Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-419
Manuscript under review for journal Biogeosciences
Discussion started: 8 October 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

30

35

Reviews and syntheses: Influences of landscape structure and land uses on local to

regional climate and air quality

Raia Silvia Massad?, Juliette Lathiére?, Mathieu Perrin®, Erwan Personnel, Marc Stefanon,
Patrick Stella3, Susanna Strada®, Sophie Szopa2, Nathalie de Noblet-Ducoudré 2

1 UMR ECOSYS, INRA AgroParisTech, Université Paris Saclay, 78850, Thiverval Grignon, France

2 Laboratoire des Sciences du Climat et de I'Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Université Paris-
Saclay, Gif-sur-Yvette, 91191, France

3 UMR SAD-APT, AgroParisTech, INRA, Université Paris-Saclay, 75005, Paris, France

4 LMD/IPSL, Ecole polytechnique, Université Paris-Saclay, Sorbonne, Universités UPMC Univ. Palaiseau France

5 The Abdus Salam International Centre for Theoretical Physics - Earth System Physics Section, 34151 Trieste,
Italy

Correspondence to: Raia Silvia Massad (raia-silvia.massad@inra.fr)

Abstract. The atmosphere and the land surface interactuitipte ways, for instance though the radiativergyebalance,
the water cycle or the emission-deposition of redtand anthropogenic compounds. By modifying tine Isurface, land-use
and land-cover changes (LULCCs) and land managewtenges (LMCs) alter the physical, chemical ammlobical
processes of the biosphere and therefore all lamdsphere interactions, from local to global scalésough socio-economic
drivers and regulatory policies adopted at diffétewels (local, regional, national or supranatiprtauman activities strongly
interfere in the land-atmosphere interactionshasé activities lead to a patchwork of natural, iseatural, agricultural,
urban and semi-urban areas. In this context, ualpa@nperi-urban areas are of particular attentiocesland transformation
can lead to important environmental impacts anecathe health and life of millions of people. Tdigectives of this review
is to synthesize the existing experimental and iodeworks that investigate physical, chemical fmdiogeochemical
interactions between land surface and the atmosphamly in urban or peri-urban landscapes at regjiand local scales.
In the context of LULCCs, the importance of landvasphere interactions for climate and air qualdyéhbeen
analysed in many studies published over the laatsyewith a large range of spatial and temporalesca
investigated. The conclusions from such a synthissiirst that (i) the description of land-use alahd-
management (e.g. areas concerned, type of crogsheror not they are irrigated, quantity of fézérs used and
actual seasonality of application), including scefgroperties and emission sources, is inexistentgry poor)
in global and even more in regional climate modilst taking into account these characteristics imag the
regional projections used for impact studies.L@hd-atmosphere interactions are often speciftbéccase study
analysed; therefore, in this perspective, one camdly propose general solutions or recommendatiiiks.
Adaptation strategies, proposed after the evalnaticlimatic impacts on the targeted resource lueen derived,
but are often biased as they do not account fadbfeeks on local/regional climate. (iv) There is cgpdor
considering atmospheric chemistry, through landeaphere interactions, as a decision parameterafud- |
management, helping to maintain air quality andpsujing ecosystem functioning. (v) There is a latkan
integrated tool, which includes the many diffenerdcesses of importance in an operational mod&stalifferent
land use or land management scenarios at the afcalterritory.
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1. Introduction

In the terrestrial biosphere, the Earth’s atmosplean envelope of gases, liquid and solid padithat provides
essential conditions to maintain life on Earth. fsacomposition and land-atmosphere exchanges:dnén’'s
atmosphere regulates the physical climate arourahdds therefore a non-dissociable part of eveosgstem,
and a limited resource to be considered. Nowadgsng global changes in terms of climate, atmosphe
composition, biodiversity and demography, therarisncreasing demand to preserve a standard qodlitfe.
On the other hand, there is a raising pressureatural and anthropized ecosystems to increase gtioduand
meet the nutritive and recreational demands ohareasing population.

The atmosphere and the land surface interact itipteulvays, such as through the radiative-enerdgrue, the
water cycle (Pielke et al., 1998) or the emissiepasition of natural and anthropogenic compoundsédth et
al., 2010). Land-use and land-cover changes (LUDQ£Eg., deforestation/afforestation, urbanizatmitivation,
drying of wetlands, etc.) and land management at&ar(@MCs) (e.g., no-till agriculture, double-cropgi
irrigation, cover crops, etc.) alter the land scefavith consequences on the atmospheric compositidriand-
atmosphere interactions and lastly on climate (§eret al., 2017), at scales ranging from locagt@bal ones.
The importance of LULCC on the global climate hasibwidely acknowledged and the scenarios usetbbylg
climate models (GCMs) to investigate future climatev integrate LULCCs (Jones et al. 2014). LULC@d a
LMCs induce modifications in the physical propestie.g., surface albedo, emissivity, and roughnesshe
chemical emission/deposition potential of the landaces therefore triggering changes in all fluereshanged
between land and atmosphere. It is therefore irapbrto understand all physical, chemical and bicklg
processes, and the interactions that result bettheatifferent systems that are related to the spineric envelope
(water, soil, fauna and flora, concrete...) at looadjional, and global scales.

Nowadays, landscapes are largely shaped by huntiaities, resulting in a patchwork of natural, semaitural,
agricultural, urban and semi-urban areas (Alleal.e2003). The land surface is thus strongly $esio socio-
economic drivers and influenced by regulatory peticadopted at the local, regional, national oraugtional
scales. In this way, human activities strongly rifeie in the land-atmosphere interactions and apresaly
influence climate and air quality at various gepyiaal scales.

Recently, several reviews have examined the inferacbetween LULCCs and air quality and/or climgtange.
Pielke et al. (2011) and Mahmood et al. (2014)eweid the direct influence of LULCCs on regionahwlie,
through biophysical processes, i.e. the modificatwb the water, energy and radiative exchanges dsivthe
Earth’s surface and the atmosphere’s lower bounfilany local to regional scales. Based on both aleskand
modelled data, the authors conclude that LULCGacafbcal and regional climate; and, more signiftba the
areal coverage of the landscape conversion detesntime potential of LULCCs to effectively influenttee
mesoscale and regional climate.

Arneth et al. (2010 and 2012), and more recentigltHand Spraklen (2015), mainly focus on the chehaffects.
Arneth et al. (2010) look at the picture from alglbperspective with no special focus on LULCCseyput
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forward that feedbacks between the terrestrialghiese and the atmosphere cannot be ignored frolimate
perspective and that our limited understandinpefirocesses involved implies that none of thelfeeks studied
will act in isolation but rather that the systenmisre complex. The authors warn that non-linearitied possible
thresholds exist and they should be elucidatedrbgferforming simulations with ecosystem — cherpistimate
5 models. The need for integrative investigationsoisoborated by Arneth et al. (2012) that encouiag®oving

the representation of biological and ecologicalcpeses and bridge biogeophysical and socio-economic
communities. Indeed, the authors claim that thelle¥ description for the different processes amdractions
involved can significantly modify the projectiond tand-atmosphere exchanges (physical and chemical)
performed with models.

10 Heald and Spraklen (2015) review the interactiogtsvben land use change (LUC) and atmospheric clrgmis
with a focus on short-lived atmospheric pollutamsinly biogenic volatile organic compounds (BVOCs)il
NO;, dust, smoke, bioaerosols, and ozone, and thesesuent radiative effects on global and localales. They
estimate that LUC can cause a regional direct tiadiseffect of £20 W ri¥. They identify several gaps of
knowledge particularly linked to the aerosol effeoh the regional radiative balance and emissioahitity due

15 to different vegetation types. The evolution offet agricultural practices is another identifiedemainty as well
as the lack of connection between the differenbapheric species or process responses to LUC.
So far, beyond scientific literature, relativeljtlé attention has been paid in spatial plannirgctices to the
consequences of land-use related decisions anduresasn climate conditions and air quality at alaegional
scale. Concerns generally focus on the impacteo$ely built-up areas on temperatures in urbaregg{Tam

20 etal., 2015; Du et al., 2007) or on ways to imgrthe mitigation of climate change (i.e. to enhaheebiospheric
sink of CQ or decrease the sources). Hence, to our knowleggge few studies have (1) discussed the different
physical, chemical and biological interactions géttiner between the land surface and the atmosgRgfecused
on urban/peri-urban areas at a local-regional sealé (3) been addressed to decision makers, stilesh and
land planners. A better understanding of all ptaisichemical and biological processes as well ashef

25 interactions between the different systems rel&ethe atmospheric envelope (water, soil, fauna ftora,
concrete, ...) is thus necessary.
Our synthesis focuses on relatively short timeesc@lvith respect to climate), ranging from a fewsdto a few
years, and on local to regional spatial scalesgyiom a few to a hundred kilometres with a speatééntion
given to the territorial dimension. However, welaiusively use the word ‘climate’ to refer to chas in weather

30 (extremes and mean values). We understand teratotie portion of the land surface delimited aedetbped
by a community according to their needs; this idekithe political authority as well as the use @exklopments
made by a social group (Le Berre, 1992, Ginet, 204/2 also focus mainly on human-driven changdartd use
and land management and on peri-urban landscaggisg on the fact that today 54% of the world’pplation
lives in cities (United Nation, 2014) and that #meual rates of urban land expansion ranges fr@f 2 North

35 Americato 13.3% in coastal areas in China. Althongwadays urban areas represent less than 0.6 Barth's
total land area (around 650 000 km?) (Schneidet.e2009), estimations show that more than 5.8Famikm?
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of land are likely to be converted into urban area030, and very likely (probability >75%) for 200f this

surface (Seto et al., 2012).

Our objective is therefore to review the existingp&imental and modelling works that investigateysital,

chemical and/or biological interactions and fee#tbaoetween the land surface and the atmosphereiinlym
urban or peri-urban landscapes at a regional arad szale.

We firstly present land-atmosphere interactionsiradividual land cover and/or land management charigy

discussing physical, chemical and biological preess We then explore possible interactions betvieese
processes for a mosaic of different adjacent laes and managements. We finally identify challergesneeds
for current research and propose potential levaradtion.

2. Land Use and Land-use Intensification: definitionsand dynamics
2.1. Historical perspective

In the previous decades, concerns have been ralged the influence of the land surface on clinpaiteesses.
In the mid-1970’s, diverse studies highlighted itn@act of land-cover change on the land-atmospbeezgy
balance at micro, regional and global scales duaddifications in surface albedo (Ottermann, 19CHarney
and Stone, 1975; Charney, 1975; Charney et alZ;18&gan et al., 1979). Lately, in the early 198@%/sodwell
et al. (1983) and Houghton et al. (1985, 1987) easjzied the role of terrestrial ecosystems as ssumed sinks
in the carbon cycle, therefore pointing out the dctpof the land-cover on global climate. Becausthefgrowing
awareness that land surface influences various@maental processes and the climate, understanidegends,
patterns and mechanisms of LULCCs became a fundatrissue in academic research (i.e. Ramankutty and
Foley, 1999; Klein Goldewijk, 2001; Foley et alQd®; Lambin et al., 2006; Klein Goldewijk et alQ1Z, Ellis,
2011). Historically, research on land-use intenatfon and population growth emerged after Worldr Wan
different disciplines such as human geography,ogichl anthropology or political ecology and cortcated on
understanding agricultural changes. However, in 1880s, the availability of land-use data throughmaote
sensing shifted the focus from land-use intendificato land use and land cover studies because ofidhe
changes associated with intensification cannotdieatied remotely as not being related to a prapet tover
change (Erb et al., 2007; Verburg et al., 2011)révtecently and due to its far-reaching, potentidétrimental
ecological consequences, land-use intensificatamnditracted the interest of the scientific comityuat large
(Erb et al. 2013).

2.2. Land Use and Land Cover Change: definition and dynmics

Although land change may be one of the most anofeait human-induced impact on the environmerg Elarth’'s
land surface has never been altered by anthropogetivity at the pace, magnitude and extent egpegd over
the past few centuries (Lambin et al., 2001). Gnlasis of distinct studies, it can be estimatead ibughly 12
million km?2 of forests and woodlands have beenrel@aver the last three centuries, representingoajpately
a 20% decrease in the forest cover: Richards (1@&thated a 11.7 million km? loss - from 62.2 @%bmillion
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km2 - between 1700 and 1980, Ramankutty and FA!e99) indicated an 11.35 million km? loss - fromZ&5to
43.92 million km?2 - between 1700 and 1992, whileiKlGoldewijk (2001) mentioned a 12.9 million kro3$ -
from 54.4 to 41.5 million km? - between 1700 an8@.Although huge variations can be noticed betvateties,
notably because of land-use/cover definition aadsification issues, similar trends have been tepoegarding
changes in natural areas (steppes, savannas agidssshrublands, tundras and hot/ice deserts)aRartty and
Foley (1999) mentioned a 7.3 million km?2 loss nfr@3.2 to 65 million km2 - between 1700 and 199Bijlev
Klein Goldewijk (2001) assessed a 25 million kngde from 71.9 to 46.9 million km2 - between 176@d 4990.
In his review on the anthropogenic transformatiohthe terrestrial biosphere, Ellis (2011) spayigjuantified

the temporal aspects of human transformations eet¢bsystems-(gure J.
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CREDIT: ERLE ELLIS, ADAPTED FROM E. ELLIS, PROCEEDINGS OF THE ROYAL SOCIETY A, 369:1010 (2011

Figure 1: Anthropogenic transformation of the terrestrial biosphere showing the number of years of itnsive use from
Ellis (2011).

Such a focus has led to consider, especially uhéescope of an integrated land science, the v&dad complex
interactions between human societies and the emwieat (Turner, 2002). The land-cover - which can be
understood as one biophysical attribute of theasar{Turner et al., 1995) - is now predominantlyegelent on
the land-use - which can be understood as theitgdtiivman societies have decided on the land ioraence
with economic, cultural, politic, historical anchtixtenure considerations (Turner et al., 1995)aQ@vorld’s ice-
free land surface of approximately 130.1 million%kithe area directly reconfigured by human acti®wfa2007
has been estimated at 53.5 % (Hooke and Martin-Bu2@i.2).

This decline, mostly of natural ecosystems, isrsaey due to the conversion of forests, savanaad,grasslands
into agricultural lands. According to Pongratzle{2008), the global extent of croplands and pastwould have
respectively increased by about 14.75 million kifidm 4.01 to 18.76 million km2 - and 25.93 milli&m? - from
3.7 to 29.63 million km? between 1700 and 1992. Bath previously mentioned land-uses, Klein Goldlewi
(2011) estimates the increase by about 12.3 mikioA - from 3.0 to 15.3 million km? - and 31.2 riwh km? -
from 3.2 to 34.3 million km? - between 1700 and @0By combining the results of different studiesli@dsing
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this land transformation issue, Hooke and Martirglai (2012) estimate that croplands and pasturessemt
nowadays respectively 12.8% and 25.8% of the weiltB-free land surfac€iure 2.

