Reviews and syntheses:
Influences of landscape structure and land usésaahto regional climate and air quality

- Response to Refereereviews -

We would like to thank both referees for their coemis and suggestions. We tried to account for fathe
suggestions as much as possible and submit a devéssion of the manuscript.
You can find below a point-by-point reply to eadttte referees comments.
Attached are two versions of the manuscript
- Marked with additions in blue and changes in red
- Non-marked final version, which might be easieread.

Referee# 1

General comments

Summary: The authors aim to review how land usectdfclimate and air quality. They present a fraor&vior
categorizing land use, and apply it to differergexds of the earth system, in order to demonstedétionships
between biosphere, climate, and air quality. THeg present current challenges to understandingffieets of
land use on air quality, provide suggestions féfiedént groups to work together to address thesdlarges.

| appreciate the effort to synthesize this infoiiovatand | generally agree with the abstract, big paper falls
very short of its goals. It is poorly organizedhegtive, inconsistent in its application of tharftework, contains
enough awkward language up front that the goath®fpaper are not clear, and the conclusions ddofotv
from the information presented. Additionally, thésa't a unifying story to make sense of the exebniiverse
information presented. For example, the air qualgyect is in the title and highlighted in the edostt but is not
addressed until page 23, and then only elaborated in a few sections. Also, main conclusions fomusnodel
shortcomings, but there isn’t a modelling reviewlinled.

It seems to me that this is about 5 papers masitedne. Most of the text reads like a list, amétdiand meaning
across the different sections and information ase made. The middle section alternates betweennpieda
textbook material and an uncritical presentatiomahy studies. | suggest that the authors thinkialwbat point
they want to make, and focus on that point. Fomgx®a, the material is here for a review of land asd air
pollution. But there is a lot extra physics infotioa that doesn’t need to be presented in ordelentiad point that
the physical processes are an influence

*Reply:
We re-organized the manuscript to respond to thiewers concerns according to the following:

- We reviewed the abstract so as to better reflecotjectives and the content of the manuscript

- We completed the introduction with supplementasréiture related to land-use, land cover changek, a
updated it. In the Introduction, we added that thigew is intended to be accessitbethe specialists
(i.e., mainly scientists) and non-specialists (dagnd-planners, stakeholders and decision-makers).

- We moved the “textbook material” highlighted in 8ee 3 to an appendix to provide fundamentals of
physics, chemistry and biology for those who may e familiar with the theory that is behind the
reviewed studies.

- We profoundly re-organized section 3. Rather than“physical”, chemical” and “biologeochemical”
subsections further subdivided (repetitively) bpdacategories, we changed to two main sub-sections
organized by land use and land cover changes: taner changes (deforestation, wetland conversion,
urbanisation), Land intensification (agricultunaiensification and urban intensification)

- Within each section, we separated the literatuveeve according to physical, biological and chemical
studies.

- We tried to include a critical summary the shortagge. We used the conclusions (Section 5.1: syrghes
of current knowledge) to back up the different et

We would like to express here that this is a suttstbrevision of our paper.

#Comment

The introduction and framework are general and galeke a solid, but concise, assessment of laattager

change as a foundation, with literature to bacipitand move on to the effects you want to review.

*Reply:
The assessment of land use/cover change is alieagbction 2 of thananuscript (rather than in the
introduction). We added a section detailing theeptial impacts of those changes on the atmospheric
compartment (which is a very brief summary of si3.1.1, 3.2.1 and 3.3.1, the details of whi&h ar



moved to an appendix section). For us, the introdnds here to present the specificities of owiew
compared to other existing reviews in the literatand to state the objectives of this review.

#Comment
The land categorization is applied inconsistenqghpbably due to its overlapping nature. Maybe delte by
urban, agriculture, and other lands. Part of th&usion and repetition arises because the urbamgelsaare
land cover changes, but these two have been segdarat

*Reply:
The difficulty is in the fact that we are not loogiat land use but at land use changes. We maddftheto
limit the categories we look at regarding the Urbhanges. We only have urban intensification now.

#Comment
The physical, biological, chemical distinction doex work. The physical isn't related to the restdgept in 4.3
where is it relevant and sufficient), and the biidal and chemical are both about biological eroissj with a
fuzzy distinction between primary biogeochemisitpd, ch4, n20), and trace gases and aerosols. t8tittle
chemical species you are interested in, and orgah&m around the land categories or land changes.
*Reply:
We agree with your analysis. We removed this distim in our outline and re-organise the paper by
categories of land-use changes, detailing for eatdgory the impacts on the atmosphere and trieuas
as possible to include a review of models. Thaokkis re-organisation, we are able to show tHesllretween
different studies and be more critical of the ressbhhsed on other results.
However one objective of our paper is to clearly fooward the various ways land and atmospherednte
(via changes in physical processes, biologicalchmanical processes), and which are almost nevesidened
together in climate models (nor global nor regidpnahis is clarified in the discussion.

#Comment
Develop meaning and relationships through the ptatien of the literature. Having separate disaussiater, or
pedantic explanations before, leaves the informatasentially as a list, and the later discusdi@eesme repetitive
and do not have the references to back up statement
*Reply:
By re-organising the manuscript as explained ipaases 1 and 3 and by moving the “textbook” matéoi
an appendix, we think that the literature reviswniproved, less pedantic and more discursiveerdttan a
list. The section “synthesis of current knowled¢e’l) is merged within section 3 to follow on dilgand
synthesize the review done. This way the discussemtion will come earlier in the manuscript andeiss
repetitive.

#Comment
To show integration of processes, put them in #raessection. Present evidence for each one arevitience
for how they interact. Segregating them by sectiwakes it difficult to make linkages without repietit. For
example, section 4.3 starts to tie together veigetaboundary layer, and air pollution, and is wstendable
without the lengthy textbook sections in part 3.
*Reply:
We agree with the reviewer and, as stated abovep@se 4), we merged sections on physical, chemical
and biological processes involved in land use chamgd discuss their impacts in a more comprehensiv
way that looks at the interactive system as a whole

#Comment

To criticize models, you need a model review.
*Reply:
We added paragraphs in section 3 and within eaxchdaver change section specific to modelling stsidi
Our intention is not to criticize models but ratbh@ishow that there are today two ‘niches’ thatehagt
been sufficiently looked at: 1) the combined phgklmiological-chemical effects of land changes on
climate at all spatial scales, 2) the specificriterial’ scale that is smaller than the continémiae and
larger than a single city.



#Comment
To make conclusions about what is lacking, the gagklimitations of existing work need to be expéal in the
review, rather than listing all the literature rkswas facts. Currently, the paper reads like ahérg has been
figured out, but the conclusions state that haadlything has been figured out. The shortcomingt®fimodels
are not reviewed, but are presented as main caonhis
*Reply:
We re-organised section 3 and tried having a matieal review of the literature, we present moleacly
the gaps and limitations of models as well as a@rpartal results, and move on directly to the distmrs
and conclusion sections.
Again our main argument is not to say that evengtias been figured out nor that ‘hardly anythiag h
been figured out’ but that the main pieces of thezpe have not yet been assembled, nor applicieat t
specific spatial scale we’re targeting.

Specific comments/suggestions:

#Comment
Abstract (page 1)

physical, chemical, and biogeochemical land-atmespiteractions is a very broad topic, while thpgr focuses
on air quality impacts of land use. the abstraedsdo be clear about the focus of the paper.

*Reply:

The abstract was reformulated in order to makddbes of the paper clearer.

We are surprised though that the reviewer geténpeession we are focusing on air quality whilecdission on
this only occurs in 1/3 of the paper.

#Comment

The focus on urban/peri-urban and air quality is elear. until the last few sentences This leavesreader
wondering why the rapidly growing body of literagduon the effects of LULCC on the earth system it no
accounted for (only a few papers are cited in tie).

*Reply:

We stated at the beginning of the introductiongpecificities of the manuscript to justify the ot®iof literature
cited.

As discussed above, there is no specific focusioguality. Air quality is one of the 3 aspects weetargeting.
Between our 2 reviewers, one has understood out,pwt the other. We clarified this in the updatedsion.

#Comment

page 2, line 7: Not sure that anthropized is a wArdhropogenic seems correct, although not uswaadplied this
way.

*Reply:

We do not believe “anthropogenic” is the correctri¢o be used. We replaced anthropized by man-shape

#Comment

page 2, line 9: reference for energy balance?
*Reply:

A reference was added

#Comment

section 2 and use and intensification - this da#seem to be the appropriate title for sectiors@ction 2 covers
a lot more than this

*Reply:

We changed the title to: Land Cover and Land Usenghs: history, dynamics and challenges.

We also added text to this section explaining vidaur understanding of agricultural intensificatiand urban
intensification.

#Comment

page 4 lines 21-23: the section should start vhith it is unclear why the land use section staits land cover.
see comment above.

*Reply:



We agree and changed accordingly.

#Comment

section 2.2: not much definition here. in fact yamknowledge that definitions vary considerably
*Reply:

Title changed

#Comment

page 5, lines 23-26: confusing- i am not sure \ifise numbers refer to.
*Reply:

These numbers are better explained.

#Comment

page 6, lines 7-8: reference?

*Reply:

Reference is added.

#Comment

not sure all these equations are necessary. tlikewbction seems like a textbook. who is the anedi a shorter
description of how things change is more meaningfke description can cite various studies on tledfeets,
and be more digestible by the reader. there areitations in this section. actually, this sectiande deleted
because the next 3 sections are the ones that rirekpsint.

*Reply:

This section was moved to an appendix. Moreovethérintroduction.

#Comment

this section makes the case of the previous section
*Reply:

This section is moved to an appendix

#Comment

page 12, line 29: and burning, and understorynneat, and different types of harvest, and planting
*Reply:

Sentence is added.

#Comment

again, this section makes the point of section 3.1
*Reply:

This is addressed by changing the organisation.

#Comment

section 3.1.3 urban intensification

this should probably be grouped with LULCC andadesdn’t need all the references to the equations
*Reply:

References to equations are removed.

The section is modified as stated above in the rgéneplies.

#Comment

section 3.2 biological

this textbook section is unnecessary as the foligwiections make the case
*Reply:

Agree and is removed to an appendix.

#Comment

3.3 chemical

another long textbook section

*Reply:

Agree and is removed to an appendix.



#Comment

3.3.1 land use intensification (page 23)

here is a review relevant to land change and alityuBut it reads more like a list than a reviefievidence for
making a point.

*Reply:

Title is changed to land cover change. Contentasd above ie merged with other sections andnthegized to
read less as a list.

#Comment

3.3.2 ag intensification

it seems like the previous ag section was cut shagstit the information here
*Reply:

These sections are merged as stated above.

#Comment

3.3.3 urban

page 23: what are the suggested trees in CA?
*Reply:

We specified which tree species are concerned.

#Comment

4.1 local to meso and 4.2 ecosystem

these don’t seem to have any relation to air qualit

*Reply:

In this paper we focus on the effects of LULCC &ahdn air quality but also on local climate. Thssdlarified in
the introduction.

#Comment

4.3 air quality

this is relevant, and expands upon sections 3.3.B-But now you have mashed together the landftgpeework
*Reply:

We agree with you, however in this section we hahvesen to look at the interactions from a landstag®nal
perspective and to discuss how differently LULUG®E &1 interact together within a spatial framework.

#Comment

5.1

this is a lengthy repetition of the previous revéemithout the citations
*Reply:

This section is removed and merged within the nestien 3 as stated above.

#Comment

page 34

you really haven't shown the linkages and feedbatties information is all compart-mentalized. Whyleur
challenges are legitimate, it isn't clear how yeaahed them based on the previous reviews. theréther to no
citations in this section, especially regarding gltdg. you also don’t acknowledge that models essentially
simplifications, and that they cannot contain evengle detail, and that not every single detaittera for the
desired outcome of a model.

*Reply:

By changing and better discussing the literatuthénmodified section 3 we believe this questioaddressed.
We acknowledged model specificities as recommended.

5.3 interdisciplinary approaches

this is repetitive

*Reply:

We understand that the reviewer refers to the dhitdon of section 5.3. We reviewed this part aachoved
repetitive ideas.

#Comment



6 bridging the gap

while this is important, i don’'t don’t see how é@lates to this article

*Reply:

In this section, we treat existing gaps betweearsific communities and spatial planners, whicjusified, in

our view since we need models that are more rangst more exhaustive representation of scend&abstcount
for the social and economic drivers in the system.

On the other hand, we agree that the part focusingolicy makers is not in the focus of this reviand we
removed it.

#Comment

7 conclusion

there isn't a modelling review, so i don’t know hg@nesenting all of the field research generatestimelusion
that modelling is poor

*Reply:

We rephrased the conclusion.

Referee #2

#Comment

Thank you for inviting me to review this paper.gtiand foremost, | would like to state that it ie@f the most
comprehensive manuscripts | have seen for some ttnhas the potential to be a significant “go fwdper for
anyone with interest in measuring or modelling katchosphere interactions. The reference list is might be
expected for a review — very thorough, and it éelyaalerted me to papers | was not aware of.

| think it is important first to note what the pagies not include. This is not to detract fronmiany way at all,
but simply to gain understanding as to what itsmmagssages are. The authors may like to consisietraf words
to capture this, possibly towards the end of theotiuction. So not addressed in detail are:

(1) Many existing studies focus on the role of the laodface in mitigating carbon dioxide emissions.

Significant effort is placed in closing the glolwarbon cycle, and there is a view that the lanéaser
(and associated land-atmosphere CO2 exchanges ardhanging climate) is where much uncertainty
remains. In the most general terms, approximate¥s af CO2 emissions are believed to be drawn-down
by the terrestrial ecosystems. Of concern is thiat fraction may decrease into the future, esplgcial
through higher respirations or nutrient limitatidiere is a small reference to this, indirectlyTable 2
“Change in atmospheric concentrations of GHG”. Title is clear, with no word “global” used, but it
does mention “climate”.

*Reply:

In this review we choose to treat the effects angaality and local climate. The impact on the glbblimate

(GHG emissions) is not the focus of our study. Weeal an explicit phrase in the introduction to ére#xplain

this point.

#Comment
(2) Related to (1) above, much is described in the IP€0rts, and especially the recent 1.5°C and 2.0°C
threshold assessment, about the role of BioEneiy@arbon, Capture and Storage (BECCS). This form
of large-scale geo-engineering of the global cadyate is not included here (for instance, the C§de
is omitted from Schematic Figure 5).
*Reply:
Again as for global climate, the C cycle is not theus of our study. This topic has been alreadgresively
reviewed, even though we agree that there areadlilt of gaps and challenges ahead. We specifegdint in
the Introduction and refer the interested readersdent reviews (e.g., Le Quere et al., 2018; Siatet al., 2018).

#Comment

(3) The paper is very much a qualitative assessmatit most display items more schematic in fornhtgnce, it
is presently difficult to compare effects, and lse logical conclusion is the one that the authoesgnt. That is,
there is a need for an overall integrated tool datld allow effective intercomparison of regiomdflects,
drivers and feedbacks.

*Reply:



We agree with this analysis, and, upon suggestimm feviewer R1, we have re-organised the manussoi@as
to better show how those conclusions are reached.

#Comment

(4) The major part of the paper concerns geochemiealbfacks, rather than the more physical one. There

are some exceptions. For instance, one page Ié,dahecitations to papers describing how diffetamd
cover types have the potential to either suppresggravate any future extremes in a changed adimat
*Reply:
These citations are presented in the section @l&bout physical effects. This section is mergeth wthers
according to Land Cover Changes (LCC) and Landkifieation (LI). In this sense, we try to homogamivith
other effects and consider if this is a point teabuld be more thoroughly reviewed or removed fraun
manuscript

#Comment

By stating something along the lines (1) — (4) wikn make the paper stronger, as clearer then tivbgiaper
does encompass. Moreover, this is where | beliegartanuscript is very powerful indeed. It is arduydbat of
the range of environmental concerns, climate chdragetaken too much of the attention. Many of tterem
local/regional effects will be just as importanttie individuals concerned. This is especially wii@ir quality,
or strong local pollutants that threaten food siégwr both of which are either modulated by thedlaurface or
impact on it.

This paper, for the first time, places emphasison-global pollutants, and it is revealing from rhuaf the
literature cited that the implications are liketylie large in many instances. Those who build theuality and
atmospheric tracer components of weather forecaignal climate models or even full Earth Systdodels
will appreciate this manuscript, bringing the lat@sderstanding of the terrestrial role into a Brdpcument.

This review is slightly different to usual becausest papers have quantitative plots which can besasd and
studied in detailed, and then commented on. Styriééd only possible to give an overview here €lduthors can
if they like, consider the points above and asdedi@ontext-placing. As always with manuscriptgagk read
through carefully again — especially as now a bséake submitting. The paper is very long, andassjbly look
for any places where the writing can be tighteedenvironmental science is evolving fast, it migbtworth a
quick, targeted literature search of any very re@918 papers on Scopus or the Web-of-Science.r®ige |
think the document could be published almost iritsent form.

*Reply:

We re-read the paper as suggested and improvesithattwere considered as repetitive. As speciiedviewer
R1, didactic sections are moved to an appendikdaten the manuscript. Moreover, we also updateditérature.

#Comment

A very small thing - the legends in Figure 2 arsnmall font — please make them slightly bigger.
*Reply:

This is changed.



1.
2.

3.

4.

