) 0.231 0.263 0.199 0.195
NMBH4 24.5% 41.4% 7.1% 0.1%
Correlation 0.660 0.669 0.689 0.694

a5:30 a.m. - 8:30 p.m.; »8:30 p.m. - 5:30 a.m. ‘Root Mean Square Error; dNormalized Mean Bias

Despite the overall improvement of model performance (Table 2) and an accurate prediction of the
nocturnal minimum (Fig. 9), the ‘Shrub’ configuration of ESX did not fully replicate the shape of the
observed mean diurnal cycle, on average showing too large deposition velocities during the late
afternoon hours. As a potential explanation for this discrepancy, an additional test was performed by
changing the response of stomatal conductance to air humidity by enhancing the limiting effect of water
vapour pressure deficit (VPD) (‘Shrub + VPD’ version). While this modification effectively eliminated
any remaining bias and slightly improved the correlation between the hourly values (Table 2), it did not
provide a demonstrable solution to the biased shape of the diurnal cycle (Fig. 9). It is possible that the
afternoon decline is related to soil moisture effects on stomatal conductance (e.g. Biiker et al,, 2012),
which were not considered here due to lack of data, or to some unidentified factors affecting non-

stomatal deposition.
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Figure 1. Sketch of the main exchange pathways of the ESX model. Within each layer, bi-directional
exchange is calculated separately for upper and lower leaf surfaces (j = 1, 2), as well as for non-leaf

vegetation and ground surfaces if present. y = scalar density; y. ; = nominal leaf compensation point;
Xcne = nominal non-leaf compensation point; ys; = stomatal compensation point; s j = non-
stomatal leaf compensation point; x,, = non-leaf surface compensation point; y, = soil compensation
point; gy, ; = leaf boundary layer conductance; gy, ,, = non-leaf boundary layer conductance; g5 ; =
stomatal conductance; gy, ; = mesophyll conductance; g, j = non-stomatal leaf conductance; gn, =
non-leaf surface conductance; R, = aerodynamic resistance; Ry, = soil boundary layer resistance;

R, = soil resistance. The conductances are expressed with respect to surface areas: a, = projected leaf

area distribution; a,, = total non-leaf surface area distribution. The vertical mixing due to turbulence
is calculated with eddy diffusivities defined at layer boundaries, K,(z;1,). For clarity, the height
dependency of the conductance terms and the time dependency of all terms are omitted from the

notation.

18 of 27



ECLAIRE Deliverable D4.4

K=1, wi=0.02, dt=1, n=2000

500

450 i

400 b

350 b

300 b

250 b

z (m)

1
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
concn

x10°
Figure 2. Comparison of numerical (red crosses) and analytical (blue line) solutions of the dispersion-

deposition problem: Egs. (1), (3) and (6) with S = 0,Vy3 =0.02 m s}, F; =0, K, = 1 m? s'1. The results
show the vertical concentration profile that originates from a continuous ground source after 2000

time steps of 1 s.

150 T T T T
1 | 0=Kyyy,
*= Ky

100

naight

Zit+1

Figure 3. Determination of the effective eddy diffusivity: circles = grid layer values calculated at the

layer mid-points; asterisks = effective eddy diffusivity K;,1, = (zi+1 — 2;) / fZZ,i“ K;ldz.
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Figure 4. Examples of modelled ozone concentration and flux profiles in the atmospheric surface layer
(thick black line = midday; thin lines show the profiles of previous hours). The dashed green line

shows the leaf area distribution (aLAI) of a Scots pine forest.
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Figure 5. Examples of modelled sink rates and stomatal fluxes of ozone. Rows from top: sink rate due
to stomatal deposition, sink rate due to non-stomatal deposition, stomatal flux per leaf area (PLA),
stomatal flux over a threshold of 1 nmol m2 s-1. Columns from left: night, morning, midday (thick black
lines; thin lines show the profiles of previous hours). The dashed green line shows the leaf area

distribution (aLAI) of a Scots pine forest.
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Figure 6. Examples of modelled chemical variability: mixing ratio changes from midnight (t = 0) to

midday (t = 12 h) for a generic deciduous forest with high BVOC and s0il-NO emissions. Results are

given for NO (top-left), HNO;3 (top-right), limonene (bottom-left) and NOs radical (bottom-right). All

mixing ratios are in ppb.
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Figure 7. Error in the vertically integrated stomatal conductance gg,a, and sink rate g, apxc as a
function of grid resolution for different vegetation heights. The calculations are for daytime conditions

in midsummer in a Scots pine forest (input derived for Hyytiil4, Finland).
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Figure 8. Downward flux/concentration ratio above a Scots pine forest over a 76-h period for different

vegetation heights and grid resolutions (input for Hyytiala, Finland, July 2011).
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Figure 9. Comparison of the modelled and measured (Obs) ozone deposition velocities at Hyytial3,
Finland. The data show the mean diurnal cycles in July 2011. ‘Default’ = ESX with parameter values
derived from the EMEP/DO3SE big-leaf model; ‘Shrub’ = ESX with explicit shrub layer; ‘Shrub+VPD’ =
ESX with explicit shrub layer and more sensitive VPD response; ‘Big-leaf’ = old EMEP/DO3SE model.
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Annex 2: Simulations with the improved MLM-CHEM system