Finally, the land transformation related to urbarelopment and infrastructure expansion must bet@diout. A
total of 8.4 million km2 can be classified as urlzaeas, rural housing, business areas, highwaysads (Hooke
and Martin-Duque, 2012). Even if increasing, commat the expense of agricultural land (D66s, 20625
number represents only about 6.46% of the worlsfiee land surface. However, such a land tram&ftion
can have a big impact on environmental processksalt and/or regional scales and therefore attezthealth

and life of million people, given the human dengityhe areas impacted.
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Figure 2: Adapted from Hooke and Martin-Duque (2012 Changes in land use through time (closed symbols)ith
extrapolations to 2050 AD (open symbols).

2.3. Land-use Intensification: definition and dynamics

Another aspect of land-use that affects the enwient is land-use intensification. In the scientifierature, there
is no unique definition of land-use intensificationland-use intensity, even though the conceptdseasingly
referred to. The diversity of definitions used eefs on one hand a disciplinary diversity andhenather, a certain
relationship between man and nature (Lindenmayek,e2012, Erb et al., 2013, Erb et al., 2016pnfrthese two
different contexts emerged two distinct definitimisand use intensification. The first comes framagricultural
point of view where land use intensification isidefl simply as increasing production from the sdane by
additional inputs in terms of labour, energy, fesgir and water (Erb et al., 2009; Krebs et al99This involves
most of the time developed agricultural technicared an increased amount of inputs to the ecosydestitisers,
pesticides, etc.) (Lindenmayer et al. 2012). Thisnsification via production is thus operated ireatral way on
land area where intensification is the means byckvigiains are made using increased inputs per amit &rea
(Moller et al., 2008). It can however involve adamse change in the case of the implantation eEhirgy crops
for example. Land use intensification can also &neéd from an ecological or biodiversity pointwaéw as the
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increasing transformation of the land away from thréginal habitat. From this point of view, landeus
intensification is accompanied by landscape andystem simplification from complex natural systetos
simplified agricultural ecosystems (the more onesgm intensification, the more the other tendgddowards
landscape uniformity in a reduction of biodiveryityr to urbanisation (Flynn et al., 2009). This aypf
intensification is however never neutral on landaaand therefore systematically involves a LULC@e T
difference between this view on land-use interaffan and LULCC is that the change is always towaranore
anthropized system whereas LULCC can occur in fipmsite direction by reforestation, restoration etc

It is therefore very difficult today to draw a picé of the dynamics behind or the evolution of larsk
intensification simply because there is no commefindion and terminology and there are many knalgkegaps
related to the underlying processes and deterndranthe levels, patterns and dynamics of landintensity
(Shriar, 2000; Erb, 2012). It is essential, howeterR) assess the impacts of those changes aiftations
and b) have the tools to assess their influencab@biosphere as on biosphere-atmosphere intenactin the
sections below, we review the documented effecth@mtmospheric compartment from a physical, cbalnaind
biological point of view and classify them in threategories (Figure): land cover change, agricultural

intensification and urban intensification.

agricultural
: Natural Semi-natural Urban
(ECEICEypEiSpEa Ve Urban Intensification
LI Extensive Agriculture | | Intensive Agriculture
(agriculture perspective) Low inputs High inputs

Land-use Intensification

Primary Forests
LULCC mary Managed forests Cropland | | Urban |
semi-natural areas Grasslands
’ Natural

Figure 3: Main changes in LULCC and LI (land-use intensifiation) from an anthropic perspective and
their classification relative to the sections of tis manuscript
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3. Human driven land use and land management changesd their impact on climate and air quality

3.1Physical processes

The different types of surfaces covering the etigttitly control (micro-) climate through their infénces on the

radiative budget, the energy balance, the watamnisal and air flows. The radiative budget determthe energy
received by the surface. For any surface, theatbation Q*) is defined as follows:

Q =@1-SD+@LLI-LD 1)

whereS and L are short- and longwave radiations, respelgtivand? and | refer to upwelling and incoming
components, respectively. By considering surfadeedd ¢) and surface and air emissivities; @nd e,

respectively), surface temperatufig) @nd high altitude air temperaturg), Eq. (1) becomes:
Q =@Sl-aS)+(eq-0"Tt—e5-0-TH 2)

with ¢ the Stefan-Boltzmann constant (= 5670 W m™2K™). The energy balance for any surface is linketh wit
its radiation budget througQ* and can be expressed as (assuming there is ngyestered with land, which
excludes therefore permafrost regions or regiotis sviowy winters, for example):

AQs=Q —-H-LE—G (3)

where AQ; is the change of energy within the consideredaserflayerH is the sensible heat flux (dry heat
convectively exchanged between the surface andtimesphere, that changes both the emitter and teecep
temperatures)LE is the latent heat flux (i.e., energy dissipatadirdy evapotranspiration, water vapour
convectively exchanged between the surface andtimesphere, that changes both the emitter and teecep
moisture conditions). LE includes both water evafion ) (i.e., from soil, dew, water interception by leay
lakes and oceans) and plant transpiratibn @ is the conductive ground heat flux from/to deepgers.G is
often small and negligible for minor scales comgai@H andLE fluxes. The energy and water balances are
connected through the evapotranspiration (i.e.stira ofE andT). The water balance for a surface including
vegetation without considering lateral exchangevbeh adjacent soil volumes can be expressed as:

AS=P—-E-T—-R-D @)

whereAs is the change of water content within the givereiaP is the precipitation (in case of surface layer) or
percolation from the above lay& s the surface runoff, aridl is the drainage. Note that the tesmincludes soll
moisture, surface water, snow, ice cover, and —eddimg on the depth of the considered soil layer —
groundwater. It also includes the interceptionager Finally, any convective fluxes between theosphere and
the surface in the surface boundary layer can pessged following the flux-profile relationships as
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F=—k-u -mc%;% (5)
whereF, is the bi-directional land-atmosphere turbulem tf the scalay (e.g., temperature, water vapor, carbon
dioxide, ozone)k is the von Karman constant (= 0.4), is the friction velocityz is the height above groundl,

is the displacement heigl#, is the roughness length, ang(z/L) is the stability correction function accounting
for atmospheric stability.

From the previous equations, it can be seen thetldhCC induces modifications in the surface raigiatenergy,
and water budgets, which may in turn modify thenelie. First, the energy received by the surfacgosely
related to surface properties (i.e.andes) (Eg.2). Any darkening (brightening) of the sudazy LULCC will
decrease (increase) albedo and make more (lesg)yemeailable at the surface. This alteration mesult in
increased (decreased) surface and air temper&iuméarly, any increase (decrease) in surface ewiigglue to
LULCC modifies the radiative budget of the surfaesulting in the decrease (increase) in surface and
temperature. Typical values of albed), Bowen ration §) and roughness lengtl) are summarized in

. Then, LULCCs modify the energy dissipation whaztturs mainly through turbulent fluxed éndLE) (Eg. 3),
and the partitioning between H and LE that is oftbaracterized by the so-called Bowen ratio (fehe ratio
H/LE, see Table 1 for typical values). This latter ®arwith surface properties: the largest the amadint
evapotranspirative surface is, the lowest the Bowaéa is. The Bowen ratio is controlled by thegaece/absence
of free water (e.g., lakes, oceans, rivers, saifg) as well by the presence/absence of vegetatign €urface,
density, phenology) and its physiological actiypgrticularly linked with stomatal conductance (@etails about
the factors affecting stomatal opening and clossee, Sect. 3.2 on biological processes). The ipaitig of
turbulent heat fluxes influences local climatic dibions, especially air temperature: while a laBgven ratio
(i.e., H >> LE) induces local warming of the ambient air with seguences and feedbacks on ecosystem
functioning (e.g., thermal stress) and air polint{e.g., chemical production/depletion in the atphese), a small
Bowen ratio due to larg&E allows surface cooling as energy is convertedlattnt heat, followed by air cooling
as H is reduced. Yet, it also influences the watance due to its link withE (Eq. 4). Finally, although
convective fluxes are closely related to local dfim conditions (e.g., wind speed and temperanfteancingu-
and atmospheric stability respectively), surfacgdly influences the efficiency of convective flexéarough its
impacts ond and z (Eq. 5). Increasing surface roughness (e.g., tiroafforestation) enhances turbulent
exchanges owing to the increasadiandz, and conversely. In a general manner, the hidgtercanopy is, the
largerd and z are (Table 1), even if they are influenced by otbarameters (e.g., LAl for pseudo-natural
ecosystems, building density for urbanized aredswever, it must be kept in mind that land-atmosphe
exchanges are also dependent on scalar concentdéfference between the surface and the atmospme@ning
that air mass composition (e.g., temperatu€),HCQ, or pollutants) and surface emissions (e.g., froamume

application or anthropogenic activities) are cruegriables. Yet, plants can absorb or emit varicaisipounds
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according to their development and functioningrii with meteorological conditions. In turn, the gnétude and

direction (i.e., from or to the atmosphere) of fluees will affect the atmospheric composition.

3.1.1.Land Cover Change

Deforestation/Afforestation. Before the industrial era, deforestation had hgmwticed for tens of thousands of
years for agriculture, grazing, cultivation andamtmeeds. However, it is only over the last thregturies that
deforestation drastically increased with aroundiiion km? of forests cleared and 40 million kng&maining
today (Ramankutty and Foley, 1999; Klein Goldew#R01; http://www.fao.org/forestry/fra/41256/erBeveral
studies investigated the effects of deforestat@mnof its opposite (afforestation effects), on i mainly
applying a modelling approach. These modelling istidompare the effects on climate of changes legtwe
current and pre-industrial potential vegetationdemthe hypothesis of no human activities. Amorg it
biogeophysical effects on climate, deforestatioa tantrasting effects on air temperature that dgmenthe
latitude and the vegetation types involved (Clanggeal., 2001; Snyder et al., 2004, Gibbard ¢2805; Bala et
al., 2007; Betts et al., 2007; Jackson et al., 20@&in and de Noblet-Ducoudré, 2010; Beltran-Puzaket al.,
2012). At high latitudes, deforestation triggemsiater and spring surface cooling due to changékerradiation
budget that compensates at the annual scale theeumarming resulting from decreased latent hest fin
boreal regions, forest removal strongly increabesstirface albedo. Indeed forests mask the snop@Essed to
herbaceous vegetation (Chalita and LeTreut, 19%4s8her et al., 2003; Randerson et al., 2006 pwWiatitudes,
deforestation leads to a surface warming due togg®in the water cycle. Conversion of tropicahfi@iests
(Amazonia) to pasture lands strongly modifies sigfavapotranspiration and roughness since, comgared
pasture lands, trees have a higher surface roughinasenhances surface fluxes and thus the eeagpiration
cooling efficiency (Shukla et al., 1990; Dickinsand Kennedy, 1992; Lean and Rowntree, 1997, vonl&aret
al., 2004). In the long term, reduced evapotraasipm and precipitation may lengthen the dry sedscthe
tropics, thereby increasing the risks of fire ocence (Crutzen and Andreae, 1990). At mid-latitubesh albedo
and evapotranspiration mechanisms are at work ampete against each other. Those results havethegbeen
confirmed by satellite-based observation analysietal. 2015, Forzieri et al. 2017). Although dies over the
mid-latitudes show somewhat contradictory resutid the effect on air temperature remains uncleaoime
temperate regions such as the Mediterranean (&aettal., 2001; Heck et al., 2001; Anav et all®@Q&ampieri
and Lionello, 2011; Stéfanon et al., 2014), in Mwthern hemisphere the historical land-cover cledmas very
likely led to a substantial cooling (Brovkin et,d999, 2006; Bonan, 1997; Betts, 2001; Govindasaimay,, 2001;
Bounoua et al., 2002; Feddema et al., 2005a), cahfgain magnitude with the impact of increasecgh®use
gases (Boisier et al., 2012; de Noblet-Ducoudrél.et2012). Deforestation/afforestation can alshagsce or
inhibit convective cloud and precipitation in theredying atmospheric column. Some studies show an
enhancement of shallow cumulus clouds over defedesinds in Amazonia (Chagnon et al., 2004, Wardl. et
2009), while opposite results were found over defterd lands in Southwest Australia (Ray et al. 3200wo
different mechanisms result from the interplay lestw the surface heat fluxes and the boundary Eyecture
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(i.e., stability, temperature and humidity). Dryismd high sensible heat flux can increase theagmhent of cold
air from the boundary layer top and finally increahallow cloud cover by lowering the saturatioreshold
(Westra et al., 2012; Gentine et al., 2013). Orctirerary, wet soil and high latent heat flux meisthe boundary
layer and increase the relative humidity at itsitopase of deforestation.

5  Wetlands. Although wetland drainage is a relatively smallgwoion of the world's land surface, LULCC can have
significant impacts on some areas. Wetland draifagegriculture purposes has removed between 84-4f1
natural wetlands since 1900 (Davidson, 2014). Gfemsig the old character of wetland drainage, @lystudies
evaluated its impact on local/regional climate. Tinest documented case is that of South Floriddk@iet al.,
1999; Weaver and Avissar, 2001; Marshall et alg420 2004b). During the 20th century, large wetlarehs in

10  South Florida were converted to large-scale cropee@ls), citrus growth, and fruit crops in genekédelling
studies show that current surface cover causedisam changes in temperature extremes with irsgddength
of freezing events and increased magnitude of tliasst (lower temperature), which severely redutes
agricultural production (Marshall et al., 2004ayrdg nighttime, water vapour evaporates from tliaraps and
modifies the longwave radiation budget, resultimgiless rapid infrared cooling and less cooling-B$C than

15 for the current (drained) case. A similar studyroSeitzerland shows opposite results (SchneiderEugsbter,
2007). The conversion of wetlands to extensive fiagncaused a nighttime warming and a daytime cgabiha
few tenths of a degree Celsius. This temperaturdifination was explained by the alteration of dbiérmal
properties and by higher albedo in the current.daseng the nighttime, higher thermal conductivéfythe current
soils resulted in upward heat fluxes, which enhdribe temperature. In another vein, Mohamed ef2805)

20 studied the effect of Sudd swamp on the Nile wltsv and local climate. Due to the Sudd wetlandaked in
the upper Nile, a substantial amount of water & tbrough evapotranspiration. In a drained Sumhario
produced by a numerical experiment, the Nile flagt jdownstream the wetlands increases by 48yGhover a
total of 110 Griyr. However, evapotranspiration reduces, causingn@eeature increase by +4-6°C during the

dry season.