Modified structure of our manuscript

Introduction
Land Cover and Land Use changes: history, dynaamidschallenges
2.1. Historical perspective
2.2. Land Use and Land Cover Change
2.3. Land-use Intensification
Human driven land use and land management changetheir impact on climate and air quality
3.1. Land Cover Change
3.1.1.  Deforestation/Afforestation
3.1.2.  Wetland conversion / Restoration
3.2. Land intensification
3.2.1. Urbanization
3.2.2.  Agriculture Intensification
3.3. Synthesis of Current knowledge
Interactions between different land cover, usesraadagements over a mosaic landscape: impactsdn la

surface exchanges

4.1. Local- to Meso-climate perspective
4.2. Ecosystem functioning perspective
4.3. Air quality perspective
Futur Research
5.1. Challenges ahead
5.2. Towards interdisciplinary approaches
5.2.1.  Urban - agricultural — natural triptych in a N poibn context

5.2.2.  Urban greening — UHI - and impact on VOC / N@@;s loop

5.3. Bridge the gap between communities: the need foeldpments in the interplay between climate
scientists and spatial planners

6. Conclusion

References

Appendix

1. Physical processes

2. Biogeochemical processes at the land/atmosphexdane
3. Chemical processes in the atmosphere
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Abstract. The atmosphere and the land surface interact inipteilways, for instancéhrough the
radiative-energy balance, the water cycle or théssion-deposition of natural and anthropogenic
compounds. By modifying the land surface, land-aed land-cover changes (LULCCs) and land
management changes (LMCs) alter the physical, a@rmand biological processes of the biosphere and
therefore all land-atmosphere interactions, frooaldo global scales. Through socio-economic dsiver
and regulatory policies adopted at different le@dsal, regional, national or supranational), hama
activities strongly interfere in the land-atmosghieteractionsandthose activities lead to a patchwork
of natural, semi-natural, agricultural, urban aethsurban areas. In this context, urban and péraur

areas which have a high population densiare of particular attention since land transforamatan

lead to important environmental impacts and afteet health and life of millions of people. The
objectives of this review is to synthesize the xgsexperimental and modelling works that invesstig
physical, chemical and/or biogeochemical interatidbetween landurfacesand the atmosphere

therefore potentially impacting local/region climaand air qualitymainly in urban or peri-urban

landscapes at regional and local scales.

The conclusionsve drawfrom our synthesisare the following. (1) The adequate temporal aratiab

description of land-use and land-managemeattices(e.g. areas concerned, type of crops, whether or
not they are irrigated, quantity of fertilizers dsend actual seasonality of applicaliorecessary for
includingthe effects of LMCn global and even more in regional climate modelsexistent (or very
poor). Not taking into account these characteristics triag the regional projections used for impact

studies. ?) Land-atmosphere interactions are often spedifithé case study analysed; therefore, one

Commenté [Coauthors1]: Based on Susanna Strada’s stron
contribution to the revision of the manuscript, coautlagreed to
upgrade her as &a&uthor. The list and affiliation order of the
coauthors have been updated accordi
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can hardly propose general solutions or recommandat3) Adaptation strategies, proposed after the
evaluation of climatic impacts on the targeted vese have been derived, but are often biased gs the
do not account for feedbacks on local/regional aten¢}) There isa needor considering atmospheric
chemistry, through land-atmosphere interactions fastor for land-management, helping to maintain
air quality and supporting ecosystem functioniigTfiere is a lack of an integrated tool, which inelsid
the many different processes of importance in aratpnal model, to test different land use or land

management scenarios at the scale of a territory.

1. Introduction

TheEarth’s atmosphere is an envelope of gases;ndiquid and solid particles that provides essential
conditionsfor life to thrive on Earth. Via its composition and exchanget the land surfagethe
Earth’s atmosphere regulates the physical climaberal us is as a non-dissociable part of every
ecosystem and a limited resource. Nowadays, fagliolopal changes in terms of climate, atmospheric
composition, biodiversity and demography, ther isowingdemand to preserve a standard quality of
life. On the other hand, there is a raising pressur natural andhan-shape@cosystems to increase
production and meet the nutritive and recreatialgahands of amxpandingpopulation.To maintain

liveable conditions on Earth, it is important todenstand the delicate balance between physical,

chemical and biological processes, and their intemas, that involve the atmospheric envelope and

related surface systems (water, soil, flora, fagnacrete ...) at local, regional, and global scales.

The atmosphere and the land surface interact inipteilvays, such as through the radiative-energy
balance(Suni et al., 2015the water cycle (Pielke et al., 1998r the emission-deposition of natural
and anthropogenic compounds (Arneth et al., 2Q4))d-use and land-cover changes (LULCCs) (e.g.,
deforestation/afforestation, urbanization, culiieat drying of wetlands, etc.) and land management
changes (LMCs) (e.g., no-till agriculture, doubtegping, irrigation, cover crops, etc.) alter taad

surfaceby modifying the physical properties (e.qg., surfadieedo, emissivity, and roughness), the

chemical emission/deposition potential of land acek, and the biological equilibrium of living

organisms and soils. Finally, LULCCs and LMCs dftbe physical and chemical interactions between

the land surface and the atmosphdhe atmospheric compositioand lastlythe Earth'sclimate

(Perugini et al., 2017), at scalgsannindgrom local to global ones. The importance_of_CCs on the

global climates widely acknowledgedand global climate models (GCMsvhich work at scales of 50-

100 km, now integrate LULCC scenaritesinvestigate futurelimates(Jones et al2014).However,

there is a raising neet understandhe effects on climate of LULCCand LMCs operatingat the

regionaljocalandeven territorial scales, and hence to implementCGland LMC scenarios in climate

models working at finer resolutions (i.e., regiocl@hate models, RCMs) to explore their effectdtum

regional-local climate
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Nowadays, human activitiésrgely shape landscapeesulting in a patchwork of natural, semi-natural

agricultural, urban and semi-urbigari-urbanareasat scales smaller than hecto kilome{(Alen et al.,

2003). The land surface is thus strongly sensitisacio-economic drivers and influenced by reguiat
policies adopted at the local, regional, natiomasupranational scales. In this way, human actiti
strongly interfere in the land-atmosphere intematiand consequently influence climate and airityual
at various geographical scales.

Recently, several reviews have examined the irtierec between LULCCs and air quality and/or
climate change.

Pielke et al. (2011) and Mahmood et al. (2014)aweed the direct influence of LULCCs on regional
climate, through biophysical processes, i.e. thdifivation of the water, energy and radiative
exchanges between the Earth’s surface and the pim@ss lower boundary from local to regional
scales. Based on both observed and modelled datauthors conclude that LULCCs affect local and
regional climateand, more significantly, the areal coverage ofldinelscape conversion determines the
potential of LULCCs to effectively influence the sescale and regional climate.

Arneth et al. (2010 and 2012), and more recentlgltHand Spraklen (2015), mainlycusedon the
chemical effects. Arneth et al. (2010pked at the picture from a global perspective with pecsal
focus on LULCCs. They put forward that feedbackéwieen the terrestrial biosphere and the
atmosphere cannot be ignored from a climate petispeand that our limited understanding of the
processes involved implies that none of the feekibatudied will act in isolation but rather thaé th

system is more complex. The authersrnedthat non-linearities and possible thresholds exist

should be elucidated before performing simulatiith ecosystemchemistry-climate models. Arneth
et al. (2012) that encourageimprovethe representation of biological and ecologicakpsses ani
bridge the gap betweebiogeophysical and socio-economic communitiesroborate the need for
integrative investigationsindeed, the authors claim that the level of dpsion for the different

processes and interactions involved can signifigamtodify the projections of land-atmosphere
exchanges (physical and chemical) performed witdetso

Heald and Spraklen (2015)viewecthe interactions betweén/LCCsand atmospheric chemistry, with
a focus on short-lived atmospheric pollutants, myaiiogenic volatile organic compounds (BVOCS),
soil nitrogen oxidesNOy), dust, smoke, bioaerosols, and ozdfe), and their subsequent radiative
effects on global and local climatésie authors estimattlsat LUC can cause a regional direct radiative
effect of +20 W . Theyidentified several gaps of knowledge particularly linkedhe aerosol effects
on the regional radiative balance and emissionalbdity due to different vegetation typeS:ther

identified uncertainties are the futieolution of agricultural practices as well asldek of connection

between the different atmospheric speadeprocess responses taJLCCs

More recently, some studies have focused on thadétmgf small-scale changes, especially urbanization

on climate and air quality. The work led by Jacabsbal. (2019), for instance, investigated thedotp

of urbanization in two cities, New Delhi and Losd&tes, on weather, climate and air quality over the
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2000-2009 period. The authors applied satelliteraad data to assess the extension of urban add roa

areas, 1-year inventory for anthropogenic and aatmissions, together with a global-through-urban

nested climate-weather-air pollution model (GATORNBOM). Changes in natural emissions related

to_meteorology were accounted for in this approdair. both New Delhi and Los Angeles, they

concluded that urbanization has led to an incré@aseirface roughness, shearing stress and vertical

turbulent kinetic energy, and concurrently to ardase in near-surface and boundary layer wind speed

thus worsening pollution levels. This study sholat urbanization could have had significant impacts

on both meteorology and air quality. Putting thessults in a larger regional context would give the

possibility to quantify the impact of urbanization air quality and climate of surrounding peri-urha

and rural areas. In that respect, Zhong et al.gpd/estigated the impact of urbanization-induleeti-

cover change and increase in anthropogenic emsssionhe air quality of the megacity cluster of the

Yangtze River Delta. The authors applied a regi@fialate-chemistry model (the Weather Research

and Forecasting with Chemistry, WRF-Chem) couplét an urban canopy model. A strong reduction

of near-surface aerosol concentrations was estih@ter urban regions, whereas particulate pollution

increase over the surrounding rural areas. Thesdtsevere partly due to the urban heat islandceffe

which increased the lower atmospheric instabilitg aentilation over the urban area, and therefore

promoted the dispersion of pollutants from urbashiaeeas to their immediate vicinities. This study

exhibits the tight links between processes (physateemical) and scales (local, regional; urbami-pe

urban and rural areas).

So far, beyond scientific literature, relativelitlé attention has been paid in spatial plannirarpces
to the consequences of land-use related decisifahsaasures on climate conditions and air quality a
a local-regional scal&patial-planning concerigenerally focus on the impacts of densely builargas

on temperatures in urban contexts (Tam et al., 201b6et al., 200¥ or on ways to improve the
mitigation of climate change (i.¢o0 enhance the biospheric sinkcefbon dioxideCO,, or decreasgs
sources). Hence, to our knowledge, very few stuse® (1) discussediogethethe different physical,
chemical and biological interactions between thedlaurface and the atmosphere, (2) focused on
urban/peri-urban areas at local-regionatlesand (3) been addressed to decision makers, sitalezh
and land planners.

Our objective is therefore to review the existixgerimental and modelling works that investigate th

effects of regional and/or local LULCCS and LMCsgysical, chemical and/or biological interactions

and feedbacks between the land surface and thesph®@ie in rural, urban and/or peri-urban landscapes

We refer to biological interactions as the exchanfiehemical compounds that involve soils and

biological organisms. The structure and conterthif review is designed to be accessible to a large

audience, including both specialists, such as 8stsp and non-specialists, such as land-planners,

stakeholders and decision makers. Non-specialigisnefer to the appendix for a short review of the

fundamentals of physics, chemistry and biology #ratat work in LULCCs and LMCs.
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Our synthesis focuses on relatively short timeesc@lith respect to climate), ranging from a fewsda
to a few years, and on local to regional spatialescgoing from a few to a hundred kilometresthe
text, we will abusively use the word ‘climate’ to refer changes imeanweather valuesconsidering

impacts on local and meso-climate, whereas LULGHi+ed impacts on global climate, especially via

modification in greenhouse gas emissions and carat@ms, are not the target of the present study a

will not be covered here. Readers interested isghepics may refer to the studies of Le Quérd. et a

(2018) and Saunois et al. (2018) for example. Weapspecial attention to the territorial dimension,

understandinderritory as the portion of the land surface dékah and developed by a community
according to their needs; this includes the palitauthority as well as the use and developmentiema
by a social group (Le Berre, 1992, Ginet, 2012).Wenly focus on human-driven changes to land use
and land management and on peri-urban landscaggisig on the fact that today 54% of the world’s
population lives in cities (United Nation, 2014 dahat the annual rates of urban land expansiagesan
from 2.2% in North America to 13.3% in coastal aréa China. Although nowadays urban areas
represent less than 0.5% of the Earth’s total k@ (around 650 000 km?) (Schneider et al., 2009),
estimations show that more than 5.87 million kmkaof are likely to be converted into urban areas b
2030, and very likely (probability >75%) for 20%tbis surface (Seto et al., 2012).
We firstly present land-atmosphere interactionsifmlividual land cover and/or land management
changes by discussing physical, chemical and bicdbgorocesses. We then explore possible
interactions between these processes for a mokdiffevent adjacent land uses and managements. We
finally identify challenges and needs for curresggarch and propose potential levers for action.
2. Land Cover and Land Use changes: historydynamicsand challenges

2.1. Historical perspective
Historically, research on land-use intensificatmm population growth emerged after World War Il in
different disciplines such as human geography, ogichl anthropology or political ecology and
concentrated on understanding agricultural changegr, concerns have been raised about the

influence of the land surface on climate procesisethe mid-1970's, diverse studies highlighted the

impact of land-cover change on the land-atmospéeeegy balance &ical, regional and global scales
due to modifications in surface albedo (Ottermal®V4; Charney and Stone, 1975; Charney, 1975;
Charney et al., 1977; Sagan et al., 1979). Laialythe early 1980’s, Woodwell et al. (1983) and
Houghton et al. (1985, 1987) emphasized the roteroéstrial ecosystems as sources and sinks in the
carbon cycle, pointing out the impact of the lamder on global climate. Because of the growing
awareness that land surface influences various@mwiental processes and the climate, understanding
the trends, patterns and mechanisms of LULCCs beeatmdamental issue in academic researagh (e.
Ramankutty and Foley, 1999; Klein Goldewijk, 20&bjey et al., 2005; Lambin et al., 2006; Klein
Goldewijk et al., 2011, Ellis, 201 istor : i i
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the availability of land-use data through remotesggy shifted the focus from land-use intensifimati
| to land use and land cover studies (Erb et al.720@rburg et al., 2011). More recenttjue to its far-
reaching, potentially detrimental ecological consmtpes, land-use intensification has attracted the
5 interest of the scientific community at large (Ettal. 2013).

2.2. Land Use and Land Cover Change

Although land change may be one of the most anoiegit human-induced impact on the environment,
the Earth’s land surface has never been altereghtiyyopogenic activity at the pace, magnitude and
extent experienced over the past few centuries bt al., 2001). On the basis of distinct studies

10 can be estimated that roughly 12 million km? offkis and woodlands have been cleared over the last
three centuries, representing approximately a 2@4redse in the forest cover: Richards (1990)
estimated a 11.7 million km? loss - from 62.2 toS@illion km? - between 1700 and 1980, Ramankutty
and Foley (1999) indicated an 11.35 million km&le$rom 55.27 to 43.92 million km? - between 1700
and 1992, while Klein Goldewijk (2001) mentioned29 million km? loss - from 54.4 to 41.5 million

15  km?- between 1700 and 1990. Although huge varnat@an be noticed between studies, notably because
of land-use/cover definition and classificationuiss, similar trends have been reported regarding
changes in natural areas (steppes, savannas,ag@sskshrublands, tundras and hot/ice deserts):
Ramankutty and Foley (1999) mentioned a 7.3 milko® loss - from 73.2 to 65 million km? - between
1700 and 1992, while Klein Goldewijk (2001) assdss@5 million km2 loss - from 71.9 to 46.9 million

20 km?2 - between 1700 and 1990. In his review on thiarapogenic transformations of the terrestrial

biosphere, Ellis (2011) spatially quantified thenpmral aspects of human transformations on the
ecosystemsH{gure J).

YEARS OF
Intensive Use
@ >8000 years
@ 5000-8000
@ 3000-5000
2000-3000
1000-2000
500-1000
250-500
100-250

® <0

Wild no HisToRy OF use

Woodlands
Grasslands & steppe
Shrublands

Desert & tundra

Seminatural No HISTORY OF USE
Moderate use (>500 years)

CREDIT: ERLE ELLIS, ADAPTED FROM E. ELLIS, PROCEEDINGS OF THE ROYAL SOCIETY A, 369:1010 (2011

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



10

15

|20

25

Such a focus has led to consider, especially uthdescope of an integrated land science, the variou
and complex interactions between human societig@shanenvironment (Turner, 2002). The land-cover
- which can be understood as one biophysical attilof the surface (Turner et al., 1995) - is now
predominantly dependent on the land-use - whictbeamderstood as the activity human societies have
decided on the land in accordance with economidtural, political, historical and land-tenure
considerations (Turner et al., 1995). On a woridésfree land surface of approximately 130.1 millio
km2, the area directly reconfigured by human actierof 2007 has been estimated at 53.5 % (Hooke
and Martin-Duque, 2012).

This decline of natural ecosystems is essentiallg tb the conversion of forests, savannas, and
grasslands into agricultural landshe global areasof croplands and pastures increasethificantly
since 1700 with estimated extensisom 12.3 million(Goldewijk et al., 201117002000 period) to
14.75 million km? (Pongratz et al. 2008; 1700-188%0d).By combining the results of different studies

addressing this land transformation issue, HookeMartin-Duque (2012}stimatecthat nowadays,

croplands and pastures represeespectively 12.8% and 25.8% of the world’s ice-free land stefa
(Figure 2.