The ECLAIRE modelling activities focusing on simulation of canopy exchange processes involved
two modelling systems; 1) development of a canopy representation in the EMEP modelling system
called ESX and 2) further development and application of the Multi-Layer Canopy Chemical
Exchange Model (MLC-CHEM) system. MLC-CHEM, which was initially developed and applied in
its implementation in a 1-D as well as a global chemistry-climate modelling system (Ganzeveld et
al.,, 2002a and 2002b), is now available as a stand-alone modelling system also to facilitate
implementation in other be applied in studies that focus on the analysis of field observations of
atmosphere-biosphere exchange processes. As such, the model can be constrained with the
observed surface layer micro-meteorology as well as the concentrations of long-lived tracers such
as ozone and NOyto assess the role of in-canopy sources and sinks on calculated in-canopy and
mixed layer concentrations and fluxes of reactive compounds. The model, which was in its initial
implementation only considering two canopy layers (crown- and understorey layer) has now been
extended with a Crank-Nicolson solver that allows to calculate the atmosphere-biosphere exchange
using a flexible number of canopy layers. This also allows use of the model in a validation of canopy
observations at more than two reference heights inside the canopy. The flexible selection of the
number of canopy layers also make it possible to analyse to further assess how resolution affects
the simulation of atmosphere-biosphere fluxes where application of MLC-CHEM/ESX in CTMs would
preferably require a minimum number of layers for CPU-considerations (Ganzeveld et al., 2002a,
showed that two layers suffice to realistically simulate Oz, NOx and isoprene canopy top fluxes for
tropical forest. However, this might be different for other ecosystems and other compounds, e.g.,
NH3-HNO3-NHsNO3).

The implementation of MLC-CHEM in the 1-D chemistry-climate model system has been further
coupled to the Dynamical Global Vegetation Model (DGVM) LPJGUESS to study the potential
relevance of feedbacks involved in the O3 deposition impact on ecosystem functioning. LPJGUESS
has been extended with a first representation of the O3 deposition impact on NPP and which affects
the biogenic emissions of Volatile Organic Compounds (BVOCS) (Arneth et al., 2007), which in turn
affect the Os production in the boundary layer (BL) and, consequently, Os deposition. This coupled
system was applied for a study that focussed on the Boreal forest site Hyytiala, Finland, including
an evaluation of the simulated atmosphere-biosphere exchange using field observations in one of
the intensive field campaigns conducted at this site, the HUMPPA/COPEC field campaign (Williams
et al.,, 2011). The model study included a first ~100 yr offline simulation with LPJ-GUESS on
ecosystem dynamics for this site driven by the CRU climate dataset followed by a fully coupled 1-D
chemistry-climate-LPJGUESS simulation for spring/summer 2010 for comparison with field
observations. The long-term offline simulations as well as the seasonal online simulation revealed
that in assessments of such pollution-biosphere-BL interactions and feedback mechanisms there is
an important role of changes in the hydrological cycle. Figure 1 shows for example that under the
assumption that there would be a significant Oz deposition impact on net primary productivity (which
is actually not the case for this particular site), changes in the evapotranspiration are minor. This
implies also minor changes in BL dynamics and as such in Oz concentrations and deposition.
Another outcome of the extensive evaluation of the seasonal online simulations was that the
simulated temporal variability in isoprene and terpene concentrations was very different compared
to the observed temporal variability. This indicates that, despite considering state-of the art
knowledge on the mechanisms involved in the emissions, transport and chemical processing as
function of key meteorological and biogeochemical drivers of this exchange, that there appears to
be still a large challenge in reproducing local-scale and short term variability in these reactive
compound exchange processes involved in pollution-ecosystem interactions and feedback
mechanisms.

MLC-CHEM has also been further developed and applied within ECLAIRE in support of the design
of new field campaigns. Figure 2 shows application of MLC-CHEM in a detailed analysis of in-canopy
NOy concentrations as a function of different assumptions on leaf-scale NOx exchange. Comparison
of the observed and simulated in-canopy diurnal cycle in NOx concentrations for a deciduous forest
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site revealed that the best agreement between simulated and observed temporal variability was
achieved considering the potential role of a leaf-scale NO, compensation point. These results have
now been used to also pursue a follow-up measurement activity to study in more detail the role of
the compensation point for this specific field site. Such exercises with multi-layer exchange model
systems such as MLC-CHEM (and ESX) that can be also be applied in CTMs, demonstrate the
benefits of model application in terms of 1) supporting field observations that include in-canopy and
surface layer atmosphere-biosphere exchange processes and 2) the design of follow-up strategies
to improve our understanding and quantification of atmosphere-biosphere exchange processes.

LPJ-GUESSs annual AET, Hyytiala
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Figure 1: Simulated Annual evapotranspiration rate [mm yr-1] with LPJ-GUESS for Hyytiala, Finland
including the potential role of the Oz deposition impact on NPP.
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Figure 2: Comparison of the observed and simulated diurnal cycle in NOx mixing ratios at 15m inside a
deciduous forest. The observations are reflected by the blue circles/line. The nocturnal underestimation in the
default simulation (red line) is also due to a misrepresentation of soil NO emissions and in-canopy turbulent
transport. The black dotted line reflects the simulation that considers the existence of an NO2 compensation
point.
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