25 3.1.2.Agricultural intensification

Irrigation. Among land-management practices, irrigation is ohthe most common all over the world, and it
significantly modifies the surface water and endrggiget. The amount of additional water put ineghils tends
to increase the latent heat flux at the expensendible heat flux, leading to an irrigation cogleffect (ICE) of
the ambient air. In California, for example, thifeet was observed during daytime over a long-tdataset and
30 estimated to several degrees (-1.8°C to -3.2°Gedime beginning of irrigation - Lobell and Bonfig)07; Bonfils
and Lobell, 2007). However, there are two oppositérect heating effects. First, the high-albedsate is
converted into a low-albedo vegetated plain (Chrit al., 2006) which results from a combinationcodp
planting and irrigation and can therefore be cfesbias a land cover change rather than an agriallt
intensification. Second, the greenhouse warmimgmignced due to the increase in water vapour. fidenouse
35 effect -less important than the transpiration dffec temperature- dominates during the night-tieveral
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modelling studies assess both greenhouse and inati@p effects (Boucher et al., 2004; Sacks e28l09; Puma
and Cook, 2010; Cook et al., 2011, 2015; Kueppeat,€2012) and highlight that locally the ICE ntegve partly
masked the 20th century climate warming due toe@msed greenhouse gases (Kueppers et al., 2007).
Meteorological studies suggest that irrigation @so lead to an increase in summer cloud covepeetpitation,

as observed over the Great Plains region in theed8tates, downwind of the major irrigation arg@egal et al.,
1998; Adegoke et al., 2003; DeAngelis et al., 20R¥cently, Thiery et al. (2017) demonstrated thigation
influences temperature extremes and lead to a prmeal cooling during the hottest day of the yed.18 K
averaged over irrigated land).

Soil Surface conditions. Several crop management techniques (e.g., coepscdouble cropping, no-tillage) have
a direct effect on regional climate through charigesurface-atmosphere fluxes and surface climateliions,
and are considered among geoengineering optionen\Witage is suppressed, crop residues are lefhefield,
resulting in two counteracting mechanisms: albedcgiases while evaporation reduces (Lobell e2@06; Davin

et al., 2014; Wilhelm et al., 2015). Surface albedweases by 10 % and lowers hot temperature sdiyabout
2°C, however the effect on the mean climate isigdgg. Climate effect of two growing seasons pearyhas
been largely untested. Only Lobell et al. (2006)¢hshown via modelling that this experiment hamalkimpact

on a temperature on multi-decadal time scales whberpared to practices as irrigation. However, nmecently
Houspanossian et al. (2017) have observed throatgiliite imagery difference in reflected radiatibetween
single and double-cropping up to 5 VW.i8imilar to tillage/no-tillage mechanism, diffecars over South America
were induced by a longer fallow period in the sienplopping case. Seed sowing dates also likelysgaple in
surface energy balance, due to the modificatiah@fgrowing season length (Sacks and Kucharik, 2011
Charcoal. Among agriculture practices, as an alternativbitenass burning and natural decomposition, the use
of charcoal from biomass pyrolysis to enrich soitsy reduce C&emissions. However, as side effect, the resulting
darker soil increases the local radiative forcimgugh albedo change and offsets the sequestrefiect up to

30 % according to Bozzi et al. (2015), who analysasked on observations of agricultural field albé&iochar
has similar effects (Usowicz et al., 2016; Meyeale2012).

Forest management. Along with crop management, forest managementdcpubvide similar impact for local
climate but is still poorly investigated (Bellassamd Luyssaert, 2014; Luyssaert et al., 2014, aghdorested
areas cover one third of the global land surfadei@Goldewijk, 2001). Forest management mainliesebn tree
species selection, fertilization, litter rakinginthing and clear-cutting (Eriksson et al., 200Mraugh modelling,
Naudts et al. (2016) have raised that two and fdeaituries of forest management in Europe mayhaot
mitigated climate warming, contrary to what was stimes assumed until now. The large conversion of
broadleaved to managed conifers forest resultediggeophysical changes which contributed to higher
temperatures instead of attenuating them. Withrokgaatmospheric carbon budget, forests wereealtérom

acting as a carbon sink to a carbon source, becdule removal of litter, dead wood, and soil caripools.
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3.1.3.Urban intensification

Urbanization process results in the replacemefjpsgudo-)natural ecosystems, i.e., vegetation, tmeror less
dense and impervious built-up environments. Yet&n activities concentrated in these areas aremsipe for
some additional heat and gaseous releases inrttespiere. Consequently, these LULCCs sharply maldy
atmosphere, both in terms of climatic conditiond gas composition, which ultimately affect land-asphere
exchanges and biogeochemical cycles.

Urbanization affects the physical environment, it@syin a modification of surface radiative budg¢Et. 1 and
2), energy balance (Eqg. 3), water balance (Egnd)and-atmosphere mass and energy exchanges)(fkpding
ultimately to (micro-) climate alteration in urbareas.

First, urbanization affects each components ofakiéative budget. On one hand, the net radiati@n which is
the energy received by the surface) is potentialfijyced due to decrease in the incoming shortvadiation §|)

in link with atmospheric composition and air paltut due to the reflecting properties of the smogtaln the
dry season, during clear days, Jauregui and Luy@t#f9) observed that incoming solar radiation exio City
was 21.6% lower than its suburbs. This differenceld raise up to 30% when weak wind speed prevailed
However, the intensity of the reductionSahwas closely related to the day of the week (heman activities) and
meteorology (e.g., temperature, humidity, solafatiah), which both influence photochemical smognfation.
Similarly, Wang et al. (2015) measured lower i Beijing compared to its surrounding, with vauganging
between 3% and 20% depending on the season. Bagbe analysis of global radiation measurements fitee
Global Energy Balance Archive (GEBA), Alpert et @005) and Alpert and Kishcha (2008) show a reteship
between solar dimming and population density amgbapheric pollution such as aerosols, which absodb
scatter incoming solar radiation. Overall, AlpentaKishcha (2008) demonstrated that at the surgde 8%
lower in urban compared to rural areas. Moreo@rjs also potentially reduced by the enhanced autng
longwave radiationl(t) due to a warmer urban environment (the so-calledan Heat Island effect”, see below)
since infrared radiations depends on surface testyrer (Eqg. 2). On the other hand, urbanization imidoces an
increase irQ*. Urbanization usually results in a decrease ofeme albedod) and surface and surface emissivities
(es) (Table 1), finally reducing both outgoing shai®) and longwavel(t) radiations (Eq. 2). Although some
building materials exhibit larger albedo and emiggithan (pseudo-)natural environments, most efhithave
lower ones, especially asphalt or other dark mate(e.g., Li et al., 2013; Alchapar et al., 20R&hdi et al.,
2014). Yet, at the city scale, outgoing short- forywave radiations is scattered and absorbed prailtimes
within urban canyons (i.e., light trapping effedt)us contributing to botBt andL? reduction. Overall, both
effects tend to compensate each other and onlyiéevences ifQ* have been observed between urban and rural
environments$n yearly averagéOke and Fuggle, 1972; Christen and Vogt, 2004yeibeless, depending on the
seasons and time of the day, lar@rhave been observed in urban areas during daydingein winter, when

snow covers surrounding rural areas (Christen awgt,\2004).
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Secondly, the way surface energy is dissipated {fie energy partitioning between sensible arhtdteat fluxes)
is sharply modified within urban environment congghto its surrounding. In urban areas, energy imimna
dissipated through sensible heat fltl),(whereas in rural environments vegetation angipes surfaces provide
larger evapotranspiration rates (i.e., latent $dadieat flux,LE), therefore loweH. Yet, a non-natural ter,
due to heat release by human activities (e.g.dimgjlheating or cooling), adds to naturflux, further increasing
sensible heat flux in urban areas (Arnfield, 2009).a result, Bowen ratio is further increased iibam areas
(Table 1). This larger energy dissipation throtjlwhich transfers heat from the surface to theisiesponsible
for the so-called “Urban Heat Island” effect (UHthe most well-known alteration of (micro-) climadee to
urbanization worldwide, reflecting warmer climatardund 2-3°C) in urban environments compared to
surrounding rural environments. Nevertheless, Ultrisity is sharply variable according to the twhday (e.g.,
Pearlmutter et al., 1999), the season (e.g., BigsE996; Zhou et al., 2014), the geographicaltionaspatial
organization of the urban fabric (e.g., buildingesaind density, human use, fraction of vegetafmg), Emmanuel
and Fernando, 2007; Hart and Sailor, 2009), aral tand use (e.g., forests, crops, bare soil) (Giel., 2006)
since UHI is defined as a temperature differende/den the city and its surrounding, this last deliemon the
local land use as explained previously.

As a means of mitigating UHI temperature increagegration within the built environment of vegetaor highly
reflective cool roofs is of growing interest inrolite modelling studies. Cool roofs absorb lessriog shortwave
radiation than dark roofs. They decrease the kealregional summer surface temperature by 0.12qMflIstein
and Menon 2011 ; Georgescu et al., 2012 ; Salanmetradg 2016 ; Vahmani et al., 2016). Their impattlimate
is not just limited to surface energy budget asef@ample precipitation decrease was put forwamal imodelling
framework (Georgescu et al., 2012). Benefits froraeg roofs are analogous to cool roofs, as vegetati
contributes to cooling via increased albedo, antemwavapotranspiration. In situ experiments witffedent
species have surface temperature difference upQdMaclvor and LundHolm 2011). However at the osgil
scale and over urban areas, simulated coolingeiatgr for the cool roofs relative to the green spbecause of
the vegetation seasonality and sensitivity to dsgr&eorgescu et al., 2014).

Whatever the land change described above, therenargy numerical evidences that its effect on extrem
weather/climate events is quite larger than thmpact on mean seasonal or annual climate.

Focusing on central France for example, Stéfanah €2014) demonstrated that if this part of Feahad been
partially afforested in 2003, the June heatwavelevbave been aggravated by up to +3°C, while thgustione
would have been dampened by as much as -1.6°Qylocal

Enhanced extreme winter cold temperatures andHeofyfrosts have also been identified by Marshalble
(2004a) in response to the drainage of wetlandsepldcement by agriculture. Those changes anetisons for
the reduction in crop yields, rather than the clearig mean regional climate.

Pitman et al. (2012a) carefully carried out a moltidel analysis of the impacts of historical langer changes
on extreme temperature and precipitation indexsisfuthe indices recommended by the CCI/CLIVAR/JQ®M
Expert Team on Climate Change Detection and Ind{E8XCCDI) based on daily maximum and minimum
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temperature and daily precipitation], at the gladzalle. They found that, wherever the land-covangk induced
decreases (resp. increases) in averaged temperttarextreme temperature values were also red(resg.
increased). They compared those changes to thereseling from the increase in atmospheric.@@d sea-
surface temperatures during the same historicadgh@nd found that the land-cover induced changeg lme as
large as, sometimes larger, and potentially of sjtpsign.

Any land cover conversion or land management thabrs the increase in (or reversely the decrease in
evapotranspiration during a specific season (eigation, crop intensification versus e.g. deftagen, tillage
suppression) has consequences on extreme valudElpftemperature while not affecting the mean seabk
temperature. It generally decreases maximum vdlugs) and thereby the diurnal amplitude (Davin et 814,
Thiery et al. 2017).

Finally conversions to urban environments resulttie creation of temperature, moisture, and wind
gradients/zones that act as a source of vortioitgform ingestion and development into tornad&edirfer and
Niyogi, 2014). Cities are also a source of aerogwshelp initiate thunderstorms (Haberlie e2all5).

3.2. Biogeochemical processes at the land/atmosphereenfiace

Biological activity occurs in soils and within theegetation. It affects number of physical, chemiaat
biogeochemical processes and therefore also thmeges between land and atmosphere..

Soil microbial activity primarily involves the productiocof energy by autotrophs through aerobic respinati
Organisms can obtain energy through anaerobic reg&pi that originates from the reduction of organi
compounds, such as fermentation, or inorganic coamg®, such as nitrate reduction, denitrification or
methanogenesis. The oxidation of certain mineedss) called chemolithotrophy, can also be a soofenergy
for living organisms such as nitrification, anamntarimonium anaerobic oxidation) or sulphur oxidatias all
metabolic pathways, environmental factors suchesspérature, water presence or absence, and saebstrat
availability control those processes and are tbheeehffected by LULCC. The different metabolic pedlys
release into the environment different reactiveega@dNH, NOy, BVOCs) and non-reactive (or less reactive)
organic or mineral compounds (gM:0, CHs, H:0) affecting the atmospheric composition. Thesemmmds
can have chemical (see Sect. 3.3) or physicaltsffsee Sect 3.1 change in the water and energyebuand/or
warming effect. In turn those atmospheric changed back on ecosystem functioning through diredtiadirect
effects.

Plants are considered as heterotroph and can therefereedosunlight and CQinto organic carbon through
photosynthesis. One of the major actors in photib®gis is the stomatal movement, which allows &z to
change both the partial pressure of.@GDthe sites of carboxylation and the rate ofdpaation interlinking the
water and carbon budgets. Another important adtphotosynthesis is RuBisCO, the major enzyme welin

the fixation of CQ. RuBisCO is a rate-limiting factor for potentidigtosynthesis under the present atmospheric

air conditions (Spreitzer & Salvucci 2002). It cains relatively large amounts of N, accountingiforto 30% of
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total leaf N-content for C3 type plants and 5-10Ptotal leaf N for C4 type plants it is thus an ionfant link
between the C and N cycles in vegetated surfacegi(id, 2003; Carmo-Silva et al. 2015).

The plant’s photosynthetic enzymes and the funiigpof the stomata are affected by: (i) changebérphysical
environment of the leaves (water potential, tempeeaand C@concentration; Farquhar and Sharkey, 1982); (i)
contact with atmospheric chemical pollutants (ottida gaseous compounds, nitrogen deposition); (iii)
availability of other resources (nitrogen, phosplus); and (iv) interaction with adjacent living argsms
(competition for resources, invasion by pests)m@te change or land use and land cover changedireatly or
indirectly modify all these factors. Moreover, stal conductance plays a major role in the suréaesgy budget
when plants are involved, as explained in Sect. @& can be one of the pathways of feedbacks bete
atmosphere and the surface since they regulaténpar to the leaves and water output from thedsaVegetated
surfaces are also involved in the exchange of attetive species such as NH fertilized agricultural land as
well as volatile organic compounds (VOCs) as a comipation or defence tool that facilitate interang with
their environment, from attracting pollinators aseled dispersers to protecting themselves from patisy
parasites and herbivores (Dudareva et al., 2013).

Some examples of how LULCC can affect climate tgrohiological activity of soils and plants are givgelow:

- Water Use Efficiency (WUE) is defined as the ratio between the rates of carassimilation
(photosynthesis) and transpiration. Plants thathzae a lower transpiration rate without simultarsty
decreasing their photosynthesis and thus biomaskiption are a desired trait in crop productiontypé
photosynthetic plants as opposed to C3 type photbstic plants have the capacity to concentrate CO
in their mesophyll cells and can therefore haveghdr WUE. Plants in general respond to changing CO
concentrations, for example, it has been shown dhaincreased CQOconcentration tends to reduce
stomatal conductance while still increasing phattisgsis (Ainsworth and Rogers, 2007). This hasraéve
implications when considering different land useshe context of climate change and increased CO
concentrations. Recent research demonstrate thett oh@4 plants almost certainly display increasing
water-use efficiency with increasing €ebncentrations, which allows them to better da#i wonditions
of water stress (Maroco et al., 1999; Conley et24101). Consequently, this phenomenon should allow
plants, in the future, to grow in areas where tbeyently cannot survive due to limited soil morstu
availability. Those same plants will also be abldetter resist drought periods and heat wavesr(Eti
al., 2011; Aparicio et al. 2015). WUE issues caiatiicially overcome by irrigation, with consequees
on plant phenology and local climate. Intensifioatof the water cycle or increased drought conattio
because of climate change and LULCC modify thedgjglal functioning of the soil-vegetation system
and lastly influence the local climate.