Finally, the land transformation related to urbavelopment and infrastructure expansion must be
pointed out. A total of 8.4 million km? can be ddied as urban areas, rural housing, business,area
highways or roads (Hooke and Martin-Duque, 2012grEif increasing, commonly at the expense of
agricultural land (D66s, 2002), this number repnesenly about 6.46% of the world’s ice-free land
surface. However, such a land transformationstamgly affecenvironmental processes at local and/or
regional scales and therefore affect the healthigndf million people, given the human densitytlire
areas impacte@=rmert et al., 2012; Jagger and Shively, 2014).

50 rrrrrrrrrrr07o1 A 10

s /7 1
- -
o 40 | 7 48
® 7 4
s o

3 . o
@©
E Cropland (mean of -t ] t:’
3 30 K KG'11,R+, & P+) -1 6%
o , Pasture (mean of = - g
b | KG'11 & P+) J s
;8 Pasture (R+) - =
o , Forest(mean of
o 20 H KG'01 & RF) ® 142
= = Urban 9 <}
£ L : 4 2
% Population g w
O
5 10 - 2

E A g

-
0% | I T -1 i1 1 PR T N N T 0
1700 1800 1900 2000

Year, AD

Figure 2: Adapted from Hooke and Martin-Duque (2012 Changes in land use through time(closed
symbols)with extrapolations to 2050 AD(open symbols).
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2.3. Land-uselIntensification

Another aspect of land-use that affects the enwent is land-use intensification. In the scientific
literature, there is no unique definition of lanskuntensification or land-use intensity, even tifothe
concept is increasingly referred to. The diversifydefinitions reflects on one hand a disciplinary
diversity and, on the other, a certain relationdfépveen man and nature (Lindenmayer et al., 2012,
Erb et al., 2013, Erb et al., 2016). From thesedifferent contexts two distinct definitions of thnse
intensificationemerge The first comes from an agricultural point ofwierhere land use intensification
is simply defined asheincreasing production from the same land by adlditi inputs in terms of labour,
energy, fertiliser and water (Erb et al., 2009;h&ret al., 1999)Viost of the timethis involvesdeveloped
agricultural technigues and an increased amouimpoits to the ecosystem (fertilisers, pesticidées) e
(Lindenmayer et al. 2012)he land-uséntensification via production is thus operatecineutral way

on land area where intensification is the meansluigh gains are made using increased inputs pér uni
land area (Moller et al., 2008)owever, itcan involve a land use change in the case ohtp&antation

of bio-energy cropsfor exampleAs a second definition, lanuse intensification can also beerfrom

an ecological or biodiversity point of view as thereasing transformation of the land away from the
original habitat. From this point of view, land usgensification is accompanied by landscape and
ecosystem simplificatiarirom complex natural systems to simplified agtietdl ecosystems (the more
one goes in intensification, the more the othedseio go towards landscape uniformity in a reductio
of biodiversity, or to urbanisation (Flynn et al., 2009). This tyfentensification ishowever never
neutral on land area and systematically involvet/BCC. The difference between this view on land-
use intensification and LULCC is that the changasgys towards a morean-shapesystemwhereas
LULCC can occur in the opposite directiondiyorestation restoration etc.

As a result, ifis very difficult today to draw a picture of thgrcamics behind or the evolution of land

use intensification simply because there is no comdefinition and terminology and there are many
knowledge gaps related to the underlying processes determinants of the levels, patterns and
dynamics of land-use intensity (Shriar, 2000; 21, 2).However, itis essential to a) assess the impacts

of those changes and intensifications and b) Haobls to assess their influences on the biospdeer
on biosphere-atmosphere interactions. In the sectielow, we review the documented effects on the
atmospheric compartment from a physical, chemiodltziological point of view and classify them in

two categories (Figurg): land cover changend landntensification(agriculturaland urbain



LI
(ecology perspective)
LI
(agriculture perspective)

Natural l

7a§ri€ulitu:ali ’

‘ Semi-natural ‘ Urban
[ Urban Intensification

Extensive Agriculture
Low inputs

Intensive Agriculture
High inputs

Land-use Intensification

Primary Forests M fi
LuLcc i BRERCGraaS Cropland | |Urban|
semi-natural areas Grasslands
‘ Natural Anthre

Figure 3: Main changes in LULCC and LI (land-use intensifi@ation) from an anthropic perspective
and their classification relative to the sectionsfahis manuscript

3. Human driven land use and land management changesd their impact on climate and air qualityt -

10

15

-| Commenté [Coauthors3]: This section has been intensively

reorganized, based on the reviewers feedbacks. The theoretical
sections (physical/biological/chemical) have been movebeto
appendices and the presentation of existing studies have been
structured by land cover and land intensification caiegoather
than by processes, in order to give a more comprehensive and
complementary view of the various impacts.
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3.1. Land Cover Change

Most historical LULCCs are considered to have gligbdecreased primary production and
therefore had an impact on atmospheric €ahcentrations and thus on global warming, as show
by Gruber and Galloway (2008). This can be exphiibg the fact that pastJLCCs concerned
primarily deforestation and the increase of urb@as, thus leading to lower ecosystem productivity
and a release of soil and biomass stored carbtretatmosphere in the form of @Moreover,

LULCCsaffectsphysical interactions between the land-surfacela@dtmosphere armimospheric

17
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components other than G8uch as reactiveitrogencompounds via their effects on therbon C)

and nitrogen N) cycles. This is mainly induced by the alteratidnamd-atmosphere exchanges
through changes in (i) stomatal conductance, épasition and adsorption on the leaf surfaces and
cuticles, which varies according to plant speciés, the canopy architecturand its physical

properties (leaf area, tree height), anjl@vailability of free soil water, which affectstproduction

and the exchange of certain compouradsillustratedelowby some examples.

3.1.1.Deforestation/Afforestation

Deforestation had been practiced for tens of thudsaf years for agriculture, grazing, cultivation

and urban purpose. However, over the last thremudes deforestation drastically has increased,

with around 12 million km? of forests cleared ai@dmillion km?2 remaining today (Ramankutty and
Foley, 1999; Klein Goldewijk, 2001; http://www.fawg/forestry/fra/41256/en/).
From aPhysicalperspective: Several studies investigated thewsffan climate of deforestation, or

of its opposite (afforestation) mainly via a moawjlapproach. Thesstudies compare the effects

on climate of changes between current and pre-tridlgotential vegetation, under the hypothesis

of no human activities. Among its biogeophysicdeetfs on climate, deforestation has contrasting
effects on air temperature that depend on theitigind the vegetation types involved (Claussen
et al., 2001; Snyder et al., 2004, Gibbard et2805; Bala et al., 2007; Betts et al., 2007; Jatkso
etal., 2008; Davin and de Noblet-Ducoudré, 20)¢rBn-Przekurat et al., 2012). At high latitudes,

deforestation triggers a winter and spring surfamsing due to changes in the radiation budget that
compensate, at the annual scale, the summer waresoliing from decreased latent heat flux (i.e.

evaporation). In particular in boreal regions, fneemoval strongly increases the surface albedo.

Indeed forests mask the snow as opposed to henmeegetation (Chalita and LeTreut, 1994; Betts

et al., 2001 Meissner et al., 2003; Randerson et al., 2006)pwiatitudes, deforestation leads to a

surface warming due to changes in the water cyatewversion of tropical rainforests to pasture
lands (as in the Amazonia Basin registrongly modifies surface evapotranspiration hness

since, compared to pasture lands, trees have artsghface roughness that enhances surface fluxes

and thus the evapotranspiration cooling efficie(@kukla et al., 1990; Dickinson and Kennedy,

1992; Lean and Rowntree, 1997, von Randow et @04 2\ogherotto et al., 2013; Lejeune et al.,
2015; Spracklen and Garcia-Carreras, 2015; Lloparal., 2018).In the long term, reduced
evapotranspiration and precipitation may lengtlendry season in the tropics, thereby increasing
the risks of fire occurrence (Crutzen and AndreB290). At mid-latitudes, both albedo and
evapotranspiration mechanisms are at work and cenggainst each othexs recently confirmed
by satellite-based observation analysis (Li eR@l5, Forzieri et al. 2017Although studies over

the mid-latitudes show somewhat contradictory teswand the effect on air temperature

(warming/cooling) remains unclear in temperate aegisuch as the Mediterranean Basin region

and Europe (Gaertner et al., 2001; Heck et al.1 286av et al., 2010; Zampieri and Lionello, 2011;

18
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Gélos et al., 2013; Stéfanon et al., 2014; Strandlaed Kjellstrém, 2019), in the Northern
hemispherethe historical land-cover change has very likety o a substantial cooling (Brovkin et
al., 1999, 2006; Bonan, 1997; Betts, 2001; Goviadaset al., 2001; Bounoua et al., 2002; Feddema
et al., 2005a), comparable in magnitude with thpaat of increased greenhouse gases (Boisier et
al., 2012; de Noblet-Ducoudré et aP012). However, a recent study combines present-day

observations and state-of-the-art climate simutat@and show that historical deforestation in North

America and Eurasia made the hottest day of thewaaner since pre-industrial time, contributing

to at least one-third of the local present-day wagnof the heat extremes (Lejeune et al., 2018). In

addition to modify mean and extreme temperaturefardstation/afforestation can also modify the

hydrological cycle by enhancing or inhibiting contiee clouds and precipitation in the overlying

atmospheric_columnSome_studies show an enhancement of shallow cunultusgls over
deforested lands in Amazonia (Chagnon et al. et al., 2009), while opposite results were
found over deforested lands in Southwest Austi@&iy et al., 2003)Two different mechanisms
result from the interplay between the surface fileaes and the boundary layer structure (i.e.,
stability, temperature and humidity): (Dry soil and high sensible heat flux can incretse
entrainment of cold air from the boundary layer &gl finally increase shallow cloud cover by
lowering the saturation threshold (Westra et 8112 Gentine et al2013); (2) On the contrary, wet

soil and high latent heat flux moisten the boundayer and increase the relative humidity at ifs to

in case of deforestation.

Deforestation implies modifications in surface store and temperature that in turn might affect

directly or indirectly decomposition rates and rrit mineralization in soils (Dominski, 1971;
Stone, 1973; Stone et al., 1979; Classen et al5;2®Planzoni et al., 2012; Chen et al., 2014;
Townsend et al.,, 2011; Bonan, 2008). As a resuth lxarbon and nitrogen release to the
environment are forecasted to increase. The fdlest decomposes rapidly (Covington, 1976;
Bormann and Likens, 1979) and, without forest regation, will eventually be partially eroded.
The combination of increased decomposition (whichsames oxygen) and wetter soils (which
slow oxygen diffusion) may also increase the o@nee of anaerobic microsites within the soils,
which might contribute tonethane CH.) emissions (Adji et al., 2014; Jauhiainen et a016).
Nitrogen can be lost to the atmosphere through ammariblHs) volatilization, nitrous oxide N2O)
production during nitrification (Bremner and Blackm 1978; Veldkamp et al., 2008), or
denitrification to NO or atmospheric nitrogenNg) (Firestone et al., 1980; Neill et al., 2005;

Lammel et al., 2015). Soil properties such as@giénic carbon or soil nitrogen cycling respond to
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deforestation with a large spatial variety from epgtento anothe(Powers and Schlesinger, 2002;
Chaplot et al., 2010; de Blécourt 2013). Howeviee largest emissions of non-€@reenhouse
gases will probably result from agricultural usel amnagement on deforested areas.

Finally, several studies show that there are fegldbhetween tropical forests and climate change
(Bonan, 2008). Carbon dioxide fertilization, fora@ple, could have a positive effect by sustaining
tropical forest growth (Lapola et al., 2009; Sataaad Nobre, 2010). This exacerbated by N
fertilization effect since tropical areas are moiled N environments and N is increasing through
atmospheric deposition in non-tropical areas (Mageaal., 2007; Sutton et al., 2008; Samuelson
et al.,, 2008; Jackson et al., 2009). Zaehle et(2011) showed that N inputs increased C
sequestration by ecosystenasid Churkina et al. (2007) attributed 0.75-2.2C @t* during the
1990s to regrowing forests. However Yang et al.1(Oshowed that the contribution of N
fertilization is lower for secondary forests regtbwJain et al., 2013).

As a direct effect, afforestation inevitably leaddscarbon loss from the systefieddema et al.,

2005b; Foley et al., 2005; Le Quéré et al., 20 ton et al., 2012). However, large uncertainties
remain on i) how these altered ecosystems willtreminduced global climate change (increased
CO, concentration, increased temperature, etc.)héhges in the emissions of non-Qfbeenhouse

ases CHy) and iii) changes in the exchange of reactiveet es.

ak—2040rom achemical perspective: afforestation directly affects BVOCisgions, since trees

are high BVOC emitters, as documented by Purvak €004) over the Eastern U.S. by combining
a BVOC emissionmodelwith vegetation change®a-the-stherhand—changes—inregetation and
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as recorded by the USDA Forest Service Inventorglysis (FIA) over surveyed forest plots. Over

the target region, emissions of the main BVOCs, (iseprene and monoterpene) have increased,

especially under heatwave conditions (i.e., dailytemperature above 35° C), due to increase in

the forest leaf area mainly driven by human disinde via harvesting and plantation management

(i.e., often plantation forestry introduces higimitterg, but as well by perturbing ecological

succession with fires and pollution. EnhanBMOC emissions from forests are likely to modify

the NQ-VOC-Os regime, nevertheless the outconeritically dependson the fate of isoprene

nitrates, whetheihey area terminal or temporal sink of N@Val Martin et al., 2015). Concerning
fine-mode aerosols, summer levels’ PVLs (i.e., particulate matter, PM, with aerodynamic
diameters< 2.5 um) are predicted to increaseth afforestationdue to theformation of BSOAs
from BVOCs (Heald et al., 2008; Trail et al., 2015; Val Martt al., 2015)As afforestation,

deforestatiorto create pasture or crop lands) as well exacerba®s levels by increasing NO

emissions from soil microbial activity, promotedhfertilization (Ganzeveld and Lelieveld, 2004;
Trail et al.,2015); in winter, the enhanced NOXx levels favouraté aerosol production, while in

summer deforestation decreases aerosol depoditiaeducing surface roughness. In conclusions,

fine-mode aerosols such as PMnay increasall year-roundunder deforestation (Trail et al.,
2015).

Under a raising demand and interest for fast-grgwptants for food production, cattieed
domestic products and biofuels, plantation aredtgpxpanding all over the world. The choice of
crop or tree typéfluencesBVOC emissions antheresulting @ and BSOA levels (Hewitt et al.,
2009; Ashworth et al., 2012; Warwick et al., 2088vrakou et al., 2014). This is the case of oil
palm crops that show much larger BVOC emissionri@ts compared to primitive forestsqm
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3 t0 10 times higher for isoprene, Hewitt et al., 2608 Fowler et al., 2011ln South-East Asia,

increasing BVOC emissions frooil palmplantation interplayith raising NOx emissions resulting

from the spread imechanization, fossil fuel use, and fertilizer laggtion associated with the oil

palm industry. The complex interaction between BV@t NOx finally enhances O3 levels at
local-regionalscales(Goldammer et al., 2009; Hewitt et al., 2009; &ikt al., 2016Harper and
Unger, 2018), with evetrans-boundargffects(i.e., downwind regions) (Warwick et al., 2013).

Similarly, to South-East Asia and oil palm prodonti the expansion of biofuel production in
Europe could modify future LULC to satisfy the imasing demand for renewable energy sources
(Beringer et al., 2011). Among biofuel feedstoakyps as miscanthus of‘2jeneration plantation
such as poplar show higher isoprene emission pat@ampared to European native species. The
conversion of European grass- and crop-lands iofoiél plantations may affect summes Bvels
with effects that strongly depend on the interactietween BVOC and NQOemissions. For
example, to limit the effects ors@roduction of a steep increase in isoprene enisg45%) from
conversion of 5% of European grass- and crop-lamdspoplar plantation, NQemissions should
be reduced by 15-20% (Beltman et al., 2013). ReggrBurope, Ashworth et al. (2013) showed
that the extension of short-rotation coppice farfinél feedstock could have small but yet important
impacts on surfac®: concentrations, and subsequently on human mgreaiid crop productivity,

since it would modifyemitted compoundsand their levels. Being BSOA precursors, enhanced

BVOC emissions from afforestation are also involiueg@articulate matter pollution

Using a large-scale chemistry-transport model f@sent-day climate, Ashworth et al. (2012)
investigated the impact of realistic large-scaknseios of biofuel feedstock production (~100 Mha

plantations)in_both the tropics and the mid-latituden isoprene emissions,z@&nd BSOA

formation. These LULCCs drive an increase in gloisaprene emissions of about 1%, with
substantial impact on regionak @vels and BSOAs. In the tropics, the expansiomibpalm
plantations enhances BSOAs by QgnT? (+3-5%, BSOA annual mean concentrations: 6xd.0
m3). In the mid-latitudes, the establishment of shotation coppice increases BSOA
concentrations up to Oy nT3 (+6%, from 8ug n73).

3.1.2.Wetland conversion / Restoration

Although wetland drainage is a relatively smallgmdion of the world's land surface, LULCC can
have significant impacts on some areas. Wetlanshaiya for agriculture purposes has removed
between 64—71% of natural wetlands since 1900 3avi, 2014).