- Increasedemperature and frost-free days as well as atmospheric G@centrations affect the activity
of RuBisCO. As aresult, the growing season elesjand, if no other limiting factors are presdmg, et

primary production (NPP) increases accordingly @elyox et al. 2014; Fridley et al. 2016), whichldou
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be beneficial in temperate regions. However, loggewing seasons increase pressure on the water cyc
therefore affecting local climate and resultingpatentially negative feedbacks on the carbon cfxlelf

et al. 2016; Ciais et al. 2005). Due to temperagfifects, species migrate to higher latitudes titudes
(Hillyer and Silman, 2010; Brown et al. 2014; Sgesi et al. 2013) resulting in LULCCs, changes in
emissions of reactive trace gases and in habitdtidaliversity. Finally, higher temperatures entesoil
microorganism activity leading to higher minerdiisa rates and consequently g£felease to the
atmosphere.

Rate of photosynthesis is directly correlated taf leitrogen content on a mass badsitrient Use
Efficiency (NUE) is defined as the ratio between the amount afifent N removed from the field by the
crop and the amount of fertilizer N applied. Ina®@ anthropogenic synthesis of mineral fertilizers
intensify crop production impairs the global N eyels illustrated by the N-cascade (Galloway e28D3;
Fowler et al., 2013) with impacts on biodiversi8ufton et al., 2011), water and air quality (Bilkral.,
2013; Erisman et al., 2013), and productivity anttiant cycling (Phoenix et al., 2003; de Vriesabt
2009). Nitrogen and carbon cycles are interlinkadough biosphere-atmosphere interactions via
biological processes, as detailed here, and chépriceesses in the atmosphere, as detailed in $8ct.
Nitrogen is a limiting nutrient for plant growth the tropics, warmer and wetter climate induces hi
soil mineralization and biological fixation (Cleagld and Townsend, 2006; Yang et al., 2010) thezefor
increasing N availability; however, this is not tt&se in mid- and high-latitude regions. Increasihg
availability to vegetated surfaces raise NPP, astieemporarily, with increased C storage in saild
higher N values in the vegetation (Yue et al. 2046 direct effects on climate but also indireffeets

via impacts on the water and energy budgets odiceatreas.

Another example is the effect of elevated biotialoiotic stress on plants. Increasedneconcentrations

is a typical example, which affects stomatal comalnce and photosynthesis (Fowler et al., 2009;Reic
and Lassoie, 1984). Ozone is a strong oxidantdmaglter the functioning of plant cell in diffetevays.

At relatively high concentrations, we observe:difect damage of leaf epidermis cells (Sandermann e
al., 1997; Gunthardt-Goerg et al., 2000), (ii) nfiedition of stomatal resistance via damage of gealid
causing leaky stomates (Paoletti and Grulke, 2UMiftig et al., 2007), and (iii) alteration of ceflalls
and cell membranes (Gunthardtgoerg and VollenweR{#07). At low concentrations, we observe also
negative effects: (iv) ozone penetration to theopbsll cells enhances production of reactive oxygen
species (ROS) (Schraudner et al., 1998; Wohlgerugh., 2002), and it can also alter certain prstei
and enzymes therefore affecting plant photosynthasid biomass production (Heath, 1994). It is
important to note that there is an accumulativeafbf exposure to ozone concentrations by thet plan
(Fuhrer et al., 1997; Super et al., 2015). Différsresses affect different plant functioning buimost
cases they induce the production of ROS and theséonis of biogenic VOCs with consequences on air

quality.
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In summary, the major biologically driven interacts from a LULCC or LMC perspective between the
atmosphere and the terrestrial biosphere resuth fitee following changes. (i) The total productiviby the
ecosystem as affected by changes in photosynthesissoil microorganism activity and conditioned the
availability of water and nutrients (N) thus redutin the release or absorption of £©/from the atmosphere.
(i) Enhanced exchange of reactive trace gases,(BMOCs, NQ) and their subsequent impact on nutrient
availability in ecosystems and air quality. (iiind indirect impacts of plant productivity on theesgy and water
budgets locally and regionally and their subsequmpéacts on local and meso climates. In the sestighow, we
discuss some examples of these biological intenagtas influenced by three LULCC and LMC.

3.2.1.Land Cover Change

Most historical LULCCs are considered to have glghdecreased primary production and therefore had
impact on atmospheric G@oncentrations and thus on global warming, as slimwGruber and Galloway (2008).
This can be explained by the fact that past LUL@@8cerned primarily deforestation and the incredsgrfman
areas, thus leading to lower ecosystem productiitgt a release of soil and biomass stored carbdheto
atmosphere in the form of GOMoreover, LULCC indirectly affects atmosphericngmonents other than GO
such as reactive N compounds via their effectdierCt and N cycles. This is mainly induced by theration of
land-atmosphere exchanges through changes imifilesal conductance, (ii) deposition and adsorpiothe leaf
surfaces and cuticles, which varies accordingdot@pecies, and (iii) availability of free soilt@g which affects
the production and the exchange of certain compoasdllustrated by some examples below.

Land use intensification, whether via forest clegror conversion of natural grassland/peatlandgticaltural
lands, inevitably leads to carbon loss from théesysas a direct effect (Feddema et al., 2005b;yfetlal., 2005;

Le Quéré et al., 2012; Houghton et al., 2012). Hawselarge uncertainties remain on i) how theseredt
ecosystems will react to induced global climatengea(increased C@&oncentration, increased temperature, etc.),
if) changes in the emissions of non-afPeenhouse gases N CH:) and iii) changes in the exchange of reactive

trace gases.

Deforestation. Deforestation implies modifications in surface nis and temperature that in turn might affect
directly or indirectly decomposition rates and rart mineralization in soils (Dominski, 1971; Stori®73;
Stone et al., 1979; Classen et al., 2015; Manzbal.e2012; Chen et al., 2014; Townsend et all,12@Bonan,
2008). As a result, both carbon and nitrogen reléashe environment are forecasted to increase fdrest floor
decomposes rapidly (Covington, 1976; Bormann arkens, 1979) and, without forest regeneration, will
eventually be partially eroded. The combinatiomafeased decomposition (which consumes oxygenjetier
soils (which slow oxygen diffusion) may also incgeahe occurrence of anaerobic microsites withénstbils,
which might contribute to CHemissions (Adji et al., 2014; Jauhiainen et @16). Nitrogen can be lost to the
atmosphere through ammonia volatilizationONoroduction during nitrification (Bremner and Bkawer, 1978;
Veldkamp et al., 2008), or denitrification ta®l or N; (Firestone et al., 1980; Neill et al., 2005; Lanmmieal.,

18



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-419
Manuscript under review for journal Biogeosciences
Discussion started: 8 October 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

30

2015). Soil properties such as soil organic cantmosoil nitrogen cycling respond to deforestatiathva large
spatial variety from one system’s to another’s (Bx@rand Schlesinger, 2002; Chaplot et al., 201®BIlédeourt
2013). However, the largest emissions of non-@@enhouse gases will probably result from agtical use and

management on deforested areas.

Finally, several studies show that there are fegldbhetween tropical forests and climate chang@e4Bp2008).
Carbon dioxide fertilization, for example, could/eaa positive effect by sustaining tropical forgiwth (Lapola
et al., 2009; Salazar and Nobre, 2010). This effantbe exacerbated by N fertilization effect sitnopical areas
are no-limited N environments and N is increashrgugh atmospheric deposition in non-tropical a{&gnani
et al., 2007; Sutton et al., 2008; Samuelson g2@08; Jackson et al., 2009). Zaehle et al. (201Llg showed that
N inputs increased C sequestration by ecosysteth€hurkina et al. (2007) attributed 0.75-2.21 GtC guring
the 1990s to regrowing forests. However Yang €R8l10) showed that the contribution of N fertitiza is lower

for secondary forests regrowth (Jain et al., 2013).

Peatland and wetland conversion. The drainage of peatlands and wetlands for agtirlltuse alters several
characteristics of those areas and could thusdigigmatic (see Verhoeven et al., 2010 for a revi&specially
in tropical areas, peatland draining releases sana CQ by oxidizing and subsiding peat soils used fomgng
oil palms (Immirzi et al., 1992; Maltby and Immir4i993; Safford et al., 1998; Furukawa et al., 20B®o0jer et
al. (2006) estimate to 516 Mt C'yth emissions from Indonesian peatland draininggfexcluded). On the other
hand, since wetlands are a considerable sourcklgftleir drainage will decrease emissions of,@hld can thus
be considered a carbon gain from that point of \iBergkamp and Orlando, 1999; Maltby and Immir293).
However, this gain is counterbalanced by increhg€remissions, due to the lowering of the water tésesimir-
Klemedtsson et al., 1997; Maljanen et al., 20109, @robably increased N@mission as well, which contributes
to changes in atmospheric chemistry together viiimges in other compound emissions due to vegettianges
(e.g., VOCs). On the other hand, changes in veégatand therefore growth in those drained areaslh@van
increased carbon sink from vegetation. Howeves #uditional sink rarely compensates for the GH&ds
resulting from C losses from the soil (Yeh et &l1@; Yew et al. 2010).

3.2.2.Agricultural intensification

The main aim of agricultural management is to iaseeproductivity and has therefore an immediatxetin the
agricultural ecosystem functioning (Tillman et 2002). Most of these agricultural practices witlcehave direct
or indirect impacts on the environment other th@nliosphere (e.g., atmosphere, water, soils, (&atjon et al.,
2011).

Examples of agricultural intensification are thenwersion of pasture or grasslands into agricultlaad, or

including rotations of agricultural and grasslar@sassland usually stores considerable amountsrbba in the
soils, mainly due to a permanent plant cover and telatively large belowground biomass (Bouwma0t

Casella and Soussana, 1997). However, the amostdrefd carbon and the emission of greenhouse dapesd
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on the management of this grassland (ploughinglization, pasture, etc.) (Soussana et al., 240,;2004) and
on climatic conditions (Hu et al., 2001). Some &aduggest that increased nitrogen fertilizatiam enhance C
storage in grassland. On the other hand, nitrogeitiZation increases leaching and emissions £ End other
nitrogen species (e.g., NHNO) to the atmosphere, with negative consequeoresr quality (Flechard et al.,
2005, Senapati et al., 2014, Chabbi et al., 2015).

Agricultural intensification also enhances the expaf organic matter from the affected ecosystenith w
consequences such as the reduction of carbon tmdemn cycling and soil degradation and erosiont(éa et
al., 1997; Ruysschaert et al., 2004).

On a local scale, intensive mechanized grain agui@ireduces the use of fire. However, the wegéherated
from intensive agriculture may be reinvested imlittanal extensive land uses that promote fire @hfiet al.,
2004).

Fertilization. As mentioned above, nitrogen fertilization can @ase carbon sequestration in forests or grasslands.
The additional source of nitrogen has differentats on the atmosphere, mainly linked to an iner@gaseactive
nitrogenous emissions (NHNGO,) (Fowler et al., 2009; 2013; Galloway et al., 20B8t also in emissions of a
GHG such as pO. Increase in production also affects leaf areginand plant height and therefore surface
properties and physical exchanges with the atmesphgnally, fertilization also influences soil mobial
characteristics and, consequently, exchanges efalegaseous compounds (Marschner et al., 2003ia@urai

et al., 2013Joergensen et al., 2010; Murugan and Kumar, 2013).

3.2.3.Urban intensification

At a local scale, the development of urban areakthe related activities directly affect air qualénd local

temperatures, which leads to modifications in tieéolgy of organisms. Studies based on the anabfdige traits
along an urban — rural gradient show that tree tir@amd phenology is affected by the vicinity ofaban area
mainly due to increase in temperature (Gillner ket 2014; Mimet et al., 2009; Dale et al.,, 2014)Q.C
concentrations (Calfapietra et al., 2010; Ziskalgt2004), ozone deposition (Gregg et al., 2008¢cKenzie et
al., 1995) and through the enhanced effect onuility via the increased emissions of VOCs (Ca#apiet al.,
2013). Recent studies have also focused on thetefié soil impermeabilisation in urban areas tfweeleading

to less water availability and water stress in orfmests significantly affecting growth (Vico dt,&2014; Volo

et al., 2014, Scalenghe and Marsan, 2009).

3.3. Chemical processes in the atmosphere

Terrestrial ecosystems are both sources (nitrogenoaganic species, particles) and sinks (ozonenkiance
through deposition on vegetative surfaces) of chehwiompounds. Along their life, even trace amsurfthese
reactive gaseous and particulate matter (callegsats) interact and influence the Earth systenargel scales,
regarding climate evolution, and at regional-losedles, regarding air quality. Air pollutants, bgfises and

aerosols, threaten human and ecosystem healthaanlecdirectly emitted (primary pollutants), or guioed by
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reactions between primary pollutants (so calledsdary pollutants). Any modification in the landgeastructure,
land-use or land management therefore has thett|rmodify the air chemical composition. Songeieultural
practices are shown in the literature to affecgality. This is the case of fertilization as ase of ammonia,
fires as a source of ozone precursors and aerasdhd]ow periods as a source of coarse aerobotkis section
5  we will focus especially on secondary pollutantshsas ground-surface ozones)@nd secondary aerosols, that
strongly affect air quality and whose productiafetime and deposition involve the terrestrial lpbsre, as
demonstrated in several publications.
- Compound emissions

Natural sources contribute 90%of global annual \@ssions (BVOCs, mainly from vegetation, with anari

10 contribution from oceans), while anthropogenic seufAVOCs, e.g., motor vehicle exhaust, solventsnhss
burning) only contribute 10% (Simpson et al., 1999DCs include thousands of different species. Agnon
BVOCs, isoprene and monoterpenes are the most abtyndth isoprene that contributes around 50% ettbtal
BVOC emissions and is mainly released by tropical 'emperate vegetation, whereas monoterpenesingstr
around 15% and are mostly emitted by boreal veigetéfrneth et al., 2008). These secondary mettdmliave

15 been shown to play an important role for plantsrtiotolerance, plant protection against abiotiesstors, plant-
plant or plant-insect communication, etc.) (e.gfilfelas and Llusia, 2003). Broadleaf and needifdeests are
usuallymuch stronger BVOC emitters compared to crops aasstands. Temperature, radiation, water stress and
atmospheric C&concentration are strong external drivers of BV@ssions (Pefiuelas and Staudt, 2010). With
a lifetime of a few minutes to hours, BVOCs areyweractive gases that play an important role int@tteemistry

20  (i.e., Gy production), and contribute to the formation afdgenic secondary organic aerosols (BSOAS) (Atkinson
and Arey, 2003).

Agricultural fertilization and natural soil processof nitrification and denitrification are a sifio@int source of
nitrogen compounds, such as nitrogen oxide (NO)réindgen dioxide (N@). These two compounds are treated
as a unique family (i.e., nitrogen oxides, )l@ue to the rapid cycling between NO and:NiQring daytime (about

25 one minute), while the NOfamily is mainly composed by NGat night-time. Overall, the lifetime of NOs
approximately one day. At the global scale,NBe mainly emitted by anthropogenic sources (égsil fuel
combustion, biomass burning) and more moderatelighyning.

- Surface ozone
Ozone is a highly reactive compound that is preisetite stratosphere, where it protects life ortle&rom ultra-

30 violet (UV) radiations, in the troposphere and elts the surface, where it threatens human and p&aith due
to its oxidizing effect on living tissues. Grounace Q has a lifetime of one month and is mainly formed o
sunny and warm days because of a complex and nearlinterplay between N@nd VOCs (Sillman, 1999).
Surface @production relies on the imbalance betweemp@duction via N@photolysis (i.e., NO reactions with
peroxy radicals, Hg) and Qremoval via reaction of Owith NO. Organic peroxy radicals (i.e., Rdrom the

35 oxidation of VOCs in forested (BVOC-dominated) aghly polluted (AVOC-dominated) regions also cobitiie
to Os production. While @removal depends orsPhotolysis, reactions with radicals (e.g., OH ar@Hn remote
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regions, and dry deposition. The €hemistry is characterized by two different phbemical regimes, driven by
NOx and VOC concentrations: the NGensitive regime, with relatively low N@nd high VOC concentrations,
where Q increases with increasing N@uvels, with low sensitivity to VOCs; the VOC-sén& regime, where
Os increases with increasing VOC levels and decreasts increasing N@ (Sillman, 1999). Natural and
anthropogenic ecosystems can therefore both irdi¢ine level of ozone concentration in the atmosphes
sources of compounds involved in the ozone cycid,lee impacted by the ozone oxidizing effect, depenon
the pollution level.

- Secondary aerosols
Atmospheric aerosol particles originate from adavgriety of natural and anthropogenic sources&\fhimary
aerosols are directly emitted as liquid dropletsalid particles (e.g., mineral dust, sea saltlgpolblack carbon
from diesel engines or biomass burning), secondargsols result from gas-to-particle conversioro8dary
aerosols include inorganic (e.g., sulfate, nitratej organic species (named organic aerosols, €&} species
typically contributing about 10-30% of the overalass load. However, both location and meteorolbgica
conditions strongly influence the air compositiord dhe relative abundance of different aerosolgydeinved et
al., 2005; Deng et al., 2012).
In the last two decades, BVOCs have been identifisdprecursors of BSOAs, with monoterpenes and
sesquiterpenes having a large potential to proB&®As (Kanakidou et al., 2005). Isoprene has a maroosol
production yield but still significantly contribigéo BSOA mass due to its abundance over total Bé®&sions
and its large global source, especially during sem(€arlton et al., 2009). BSOA production showkigh
variability that depends on external factors sucteaperature and relative humidity (both playingiaor role),
organic aerosol loading (which controls gas-paetartitioning of semi-volatiles), oxidants (whicbntrols the
extent and rate of reactions) and Névels. Carlton et al. (2009) observed the lov&3#A yields under “high
NO,” conditions, whereas “N@free” conditions led to the highest measured S@#dg. Being involved into the
absorption and scattering of radiation (direct @jfend into the alteration of cloud propertiegiiact effect),
BSOA, and SOA in general, can influence the radtabalance of the Earth, and therefore influenceate
(Forster et al., 2007). However, the exact contidiouof BSOA to the radiative forcing is still vepncertain
(Scott et al., 2014).
To form secondary aerosols, gas-to-particle coiwerbegins in the atmosphere with the oxidatioryally
sustained by sunlight, of high volatility precursgases (e.g., SONO, and VOCs, emitted especially from
terrestrial ecosystems) into low volatility gaseg(, sulfuric and nitric acid, ammonia, organtbs)t nucleate into
stable molecular clusters (the ultra-fine mode3-@? mm size range). Depending on ambient conditions,
aerosols can still grow in size via condensatiogasfes onto the nucleated aerosol or coagulatien ¢dllision
of two aerosols). The final aerosol size strongtedmines multiple aerosol properties such agtieeaction with
radiation, impacts on human health, and aerostirtie and sinks. Typically, secondary aerosolsrggig to the

fine-mode have an atmospheric lifetime of aboutwveweeks and can be removed from the atmosphairyn
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via wet deposition (also termed scavenging), wtilerse-mode aerosols, such as primary aerosolsffaiently
removed by dry deposition.

Among secondary aerosols, sulfates, nitrates amdosmium are produced primarily from atmospheric cicam
reactions involving, respectively, sulfur dioxidgdg, mainly emitted from fossil fuel and biomass bag)i NQ.
and ammonia (NH largely emitted by domestic animals, synthetitilieers, biomass burning, and crops). Over
half of atmospheric S£s converted into sulfates, and half of emittedsid-Honverted into ammonium aerosols.
Together with nitrates, ammonium represents thenrfeaim of atmospheric nitrogen aerosols and mayigeo
nutrients to vegetation growth in nitrogen limitegstems (Mahowald et al, 2011). It is also wortmtioming
phosphorus, a nutrient that plays a key role fonyrieving organisms and is mainly present in the@dphere in
the aerosol mode. However, among atmospheric dsrdbe phosphorus composition, together with iitg,s
geographical distribution and emission sources ierpaorly characterized and investigated (Furuttnal.,
2010).

Organic aerosols altogether contribute ~20-50%ftatal fine aerosol mass at mid-latitudes and BO&opical
forested regions (Kanakidou et al., 2005). Depemndim the season and the location, secondary orgenisols
(SOAs) contribute 20-80% of measured mass of OAs.

3.3.1.Land-use intensification

Among examples of human-driven LULCCs, reforestatind afforestation directly affect BVOC emissiaisce
trees are strong BVOC emitters, with impacts an(8quire et al., 2014) and aerosol levels. In aalided
experiment, afforestation of all croplands in tleai®-Eastern U.S. reduces Némissions from fertilizer use and
microbial activity in soils, therefore decreasingl€vels (Trail et al., 2015). Although increased®® emissions
from forests are likely to modify the N&W/OC-O; regime, outcomes depend critically on the fatésoprene
nitrates, whether isoprene nitrate is a terminaeorporal sink of NQ(Val Martin et al., 2015). Concerning fine
aerosols, under afforestation scenarios, summegRMels are predicted to increase due to the isereeBSOAs
(Heald et al., 2008; Trail et al., 2015; Val Margh al., 2015). Deforestation to create pasturerop lands
enhances ©levels by increasing NOemissions from soil microbial activity, promotedtiw fertilization
(Ganzeveld and Lelieveld, 2004; Trail et al., 201&)d increases fine-mode aerosols such as PM25 (i
particulate matter, PM, with aerodynamic diamete?s5um) all year-round.

Under a raising demand and interest for fast-grgwptants for use in food production, cattle alination,
domestic products and biofuels, plantation areasapidly expanding all over the world. The chaierop or
tree type determines BVOC emissions and resultingr@d BSOA levels (Hewitt et al., 2009; Ashworthaét
2012; Warwick et al., 2013; Stavrakou et al., 20I4jis is the case of oil palm crops that show miacber
BVOC emission potentials compared to primitive &se(10 times higher for isoprene, Hewitt et @0%). In
South-East Asia, the rapid conversion from natiamforests to oil palm crops, together with an éased
mechanization, fossil fuel use, and fertilizer &gion, directly affects local-regional air qugland public and
ecosystem health via hazardousl€vels and increasing N@oncentrations (Goldammer et al., 2009; Hewitt et
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al., 2009; Silva et al., 2016). In this contexte timterplay between BVOC and N@missions is crucial
fordetermining @levels. In Borneo, increase in both BVOC and.Md@issions enhance;@velsand is likely to
affect regional and trans-boundary (i.e. downwiegions) air quality (Warwick et al., 2013). Simijarto South-
East Asia and oil palm production, the expansiohiofuel production in Europe could modify futur&LC to

5 satisfy the increasing demand for renewable ensogyces (Beringer et al., 2011). Among biofuel #eck,
crops as miscanthus or 2nd generation plantaticim&si poplar show higher isoprene emission poteripared
to European native species. The conversion of EBaograss- and crop-lands into biofuel plantat{erts, poplar,
miscanthus) may affect summes IBvels with effects that strongly depend on therixction between BVOC and
NOx emissions. For example, to limit the effects arpf@duction of a steep increase in isoprene enmsgio45%)

10 from conversion of 5% of European grass- and camyld into poplar plantation, N@®missions should be reduced
by 15-20% (Beltman et al., 2013). Regarding Eurdysiworth et al. (2013) showed that the extensioshort-
rotation coppice for biofuel feedstock could hane8 but yet important impacts on surface ozoneeatrations,
and subsequently on human mortality and crop prtddty since it would modify levels and compourgtsitted.
When dealing with @pollution, it is thus fundamental to properly agnbfor the evolution of both VOC and NO

15 emissions. Since BVOCs are precursors of BSOAsitgtians with high BVOC emission rates may affegt O
pollution and as well the aerosol loading. Usirigrge-scale chemistry-transport model for presentaimate,
Ashworth et al. (2012) investigated the impactedlistic large-scale scenarios of biofuel feedsimwduction
(~100 Mha plantations) on isoprene emissionsai@ BSOA formation in both the tropics and the-fatitudes.
These LULCCs drive an increase in global isopranssons of about 1%, with substantial impact agiaeal

20 Oz levels and BSOAs. In the tropics, the expansioailgbalm plantations enhances BSOAs by g3ri (+3-
5%, BSOA annual mean concentrations: 6g807 ). In the mid-latitudes, the establishment of shotation

coppice increases BSOA concentrations up tqu§.61° (+6%, from 8ug ni®).

3.3.2.Agricultural intensification

Since the Second World War, the use of synthetferhlizers largely increased, with half of the qtity ever

25 used being applied in the last 20 years (Erismaah. £2007). The growth of nitrogen fertilizatidmréaten water
sources (e.g. eutrophication of surface waterdugpah of groundwater, acid rains), soils (e.gi| aoidification),
climate via GHG emissions, and air quality via amioemissions, which participate in nitrate ancokate
aerosol production. Agricultural practices and tegbes that reduce the evaporation of manure aea amd the
use of N fertilizers help in lowering ammonia eross from agriculture as documented in Europe, @t98%

30 of the total ammonia emissions comes from agrical{t9% over 1990-2002; Erisman et al., 2008). hin@,
where N fertilizer application rose by 271% ovee 19877-2002 period, with an increase of 71% onlgriin
production (Ju et al., 2009), Ju et al. (2008) ssted to reduce by 30-60% N application rates. agigultural
management practice would still ensure crop yieldd N balance in between rotations and would reduce
economical costs for farmers, while substantiaiyucing N losses to the environment.
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Fire is still largely used as a traditional agriotél practice (e.g., slash-and-burn agriculturestyzontrol,
promotion of the growth of fresh grass for graziagp to convert forests to pasture/crop-lands, @albein
tropical regions (Yevich and Logan, 2003), with amts on both photochemical pollutions(@roduction) and
aerosol loading. During fire episodes; @oduction switches from a VOC-sensitive regimen@scent smoke
plumes (i.e., first hours of burning and closehi® ignition point) to a N@sensitive regime as the plume ages. In
nascent smoke plumes N@vels are high and photochemical activity is I@moke plume aging decreases,NO
levels via atmospheric dilution and chemical reai resulting in increased Production (e.g., Jost et al., 2003;
Trentmann et al., 2003; Yokelson et al., 2003; Masbal., 2006; Singh et al., 2012). During firésepes, @
levels may reach hazardous values, with the 8hagee@ concentration often exceeding air quality stanslard
(around 50-75 ppbv; Bytnerowicz et al., 2010). Fiedso release huge amounts of both coarse- aednfide
aerosols, leading to concentrations that largebeed background levels (Phuleria et al., 2005 Hal.e2008)
and that substantially affect visibility (Val Mattiet al., 2015). Over Singapore, Indonesian firegsed the
average daily minimum horizontal visibility to remh firstly, to less than 2 km, and later to 50QGwldammer
et al., 2009). Fire emissions encompass as welkaeprecursors such as Nahd BVOCs.

Fallow lands are potential sources of dust andseoaerosols (P)), especially in regions where gusty winds
dominate. Insufficient crop residues on the surfane finely divided soils by multiple tillage op&oms expose
fallow land to wind erosion thus contributing toopair quality (Lopez et al., 2000; Sharrat et 2DP7). In
addition, wind erosion is likely to reduce croplgiieby removing the richest fraction of soils, reidig the water-
holding capacity of soils and enhancing soil degtiati. Compared to conventional tillage (i.e., notlard
ploughing followed by a compacting roller), altetima or reduced tillage practices (e.g., chiseligling) prevent
wind erosion during fallow periods in semiarid AoagLopez et al., 2007). In addition, reduced gdlamproves
soil protection by lowering wind erodible fractiofisoil surface (-10%), increasing fraction of smlvered with
crop residues and clods (+30%) and enhancing @eghmess (15% compared to 4% under conventiotegei.
These agricultural practices therefore have thentiatl to modify aerosol sources by modifying thates of
surfaces.

3.3.3.Urban intensification

At local scales, urbanization directly affects b@hand aerosol levels by increasing the number oksiom
sources on a limited area (e.qg., traffic, domdstiating). Few studies assessed the direct impaarbanization

on G levels, with a special focus on summer pollutibloak et al., 2000; Civerolo et al., 2007; Jianglet
2008). Other studies accounted for the role of mtbees in @pollution via BVOC emission changes (Chameides
et al., 1988; Cardelino and Chameides, 1990; Carckhal., 1992; Benjamin et al., 1996; Taha, 1®83h)jamin
and Winer, 1998; Yang et al., 2005).