From aPhysical perspective: Onlfew studies evaluated its impact on local/regiatiaiate. The

most documented case is that of South FloridaK@iet al., 1999; Weaver and Avissar, 2001;

Marshall et al., 2004a, 2004b). During thé"2@ntury, large wetland areas in South Florida were

converted to large-scale crops (cereals), citrawir, and fruit crops in general. Modelling studies

show that current surface cover caused significhahges in temperature extremes with increased

25



10

15

20

25

30

35

length of freezing events and increased magnittitese frost (lower temperature), which severely
reduced the agricultural production (Marshall et @D04a).During night time water vapour
evaporates from the swamps and maodifies the longwagiation budget, resulting in a less rapid
infrared cooling and less cooling by +2°C thantfa current (drained) case. A similar study over
Switzerland shows opposite results (Schneider argbter, 2007)The conversion of wetlands to
extensive farming caused a night timarming and a daytime cooling of a few tenths dearee
Celsius. This temperature modification was explaibg the alteration of soil thermal properties
and by higher albedo in the current casering the night timghigher thermal conductivity of the
current soils resulted in upward heat fluxes, whecthanced the temperature. In another vein,
Mohamed et al. (2005) studied the effect of Suddmsp on the Nile water flow and local climate.
Due to the Sudd wetland, located in the upper Milsubstantial amount of water is lost through
evapotranspiration. In a drained Sudd scenarioymedl by a numerical experiment, the Nile flow
just downstream the wetlands increases by 46yGhover a total of 110 Gfgr!. However,
evapotranspiration reduces, causing a temperataresise by +4-6°C during the dry season.

From aBiological perspectiveThe drainage of peatlands and wetlands for agdalluse alters
several characteristics of those areas and cougllib problematic (see Verhoeven et al., 2010 for

a review). Especially in tropical areas, peatlarairdng releases some extra oxidizing and

subsiding peat soils used for growing oil palmsn(iinzi et al., 1992; Maltby and Immirzi, 1993;
Safford et al., 1998; Furukawa et al., 2005). Ho@jeal. (2006) estimate to 516 Mt CVithe
emissions from Indonesian peatland draining (#eduded). On the other hand, since wetlands are
a_considerable source of GHheir drainage will decrease emissions of,CGiid can thus be
considered a carbon gain from that point of viever@amp and Orlando, 1999; Maltby and
Immirzi, 1993). However, this gain is counterbakghdy increased emissions, due to the
lowering of the water table (Kasimir-Klemedtssoralket 1997; Maljanen et al., 201 @n the other
hand, changes in vegetation and therefore growittoise drained areas involve an increased carbon
sink from vegetation. However, this additional siakely compensates for the GHG losses resulting
from C losses from the soil (Yeh et al. 2010; Yeéwale2010).

From achemicalperspective: On top of decreasing {&#thissions, wetland drainage may probably

increase NQ@ emissions, and modify emissions of other compouwsutsh as BVOCs, due to

vegetation change, which together could contribtotesignificant changes in the atmospheric

chemical composition. Overall, the impact of wetlazonversion on compound emissions other

than CH and on atmospheric chemistry has been poorly imgagst.

3.2. Land intensification
3.2.1.Urbanization

Urbanization results in the replacement of (pseumdtral ecosystems vegetation by more or less

dense and impervious built-up environments. Humetiviies concentrated in these areas are

26



10

15

20

25

30

35

responsible for additional heat and gaseous redeasehe atmosphereConsequently, these
LULCCs sharply modify the atmosphere, both in tei imatic conditions and gas composition,

which ultimately affect land-atmosphere exchangestdogeochemical cycles.

From aPhysical perspective: Urbanization results in a modificat@insurface radiative budget,

energy balance, water balance and land-atmosphese amd energy exchanges (see equations 1 to

5 in the appendix), leading ultimately to (localimate alteration in urban areas.

Firstly, urbanization affects each components efrefdiative budget. On one hand, the net radiation

is potentially reduced due to the decrease inrtbeming shortwave radiation that is screened out

by a reflecting smog layer. In the dry season,learcskies, Jauregui and Luyando (1999) observed

that the incoming solar radiation over Mexico Citias 21.6% lower than its suburbs. This

difference could raise up to 30% under weak wirtdiswever, the intensity of the reduction in
incoming short wave radiatiomas closely related to the day of the week (eman activities) and

meteorolo e.g., temperature, humidity, solariatémh), which both influence photochemical

smog formation. Similarly, Wang et §2015) measured lower incoming short wave radiaition

Beijing compared to its surrounding, with valuesgiag between 3% and 20% depending on the

season. Focusing on summer periods (June, JulywsigLi et al. (2018) recorded lowet &t

urban stations compared to rural stations in thedfi Berlin; the authors attributed this dimming

effect to the thick aerosol layer observed overdine Based on the analysis of global radiation
measurements from the Global Energy Balance ArcfBEBA), Alpert et al(2005) and Alpert

and Kishcha (2008) showed a relationship betwedar ssimming, population density and

atmospheric pollution such as aerosols, which dbsmd scatter the incoming solar radiation.

Overall, Alpert and Kishcha (2008) demonstrated #tahe surface short wave radiation is 8%

lower in urban compared to rural areas. MoreoVes,rtet radiation is also potentially reduced by

the enhanced outcoming longwave radiation due waamer urban environment (the so-called

“Urban Heat Island effect”, see below) since inéaradiations depend on surface temperature. On

the other hand, urbanization also induces an isereganet radiation. Urbanization usually results

in a decrease of surface albed) &nd surface emissivitiess) (Table 1), finally reducing both

outgoing short and longwave radiatioAtthough some building materials exhibit largéyealo and
emissivity than (pseudo-)natural environments, mb#gtem have lower ones, especially asphalt or
other dark materials (e.g., Li et al., 2013; Alcaagt al., 2014; Rahdi et al., 2014). Yet, at it c
scale, outgoing short- and longwave radiationsastered and absorbed multiple times within urban

canyons (i.e., light trapping effect), thumtributing to both outgoing short- and longwaagiation

reduction.Overall, both effects tend to compensate eachr ating only few differences i@* have
been observed between urban and rural environnme! rly avera ke and Fuggle, 1972;

Christen and Vogt, 2004)Nevertheless, depending on the seasons and titthe afay, larger net

radiation have been observed in urban areas dukdytime and in winter, when snow covers

surrounding rural areas (Christen and Vogt, 2004).
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Secondly, compared to the surrounding areas, whainonment sharply modifies the way surface

energy is dissipated (i.e., the energy partitioriegveen sensible and latent heat fluxes). In rural

environments vegetation and pervious surfaces geoldrger evapotranspiration rates (i.e., latent

sensible heat flux), therefore lower sensible lileef), whereas in urban areas energy is mainly

dissipated through sensible heat flux. A non-nafieran sensible heat flux, due to heat release by

human activities (e.g., building heating or coojirrglds to a natural sensible heat flux, further

increasing sensible heat flux in urban areas (&hfi2003). As a result, Bowen ratio amplifies in

urban areas (Table 1). Such a large dissipatiemefgy through sensible heat flux, which transfers

heat from the surface to the air, leads to theadled “Urban Heat Island” effect (UHI), the most

well-known alteration of (local-) climate due tdbanization that corresponds to a warmer climate

in urban environments compared to surrounding emgironments (around 2-3°C). UHI is defined

as a temperature difference between the city anslitrounding, this last depending on the local

land use.Nevertheless, UHI intensity is sharply variableading to the time of da
Pearlmutter et al., 1999), the season (e.g., BiMs$996; Zhou et al., 2014), the geographical
location, spatial organization of the urban falfeig., building size and density, human use, foacti
of vegetation) (e.qg., Emmanuel and Fernando, 288t and Sailor, 2009), and rural land use (e.g.,
forests, crops, bare soil) (Chen et al., 2068cently, Yao et al. (2019) combined satelliésdzl
observations of land surface temperature (LST) emithnced vegetation index and showed that
rural greening has contributed by +0.09°C per ded@8 %) over the period 200-2017 to the

increasing in daytime surface UHI intensity (iMrban LST minus rural LST). By modifying the

local energy budget, urbanization modifies the laum layer structure and lastly influences the

water budget. Urban signatures (e.g., change iminatg, intensity and spatial patterns) have been

observed in precipitation (see Shepherd et al.520@ Pielke et al., 2007 for a review on urban

precipitation). Moreover, complex urban terrain #figs regional gradients in temperature,

pressure, moisture and wind that act as a sourgertitity for storm ingestion and development

into tornadoes (Kellner and Niyogi, 2014). Moreqverban areas can attenuate, split or deflect

extreme storm events (e.g., Lorenz et al., 20d&), modify their intensity and occurrence. Over

the the Beijing metropolitan area, 60—95% of tHecied weather stations show that the intensity

and occurrence of extreme rainfalls slightly hagduced throughout 1975-2015, periods with

consecutive rainy days (CRD) have lengthened, ledulian dates of daily maximum precipitation

have been delayed (Zhang et al., 2018). Furtherneities are important source of aerosols that

help initiating thunderstorms (Haberlie et al. 2D15owever, the joint study of UHI and urban

pollution island is still in its infancy and thedinect radiative effect of aerosols (i.e., impant o

cloud properties and formation) on UHI need furiheestigations (Li et al., 2018).

To mitigate UHI-induced warming, vegetated or hygigflective roofs are being integrated in the

built environment and have received a growing ggtin climate modelling studie€ool roofs
absorb less incoming shortwave radiation than daoks. They decrease the local and regional
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summer surface temperature by 0.1-0.9°C (Millsteid Menon 2011 ; Georgescu et al., 2012 ;
Salamanca et al., 2016 ; Vahmani et al., 2016)irTimact on climate is not just limited to surface

energy budget as for example precipitation decresseput forward in a modelling framework

(Georgescu et al., 2012). Benefits from green r@oés analogous to cool roofs, as vegetation
contributes to cooling via increased albedo, antémevapotranspiration. In situ experiments with
different species have surface temperature diftererp to 3°C (Maclvor and LundHolm 2011).

However at the regional scale and over urban asgasilated cooling is greater for the cool roofs
relative to the green roofs, because of the vegetageasonality and sensitivity to dryness
(Georgescu et al., 2014).

From aBiological perspective: At a local scale, the developmentirbfin areas and the related

activities directly affect air quality and localnteeratures, which leads to modifications in the

biology of organisms. Studies based on the anabfsisee traits along an urban — rural gradient
showed that tree growth and phenologyaffected by the vicinity of an urban area mainiedo
increase in temperature (Gillner et al., 2014; Mineé al., 2009; Dale et al., 2014), €0
concentrations (Calfapietra et al., 2010; Ziskalgt2004), ozone deposition (Gregg et al., 2003;

MacKenzie et al., 1995) and through the enhandedtefn air quality via the increased emissions
of BVOCs (Calfapietra et al., 2013, Lathiere et alD@0 Recent studies have also focused on the

effects of soil waterproofing in urban areas tletuces water availability and exacerbateser

stress in urban forests significantly affectingvatto (Vico et al., 2014; Volo et al., 2014, Scaleagh
and Marsan, 2009).
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From aChemical perspectiveAt local scales, urbanization directly affects b@hand aerosol

levels by increasing the number of emission soumres limited area (e.g., traffic, domestic

heating).n the literature, there is a raising intereghie direct impacts of urbanization am quality

(special issues in the Atmospheric Chemistry angsieh journal related to the Megapoli-Paris
2009/2010 campaign, the MILAGRO and the CITYZENjects, 2011; Baklanov et al., 2018, Zhu
et al., 2019, Ooi et al., 2019¥ith a special focus of): levels,summer pollution (Nowak et al.,
2000; Civerolo et al., 2007; Jiang et al., 2088d onthe role of urban trees ins@ollution via
BVOC emission changes (Chameides et al., 1988;aaccand Chameides, 1990; Corchnoy et al.,
1992; Benjamin et al., 1996; Taha, 1996; Benjamuh Winer, 1998; Yang et ak005; Taha et al.,
2015; Livesley et al., 2016; Churkina et al., 20B@nn et al., 2018

Increase in urban LU following population growtraerrbates @pollution during summer, mainly
due to changes in N@missiongZhu et al., 2019)In the greater Houston area (Texas), under a
projected increase in urban LU by 62%, togethehwitanges in anthropogenic and biogenic

emissions, the number of extremgdays in August rose by up to 4-5 days, with LU@stdbuting
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to 2-3 days’ increase (Jiang et al., 2008). Ingheater New York City region, future urban LU
changes may enhance episode-averagewels by about 1-5 ppb, and episode-maximum 8nez
levels by more than 6 ppb (Civerolo et al., 200Y)netropolitan regions, changes iglévels show

a heterogeneous spatial pattetrey decreasimn the urban core, likely due to high N@vels (Q
titration), while they generally increase downwafcprecursor sources (Civerolo et al., 2007; Jiang
et al., 2008). In urban environment, BVOC emissifmosn urban trees seem to have negligible
effect on summer Qevels (< 1 ppb compared to increases of 1-7 pybtd urban LUCs; Nowak

et al., 2000 vs. Jang et al., 2008hwever, the effect of urban green areas on BVO{S&ons and

O3 pollution depends on tree species (Taha et #86.1Paha et al., 2015); for this reastire choice

of urban trees based on their BVOC potential magduiressed as a critical urban land management
practice (Benjamin et al., 1996; Benjamin and Wjid&08 Churkina et al., 2015; Calfapietra et al.,
2015; Grote et al., 2016For example, in Beijing, deciduousesdominate (766) and some of the

main species are high BVOC emitters (eSpphora Japonica L., Populus tomentosa L., and

Robinia pseudoacacia L.), that may favour a worsening @ pollution due to the rapid increase in

NOyx emissions (Yang et al., 2005). In Los Angeles amafitan area, Corchnoy et al. (1992)
measured BVOC emission rates of 11 tree speci@sderpin the selection of potential shade trees

whose planting shoulreduce the urban heat-island effect. AccountingCalifornia climate, the

authors suggested bestg., Crape myrtle and Camphor tree) poor (e.g., Liquidambar and

Carrotwood treeghoices for urban trees, and underlined that ldifference in BVOC emissions
should be factored into decision-making about shiess to plant. In California's South Coast Air
Basin, medium- and high-emitting trees may lealampardous @levels (> 50 ppbv) (Taha, 1996).

In the same geographical area, the most effectie@agio to reduce the peak ozone involves

replacing 4.5 Mha of higBVOC emitters with low BVOC emitters, while to targekabur ozone

the best choice consists in planting 2.5 Mha of BWOC emitters in urbanizing areas and switching

4.5 Mha from high to low emitting species (Tahalet2015). It is important to remind that, althbug

BVOC concentrations are usually lowié&ran AVOC concentrationsh urban areg<BVOCs react

faster than AVOCsindcanthushave significantffectsin urban areas, as shown by Chameides et

al. (1988) in the Atlanta metropolitan region.
At the regional scaleChen et al. (2009) demonstrated that LULCCs casebfthe impact of

temperature on biogenic emissions and concluded thaC evolution should be factored in the

study of future regional air quality. Other thandause, land-cover and land-management changes
(LULC&LMCs) here discussed, changes in climate domas and anthropogenic pollutant
emissions (e.g., due to “clean air” policies) iefice directly and indirectly air quality and intgra

in a non-linear fashion with LULC&LMCs, for thisason the climate-emission-land system should

be consider as a whole when studying changes fiacgu® and aerosols
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3.2.2.Agriculture Intensification

The main aim of agricultural management is to iaseeproductivity and has therefore an immediate
effect on the agricultural ecosystem functioninglliffan et al., 2002). Most of these agricultural
practices will also have direct or indirect impaots the environment other than the biosphere (e.g.,
atmosphere, water, soils, etc.) (Sutton et al. 12@gricultural intensification also enhances the ekpo

of organic matter from the affected ecosystems wagisequences such as the reduction of carbon and
nitrogen cycling and soil degradation and erosibtat{son et al., 1997; Ruysschaert et al., 2004).
Examples of agricultural intensification are theneersion of pasture or grasslands into agricultural
land, or including rotations of agricultural andgslands.

Irrigation .

From aPhysical perspectiveAmong land-management practices, irrigation is@frtbe most common

all over the world, and it significantly modifieke surface water and energy budget. The amount of
additional water put into the soils tends to inseethe latent heat flux at the expense of senbisée

flux, leading to an irrigation cooling effect (ICIEJ the ambient air. In California, for exampleisth
effect was observed during daytime over a long-téataset and estimated to several degrees (-1.8°C
to -3.2°C since the beginning of irrigation - Ldbahd Bonfils, 2007; Bonfils and Lobell, 2007).
However, there are two opposite indirect heatirigot$. First, the high-albedo desert is conventéd i

a low-albedo vegetated plain (Christy et al., 20@6jch results from a combination of crop planting
and irrigation and can therefore be classified dgsral cover change rather than an agricultural
intensification. Second, the greenhouse warmirenisanced due to the increase in water vapour. The
greenhouse effect -less important than the traaispir effect on temperature- dominates during the
night-time. Several modelling studies assess babriouse and transpiration effects (Boucher et al.
2004; Sacks et al., 2009; Puma and Cook, 2010; @bak, 2011, 2015; Kueppers et al., 2012) and

highlight that locally the ICE may have partly madkhe 20th century climate warming due to incréase
reenhouse gases (Kueppers et al., 2007). Meteicalstudies suggest that irrigation can also tead

an increase in summer cloud cover and precipitaismobserved over the Great Plains region in the

United States, downwind of the major irrigation eergSegal et al., 1998; Adegoke et al., 2003;
DeAngelis et al., 2010)n China, paddy cultivation requires water to siaythe ground during the rice-

growing season leading to a moistening of the lsunfiace, an increase of the latent heat flux and a

decrease in the near-surface temperature from dMawly in the Sichuan Basin (Sugimoto et al., 2019)

Thiery et al. (2017) demonstrated that irrigatiotfluiences temperature extremes and lead to a
pronounced cooling during the hottest day of ther ye0.78 K averaged over irrigated lan@gsides,

this impact of irrigation on temperature is notitied to agricultural environment as the same cgpolin

effect has been also reproduced for urban irrigatioa water-scarce region (Los Angeles area), with

the largest influence in low-intensity residentéaikas (average cooling of 1.64 °C) (Vahmani and

Hogue, 2015). Affecting soil moisture and surfaemperature, changes in irrigation could also affect

32



10

15

20

25

30

35

soil processes and exchanges of greenhouse gaseshamically reactive compounds between the

surface and the atmosphere (Liu et al, 2008) of@ifhg irrigation experiments on an Inner Mongolian

Steppe, Liu et al. (2008) observed a significansiiity of the ecosystem GQespiration to increased

water input during the vegetation period, wheréasdffects on ClHand NO fluxes were much more

moderate. In order to study the impact of irrigatim ozone and pollutants in the Central Valley of

California, Li et al. (2016) implemented an irrigat method in the model WRF-Chem and showed an

increase in surface primary pollutant concentratioithin the irrigation zone. They also calculased

enhancement in the horizontal transport of ozoweadiner pollutants from irrigated to unirrigate@as

near the ground surface. However, few studies haea published so far on this topic fromialogical

or chemical perspective and the effect of irrigation on biological proses or on the atmospheric

chemical composition therefore remains poorly gifiant

Fertilization.
Since the Second World War, the use of synthefirtilizers largely increased, with half of the qtigy
ever used being applied in the last 20 years (Enset al., 2007). The growth of nitrogen fertilinat

threaten water sources (e.g. eutrophication ofserfvaters, pollution of groundwater, acid raissjls

(e.qg., soil acidification), climate via GHG emigssp and air quality

Few studies investigated the impact of fertilizee drom aphysical perspective,and yet physical

interactions between the surface and the atmospbeté be affected. Based on a long-term experiment

of fertilizer and amendment application running @ years, Pernes-Debuyser and Tessier (2004)

observed that physical properties of plots weraifiantly affected, especially those related td-so

water relations. In spite of the preservation dirthporosity, plots became more sensitive to the

degradation of their hydraulic properties. SimifaHati et al. (2008) showed, in the case of agnsive

conventional cultivation in sub-humid tropics indla (acidic Alfisols), the importance of soil

management practices in _maintaining the soil playsemvironment, with potential impact on soil

aggregation, soil water retention, microporositygitable water capacity or bulk density.

From a Biological perspective:The additional source of nitrogen has differenpagts on the
atmosphere, mainly linked to an increase in reaatitrogenous emissions (NHN Fowler et al.,
2009; 2013; Galloway et al., 2003) but also in einiss of a GHG such as@. Increase in production
also affects leaf area index and plant height &edefore surface properties and physical exchanges

with the atmosphere. Finally, fertilization alsoflirences soil microbial characteristics and,
conseguently, exchanges of several gaseous co lagschner et al., 2003; Cinnadurai et al., 2013;

Joergensen et al., 2010; Murugan and Kumar, 2 sland usually stores considerable amounts of
carbon in the soils, mainly due to a permanenttglaver and to a relatively large belowground biesa
(Bouwman, 1990; Casella and Soussana, 1997). Howteeeamount of stored carbon and the emission
of greenhouse gases depend on the managemerg gfdlsland (ploughing, fertilization, pasture,)etc
(Soussana et al., 2004 ; Lal, 2004) and on clin@diditions (Hu et al., 2001). Some studies suggest
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that increased nitrogen fertilization can enhancstdage in grassland. On the other hand, nitrogen
fertilization increases leaching and emissions 0 ldnd other nitrogen species (e.g.,aNNO) to the

atmosphere, with negative consequences on airtg&liechard et al., 2005, Senapati et al., 2014,
Chabbi et al., 2015).

From aChemical perspective: The increase in Blemissions to the atmosphere can have a serious

impact on air qualiy through the formation of s organic aerosolégricultural practices and

techniques that reduce the evaporation of manuteieza and the use of N fertilizers help in lowgrin
ammonia_emissions from agriculture as documente&urope, where 90% of the total ammonia
emissions comes from agriculture (-9% over 199022@risman et al., 2008). In China, where N
fertilizer application rose by 271% over the 197002 period, with an increase of 71% only in grain
roduction (Ju et al., 2009), Ju et al. (2008) ssted to reduce by 30-60% N application rates. This
agricultural management practice would still ensuop yields and N balance in between rotations and
would reduce economical costs for farmers, whilessantially reducing N losses to the environment.

Soil Surface conditions.

From aPhysical perspectiveSeveral crop management techniques (e.g., coepscdouble cropping,
no-tillage) have a direct effect on regional clim#ttrough changes in surface-atmosphere fluxes and
surface climate conditions, and are considered gmpeoengineering options. When tillage is
suppressed, crop residues are left on the fieklltieg in two counteracting mechanisms: albedo
increases while evaporation reduces (Lobell et2806; Davin et al., 2014; Wilhelm et al., 2015).
Surface albedo increases by 10 % and lowers hgideture values by about 2°C, however the effect
on the mean climate is negligible. Climate effettwao growing seasons per year has been largely
untested. Only Lobell et al. (2006) have shownmnazdelling that this experiment has a small impact
on a temperature on multi-decadal time scales wherpared to practices as irrigation. However, more
recently Houspanossian et al. (2017) have obsethwedigh satellite imagery difference in reflected
radiation between single and double-cropping up W.n?. Similar to tillage/no-tilage mechanism,
differences over South America were induced byreéo fallow period in the simple cropping case.
Seed sowing dates also likely plays a role in serfanergy balance, due to the modification of the
growing season length (Sacks and Kucharik, 2011).

Among agriculture practices, as an alternativeédmbss burning and natural decomposition, the fise o
charcoal from biomass pyrolysis to enrich soils meduce C@emissions. However, as side effect, the
resulting darker soil increases the local radiafisrcing through albedo change and offsets the
sequestration effect up to 30 % according to Befai. (2015), who analysed based on observations o
agricultural field albedo. Biochar has similar effe(Usowiczet al., 2016Meyer et al. 2012).

From achemical perspectiveFallow lands are potential sources of dust andseoaerosols (PM),
especially in regions where gusty winds dominatsufficient crop residues on the surface and finely
divided soils by multiple tillage operations expdskow land to wind erosion thus contributing toqo
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air quality (Lopez et al., 2000; Sharrat et al. In addition, wind erosion is likely to reducen

ields by removing the richest fraction of soileducing the water-holding capacity of soils and
enhancing soil degradation. Compared to conventtillzage (i.e., mouldboard ploughing followed by
a_compacting roller), alternative or reduced t#lagractices (e.g., chisel ploughing) prevent wind
erosion during fallow periods in semiarid Aragomglez et al., 2007). In addition, reduced tillage
improves soil protection by lowering wind erodiffiection of soil surface (-10%), increasing fraatio

of soil covered with crop residues and clods (+3@%g enhancing soil roughness (15% compared to
4% under _conventional tillage). These agricultyredctices therefore have the potential to modify

aerosol sources by modifying the state of surfaces.

From abiological point of view, the conditions of the soil surfaceldhe management of crop residues

highly affect soil quality as well as the functingiand the abundance of soil microorganisms (Setith

al. 2015; 2016). In terms of exchange with the afphere, this results in soil structural changescéifig
soil porosity directly influence the emissions d\and bCOVs (Gray et al. 2010; Bertram et al. 2005).

Effects can also be seen on soil organic mattetecd and degree and rate of decomposition therefor

affecting emissions of several nitrogen compouhdsefore affecting GHG balance (emissions g®N

vs. Storage of carbon) (Longlong et al., 2018) aindjuality (NH, NO, emissions) (de Ruijter et al.
2010). On the other hand, soil surface conditidss mfluence the deposition of;(Stella et al. 2019)

and potentially other highly reactive atmosphedmpounds such as pesticides (Alletto et al. 2010).

Fire.

Fire is still largely used as a traditional agriatél practice (e.g., slash-and-burn agriculturestp
control, promotion of the growth of fresh grassdoazing) and to convert forests to pasture/cr
especially in tropical regions (Yevich and Logafi03. On a local scale, intensive mechanized grain
agriculture reduces the use of fire. However, tiealth generated from intensive agriculture may be
reinvested in traditional extensive land uses phamote fire (Wright et al., 2004).

Generally, fires can impact soil colour, pH, buléngity, soil texture, and therefore be critical for

physical surface-atmosphere exchanges, together biitogical properties of soil such as species

richness and micro-organisms content (Thomas,e2@l14; Verma and Jayakumar, 2012; Savadogo et

al., 2007). However the impact of fires from a pbgkor a biological perspective has been poorly

investigated, especially regarding the long-terfeatf{Dooley and Treseder, 2012; Pressler et 48R0

From achemical perspective: Fire has impacts on both photochdmiméution (O; production) and
aerosol loadingDuring fire episodes, £production switches from a VOC-sensitive regimaascent

smoke plumes (i.e., first hours of burning and elsthe ignition point) to a ensitive regime as

the plume ages. In nascent smoke plumeg|iséels are high and photochemical activity is I&moke
plume aging decreases N@evels via atmospheric dilution and chemical riess, resulting in
increased @production (e.g., Jost et al., 2003; Trentmaral.eP003; Yokelson et al., 2003; Mason et
al., 2006; Singh et al., 2012). During fire episad& levels may reach hazardous values, with the 8h-
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average @concentration often exceeding air quality stansl und 50-75 ppbv; Bytnerowicz et al.,

2010). Fires also release huge amounts of botlseoand fine-mode aerosols, leading to concentistio
that largely exceed background levels (Phulerid.e2005 Hu et al., 2008) and that substantidfl
visibility (Val Martin et al., 2015). Over Singamgrindonesian fires caused the average daily mimmu

horizontal visibility to reduce, firstly, to leskan 2 km, and later to 500 m (Goldammer et al. 9200

Fire emissions encompass as well aerosol precussolsas Neland BVOCs.

Forest management.

Forest management mainly relies on tree speciests®i, fertilization, litter raking, thinning araear-
cutting (Eriksson et al.2007), together with planting and harvest typesn and understory
treatment.

From aPhysical perspective: Along with crop management, foreshag@ment could provide similar

impact for local climate but is still poorly invéegited (Bellassen and Luyssaert, 2014; Luyssaeit,et
2014), although forested areas cover one thirti@fgtobal land surface (Klein Goldewijk, 200The
large conversion of broadleaved to managed conifeest resulted in biogeophysical changes which

contributed to higher temperatures instead of a&#ng them.
From abiological perspective: Through modelling, Naudts et al. @0showed that two and a half

centuries of forest management in Europe may nes na@itigated climate warming, contrary to what

was sometimes assumed until n8Mith regard to atmospheric carbon budget, forest®wltered from

acting as a carbon sink to a carbon source, becdube removal of litter, dead wood, and soil carb
pools.

g ts gvera masaie land Ir\n: i"@acts

| PTRTS A lnt, 1 hats It rant land { raainr trand ~f 1o fliy H 1 from H. V= EIVT=Y
5 = i i 5 i yBe.
g#t rant (P é‘# rant l 1 V] "‘CQ;H’ 1 Il ing,i o vy | x m. w ittad ¥
B -
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trmospheric-and-ecosyster-conditions.
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From achemicalperspective: by modifying the surface charadiessforest management can change

sources and sinks of reactive compounds, and tirerefffect air quality. Conversely, forest

management can also be a tool when targeting Birtion reduction. Using a coupled-model approach,

Baumgardner et al. (2012) analysed the improverogatr guality by a forested peri-urban national

park in the Mexico City megalopolis and underlirikdt their results can be used to understand the ai

quality regulation potentially provided by peri-arbforests as an ecosystem service, together kéth t

regional dynamics of air pollution emissions frorajar urban areas.

3.3. Synthesis ofCurrent knowledge

In the context of LULCCsind LMCs the importance of land-atmosphere interactionslimate and
air quality have been analysed in many studiesighuéd over the pastvo-threedecadesgxploringa
large range of scales. We summarize here the dwstate of knowledge emerging from the articles we
reviewed. For each of the LULCC category (landver change/ agricultural intensificatioh
urbanizatio) considered in this article, the direct and caswpdffects on the physical, biological and

chemical processes are synthesized in Table 2.

Regarding physical processes, the works publisbddrson deforestation / afforestation mainly apply
a modelling approach where the different procegseslved (surface albedo, radiation and energy
budget, etc.) are overall well understood. Theseksvoompare the effects between current and pre-
industrial (potential) vegetation, representati@ dime-period with few (no) human activities. Thae

is no single/simple responsett@se LULCCsas the sign and amplitude of the effects on teatper

and precipitation depend on the latitude, on the pre/post vegetatyges and the landscape
configuration. The effect on air temperature remairainly unclear in most temperate regions, as this
is where changes in the radiative budget competie etianges in the hydrological cyckRegarding
wetland drainage for agricultural purposes, vemy fudiesinvestigateits impact on local/regional
climate, in spite of the size of the areas affeciéd _a modelling approach existing studies show
contrasting effects of wetland drainage on da#dynperatures Among agricultural management
practices, irrigation is largely used all over therld and its impact on climate has been discugsed
several studies using both observations and madellihese works analyse both the greenhouse and

the transpiration effect of irrigation, and suggebstt the local cooling of irrigation might haveriha
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masked the 20th century climate warming at regisnales. The potentiahpactson local to regional
climate of other agricultural management practisash as field preparation for planting, charcaa u
for soil enrichment or forest management, remairlganvestigated but existing studies suggestrthei
impactson specific seasons and dimateextremes may be significaniH| effect on climate is largely
analysed in the literature, and the reasons foaraner climate are explained by a change in thesarf
radiative budget, a less efficient energy dissgpatiue to less convection, and heat release by muma
activities. However, the overall impact significgntaries depending on the time of the day, season,
human activities, geographical location and spatiganization of the urban fabric. Moreover, almost
no study refers to realistic landscapes and reatibanges, with potential compensation or ampiiyi
effects. This is a challenge ahead as existingiestuthay not yet provide enough information to
anticipate the impacts of realistic land use sdesar

Whatever the land change described above, therenany numerical evidences that its effect on
extreme weather/climate events is quite larger thaim impact on mean seasonal or annual climate.
Focusing on central Frander example, Stéfanon et al. (2014) demonstrdtatlif this part of France
had been partially afforested in 2003, the Junéwsase would have been aggravated by up to +3°C,
while the August one would have been dampened loyueh as -1.6°C locally.

Enhanced extreme winter cold temperatures andHeniig of frosts have also been identified by

Marshall et al. (2004a) in response to the draimdgestlands and replacement by agriculture iniBkr

By altering extreme conditions rather than the mesgional climate, these LULCCs have been

responsible of reduced crop yields in the region

Pitman et al(2012a) carefully carried out a multi-model anadyai the global scale of the impacts of

historical land cover changes on extreme temperaamid precipitation indexes (using the indices
recommended by the CCI/CLIVAR/JCOMM Expert TeamQimate Change Detection and Indices,

ETCCDI, based on daily maximum and minimum tempgeaand daily precipitation),. They found

that, wherever the land-cover change induced aedser(resp. increases) in averaged temperature, the

extreme temperatures were also reduced (respasenle By comparing the LULCC-induced changes

to those resulting from the increase in atmosph@fk and sea-surface temperatures during the same

historical period, the authors found that the LUL®@Guced changes may be as large as changes

triggered by global warming, sometimes even larged, potentially of opposite sign.

Any land cover conversion or land management thairs the increase in (or reversely the decredse in

evapotranspiration during a specific _season (eimigation, crop intensification versus e.g.

deforestation, tillage suppression) has consegsemeceextreme daily temperatures, without affecting

the mean seasonal temperatures. LULCCs and LMG=ralgndecrease maximum temperatures{T

and thereby reduce the diurnal thermal amplitude/{iDet al.2014; Thiery et al. 2017).

Focusing on biological processes, several studiesvshat, via changes in temperature and soil

moisture, deforestation affects nutrient mineraiarain soilsby enhancing carbon and nitrogen release

to the atmosphere and the environment. Some oéteased gases have a significant warming potential
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(COz, CHs, N2O, for instance) or they are involved in the ozayele or aerosol formation (e.g.,
emissions from fire clearing). These compoundsadatt the climate at local, regional or globallesa
Several studies show that peatland and wetlandersion affect climate from the local, through e.g.
evaporation and surface temperature change, tglobal scale, by e.g. changing surface emissions of
greenhouse gases such as @OCH.:. Impacts of agricultural management on climate aindjuality

are widely investigated via modelling or experinardtudies at the local scale; however, very few
studies investigate the impact of agricultural ngamaent on climate through changes in biological
processes at the landscape, regional or globasdadnd-use intensification and fertilization sinewn

to have the potential to affect climate, throughdification of greenhouse gas emissions and carbon
sequestration, but also on regional air qualityth&emission of different reactive species suditdg

NOy and several VOC species. This highlights the cesphteractions and feedbacks between
chemistry and biology, such as the interactions/éeh ozone and reactive nitrogen in the context of
their mutual impacts on ecosystems. Key resultsvetiadhat exposure to ambient €oncentrations
was reducing the Nitrogen Use Efficiency of plabisth decreasing agricultural production and posing
an increased risk of other forms of nitrogen palut such as nitrate leaching (RJOAmbient levels of
aerosols were also demonstrated to reduce theayabfliplants to conserve water under drought
conditions. These results clearly show the tigheractions between the atmospheric chemical
composition and the ecosystem and agroecosysteatidnimg, with a strong need for further model
adaptation and investigations.