Increase in urban LU following population growthaerrbates ¢pollution during summer, mainly due to changes
in NOy emissions. In the greater Houston area (Texaslgrua projected increase in urban LU by 62%, tageth
with changes in anthropogenic and biogenic emissithe number of extreme;@ays in August rose by up to 4-
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5 days, with LUCs contributing to 2-3 days’ incredgiang et al., 2008). In the greater New Yorky @#gion,
future urban LU changes may enhance episode-av@atgrels by about 1-5 ppb, and episode-maximum 8h
ozone levels by more than 6 ppb (Civerolo et &07). In metropolitan regions, changes inlévels show a
heterogeneous spatial patterr:l€vels reduce in the urban core, likely due tdhgx levels (Q titration), while
they generally increase downwind of precursor semirCiverolo et al., 2007; Jiang et al., 2008).uthan
environment, BVOC emissions from urban trees seeimate negligible effect on summesg f@vels (< 1 ppb
compared to increases of 1-7 ppb due to urban LBI©wjak et al., 2000 vs. Jang et al., 2008). Howetrer
choice of urban trees based on their BVOC potemt#gl be addressed as a critical urban land managgmeetice
(Benjamin et al., 1996; Benjamin and Winer, 19%8)r example, in Beijing, where deciduous dominaterg
urban trees (76%), futures@ollution may worsen due to the rapid increasd@ emissions (Yang et al., 2005).
In Los Angeles metropolitan area, Corchnoy et #992) measured BVOC emission rates of 11 tree speaci
underpin the selection of potential shade treegdoce the urban heat-island effect. AccountingdJalifornia
climate, the authors suggested best/poor choigesrfan trees, and underlined that large differand8vVOC
emissions should be factored into decision-makingut shade trees to plant. In California's SoutsE&ir
Basin, medium- and high-emitting trees may leattarardous ®levels (> 50 ppbv) (Taha, 1996). Although
BVOC urban concentrations are usually lower compace AVOC concentrations, BVOCs react faster than
AVOCs. Thus, BVOCs can have significant effect iban areas despite their low concentrations, asrshxy
Chameides et al. (1988) in the Atlanta metropolitgion.

Chen et al. (2009) demonstrated at the regionéd itat LULCCs can offset the impact of temperatamréiogenic
emissions and concluded that LULC evolution shimgldactored in the study of future regional airlgyaOther
than land-use, land-cover and land-management elafidJLC& LMCs) here discussed, changes in climate
conditions and anthropogenic pollutant emissiorgs (due to “clean air” policies) influence dirgcand indirectly

air quality and interact in a non-linear fashiothML.ULC&LMCs, for this reason the climate-emissitamd
system should be consider as a whole when studyiagges in surfaces@nd aerosols (see Sect. 5 for further

discussion).

4. Interactions between different land cover, uses anthanagements over a mosaic landscape: impacts oméh
surface exchanges

Complexity arises in the real world where terriggrare composed of a mosaic of very diverse lapdsda which
physical, biological and chemical processes takeegland interact altogether. Areas of agricultatafaces,
covered by different types of crops and cattleedts composed of a varying mixture of plant typeban and
peri-urban areas of different sizes, co-exist t@xdach other, sharing one single atmosphere withonndaries.
Therefore, one homogeneous parcel has the pot¢ntiafluence surrounding ones, over a range o€ tand
geographic scales that will depend on consideredgsses, as illustrated in Figure 4. Horizontaispart of air
masses promotes water, heat or pollutants exchabgeseen surrounding areas. Regarding air quality,
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compounds emitted from one area can be transptoteedmote places, depending on their lifetime, vgade
chemical transformations in the atmosphere, andamurently influence the chemical composition ofdfren
distant regions. In this section, we will draw arexview of possible interactions between physicalogical and
chemical processes, and we will analyse them owapsaic of landscapes from 3 different perspectilcesl
climate, air quality and ecosystem functioning.

g Transformation and Transport ;

0, /-P NO, | |NH
NO, Ny O 3
ArOI0E  \H, II I VOoC 50,

voc S0,

I water exchange I Nr (reactive nitrogen) exchange
I C exchange I Heat exchange
f_‘__;‘ Mesoscale circulation I \/OC exchange

Figure 4: Interactions between different land-usesnd major trend of gaseous flux direction from eacHand-use type. Different
colours represent different scalars. Mono-directioal arrows indicate where scalars are mostly emittedr deposited by the land-
use. Bi-directional arrows indicate where scalarsan be both emitted or deposited depending on atmokgpric and ecosystem
conditions.

4.1. Local- to Meso-climate perspective

Horizontal advection from one LULC to another cagniicantly modify local climate downwind. For itace,
urban areas not only heat their local environmenalso their surroundings due to horizontal transpf warm
air masses to suburban and rural environments.epsrted by Bohnenstengel et al. (2011), suburbaasar
downwind London are 1°C warmer during night-timarttupwind ones due to heat advected from the eitjet.
Similarly, Heaviside et al. (2015) found that temgteres downwind of Birmingham were up to 2.5°C mar
than those upwind during the heatwave of AugusB2@arrat et al. (2006) found that temperaturesiburban
area were 1.5 °C warmer when including UHI effectheir simulation than without considering it. Jhalso
highlighted that UHI is displaced to suburban at®abkorizontal advection and forms an urban haanpl This
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effect can extend to about tenths kilometers dowdwBrandsma et al., 2003; Bohnenstengel et all1R0
However, this issue is closely linked with wind ed€Kim and Baik, 2002; Brandsma et al., 2003):iimum
wind speed (> 0.1 m/s) is required for urban hdaeation to become effective, while for larger wspkeds (>
5 m/s) the mixing of the heat plume with the ovieidyatmosphere decreases this effect (Brandsnig 2083).
Moreover, spatial heterogeneities induced by LUL&ZE likely to produce atmospheric circulations ikimto
the seal/lake breeze (so-called non classical magositculations)- or to modify the magnitude oé{axisting
background wind, as documented experimentally @igl988; Mahrt et al., 1994) as well as numesicall
(Mahfouf et al., 1987; Hadfield et al., 1992; Skewl Leclerc, 1995; Avissar and Schmidt, 1998; $el et al.,
1998). Heterogeneities of surface properties aatifhex over contrasting areas are the main andiséq criteria
for this mesoscale process (Anthes, 1984; Segal.,e1988) that can generate over bare soil-veggtateas,
irrigated-unirrigated regions, urban-rural areas, nuntain-valley structures (Avissar and Pielk®89).
Distribution of heating at scales of the orderesfs of kilometres is necessary to initiate suctutitions (André
et al., 1990; Mahrt and Ek, 1993; Segal and Adfi92; Wang et al., 2000). The generation of me$esca
circulations carries heat and water vapour whickeha significant influence on the planetary bougdayer
dynamics and properties (temperature, water vapaudiness and vertical heat flux) (Anthes, 1984ga8 et al.,
1988; Avissar and Liu, 1996; Avissar and Schmi@98). For instance, deforestation upwind of montanest
results in warmer and drier air, which inducestiinclouds and a reduction in air humidity (Naimakt 2003;
Ray et al., 2006). Conversely, a rainfall increas&5-30% downwind of heavily irrigated areas waserved
over the great plains of the United States (DeAisgetlal., 2010). Finally, although it is clear anbareas alter
rainfall events in their surrounding (Shepherd, 20Gt is difficult to assess precisely the location and
magnitude of induced rainfall events. For instaigiepherd et al. (2002) reported that the maxinainfall rates
were between 48% and 116% larger downwind thetlo@tg upwind, while Dou et al. (2015) found that imiam
rainfall was directly downwind the urban area (@p35%) and maximum values along its downwind kitedges.

4.2. Ecosystem functioning perspective

It has long been acknowledged that simultaneoesdations exist between landscape organizatiamtsne, and
biological functioning. Human activity also plays maajor role in regulating and shaping those dynamic
biogeophysical interactions at the landscape l&ejanisms not only respond to their physical eminent, but
also directly modify and control their physical @owment in ways that promote their own persisteiSaveral
scientific disciplines such as ‘ecological stoichitry' (Sterner and Elser, 2002), ‘ecosystem ergging’ (Jones

et al., 1994), and ‘biodiversity and ecosystem fiaming’ (Loreau et al., 2002) illustrate how ligrorganisms
shape their own environment through the biogeocb&nailteration in a multi-dimensional environmeFtese
different interactions between animals, vegetatiod physical and chemical processes can be iltadtthrough
different examples such as alteration of soils\waater quality, seed and spore dispersal, and catiopefor soil,
moisture and light (Hastings, 2004).
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There are several examples in non-anthropized @mvients, which show the feedbacks between macr@afau
vegetation, soil formation, sediment transport altichately landscape formation. For example, Varzen et al.
(2007) demonstrated how certain plant species inattiify their habitat via their own physical struets, and
respond to those modifications. The plant modifieenvironment so that it becomes more locallyotaable.
However, these modifications create small ‘islantgrefore limiting the plant to spread. There isonsensus
that climate-driven changes in precipitation wilfluence the pattern and vegetation type (and ds)ma
landscapes, which will in turn influence physicabgesses. However, today, human activity mainlypshahe
landscape we live in. For example, high inputseofilfzers and pesticides degrade the habitat tyalihile the
expansion of arable lands led to widespread lapdsbhamogenization (Robinson and Sutherland, 2@ifjlies
over the last two decades have emphasized the tamper of landscape scale effects in these procé3sason
et al., 2003; Hole et al., 2005; Matson et al., ZBwift et al., 2004; Vandermeer et al., 1998).

Biological processes respond differently basecaodscape structure. For example, Vinatier et allZp showed
that pest dispersal may be of greater importanfragmented rather than homogenous landscapeorijdering
the link between ecological processes and landsmapeposition, one can therefore evaluate the implatabitat
loss and fragmentation due to human activity ofediht population dynamics (Wiegand et al., 19980%
Fahrig, 2003). In this context, some results araetones contradictory. For example, RoschewitZ.2805)
and Thies et al. (2005) found that complex landesagharacterized by a higher proportion of serhirah
habitats, increase aphid parasitism rate but gdhmabundances. On the other hand, studies byll€alzaépez
et al. (2012), Costamagna et al. (2004), Menalteal.e2003 and Vollhardt et al. (2008) showed thatlscape
complexity has no effect on parasite diversity.

Another critical issue linked to ecosystem fundtigrand landscape structure is soil quality. Montgoy (2007)
showed that conventionally ploughed fields gengraliode at rates typical of alpine terrain undetivea
vegetation. However, LULCCs is not only the causedan also be the consequence of erosion procissideer
et al., 2005). Landscape alteration also influermd&é®gen availability through its impact on orgamnatter
through fire (Mataix-Solera et al., 2011; Deband &onrad, 1978), tree-fall (Schroth et al., 2002adénoff,
1987; Vitousek and Denslow, 1986; Muscolo et @142 Feldpausch et al., 2011) and forest pracHogs6ki et
al., 2015; Guimarées et al., 2013; Berenguer £@14; Bormann and Likens, 1979; Vitousek and blat4985),
which all produce patchy landscapes. Soil nitrogiégrations can have important immediate conseeseoc N
cycling as volatilization, recycling of organic rtetfrom aboveground biomass, reduced uptake miglaltered
rates of solution transport through the soil pmfdnd elevated mineralization. These disturbacaesndirectly
affect the ways in which different species colomiiurbed areas and recycle N. Over longer peribdsspecies
composition resulting from disturbance might affectrient supply and influence total carbon and d¢lg,
element ratios, and pH (Zinke, 1962; Wagle andhé&tg 1972; Christensen and Muller, 1975; Christent@77;
Raison, 1979; Boerner, 1982).

Proximity of a natural ecosystem to an urban atsa alters this ecosystem functioning as it hasts®wn
through several studies. As mentioned above, ailityuand more precisely ozone concentrations affeaf
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photosynthesis and therefore ecosystem productioa.degradation of ecosystems in proximity with tites
has been studied mainly in the perspective of aiadythe effect on ecosystem services and the qubaeeffects
on populations in general and vulnerable populatiarparticular (Elmqvist et al., 2013, Haase gt2014).

4.3. Air quality perspective

Changes in land-use, land-cover and land-manageta@ndirectly influence the local air pollution \dhanges

in the intensity and variability (temporal and gesgghical) of chemical emissions (e.g., BVOCs froee tspecies,
NO, emissions from soils and fertilization) or in cheah processes and regimes (e.g., fromN© VOC-
sensitive regimes in{production). Studies published so far usually miylarge- or regional-scale scenarios in
terms of land-cover changes (e.g., deforestatiotnoipical regions, conversion of primitive forestsbiofuel-
dedicated crop in large regions of Asia, etc.).0lm knowledge, the impact of land-management chaioge
chemical land-atmosphere interactions remains paovestigated, with only few studies published.

In addition, by modifying land-atmosphere intera, LULCLMCs affect air quality indirectly. The ima
LULCLM-driven changes that influence air qualitydhigh effects on ©and aerosol loading are changes to
atmospheric circulation (i.e., vertical mixing aadvection) that affect dispersion of pollutants afgollutant
precursors.

Pollutant dispersion in the planetary boundarydgiaBL) is strongly influenced by changes in PBligh¢ and

in convective transport, triggered in turn by maatifland-atmosphere energy transfer (Ganzeveld afeveld,
2004; Civerolo et al., 2007). Intense convectiorkesathe PBL deeper; this condition, together withaaced
advection, increase pollutant dispersion. In tbpdsphere, ©and secondary aerosol production depends on the
abundance of their precursors (i.e.,N@d VOCSs). Increased dispersion may reduce cortimts of precursors,
finally reducing ozone production. On the contratagnant atmospheric conditions often associaftéd low
advection and strong thermal inversion, limit ptaht dispersion and favour@roduction.

Stagnant atmospheric conditions correspond to lavadsy intense solar radiation and high surface &atpres.
Under these sunny and warm conditions,p@duction increases because of the direct effeattered radical
production and photochemistry (Fiore et al., 20412) the indirect effect of enhanced BVOC emissiang.,
Cardelino and Chameides, 1990; Taha, 1996; Val iMat al., 2015). At the urban scale, Cardelino and
Chameides (1990) estimated a rise of 25% in BVO@&ons due to warmer temperatures, in spite acaeise

of forest areas by 20%, due to growing urbanizatiotierms of @ production, increased BVOC emissions ruled
out the benefits of a substantial reduction in wogbgenic VOC emissions (-50%) via “clean air” pis.
Enhanced BVOC emissions may feed as well the aeloading via BSOA production (e.g., Cardelino and
Chameides, 1990; Nowak et al., 2000). The influesfcatmospheric conditions on the aerosol loadiegetds
on the aerosol type. Nitrates dominate under cetdperatures, while sulphates prefer warm tempestur
Hygroscopic aerosols benefit from high humidityr lRmost aerosols, the precipitation rate directlptoas the

aerosol loading since scavenging (wet deposit®if)é main sink for aerosols.
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Surface roughness and vegetation conditions iant type, plant health, heat stress) stronglycafboth aerosol
and Q dry deposition. Ozone deposition involves biolagjierocesses and decreases with decreasing sarfdce
leaf wetness (Klemm and Mangold, 2001). When veigetés not water-limited, ozone can be absorbetkayes
via stomatal uptake. Above a certain thresholg,d€position reduces photosynthesis, plant growitmass
accumulation and crop yields, and affects stonaalrol over plant evapotranspiration (Ainsworttakt 2012).
Hence, although ©deposition by stomatal uptake improves air qualitsnay result in plant damage in the long
term. Ozone deposition depends as well on mechagmoeesses. By increasing surface roughness, lteglese
horizontal wind speeds and limit pollutant dispendieading to increased ozone levels both localtyregionally
(e.g., Nowak et al., 2000). On the other hand resfiation of croplands (Trail et al., 2015) or @gjen increase
in urban areas (Taha, 1996) improvedeposition and reduces©oncentration. This ozone-reducing mechanism
combines with other reforestation-driven effectg;tsas reduced N@missions from soils and fertilization and
lower surface temperatures, and competes with highOC emissions from trees, which may trigges O
production (Trail et al., 2015). Ecosystem disttibi can also be a significant driver of depositéfficiency,
which is still not well quantified. A shift from aplands to grasslands reduces dry deposition \glacd increases
ozone concentration (Val Martin et al., 2015). Takinto account the 2050 RCP 8.5 vegetation digfioh, which

is characterized by an expansion of land usedrérscand pastures at the expense of forests, Viedielt. (2015)
calculated a rise in the surface ozone depositgocity, relative to the present-day values, up & in tropical
Africa and up to +18 in Australia. Moreover, altigbupollutant deposition on trees significantly reelsi ozone
levels, this effect is hampered as the PBL heigbteases (Nowak et al., 2000). On the contrangraversion
from forests to croplands modifies stomatal agtigitd affects deposition rates of trace gases,asiokaone, more
than changes in LAI (Trail et al., 2015). Furthermdor aerosols, conversion from forests to cnogtareduces
aerosol dry deposition because of decreased surdacgness. In cities, promoting green infrastmegihave
been considered as a tool to improve air quality their actual impact on the atmospheric chengoatposition
is still poorly quantified. A recent review by Aljith et al. (2017) shows that the choice of infrasture is critical,
with for instance low-level green infrastructureediges) improving air quality compared to high vatieh
canopies.

To summarize, LULCLMCs affect air quality direcéyd indirectly. By modifying the air chemical consfi®mn
and possibly affecting the occurrence of pollutpisodes, changes described so far have the @dtenéffect,
in turn, vegetation distribution and growth. Consergly, these changes could also affect retrodgtiveysical
and biological processes involved, with potentigbact on meteorological conditions and climatéhetocal and
regional scales. To investigate future air qualfityure LULCLMCs should be accounted for in metdogéaal
models that provide forcing to chemical-transpoodeds. If not, projections of future air qualityllwiot account

for the indirect influence of land-atmosphere iatgions on the evolution of air quality (Civeroloat, 2000).
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5. Discussion
5.1. Synthesis of current knowledge

In the context of LULCCs, the importance of landvasphere interactions for climate and air qualdyéhbeen
analysed in many studies published over the past®decades, with a large range of scales invastig We
5 summarize here the current state of knowledge engefgpm the articles we reviewed. For each oflthe.CC
category (land / agricultural / urban intensificafi considered in this article, the direct and adst effects on
the physical, biological and chemical processeswnéhesized in Table 2.
Regarding physical processes, the works publisbéaron deforestation / afforestation mainly applyodelling
approach where the different processes involvedasel albedo, radiation and energy budget, ete.)oserall
10  well understood. These works compare the effectadmn current and pre-industrial (potential) vetieta
representative of a time-period with few (no) huraativities. There is no single/simple responsdse impacts
as the sign and amplitude of the effects on tentperand precipitations depend on the latitudetherpre/post
vegetation types and the landscape configuratibe. €fifect on air temperature remains mainly undleanost
temperate regions, as this is where changes nattiative budget compete with changes in the hydjioal cycle,
15 exceptin areas that experience water-limited ewapspiration during part of the year, such aMediterranean
type climate where the effect on air temperatudaarer. Regarding wetland drainage for agricaltpurposes,
very few studies investigated its impact on loegjional climate, in spite of the size of the araffscted. Via
modelling, existing studies show contrasting efexftwetland drainage on daily temperature. Amagrgaltural
management practices, irrigation is largely usedwar the world and its impact on climate has b#isoussed in
20 several studies using both observations and madellThese works analyse both the greenhouse and the
transpiration effect of irrigation, and suggest tha local cooling of irrigation might have parthasked the 20th
century climate warming at regional scales. Thepil impact on local to regional climate of othgricultural
management practices, such as field preparationplianting, charcoal use for soil enrichment or $bre
management, remain poorly investigated but exissituglies suggest their impact on specific seasndsoa
25 extremes may be significant. Urban Heat Islandcefte climate is largely analysed in the literafuaed the
reasons for a warmer climate are explained by ag#h@n the surface radiative budget, a less efftoamergy
dissipation due to less convection, and heat relbpfiuman activities. However, the overall impaghificantly
varies depending on the time of the day, seasanahuactivities, geographical location and spatighaization
of the urban fabric. Moreover, almost no study nefe realistic landscapes and realistic changih, potential
30 compensation or amplifying effects. This is a diadle ahead as existing studies may not yet prendegh
information to anticipate the impacts of realistind use scenarios.
Focusing on biological processes, several studiesvshat, via changes in temperature and soil mast
deforestation affects nutrient mineralization iflss@nhancing carbon and nitrogen release totthesphere and
the environment. Some of the released gases hsigaificant warming potential (CQCH., N2O, for instance)

35 orthey are involved in the ozone cycle or aerémwhation (e.g., emissions from fire clearing). $a&€ompounds
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can affect the climate at local, regional or gladzzlles. Several studies show that peatland ahd@neletonversion
affect climate from the local, through e.g. evatioraand surface temperature change, to the gkaadé, by e.g.
changing surface emissions of greenhouse gasesasuCl® or CH.. Impacts of agricultural management on
climate and air quality are widely investigated madelling or experimental studies at the localesdaowever,
very few studies investigate the impact of agrimalt management on climate through changes in diicdbd
processes at the landscape, regional or globasdahnd-use intensification and fertilization ahewn to have
the potential to affect climate, through modificatiof greenhouse gas emissions and carbon sedioestiaut
also on regional air quality via the emission dfatent reactive species such as INNOy and several VOC
species. This highlights the complex interactiond &éeedbacks between chemistry and biology, sucthas
interactions between ozone and reactive nitrogéimeicontext of their mutual impacts on ecosystéay.results
showed that exposure to ambient @ncentrations was reducing the Nitrogen Use Efiicy of plants, both
decreasing agricultural production and posing are@sed risk of other forms of nitrogen pollutisach as nitrate
leaching (N@). Ambient levels of aerosols were also demonddrétereduce the ability of plants to conserve
water under drought conditions. These results lglshow the tight interactions between the atmosplodemical
composition and the ecosystem and agroecosystettidnimg, with a strong need for further model adéipn
and investigations.

At last, by affecting surface emissions and atmesplthemical processes, changes in land-use,davef and
land-management have the potential to affect aititychanging air pollutant concentrations, amehl-to-global
climate, modifying greenhouse gases, (OHs, CO,, etc.) or radiative compound (aerosols) levelssivitudies
published so far use a modelling approach and sedhe impact of regional- or large-scale changésid-cover
on land-atmosphere chemical interactions (defatiestén tropical areas, preindustrial to preseng-da future
changes in vegetation distribution, etc.). Theease in biofuel and oil palm plantations for eneagg food
production has been targeted by several studiesordnthe different agricultural practices, fertilipe,
agriculture fires and fallow periods have been shtaaffect air quality by emitting ammonia, ozgecursors
and/or aerosols. However, the impact of land amit@gural management on air quality, and potehtielimate,
through changes of land-atmosphere chemical irtteres; remains poorly investigated. Few studiey asbessed
the impact of urbanization on land-atmosphere cbahinteractions and air quality. Some studies yeeal the

impact of urban trees on ozone pollution, througanges in BVOC emissions.

5.2. Challenges ahead

In recent years, our understanding of processesrauthanisms involved in land-atmosphere interastiuave
advanced both from an experimental and modellingtjed view and on several scales, going from origgplant,
from plot to regional up to global scales. Thankshis progress, recent research allows us to ifgemijor
mechanisms and factors affecting the biospheresgih@e exchanges, and to recognize knowledge gaps i
processes, feedbacks, methodologies and paranagitemz currently used to reproduce interactiong/éen land,
LULCCs and the atmosphere in regional and globaletsoln the previous sections, we have highlighted thet
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representation of interactions and feedbacks bettreedifferent compartments (physics, biology,mistry) and
surfaces (urban, peri-urban, agricultural, natugtd,) is crucial when investigating the impactL&fLCCs on
climate from small to larger scales. Based on ttayais of existing studies, we pinpoint sevenaitiations that
exist today, and that restrain our capacity to stigate the role of LULCLM changes on climate amdyjaality
at different scales, while considering all the iatgions involved. Below, we summarize the mairllehges that
we should face in future research.

The first challengeis thelack of integration between the different known praesses that areot coupled in
today’s models, as already identified by Pitmaale(2012b). Nearby urban areas, for example, gtpmilution
levels -with especially high ozone concentratiorayndirectly affect plant productivity through atrpbgric
advection of those pollutants downwind from thg.dit such a case, surface and air temperatureomagrturbed
in rural regions through changes in vegetation atteristics (e.g., stomatal opening, albedo) anxe (e.g.,
latent heat flux). A coupled land-atmosphere madlat does not account for chemistry processesthelefore
not be able to correctly reproduce surface cliraaig vegetation status in the rural environmenaddition, the
representation of urban areas is often very simeplifFor instance, regarding atmospheric chemistmyission
sources are usually prescribed, which do not adlomounting for feedbacks. Hence, a coupled urbagetation
— chemistry model is a necessary development.

Figure @& illustrates the interactions between the differeariables and processes involved in biosphere-
atmosphere exchanges and discussed in previousrsethat are not exhaustive with respect to tkistiag
literature). Most of these interactions are rekd§ivwwell known today but are not yet accounted fogether, in
regional or global climate models (full lines). ¢eneral, global climate models, such as those tmethe
“Coupled Model Intercomparison Project” (CMIP) esiges for the IPCC, include more processes thaonmalg
climate models that we are targeting herein.

The second challengeelies on theletailed representation of the variety of surfacet the above-mentioned
models. Indeed, surfaces such as cities, managestdpmixed areas, wetlands or the variety otafjtiral crops
are either over-simplified (e.g. no distinctionfofest species in a forest biome), or miss-repitesefe.g. crops
represented as a super-grassland), or absentaesgnce of wetland representation). Such gaps doeild
potentially bridged by using more sophisticatedadgit global vegetation models (DGVMs) than thoseenily
used in climate models, and by coupling them torikey models to gain a better description of el surface
as well as of the land management practices. i 48VMs may include the impact changes in air dydiave
on the functioning of the ecosystems they modelyéverse is not true. Most chemistry and trangpodels, for
example, consider prescribed and fixed informatimrvegetation (distribution, areas, related chiaméstics such
as leaf area index, stomatal resistance, etc.aangell for land management and farming practiogsch are
relatively scarce at the regional and global sc&leshis information is used to calculate emissiand deposition,
it can strongly affect the assessment of atmospluérémical composition. Therefore, the numericalpting
between atmospheric chemistry and the terresti@pbere, or at least a more dynamic representatfon

vegetation in chemistry-transport models, is aiafiatep forward the development of integrated miraétools.
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Coarse-resolution models (e.g., global-scale, kKb@0may be inadequate in separating different chalnégimes
that are triggered by emission patterns of biogan@tanthropogenic sources. However, nowadayg)tigration
of such loops in numerical models is limited beesth® various components of these interactionsle@reloped
by independent groups, in diverse surface modealsdie not all coupled to atmospheric models. TEhif high
importance, especially in short or long-term capdg where LULCC and climate are meant to change
significantly under the influence of human actegti For instance, the variety of plant species mpessed in
BVOC emission database is limited (e.g., Ashwottal.¢ 2012), with therefore incomplete informati@garding
emission geographical variability. This biases btite ability to describe and to properly evaluatéCE
emissions in modelling tools. Green roofs in urbémosphere models are generally represented throufgirm,
idealized, vegetation, while ecological papers teh@vn a large variability in the vegetation regmto climate,
depending on species. Not accounting for such hiersity may affect the ability to calculate theaekcooling
effect of those roofs. Moreover, studies ofteneamgmissions from a single sector (e.g., oil paidustry, biofuel
production) without taking into account emissiomletion in other sectors (other than oil crop/bafindustry)
or in nearby regions. The exclusion of emissionreesl other than those from LULCLMCs may affect hssu
(over- or under-estimate) regarding ozone and akl®eels. For example, most large-scale modeHinglies use
global vegetation models to investigate the intiiwas between the chemistry and the biosphere dogtaa
simplified representation of ecosystems as a seteof plant functional types (PFTs) on a globallscAlthough
these approach works at the global scale, theiauide regional scale may restrain the modelsskilfepresenting
the ecosystem variability as well as the land mamant scenarios, which are often not accounteakeimiodels.
The third challenge is the need for observational data covering more temporabnd spatial scales For
example, various observations of BVOC or reactivedspound emissions have been published for Europea
and North American ecosystems, while few obsermatistudies target southern regions. Due to theratesof
such dataset, it is complicated to perform robuatuation of models at the adapted scales. Thesbvusly a
missing link between the regional scale, at whiasnthemistry and transport models are run and guedes,
where observations are collect&dch investigations could also help to improvepeterizations generally used
in models. The dependency of certain processe#feraht plant species and pedo-climatic regionséeed
generally not well described in model parametensat

Lastly, some processes are known but are not y#eimented in models. Figure 5b represents theiegikhown
feedbacks between the different compartments. &@etfacks between the biosphere and the atmospbarev
impacts of vegetation on chemistry (dashed linespa example of missing processes in the majofitgodels.
For example, bidirectional exchange of reactivehpounds is well known today but few chemistry aiadsport
models fully integrate N exchanges although someareks have been made concerning ammonia (Bash et a

2013; Zhu et al. 2015). However, we are still nmggprocess-level knowledge on some of those irtierec
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Figure 5: Interactions between the different varialbles and processes (a) concerned in biosphere-atmhepe exchanges as well as
feedbacks (b) involved between the physical and bagical surfaces of an ecosystem and the physicaldachemical compartments
of the adjacent atmosphere. Full arrows represent eil-documented processes and feedbacks, dashed avsorepresent mechanisms
having knowledge gaps or badly represented in mostodels. N stands for reactive Nitrogen species, alfor air temperature, RH
for air relative humidity, U for average wind speed VOC for volatile organic compounds, T for surface temperature, R for
stomatal resistance, NPP for net primary productionand LAI for Leaf Area Index. This schematic coversmost atmospheric
variables discussed in the paper, but not all atm@éeric variables that can be affected. Rainfall anctloudiness for example are
amongst the ones that have been shown to be sensitto land and are not discussed herein.
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5.3. Towards interdisciplinary approaches

This review has highlighted the need to connederifit scientific disciplines (e.g. physics, ecglogiology,
agronomy, chemistry) in order to correctly représlea impacts of LULCC and LMC on climate at vasa@patial
scales. We have discussed studies carried ou¢ gidbal scale, at the scale of large / contineeggibns, and at
much smaller scale (wetland or urban area for ei@mp

However, as discussed in the introduction, we taspatial scales going from a few to a hundrednkétres that
include the scale at which land planners work attgrritorial level. At this scale, one can hardhalyse the
effects of climate change independently from thiaioquality, ecosystem management or urban ptapr$o not
only we need scientific disciplines to interactt &s well to connect different communities, nanseglgntists, land
planners and socio-economists. The results andmaendations of those potential studies can delimportant
messages to stakeholders and policy makers. Ifollogving, we illustrate the need for such connews using

two examples of current challenges in Europe.