At last, by affecting surface emissions and atmesptthemical processes,JLCCs andLMCs have

the potential to affect air qualitysy changing air pollutant concentrations, aneé local-to-global

climate, by modifying greenhouse gasess(@H.:, CO, etc.) orlevels ofradiativecompounds (e.g.,

aerosols Most of thestudies published so fapply a modelling approach and analyse the impact of
regional- or large-scale changes in land-coveraad-atmosphere chemical interactions (deforestation
in tropical areas, preindustrial to present-dayubure changes in vegetation distribution, etcheT
increase in biofuel and oil palm plantations foergy and food production has been targeted by akver
studies. Among the different agricultural practjdestilization, agriculture fires and fallow peds have
been shown to affect air quality by emitting amnagrizone precursors and/or aerosols. However, the
impact of land and agricultural management on adlity, and potentially climate, through changes of

land-atmosphere chemical interactions, remainslpaovestigated An increasing number cstudies

assessed the impact of urbanization on land-atnesspthemical interactions and air qualityith a

raising interest othe impact of urban trees on ozone pollution,ugrochanges in BVOC emissions.

Commenté [Coauthors7]: In this section, but also generally
throughout the manuscript, we made our best to integgagat or
key published works that were not cited in the previersion of our

In the real world complexity arises where terrigsrare composed of a mosaic of very diverse lapésca TEREED

in_which physical, biological and chemical procaessake place and interact altogether. Areas of

agricultural surfaces, covered by different typésmps and cattle, forests composed of a varying
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mixture of plant types, urban and peri-urban acéaifferent sizes co-exist next to each otherrisiga

one single atmosphere with no boundariEserefore, one homogeneous parcel has the potéatial
influence surrounding ones, over a range of time@aographic scales that will depend on considered
rocesses, as illustrated in Figure 4. Horizoméaigport of air masses promotes water, hegblntant

exchanges between surrounding arRegarding air guality, compounds emitted from area can be
transported to remote places, depending on tHetintie, undergo chemical transformations in the

atmosphere, and consequently influence the chemaraposition of the air in distant regions. In this

section, we will draw an overview of possible imteions between physical, biological and chemical

rocesses, and we will analyse them over a mo$#aodscapes frorthree different perspectives: local

climate, air quality and ecosystem functioning. §&hehanges and interactions ultimately modify local

climate and air pollution as specified in Sect. 3.

Aerosols
PR >

i
Gt

Transformation and Transport
0, /-P NO, | |NH
NO \ 0] i< 3
Aerogols ~ * I I T 50,

I water exchange I Nr (reactive nitrogen) exchange
I C exchange I Heat exchange
(:_:" Mesoscale circulation I /OC exchange

Horizontal advection from one LULC to another cagmgicantly modify local climate downwind. For
instance, urban areas not only heat their locatenment but also their surroundings due to hortiabn
transport of warm air masses to suburban and emrdtonments. As reported by Bohnenstengel et al.
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(2011), suburban areas downwind London are 1°C waduring night-time than upwind ones due to
heat advected from the city center. Similarly, Hsigle et al. (2015) found that temperatures dowdwin
of Birmingham were up to 2.5°C warmer than thoseingd during the heatwave of August 2003. Sarrat
et al. (2006) found that temperatures in suburlvaa were 1.5 °C warmer when including UHI effect
in their simulation than without considering it. Iso highlighted that UHI is displaced to sulaurb
areas by horizontal advection and forms an urbah pleme.This effect can extend to about tens of
kilometers downwind (Brandsma et al., 2003; Bohtemgel et al., 2011). However, this issue is clpsel
linked with wind speed (Kim and Baik, 2002; Brandset al., 2003): a minimum wind speed (> 0.1
m/s) is required for urban heat advection to beceffeztive, while for larger wind speeds (> 5 nifs
mixing of the heat plume with the overlying atmosghdecreases this effect (Brandsma et al., 2003).

Moreover, spatial heterogeneities induced by LUL@Eslikely to produce atmospheric circulations -

similar to the sea/lake breeze (so-called non idaksnesoscale circulations)- or to modify the

magnitude of pre-existing background wind, as daented experimentally (Briggs, 1988; Mahrt et al.,
1994) as well as numerically (Mahfouf et al., 198fadfield et al., 1992; Shen and Leclerc, 1995;
Avissar and Schmidt, 1998; Stohlgren et al., 198@}erogeneities of surface properties and hesg$lu

over contrasting areas are the main and requiitsiarfor this mesoscale process (Anthes, 1984alSe

et al., 1988) that can generate over bare soiltaéeg areas, irrigated-unirrigated regions, urhaatr

areas, or mountain-valley structures (Avissar aietk®, 1989). Distribution of heating at scalegtof

order of tens of kilometres is necessary to irétiich circulations (André et al., 1990; Mahrt &ikgl

1993; Segal and Arrit, 1992; Wang et al., 2000 §Rkneration of mesoscale circulations carries heat

and water vapour which have a significant influencethe planetary boundary layer dynamics and

properties (temperature, water vapor, cloudinedssartical heat flux) (Anthes, 1984; Segal et¥938;

Avissar and Liu, 1996; Avissar and Schmidt, 199t instance, deforestation upwind of montane

forests results in warmer and drier air, which @ekithinner clouds and a reduction in air humidity

(Nair et al., 2003; Ray et al., 2006). Conversébunwind of heavily irrigated areas, a rainfallriease
of 15-30% was observed over the U.S Great Plaiea\(gelis et al., 2010). Finally, although it isalle

urban areas alter rainfall events in their surraomdShepherd, 2005), it is difficult to assesscEely

the localization and magnitude of induced rainéattnts. For instance, Shepherd et al. (2002) regort
that the maximum rainfall rates were between 48% Et6% larger downwind the city than upwind,

while Dou et al. (2015) found that minimum rainfadicurred directly downwind the urban area (up to
-35%), whereas maximum values along its downwitetd edges.
4.2. Ecosystem functioning perspective

It has long been acknowledged that simultaneowsdations exist between landscape organization,
structure, and biological functioning. Human adtivdlso plays a major role in regulating and shgpin
those dynamic biogeophysical interactions at thedaape levelOrganisms not only respond to their
physical environment, but also thdiyectly modify and control their physical enviroent in ways that

44



10

15

20

25

30

35

functioning’ (Loreau et al., 2002) illustrate howithg organisms shape their own environment through
the biogeochemical alteration in a multi-dimensi@revironment. These different interactions between
animals, vegetation and physical and chemical msE®can be illustrated through different examples
such as alteration of soils and water quality, seetlspore dispersal, and competition for soil stuoe

and light (Hastings, 2004).

There are several examples in non-anthropized @mvients, which show the feedbacks between
macro-fauna, vegetation, soil formation, sedimeangport and ultimately landscape formation. For
example, Van Hulzen et al. (2007) demonstrated ¢entain plant species both modify their habitat via
their own physical structures, and respond to ttmosdifications. The plant modifies its environment
so that it becomes more locally favourable. Howevkeese modifications create small ‘islands’,
therefore limiting the plant to sprealhere is a consensus that climate-driven changeeipitations

will influence the pattern and vegetation type (anémals) in landscapes, which will in turn inflewen
physical processes. However, today, human activiginly shapes the landscape we live in. For
example, high inputs of fertilizers and pesticidesirade the habitat quality, while the expansion of
arable landgromotes widespread landscape homogenization (Rabiand Sutherland, 2008tudies
over the last two decades have emphasized the tamper of landscape scale effects in these processes
Benton et al., 2003; Hole et al., 2005; Matsoalet1997; Swift et al., 2004; Vandermeer et é98).
Biological processes respond differently based awdscape structure. For example, Vinatier et al.
(2012) showed that pest dispersal may be of greartance in fragmented rather than homogenous
landscapes. By considering the link between ec irocesses and landscape composition, one can
therefore evaluate the impact of habitat loss aadgnfientation due to human activity on different
population dynamics (Wiegand et al., 1999, 2005riga 2003). In this context, some results are
sometimes contradictory. Roschewitz et al. (2008) dhies et al. (2005) found that complex
landscapes, characterized by a higher proportisewi-natural habitats, increase aphid parasitgen r
but also aphid abundances. On the other handestbgii Caballero-Lépez et al. (2012), Costamagna et
al. (2004), Menalled et al., 2003 and Vollhardalet(2008) showed that landscape complexity has no
effect on parasite diversity.

Another critical issue linked to ecosystem fundiion and landscape structure is soil quality.
Montgomery (2007) showed that conventionally pleedyfiields generally erode at rates typical of
alpine terrain under native vegetation. Howeverl OCs is not only the cause but can also be the
consequence of erosion processes (Bakker et 2Dandscape alteration also influences nitrogen
availability through its impact on organic matteraugh fire (Mataix-Solera et al., 2011; Debano and
Conrad, 1978), tree-fall (Schroth et al., 2002; délaoff, 1987; Vitousek and Denslow, 1986; Muscolo
et al., 2014; Feldpausch et al., 2011) and foresttige Eujisakiet al., 2015; Guimarées et al., 2013;

Berenguer et al., 2014; Bormann and Likens, 197fyugek and Matson, 1985), which all produce
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patchy landscapes. Soil nitrogen alterations cae iraportant immediate conseqguences on N cycling
as volatilization, recycling of organic matter framboveground biomass, reduced uptake by plants,
altered rates of solution transport through thd goofile, and elevated mineralization. These
disturbances can indirectly affect the ways in \whififferent species colonize disturbed areas and
recycle N. Over longer periods, the species contipogiesulting from disturbance might affect nuttie
supply and influence total carbon and N pools, eletmatios, and pH (Zinke, 1962; Wagle and Kitchen,
1972; Christensen and Muller, 1975; Christenseii7 1Raison, 1979; Boerner, 1982).
Proximity of a natural ecosystem to an urban alea aters this ecosystem functioning as it hasibee
shown through several studies. As mentioned atzovquality and more precisely ozone concentrations
affect leaf photosynthesis and therefore ecosystesduction. The degradation of ecosystems in
proximity with big cities has been studied maimiyttie perspective of analysing the effect on edesys
services and the subsequent effects on populatiogsneral and vulnerable populations in particular
(Elmqyvist et al., 2013, Haase et al., 2014).

4.3. Air quality perspective

As illustrated in Sect. 3, LULCCs and LM@gectly influence the local air pollution via aiges in the
intensity and variability (temporal and geographied chemical emissions (e.g., BVOCs from tree
species, NQemissions from soils and fertilization) or in chieah processes and regimes (e.g., from

NOx- to VOC-sensitive regimes in roduction). In _addition, by modifying land-atmosphere

interactions, LULCCs and LMCs can indirectly affect quality by altering atmospheric circulation

(i.e., vertical mixing and advection) with consegees on the dispersion of pollutants and of patiuita

precursors.
Pollutant dispersion in the planetary boundarydd®&L) is strongly influenced by changes in the PB

height and in convective transport, which are &iggl in turn by modified land-atmosphere energy
transfer (Ganzeveld and Lelieveld, 2004; Civerdlale 2007, Renddn et al., 2014; Wagner and Schéfe

2017). Intense convection makes the PBL deepes;dbmdition, together with enhanced advection,

increases pollutant dispersidn.the troposphere, {and secondary aerosol production depends on the
abundance of their precursors (i.e. d VOCs). Increased dispersion may reduce coratgmts of
precursors, finally reducing ozone production. ®a ¢ontrary, stagnant atmospheric conditions often
associated with low advection and strong thermatrision, limit pollutant dispersion and favoug O
production.

Stagnant atmospheric conditions correspond to ldmdsy intense solar radiation and high surface
temperatures. Under these sunny and warm condit@nproduction increases because of the direct
effect of altered radical production and photoctstmi(Fiore et al., 2012) and the indirect effeft o
enhanced BVOC emissions (e.g., Cardelino and Cliasel 990; Taha, 1996; Val Martin et al., 2015).
At the urban scale, Cardelino and Chameides (189nated a rise of 25% in BVOC emissions due
to warmer temperatures, in spite of a decreaseresf areas by 20%, due to growing urbanization. In
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terms of Q production, increased BVYOC emissions ruled outbieefits of a substantial reduction in
anthropogenic YOC emissions (-50%) via “clean policies. Enhanced BVOC emissions may feed as
well the aerosol loading via BSOA production (e@ardelino and Chameides, 1990; Nowak et al.,
2000). The influence of atmospheric conditions loa @&erosol loading depends on the aerosol type.
Nitrates dominate under cold temperatures, whilphsies prefer warm temperatures. Hygroscopic
aerosols benefit from high humidity. For most aelmsthe precipitation rate directly controls the
aerosol loading since scavenging (wet deposit®if)é main sink for aerosols.
Surface roughness and vegetation conditions filent type, plant health, heat stress) stronglgcff
both aerosol and Qiry deposition. Ozone deposition involves bioladiisrocesses and decreases with
decreasing surface and leaf wetness (Klemm and Mé2001). When vegetation is not water-limited,
ozone can be absorbed by leaves via stomatal upihkee a certain threshold: @eposition reduces
photosynthesis, plant growth, biomass accumulatimhcrop yields, and affects stomatal control over
lant evapotranspiration (Ainsworth et al., 2012gnce, although ©deposition by stomatal uptake
improves air quality, it may result in plant damagéhe long term. Ozone deposition depends as well
on mechanical processes. By increasing surfacéimmss, trees reduce horizontal wind speeds and limi
pollutant dispersion leading to increased ozonelgehoth locally and regionally (e.g., Nowak et al.

2000). On the other hand, reforestation of croma(dail et al., 2015) or vegetation increase ioaur

areas (Taha, 1996) improve @eposition and reduces@oncentrationT his ozone-reducing mechanism
combines with other afforestatidriven effects, such as reduced N@missions from soils and
fertilization and lower surface temperatures, aothpgetes with higher BVOC emissions from trees,
which may trigger @production (Trail et al., 2015). Ecosystem disitibn can also be a significant
driver of deposition efficiency, which is still netell quantified. A shift from croplands to grassis
reduces dry deposition velocity and increases ozoneentration (Val Martin et al., 2015). Takin¢pin
account the 2050 RCP 8.5 vegetation distributidmcivis characterized by an expansion of land used
for crops and pastures at the expense of forestheke et al. (2015) calculated a rise in the serfa
ozone deposition velocity, relative to the pres#ant-values, up to 7 % in tropical Africa and up-18%

in Australia. Moreover, although pollutant deposition on treigsificantly reduces ozone levels, this
effect is hampered as the PBL height increases @{awal., 2000). On the contrary, a conversiomfro
forests to croplands modifies stomatal activity affdcts deposition rates of trace gases, suchareo
more than changes in LAl (Trail et al., 2015). Rermore, for aerosols, conversion from forests to
croplands reduces aerosol dry deposition becaudeavéased surface roughness. In cities, promoting
green infrastructures have been considered ad #&tgoprove air quality, but their actual impact o
the atmospheric chemical compositiomigy quantified in a few studies (Churkina et 2017; Ren et

al., 2017).A recent review by Abhijith et al. (2017) showsttfthe choice of infrastructure is critical,

with for instance low-level green infrastructureediges) improving air quality compared to high

vegetation canopies.
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To summarize, LULCCs and LMCs affect air qualityedtly, by influencing the sources and sinks of

reactive compounds at the surface, and indirdeyiynodifying environmental conditions (temperature,

mixing) in which surface-atmosphere chemical exdesnoccur.By modifying the air chemical
composition and possibly affecting the occurrerfgadiution episodes, changes described so far have
the potential to affect, in turn, vegetation disfition and growth. Consequently, these changesicoul
also affect retroactively physical and biologicalogesses involved, with potential impact on
meteorological conditions and climate, at the |l@ga regional scale$o investigate future air quality,
future LULCCs and LMCshould be accounted for in meteorological modeds provide forcing to
chemical-transport models. If not, projections ofufe air quality will not account for the indirect
influence of land-atmosphere interactions on th@wion of air quality (Civerolo et al., 2000).

5. Futur Research

In Section 3 we have reviewed recent progress, oot an experimental and modelling point of view,

in our understanding of processes and mechanisrmobvéd in land-atmosphere interactions at different

scales, going from organ to plant, from plot upetmional scales. In Section 4 we have discusseliestu

focusing on the interactions between the diffefentiscape structures that affect local climateand

quality. Through these analysewe have highlighted that the representation ¢éréctions and
feedbacks between the different compartments (piybiology, chemistry) and surfaces (urban, peri-
urban, agricultural, natural, etc.) is crucial whevestigating the impact of LULCCs on climate from

small to larger scales. Basedionse analyses, thepresent sectioweidentify actual knowledge gaps

in the processes, feedbacks, methodologies andmptedzations currently used to reproduce

interactions between land, LULCCs and the atmosplwe summarize below thieitations that exist

today and that restrain our capacity to investighésffectsof LULCCs and LMCson local climate

and air quality at different scalesing a modelling and/or an experimental apprpwhile considering

all the interactions involved.