5.3.1.Urban — agricultural — natural triptych in a N poll ution context

While agriculture has been criticized for sevemtatles for its impacts on water quality (nitratd pasticides)
and for its contribution to climate change (emissiof nitrous oxide and methane), the questiotsafdntribution
to air pollution in urban and peri-urban areas é&aerged only recently in the public debate, withagticular
resurgence in recent spring episodes of aeroshitjpol. Ammonia, which is largely emitted by aninedcreta
and by the application of mineral and organic ligefs, contributes to the formation of secondampaols. Hence,
the reduction of its emissions is an importantetak the improvement of air quality. In recentngeaontrol of
ammonia emissions has become a major concerniahatdgnational and international levels and, sitireeend
of the 1990s, a set of regulations has been mlage. To further reduce ammonia emissions, impaivguality
and optimize costs and benefits requires a betimwledge and quantification of ammonia sourcesaandell an
analysis of long-term strategies. France regulaniyergoes peaks of aerosol pollution (PM10-PM2spEgeially
at the end of winter-early spring, when favouralseather conditions coincide with the beginning ertifizer
spreading. In March 2014, high PM2.5 concentrativese observed in the Paris Region, led to the@dhiction
of alternating traffic, and therefore made citizgmsticularly aware of the issues of air qualityedicting air
quality at the regional level is crucial to underst these episodes and to recommend appropriates lef/action
in the short term to limit the magnitude of thepesedes. Air pollution not only affects human hiealiut also the
overall productivity of ecosystems and crop yielflspugh increased dry deposition of N compounds$ @
which in turn could affect BVOC emissions. In aduit by modifying plant functioning in terms of
evapotranspiration and soil moisture status, ozlep®sition may affect the hydrological cycle, whicturn will
affect surface but also wet deposition of pollusaartd nutrients.

We have here a typical example where scientistsived in agronomy, physics, biology and chemistrgiusd

interact to improve predictions of ammonia emissjdransport and reactions as related to weathmaditions,
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soil biological processes and plant phenologystomeate feedbacks of air pollution on the functi@nof involved
ecosystems. However, to solve the problem, coaperbetween the agricultural civil society, urbdanmers and
politics is required to define optimal fertilizatialates and a territorial planning of urban and-pdran areas that

accounts for the distribution of agricultural aities around the city.

5 5.3.2.Urban greening — UHI - and impact on VOC / NQ / Os loop

Many studies have explored techniques to couniznbal the deleterious effects of urbanization onlabal
environment. Among the numerous solutions alreadggsed, urban greening is one of the most iniagesince
it could allow (i) an attenuation of the UHI (e.§hashua-Bar and Hoffman., 2000; Alexandri and g02@08;
Feyisa et al., 2014), (ii) a direct mitigation @f pollution owing to the absorption of pollutarig plants (Hill,
10 1971), and (iii) an indirect improvement of air fiiyethrough UHI mitigatiorsince temperature partly drives and
controls pollutant emission, dispersion, and forame(Sini et al., 1996; Kim and Baik, 1999; Statbafou et al.,
2008).
On the one hand, green surfaces such as parkgngamt green roofs and walls contribute to miégae UHI
and currently receive strong attention from botiersiists and urban planners (e.g., Shashua-BaHaffthan,
15  2000; Akbari et al., 2001; Kumar and Kaushik, 208Exandri and Jones, 2008; Feyisa et al., 2014) some
interdisciplinary and inter-community experiencéeady established (e.g. the Urban Climate Charege&ch
Network, ; the MAPUCE project in Toulouse, , Statty New York). On the other hand, a growing numtder
studies focuses on urban air quality assessmeqidntify impacts of urban vegetation (e.g., Yanglet2005;
Novak et al., 2006; Escobedo et al., 2011; Selral.eR016). Changes in plant species selectedhaidsurfaces
20 can indeed significantly impact the amount and &dtesactive compounds emitted, such as biogeni€¥0r
nitrogen compounds, and therefore affect the antbal composition in terms of gases and aero&Hérgrdo
et al., 2016; Janhall 2015). Nevertheless, feedbackair quality by UHI mitigation are not accouhfer but
could lead to air quality degradation, by affectpgllutant and especially ozone precursor disperfi@i and
Cheng, 2009). To quantify to which extent urbaregieg can help to mitigate urban local climate ammdospheric
25 pollution, and its subsequent effects at the regiacale, it is therefore necessary to adopt irgeiglinary
approaches (Baro6 et al.,2014), involving atmosghphysics and chemistry, but also urban plannexsedd,
although the role of urban form, urban fabric, #dding arrangement and orientation on UHI mitigatwas
explored in previous studies (Stone and Normang28mmanuel and Fernando, 2007; Shahmohamadi, et al.
2010; Middel et al., 2014), it was not the caseafonospheric composition.

30 6. Bridge the gap between communities: the need for gdelopments in the interplay between climate sciergts and
spatial planners

The knowledge, the instrumentation and the exgedeveloped over the last decades regarding larfiaicet
atmosphere interactions and their impacts on ltzadgional climate and air quality could delivgresational
and useful outcomes for policy makers and land m#esy and thus benefits for populations, activitesl
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ecosystems. We are convinced that an appropriateuse policy can offer potential for, among ottiengs,
mitigating heat waves and cold spells, influenadiagpfall patterns, preventing atmospheric pollutepisodes,
etc.

6.1. Introducing/reintroducing climate expertise into the spatial planning process

5  This call for introducing or reintroducing climatgjical skills into spatial planning may seem parachl at first
sight. The climate issue has clearly become omieeofnain priorities of planning authorities throonghthe world
(e.g. Bulkeley, 2006 ; Wilson and Piper, 2006 ; &adi et al., 2009) in response to the widespreldoacdighting
global change in many fields and scales of politgwever, relatively few planning authorities ditgatall upon
climate experts. They generally focus on energaiitsiderations — in particular in the fields ofnsportation,
10 construction and heat production — with the goalediucing anthropogenic emissions of greenhousesgasis
low carbon planning policy, based on the develogméspecific spatial organizations and urban faed, fits
with a global climate change mitigation approachisTaction strategy is particularly pragmatic ie gense that
it does not require the use of specific climatitisko be implemented at the local level. Howethis absence
of climate expertise leads planners to ignore niawgrs of action at local and/or regional scalesye of them
15  being sketched throughout this article. The chgkeis therefore to introduce climate skills as elas possible to
planning practitioners and in the planning prockssome cases, it would be rather a reintrodudigEsause some
big municipalities developed their own urban cliolagy department in the middle of the"gentury, most often
to find solution for preventing air pollution evenHowever, less attention was paid to the clirisstee in planning
authorities in the second part of thé'2@ntury until the global warming concerns revitleglinterest in the matter
20  (Hebbert and Jankovic, 2013; Hebbert, 2014).
Nowadays, more and more urban planning authoriiegelop in-house climate expertise, with sometimes
interesting results. For example, efforts are baiagle in an increasing number of cities to redheautban heat
island effect (Ren et al., 2011; Cordeau, 2014gsEmadditional climate skills are neverthelesselgrdedicated
to urban areas and consequently face difficultesonsider the influence of surface-atmosphergdnt®ns at
25  broader spatial scales. They generally hardly clemsis well the interplay between climate and adlity issues.
There are, however, a few cases that can be soofroespiration. For instance, the City of Stuttgabepartment
of Urban Climatology produced a climatic atlas, dzth®n a climatope approach aiming at appreciatirg t
influence of spatial units with similar microclinmatcharacteristics on atmospheric conditions, ffer Stuttgart
Metropolitan Area, which is 3654 km2 wide (Baumiik al., 2008). This initiative resulted in urbeamd spatial
30 planning guidance, with the objective to improve flow of fresh air from the agricultural and natuareas and
thus to refresh, clean up and prevent the inversidayers above built surfaces.
The actions considered to mitigate climate changé¢he urban heat island effect can largely be based
recommendations that are generally valid everywlirerthe world. Conversely, the development of lecal
regional actions taking advantage of multiple stefgo-atmosphere interactions can hardly be coadenithout
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using regional meteorological or climate models¢sithe same land-use or land management direziohave
very different and even inverse consequences, dapgon the context (Marshall et al., 2004a

Schneider and Eugster, 2007, Lobell and Bonfil)72@eAngelis et al., 2010). An example of successful
collaborations between communities is the digitaldeiling platform built within the framework of the
ACCLIMAT project (Valery Masson, CNRS-GAME). Thisgtform allows the numerical modelling of different
processes of the city system and their interactidhe physical- and urban-based models thus deeelape
forced by socio-economic scenarios of urban deveésp and local climatic scenarios. It is then passto
produce different city projections, from the presgéay to the end of the century, under differentife climates
conditions, and to estimate the impacts of thetiesabn urban climate or building energy consumptio

Another difficulty for climate scientists and s@dtplanners to develop a collaborative action tald address
the surface-atmosphere interactions lies, amongy diings, in the spatial gap between their resgestales of
reference. The models used in climatology haveyabsufficiently been tested at the intermediattiapscales
that are generally considered by planners in {reictice. The regional climatology models work oestmes that
are often at resolutions lower than 15 km x 15 khilevurban climatology models work on mesh of alibiim

x 1 km. There is therefore a need to develop mddalgioning at intermediate scales and integradidgscription
of land surfaces closer to the definitions andesentations used by spatial and urban planners.

6.2. More consideration for land-use management

Several studies exist on the impact of LULCC ordtmeosphere and certain levers of actions haveideatified.
We need to give more attention today to the madlifins created by land-use management (e.g. ayriaibnd
forestry practices) on top of land-use at a rediand global scale. For climate scientists, thisngeto identify
levers of action, among those proposed by pracéti®, in terms of land-use management that caneinfle
climate and air quality. For planners, this is &eotchallenge emerging, questioning the contoutkef field of
activity, the discipline focusing historically oarld-use and surface occupancy. The Urban PlanniatpsC
enacted throughout the world provide the possibitit adopt zoning regulations, determining a specise for
each zone and the spatial distribution of resi@&ntndustrial, commercial, agricultural and natuazeas.
However, planners are generally not qualified alhoh@d to define enforceable land management presti
particularly in the agricultural or forestry fieldget, this attention to surface-atmosphere intéas in order to
extend the scope of action in the field of climeate air quality calls for more consideration offaoe management
in planning. Some instruments such as the agrirenmient measures - provided under the EU's Common
Agricultural Policy - may be levers for guiding fare management practices, but the inclusion df §nancial

incentives in planning practice remains to be done.
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7. Conclusion

Land-atmosphere interactions involve many physhialpgical and chemical processes that can dllémice each
other, and that are driven by the characteristfcth® environment in which they take place (mettmical
conditions, surface properties, etc.). Therefoendp able to investigate properly the role and icopf land-
atmosphere interactions, especially in the contéxthanges in land use, on local-to-regional clenand air
quality requires using the most appropriate andpretrensive tools. When performing modelling invgeion
of such interactions, one has to recognize thatiéiseription of land-use and land-management (a@@aserned,
type of crops, quantity of fertilizers used anduatseasonality of application, etc.), includingface properties
and emission sources, is very poor. Not taking atoount these characteristics certainly biasepmjections.
Moreover, land-atmosphere interactions are oft&tifip to the target landscape, especially at alloegional
scale; therefore, in this perspective, one canlhampose general solutions or recommendationscklethere
is a crucial need for a consistent descriptionuwfage characteristics in numerical tools, to hiatprove our
knowledge and provide more appropriate informatioarban/land-planners and stakeholders at thigotgrtocal
scale. Urban and peri-urban areas are of partiatt@ntion in this context since land transformagioan have big
environmental impacts and affect the health aeddifmillion people, given the human density. lso important
to account for the notion of plasticity when moufgjlvegetation response to pollution or climatengeaespecially
if the aim is to model feedbacks on the atmospheminpartment. Moreover, interactions and collatregatiorks
with these end-users should definitely be reinfdréer example, the delicate balance between V@G-NO.-
sensitive regimes, together with the transportadijped air masses, defines the challenge in dewigoolicies to
reduce ozone pollution. BVOCs play a key role ianplecology, being mediators for plan-to-plant alting or
plant-protection (e.g., isoprene has been demdadtta be important for thermo-tolerance). Therthesefore
space for considering atmospheric chemistry, tHidagd-atmosphere interactions, as a decision peteairfor
land-management, helping to maintain air quality smpporting ecosystem functioning. This leadusuich on
the notion of Ecosystem Services, which is an irategl approach that allows effectively analysing examining
the conditions in terms of whether or not the dmkiservices are being delivered. The reason ferighthat
ecosystem services are highly interlinked, andkamy of human influence on the functioning of oeevice will
likely have a large number of knock-down effectotimer services. The types of ecosystem servicaigdewith
the climate and the atmosphere come under the argted regulating services, which were identifiedda
categorized in several studies (Cooter et al. 20t#@rnes et al. 2010). Nevertheless, the feedbatkse
atmosphere to the ecosystem functioning potentédfiyct the ability of those ecosystems to provddesystem
services to human population.

There is also a lack of an integrated tool, inatgdihe many different processes of importance ingerational
model, so that scenario of different land useaed Imanagements can be tested. However, if plaanénfluence
or account for land uses; they have little advaatagnfluence land managements except when thigegrated
in a policy action through public incitation or law
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Table 1: Typical values of snow free albedou(- %), Bowen ratio (B - %) and roughness length (@ m) for various surface land

cover.

Bare soil Grasslanc Forest Crops Urban aree
a 0.14-0.2¢ 0.17-0.2¢ 0.0¢-0.1¢ 0.13-0.2¢ 0.09-0.27%
(Matthews et (Matthews et al.|(Matthews et al.[(Matthews ef(Taha, 1997; Brazel et al.,
al., 2003) 2003; Markvart et2003; Markvart etal., 2003; Song,2000; Santamouris, 2013
Castarier, 2003) |Castafier, 2003) [1999)
B 0.4 0.¢-1.€ 15-5
(Teuling et al.,|(Teuling et al., (Oke, 1982; Oberndorfer ¢t
2010) 2010) al., 2007; Pearlmutter et aJ.,
2009)
20 0.02-0.0¢ 0.11 0.91-2.8¢ 0.0t-0.1¢ 0.5-2
(Matthews et (Matthews et al.|(Matthews et al.|(Matthews ef(Kato and Yamaguchi,
al., 2003;|2003; Wieringa,2003;  Wieringa, al., 2003;|2005; Foken, 2008)
Wieringa, 1993) 1993) Wieringa,
1993) 1993)
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