5.1. Challenges ahead

The first challengeis thelack of integration between the different known pr@esses It is not easy

to design an experimental proto¢hatallows us to differentiate between the impactstinadao each

different processRitman et al. (2012b)Although several initiatives are being conducteccouple

model and ecocystem based experiments to allowntdisgling of processes and better model

performance (ex. Norby et al. 2015; Medlyn et 8lL%) it is still a big challenge today (Higgins 201
Nearby urban areas, for example, strong pollugeels -with especially high ozone concentrationy ma
directly affect plant productivity through atmosphkeadvection of those pollutants downwind from the
city. In such a case, surface and air temperatane me perturbed in rural regions through changes in
vegetation characteristics (e.g., stomatal opergtgdo) and fluxes (e.g., latent heat flux). Apged
land-atmosphere model that does not account fomisiiey processes will therefore not be able to

correctly reproduce surface climate and vegetasimtus in the rural environment. In addition, the
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representation of urban areas is often very simplifFor instance, regarding atmospheric chemistry,
emission sources are usually prescribed, whichotlaliow accounting for feedbacks. Hence, a coupled

urban — vegetation — chemistry model is a necessmrglopmentas also pointed out by Baklanov et

al. (2014) in their review of online modelling ofnr@spheric and chemical conditions (i.e., online

modelling refers to the numerical techniqgue of hgwatmospheric and chemical conditions evolve in

parallel with the atmospheric and the chemical neglexchanging information in the two ways at each

time step).

Figure5a illustrates the interactions between the diffevaniables and processes involved in biosphere-

atmosphere exchangesdiscussed ihe previous sections (that are not exhaustive withaesto the

existing literature)I oday mosiof these interactionsolid lines)are relatively well known but are not

yet experimentally measured or joinccounted for in regional global climate modelsich we are

targeting here. Whereaglobal climate models, such as those used for “®eupled Model

Intercomparison Project” (CMIP) exercises for thiergovernmental Panel on Climate Change (IPCC),

are now referred to as Earth System Models (ESK)ititlude a large spectrum of physical, chemical

and biological processes in the modules that desdihie atmosphere, biosphere and hydrosphere

reservoirs, regional climate models have recemdstesd to move towards the frontiers of regionaVES
(e.q., Sitz et al., 2017).

The second challengeelies on theletailed representation of the variety of surfacein the above-
mentioned models. Indeed, surfaces such as aitesaged forests, mixed areas, wetlands or thetyarie
of agricultural crops are either over-simplifiedg(eno distinction of forest species in a forest bipme
or miss-represented (e.grops represented as a super-grassland), or alesgnabsence of wetland
representation). Such gaps could be potentiallgged by using more sophisticated dynamic global
vegetation models (DGVMs) than those currently useddimate modelsin their analysis of DGVMs,

Scheiter et al. (2013) pinpointed some of the Bnaif the current generation of DVGMs such as, for

instance, the use of bioclimatic limits to force thodelled vegetation type to grow under the "atrre

climate" (the one that will guarantee the selewtgktation type to grow), @ie parametrization of the

number of species and the degree of functional diversity that is necessary sustain ecosystem function. The

authors tested in a trait- and individual-basedetetipn model some of the new concepts that cauld f

in the next generation of DVGMs (e.q., assemblypithend coexistence theory. Moreover, DGVMs

could be coupleto chemistry models to gain a better descriptibthe land surface as well as of the
land managememtracticelf such DGVMs may include the impact changes mgaiality have on the
functioning of the ecosystems they model, the is&s not true. Most chemistry and transport models
for example, consider prescribed and fixed inforamatfor vegetation (distribution, areas, related
characteristics such as leaf area index, stomesadtance, etc.) and as well for land managemeht an
farming practices, which are relatively scarcehatregional and global scales. As this informat&on

used to calculate emissions and deposition, ist@amgly affect the assessment of atmospheric aa@mi
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composition. Therefore, the numerical coupling kW atmospheric chemistry and the terrestrial
biosphere, or at least a more dynamic representaifovegetation in chemistry-transport models

(Baklanov et al., 2014js a crucial step forward the development of ird&gd numerical tools. Coarse-

resolution models (e.g., global-scale, ~100 km) rhayinadequate in separating different chemical
regimes that are triggered by emission patternbiefenic and anthropogenic sources. However,
nowadays, the integration of such loops in numernealels is limited because the various components
of these interactions are developed by indepengienips, in diverse surface models that are not all
coupled to atmospheric models. This is of high irtarece, especially in short or long-term conditions
whereLULCCs and climate are meant to change significantly utige influence of human activities.
For instance, the variety of plant species encosgzhin BVOC emission database is limited (e.g.,
Ashworth et al.,, 2012), with therefore incompletdormation regarding emission geographical
variability. This biases both the ability to deberiand to properly evaluate BVOC emissions in
modelling tools. Green roofs in urban-atmosphereetsare generally represented through uniform,
idealized, vegetation, while ecological papers reha@wvn a large variability in the vegetation resggon

to climate, depending on species. Not accountinguifoh bio-diversity may affect the ability to aalkte

the exact cooling effect of those roofs. Moreowtudies often target emissions from a single sector
(e.g., oil palm industry, biofuel production) witltotaking into account emission evolution in other

sectors (other than oil crop/biofuel industry) arnearby regionse.q., Hewitt et al., 2009)JThe

exclusion of emission sources other than those froiinCCs and LMCsmay affect results (over- or
under-estimate) regarding ozone and aerosol leFelsexample, most large-scale modelling studies
use global vegetation models to investigate theramtions between the chemistry and the biosphere
and adopt a simplified representation of ecosysgsresselection of plant functional types (PETSe

PFT approach lumps individual plants with similapkegical characteristics and behaviours under the

same vegetation typAlthoughthe PFTapproach works at the global scalece applieat the regional

scaleit may restrain the model skills in representing ¢étesystem variability as well as the land

management scenarios, which are often not accoumtbe modelsas also pointed out by Scheiter et

al. (2013).
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The third challengeis theneed for observational data covering more temporaind spatial scales
For example, various observations of BVOC or reach compound emissions have been published

for European and North American ecosystems, wbilkedbservational studies target southern regions.

Due to the absence of such dataset, it is compticai perform robust evaluation of models at the

adapted scalesas also pointed out by Arneth et al.

alBsere is obviously a

missing link between the regional scale, at whidstnechemistry and transport models are run and loca
scales, where observations are collect&lich investigations could also help to improve
parameterizations generally used in models. Themtncy of certain processes to different plant
species and pedo-climatic regions is indeed gdgerat well described in model parameterisations.
Lastly, some processes are known but are not yelfeimented in models. Figure 5b represents the
existing known feedbacks between the different camtmpents. The feedbacks between the biosphere
and the atmosphere via the impacts of vegetatiarhemistry (dashed lines) are an example of missing
processes in the majority of models. For examptiirdztional exchange of reactive N compounds is
well known today but few chemistry and transportdels fully integrate N exchanges although some
advances have been made concerning ammonia (Bash2€t13; Zhu et al. 2015). However, we are

still missing process-level knowledge on some oféhinteractions.
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5.2. Towards interdisciplinary approaches

This review has highlighted the need to connedediht scientific disciplines (e.gohysics, ecology,
biology, agronomy, chemistry) in order to correatiypresent the impacts bfJLCCs andLMCs on
climate at various spatial scales. In the followiweg illustrate the need for such connections usirgy

examples of current challenges in Europe.

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

While agriculture has been criticized for severatalies for its impacts on water quality (nitratd an
pesticides) and for its contribution to climate mhe (emissions of nitrous oxide and methane), the
question of its contribution to air pollution inham and peri-urban areas has emerged only redantly
the public debate, with a particular resurgenaedent spring episodes of aerosol pollution. Amrapni
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which is largely emitted by animal excreta and bg application of mineral and organic fertilizers,
contributes to the formation of secondary aerostésce, the reduction of its emissions is an ingort
stake for the improvement of air quality. In recgeérs, control of ammonia emissions has become a
major concern at regional, national and internaidavels and, since the end of the 1990s, a set of
regulations has been put in place. To further redmmmonia emissions, improve air quality and
optimize costs and benefits requires a better kedgd and quantification of ammonia sources and as
well an analysis of long-term strategies. Frangeikerly undergoes peaks of aerosol pollution (PM10-
PM2.5) especially at the end of winter-early sprimgen favourable weather conditions coincide with
the beginning of fertilizer spreading. In March 20high PM2.5 concentrations were observed in the
Paris Region, led to the introduction of alterngtiraffic, and therefore made citizens particulatare

of the issues of air quality. Predicting air quaktt the regional level is crucial to understanesth
episodes and to recommend appropriate levers iohaatthe short term to limit the magnitude ofsbe
episodes. Air pollution not only affects human keabut also the overall productivity of ecosystems
and crop yields, through increased dry depositioN compounds and Hwhich in turn could affect
BVOC emissions. In addition, by modifying plant @fioning in terms of evapotranspiration and soil
moisture status, ozone deposition may affect trdrdiggical cycle, which in turn will affect surface
but also wet deposition of pollutants and nutrients

We have here a typical example where scientistdwed in agronomy, physics, biology and chemistry
should interact to improve predictions of ammom@ssions, transport and reactions related to weathe
conditions, soil biological processes and planinpl@gy, to estimate feedbacks of air pollution e t
functioning of involved ecosystems. However, toveothe problem, cooperation betweemnmers
urban planners andecision makeris required to define optimal fertilization datasd a territorial
planning of urban and peri-urban areas that acedonthe distribution of agricultural activitiesoaind

the city.

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

Many studies have explored techniques to countenicalthe deleterious effects of urbanization on the
local environment. Among the numerous solutionsaly proposed, urban greening is one of the most
interesting since it could allow (i) an attenuatimnthe UHI (e.g., Shashua-Bar and Hoffman., 2000;
Alexandri and Jones, 2008; Feyisa et al., 2014 )\ @irect mitigation of air pollutionia the absorption

of pollutants by plants (Hill, 1971), and (iii) dandirect improvement of air quality through UHI
mitigation since temperature partly drives and controls pafitiemission, dispersion, and formation
(Sini et al., 1996; Kim and Baik, 1999; Stathopaué al., 2008).

On the one hand, green surfaces such as parkgngam green roofs and walls contribute to mitgat
the UHI and currently receive strong attention froath scientists and urban planners (e.g., Shashua-
Bar and Hoffman, 2000; Akbari et al., 2001; Kumad &aushik, 2005; Alexandri and Jones, 2008;
Feyisa et al., 2014) with some interdisciplinaryl amter-community experiences already established
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(e.g. the Urban Climate Change Research Netwdine, MAPUCE project in Toulouselgcal projects

in Stuttgart, New York). On the other hand, a growmngnber of studies focuses on urban air quality
assessment to quantify impacts of urban vegetétion, Yang et al., 2005; Novak et al., 2006; Esdab

et al., 2011; Selmi et al., 2016). Changeslamtedspecies and their surfaces can indeed significantl
impact the amount and fate of reactive compoundgtesin such as biogenic VOCs or nitrogen
compounds, and therefore affect the air chemicalpasition in terms of gases and aerosols (Ghirardo
et al., 2016; JanhalP015, Taha et al2015). Nevertheless, feedbacks on air quality bl titigation

are not accounted for but could lead to air qualigradation, by affecting pollutant and especially
ozone precursor dispersion (Lai and Cheng, 200®@yugntify to which extent urban greening can help
to mitigate urban local climate and atmospheridytion, and its subsequent effects at the regional
scale, it is therefore necessary to adopt inteiglisary approaches (Bar6 et ap14), involving
atmospheric physics and chemistry, but also urtbanners. Indeed, although the role of urban form,
urban fabric, and building arrangement and oriémiabn UHI mitigation was explored in previous
studies (Stone and Norman, 2006; Emmanuel and R@on2007; Shahmohamadi et al., 2010; Middel

et al., 2014), it was not the case for atmosphemposition.

5.3.Bridge the gap between communities: the need for gelopments in the interplay between climate
scientists and spatial planners

The knowledge, the instrumentation and the expedeveloped over the last decades regarding land
surface-atmosphere interactions and their impacttocal-to-regional climate and air quality could
deliver operational and useful outcomes for poliegkers and land planners, and thus benefits for

populations, activities and ecosystersie actiorthat canhelp bridge this gap is to introduce (or re-

introduce)climate expertise into the spatial planning proces The climate issue has clearly become
one of the main priorities of planning authorittesoughout the world (e.gBulkeley, 2006; Wilson
and Piper, 2006 ; Davoudi et al., 2009) in respa@asbe widespread call for fighting global chamge
many fields and scales of policy. However, reldjifew planning authorities directly call upon chie
experts.This absence of climate expertise leads planners twégmany levers of action at local and/or
regional scales, some of them being sketched thmutghis article.

Nowadays, more and more urban planning authoritiegelop in-house climate expertise, with
sometimes interesting results. For example, effmgsbeing made in an increasing number of cities t
reduce the urban heat island effect (Ren et al12Cordeau, 2014). These additional climate s&ilks
nevertheless largely dedicated to urban areas@mkquently face difficulties to consider the iefice

of surface-atmosphere interactions at broaderastales. They generally hardly consider as waell t
interplay between climate and air quality issud®er€ are, however, a few cases that can be sanfrces

inspiration. For instancefor the Stuttgart Metropolitan Area, which is 6807 wide, the City of

Stuttgart's Department of Urban Climatology prodlaelimatic atlas, based on a climatope approach
to assesghe influence of spatial units with similar micliotatic characteristics on atmospheric
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conditions (Baumilller et al., 2008). This initiairesulted in urban and spatial planning guidamnitl,

the objective to improve the flow of fresh air frahe agricultural and natural areas and thus tesbf
clean up and prevertmpoeraturinversion above built surfacéghe development of local-to-regional
actions taking advantage of multiple surface-toesphere interactions can hardly be conceived withou
using regional meteorological or climate models¢sithe same land-use or land management direction
can have very different and even inverse consegsedepending on the context (Marshall et al., 2004
Schneider and Eugster, 2007, Lobell and Bonfil)72@eAngelis et al., 2010). An example of
successful collaborations between communities és digital modelling platform built within the
framework of the ACCLIMAT project Https://www.umr-cnrm.fr/ville.climat/spip.php?rubrie4?).

This platform allows the numerical modelling of fdient processes of the city system and their
interactions. Thelevelopecphysical- and urban-based models are forced byssmmnomic scenarios
of urban development and local climatic scenarloss then possible to produce different city
projections, from the present-day to the end ofcértury, under different future climates condigpn
and to estimate the impacts of these cities onruchate oron building energy consumption.

Another difficulty to develop a collaborative actities, amongthers in the spatial gap betweéne
respective scales of referenceclimate scientists and spatial planners. Clenmodels have not yet

sufficiently been tested at the intermediate spatiales that are generally considered by planiners
their practiceRegional climatenodels oftenvork at resolutions lower than 15 km x 15 kwhile urban

climate models work ormeshesof about 1 km x 1 km. There is therefore a needeteelop models

functioning at intermediate scales and integradimtgscription of land surfaces closer to the difims

and representations used by spatial and urbangisnn

Lastly, weneed to give more attention today to the modiiiret created by land-use management (e.qg.
agricultural and forestry practices) on top of larsg at a regional and global scale. For climate
scientists, this means to identify levers of act@among those proposed by practitioners, in terins o
land-use management that can influence climateaargliality. For planners, this is another challeng
emerging, questioning the contours of their fidléativity, the discipline focusing historically dand-

use and surface occupancy.

6. Conclusion

Land-atmosphere interactions involve many physieallogical and chemical processes that can all
influence each other, and that are driven by treattteristics of the environment in which they take
place (meteorological conditions, surface propsytatc.).To properlyinvestigate the role and impact
of land-atmosphere interactions, especially incibretext ofLULCCs, on local-to-regional climate and

air quality, the most appropriate and comprehensive teoisrequired. It is difficult today to design

experimental protocols at the regional scale thavaus to identify interactions and impacts of cifie

processesWhen modelling such interactions, one has to mneizeghat the description of land-use and

land-management (areas concerned, type of cropstityuof fertilizers used and actual seasonality o
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application, etc.), including surface propertiesl @mission sourcesye overly simplified in today’s
models. Not taking into accounthe land-surfacecharacteristics certainly biases our projections.
Moreover, land-atmosphere interactions are oftescifip to the target landscape, especially at a
local/regional scale; therefore, in this perspestione can hardly propose general solutions or
recommendations. Hence, there is a crucial need tamsistent description of surface charactesistic
in numerical tools, to both improve our knowledgel gprovide more appropriate information to
urban/land-planners and stakeholders at the teifitgal scale. Urban and peri-urban areas are of
particular attention in this context since lamahsformationcan have big environmental impacts and

affect the health and life of million people, givitre human density) these areas. For example, there

is space for considering the links between atmasplebemistry andand-atmosphere interactions, as

a decision parameter for land-management, helgingdintain air quality and supporting ecosystem
functioning. This leads us to touch on the notibR@osystem Services, which is an integrated ambroa

that allowsto effectively analyseandexaminethe ecosystenconditions in terms of whether or not the

desired services are being deliveredosystenservices are highly interlinked, and any kind ofrtan
influence on the functioning of one service wikdly have a large number of knock-down effects on
other services. The types of ecosystem servicdmderith the climate and the atmosphere come under
the category of regulating services, which weraiified and categorized in several studies (Coeter

al. 2013, Thornes et al. 2010). Nevertheless, #ezslfacks of the atmosphere to the ecosystem

functioning potentially affect the ability of thoseosystems to provide services to human population
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Table 1: Typical values of snow free albedax(- %), Bowen ratio (§ - %) and roughness length (& m) for various surface
land cover.

Bare soils Grasslands Forests Crops Urban areas
a 0.14-0.28 0.17-0.25 0.08-0.18 0.13-0.25 0.09-0.27
(Matthews ef/(Matthews et al.|(Matthews et al.[(Matthews et{(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 0.9-1.6 15-5
(Teuling et al,(Teuling et al., (Oke, 1982; Oberndorfer ¢t
2010) 2010) al., 2007; Pearlmutter et al.,
2009)
Z 0.02-0.04 0.11 0.91-2.86 0.05-0.18 05-2
(Matthews ef/(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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Appendix
In this appendix we present the physical, chemaral biological theoretical backgrounds for the etiiht interactions
presented in this paper.

4. Physical processes
The different types of surfaces covering the efigtiitly control (micro-) climate through their infénces on the
radiative budget, the energy balance, the watenial and air flows. The radiative budget determthe energy
received by the surface. For any surface, theawation Q*) is defined as follows:

Q' =(L=SD+@L-LD 1)

whereS and L are short- and longwave radiations, res ivand? and | refer to upwelling and incoming
components, respectively. By considering surfadeedd and surface and air_emissivities, @nd ea,

respectively), surface temperatufg) @nd high altitude air temperatufg), Eqg. (1) becomes:

Q=@ l-aS)+(eg 0 Tt—es-0-TH (2)

with ¢ the Stefan-Boltzmann constant (= 5670 W m2K ). The energy balance for any surface is linkedh wit
its radiation budget through* and can be expressed as (assuming there is ngyestered with land, which
excludes therefore permafrost regions or regiottis sviowy winters, for example):

AQs=0Q —H——G (3)

whereAQ_is the change of energy within the consideredaserflayerH is the sensible heat flux (dry heat
convectively exchanged between the surface anditinesphere, that changes both the emitter and toecep
temperatures)LE is the latent heat flux (i.e., energy dissipatedird) evapotranspiration, water vapour
convectively exchanged between the surface andtinesphere, that changes both the emitter and toecep
moisture conditions). LE includes both water evafion E) (i.e., from soil, dew, water interception by leay
lakes and oceans) and plant transpiratiBn G is the conductive ground heat flux from/to deelpgers.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.sthm 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 (4)

whereAS is the change of water content within the giveriaP is the precipitation (in case of surface layer) or

percolation from the above lay&is the surface runoff, aridlis the drainage. Note that the tehincludes soil
moisture, surface water, snow, ice cover, and —endding on the depth of the considered soil layer —
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roundwater. It also includes the interceptionaer Finally, any convective fluxes between theoshere and

the surface in the surface boundary layer can peesged following the flux-profile relationships as

Fy=—k-u —mpii (5)
X zn(%)—lpx(z/m

whereF, is the bi-directional land-atmosphere turbulemx f 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 ground,

is the displacement heiglz, is the roughness length, agd(z/L)_is the stability correction function accounting
for atmospheric stability.

From the previous equations, it can be seen thetdhCC induces modifications in the surface raidmtenergy,
and water budgets, which may in turn modify thenelie. First, the energy received by the surfagdoisely
related to surface properties (i.e.andes) (Eq.2). Any darkening (brightening) of the sudasy LULCC will

decrease (increase) albedo and make more (le eagailable at the surface. This alteration It in

increased (decreased) surface and air temper&inmnéarly, any increase (decrease) in surface ewitigsiue to
LULCC modifies the radiative budget of the surfaesulting in the decrease (increase) in surface eand
temperature. Typical values of albe owen ration £) and roughness lengtly) are summarized in

. Then, LULCCs modify the energy dissipation whideurs mainly through turbulent fluxed &ndLE) (Eq. 3),
and the partitioning between H and LE that is oftbaracterized by the so-called Bowen ratio (#ghe ratio
H/LE, see Table 1 for typical values). This latter @ariwith surface properties: the largest the amadint

evapotranspirative surface is, the lowest the Bowéa is. The Bowen ratio is controlled by thegeece/absence
of free water (e.qg., lakes, oceans, rivers, sailg) as well by the presence/absence of vegetai urface,

density, phenology) and its physiological actiggyticularly linked with stomatal conductance (@ietails about
the factors affecting stomatal opening and closseepart 2 below on biological processeBhe partitioning of
turbulent heat fluxes influences local climatic ditions, especially air temperature: while a laBm@ven ratio
(i.e., H >> LE) induces local warming of the ambient air with sequences and feedbacks on ecosystem
functioning (e.qg., thermal stress) and air pollntfe.g., chemical production/depletion in the atpihese), a small
Bowen ratio due to largéiE allows surface cooling as energy is convertedlattnt heat, followed by air cooling
as H is reduced. Yet, it also influences the watdance due to its link withE (Eq. 4). Finally, although
convective fluxes are closely related to local elfim conditions (e.q., wind speed and temperatftedncingu-

and atmospheric stability respectively), surfacgdly influences the efficiency of convective flexéhrough its
impacts ond and z (Eq. 5). Increasing surface roughness (e.g., tiroafforestation) enhances turbulent

exchanges owing to the increaseliandz, and conversely. In a general manner, the hidiercanopy is, the

largerd and z, are (Table 1), even if they are influenced by ptharameters (e.g., LAl for pseudo-natural
ecosystems, building density for urbanized aredsWwever, it must be kept in mind that land-atmosghe

exchanges are also dependent on scalar concentiéference between the surface and the atmo in
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that air mass composition (e.q., temperatur® . HCO or pollutants) and surface emissions (e.qg., froamune
application or anthropogenic activities) are crugaiables. Yet, plants can absorb or emit varicosipounds
according to their development and functioningrii with meteorological conditions. In turn, the gn#ude and
direction (i.e., from or to the atmosphere) offiliges will affect the atmospheric composition.

Biological activity occurs in_soils and within theegetation. It affects number of physical, chemiaa
biogeochemical processes and therefore also theeges between land and atmosphere

Soil microbial activity primarily involves the productioof 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 comg® such as nitrate reduction, denitrification or
methanogenesis. The oxidation of certain mineedés called chemolithotrophy, can also be a soof@nergy

for living organisms such as nitrification, anamnfarmmonium anaerobic oxidation) or sulphur oxidatias all
metabolic_pathways, environmental factors such esmsperature, water presence or absence, and sebstrat
availability control those processes and are tleeeéffected by LULCC. The different metabolic pedlys
release into the environment different reactiveega®H, NO,, BVOCs) and non-reactive (or less reactive)

organic or mineral compounds (M0, CH,, H,O) affecting the atmospheric composition. These ds
can have chemical (see Sect. 3.3) or physicaltsf{fsee Sect 3.1 change in the water and ener d/or

warming effect. In turn those atmospheric changed back on ecosystem functioning through diredtiadirect
effects.

Plants are considered as heterotroph and can thereferéedosunlight and CPinto organic carbon through
hotosynthesis. One of the major actors in pho is is the stomatal movement, which allows to
change both the partial pressure of,G®the sites of carboxylation and the rate ofdpanation interlinking the
water and carbon budgets. Another important adtphotosynthesis is RuBisCO. the major enzyme welin
the fixation of CQ. RuBisCQO is a rate-limiting factor for potentidigiosynthesis under the present atmospheric
air conditions (Spreitzer & Salvucci 2002). It cains relatively large amounts of N, accountinglforto 30% of
total leaf N-content for C3 type plants and 5-10atal leaf N for C4 type plants it is thus an ion@ant link
between the C and N cycles in vegetated surfacekifid, 2003; Carmo-Silva et al. 2015).

The plant’s photosynthetic enzymes and the funtt@of the stomata are affected by: (i) changeblénphysical

environment of the leaves (water potential, temipeeaand C@concentration; Farquhar and Sharkey, 1982); (ii)
contact with atmospheric chemical pollutants (otiida gaseous compounds, nitrogen deposition); (iii)
availability of other resources (nitrogen, phos ; and (iv) interaction with adjacent living argsms
(competition for resources, invasion by pestsm@te change or land use and land cover changediregily or
indirectly modify all these factors. Moreover, statal conductance plays a major role in the suréaesgy budget
when plants are involved, as explained in Sect. &l can be one of the pathways of feedbacks betive
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atmosphere and the surface since they regulajénpar to the leaves and water output from thedsaVegetated
surfaces are also involved in the exchange of othmstive species such as NH fertilized agricultural land as
well as volatile organic compounds (VOCs) as a camigation or defence tool that facilitate interan8 with
their environment, from attracting pollinators aseled dispersers to protecting themselves from patis)
parasites and herbivores (Dudareva et al., 2013).

Some examples of how LULCC can affect climate thiohiological activity of soils and plants are giveelow:

Water Use Efficiency (WUE) is defined as the ratio between the rates of carhssimilation
(photosynthesis) and transpiration. Plants thatheese a lower transpiration rate without simultarsp
decreasing their photosynthesis and thus biomaskiption are a desired trait in crop productioniypé
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 COconcentration tends to reduce
stomatal conductance while still increasing phattisgsis (Ainsworth and Rogers, 2007). This hasrséve
implications when considering different land useghie context of climate change and increased CO
concentrations. Recent research demonstrate thett @h@4 plants almost certainly display increasing
water-use efficiency with increasing g@€bncentrations, which allows them to better de#i wonditions

of water stress (Maroco et al., 1999; Conley et24l01). Conseguently, this phenomenon should allow
plants, in the future, to grow in areas where theyently cannot survive due to limited soil moistu
availability. Those same plants will also be abldeétter resist drought periods and heat wavesr(Efi

on plant phenology and local climate. Intensifioatdf the water cycle or increased drought conaktio
because of climate change and LULCC modify thedgiighl functioning of the soil-vegetation system
and lastly influence the local climate.

Increasedemperature and frost-free days as well as atmospherie E@dcentrations affect the activity
of RuBisCO. As a result, the growing season el@®jand, if no other limiting factors are preserg, riet
primary production (NPP) increases accordingly @efyox et al. 2014; Fridley et al. 2016), whichldou
be beneficial in temperate regions. However, lomgewing seasons increase pressure on the watler cyc
therefore affecting local climate and resultingpatentially negative feedbacks on the carbon elf

et al. 2016; Ciais et al. 2005). Due to temperagfifects, species migrate to higher latitudes titudes
(Hillyer and Silman, 2010; Brown et al. 2014; Sgaesiz et al. 2013) resulting in LULCCs, changes in
emissions of reactive trace gases and in habitdtiédiversity. Finally, higher temperatures entesail
microorganism_activity leading to higher minerdlisa rates and consequently g£f@lease to the
atmosphere.

Rate of photosynthesis is directly correlated @f leitrogen content on a mass badisitrient Use
Efficiency (NUE) is defined as the ratio between the amount dfifent N removed from the field by the
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crop and the amount of fertilizer N applied. Ina®é anthropogenic synthesis of mineral fertilizers
intensify crop production impairs the global N @yek illustrated by the N-cascade (Galloway e2803;

Fowler et al., 2013) with impacts on biodiversiButton et al., 2011), water and air quality (Bilkral.,
2013; Erisman et al., 2013), and productivity amtrient cycling (Phoenix et al., 2003; de Vriesag
2009). Nitrogen and carbon cycles are interlinkbdough biosphere-atmosphere interactions via
biological processes, as detailed here, and chépriseesses in the atmosphere, as detailed in $&ct.
Nitrogen is a limiting nutrient for plant growth the tropics, warmer and wetter climate induceg hi
soil mineralization and biological fixation (Clegeld and Townsend, 2006; Yang et al., 2010) thezefor
increasing N availability; however, this is not tbese in mid- and high-latitude regions. Increasihg
availability to vegetated surfaces raise NPP, adtléemporarily, with increased C storage in sailgl
higher N values in the vegetation (Yue et al. 204i6h direct effects on climate but also indireffeets
via impacts on the water and energy budgets ochiceatreas.

- Another example is the effect of elevated biotiabiotic stress on plants. Increasedneconcentrations
is a typical example, which affects stomatal comaiuce and photosynthesis (Fowler et al., 2009;fReic
and Lassoie, 1984). Ozone is a strong oxidantcémaglter the functioning of plant cell in diffetemays.

At relatlvelg hlgh concentrations, we observe: g@ot damage of leaf egldermls cells (Sandermann e

causing leaky stomates (Paoletti and Grulke, 20\i@tig et al., 2007), and (iii) alteration of cellalls

and cell membranes (Gunthardtgoerg and VollenweR{#07). At low concentrations, we observe also
negative effects: (iv) ozone penetration to the aphgll cells enhances production of reactive oxygen
species (ROS) (Schraudner et al., 1998; Wohlgemiu#., 2002), and it can also alter certain pnstei
and enzymes therefore affecting plant photosynshasid biomass production (Heath, 1994). It is
important to note that there is an accumulativeafbf exposure to o0zone concentrations by thet plan
Fuhrer et al., 1997; Super et al., 2015). Difféinesses affect different plant functioning butiost
cases they induce the production of ROS and theséonis of biogenic VOCs with consequences on air
quality.
In_summary, the major biologically driven interacis from a LULCC or LMC perspective between the
atmosphere and the terrestrial biosphere resuth fitte following changes. (i) The total productivity the
ecosystem as affected by changes in photosynthesissoil microorganism activity and conditioned the
availability of water and nutrients (N) thus restin the release or absorption of £X0/from the atmosphere
Enhanced exchange of reactive trace gases;(BMOCs, NQ) and their subseguent impact on nutrient

budgets locally and regionally and their subseqimepécts on local and meso climates. In the sesti@iow, we
discuss some examples of these biological intenastas influenced by three LULCC and LMC
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6. _Chemical processes in the atmosphere

Terrestrial ecosystems are both sources (nitrogelnosganic species, particles) and sinks (ozonénfiance

through deposition on vegetative surfaces) of chehtiompounds. Along their life, even trace amsuftthese
reactive gaseous and particulate matter (calledsats) interact and influence the Earth systenaraiel scales,

regarding climate evolution, and at regional-losedles, regarding air quality. Air pollutants, b es and
aerosols, threaten human and ecosystem healthaanidecdirectly emitted (primary pollutants), or gwoed b
reactions between primary pollutants (so calledséary pollutants). Any modification in the landgeastructure,
land-use or land management therefore has thettenmodify the air chemical composition. Songeieultural
practices are shown in the literature to affecaglity. This is the case of fertilization as ais® of ammonia,
fires as a source of ozone precursors and aerasdtd|ow periods as a source of coarse aeroBothis section

we will focus especially on secondary pollutantshsas ground-surface ozonesJ@nd secondary aerosols, that
strongly affect air quality and whose productidfetime and deposition involve the terrestrial Ipbsre, as

demonstrated in several publications.

- Compound emissions

Natural sources contribute 90%of global annual \E@ssions (BVOCs, mainly from vegetation, with anami
contribution from oceans), while anthropogenic seufAVOCs, e.g., motor vehicle exhaust, solvenismbss
burning) only contribute 10% (Simpson et al., 19 Cs include thousands of different species. on
BVOCs, isoprene and monoterpenes are the most abtynvdth isoprene that contributes around 50%eftotal
BVOC emissions and is mainly released by tropical @mperate vegetation, whereas monoterpeneskngstr
around 15% and are mostly emitted by boreal vei rneth et al., 2008). These secondary mettdshiave
been shown to play an important role for planterftiotolerance, plant protection against abiotiesstors, plant-

lant or plant-insect communication, etc.) (e.@fiielas and Llusia, 2003). Broadleaf and needfef ts are
usuallymuch stronger BVOC emitters compared to crops aasktands. Temperature, radiation, water stress and
atmospheric C@concentration are strong external drivers of B\VE&ssions (Pefiuelas and Staudt, 2010). With

a lifetime of a few minutes to hours, BVOCs ar ctive gases that play an important role irt mistr

i.e. roduction), and contribute to the formation afdgnic secondary organic aerosols (BSOAs) (Atkinson
and Arey, 2003).

Agricultural fertilization and natural soil

nitrogen compounds, such as nitrogen oxide (NO)raindgen dioxide (NG). These two compounds are treated

as a unique family (i.e., nitrogen oxides, NOx) daeghe rapid cycling between NO and N@uring daytime

about one minute), while the NOx family is maig osed by N@at night-time. Overall, the lifetime of NOx

is approximately one day. At the global scale, NBxmainly emitted by anthropogenic sources (fgsil fuel

combustion, biomass burning) and more moderatelighyning.
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- Surface ozone
Ozone is a highly reactive compound that is presetfite stratosphere, where it protects life ortlEiom ultra-
violet (UV) radiations, in the troposphere and elés the surface, where it threatens human and p&aith due

Surface Qproduction relies on the imbalance betwegmf@duction via NQ photolysis (i.e., NO reactions with
eroxy radicals, Hg) and Qremoval via reaction of Qwith NO. Organic peroxy radicals (i.e., RGrom the
oxidation of VOCs in forested (BVOC-dominated) agtiy polluted (AVOC-dominated) regions also comitri

to roduction. While @removal depends ol otolysis, reactions with radicals (e.g., OH a n remote

regions, and dry deposition. The €hemistry is characterized by two different phbemical regimes, driven by
NOx and VOC concentrations: the NOx-sensitive regiwith relatively low NOx and high VOC concenteeis,

Os increases with increasing VOC levels and decreasts increasing NOx (Sillman, 1999). Natural and
anthropogenic ecosystems can therefore both infei¢ne level of ozone concentration in the atmasphas
sources of compounds involved in the ozone cycld,l@ impacted by the ozone oxidizing effect, depenon
the pollution level.

- Secondary aerosols
Atmospheric aerosol particles originate from adavagriety of natural and anthropogenic sources| imar
aerosols are directly emitted as liquid dropletsalid particles (e.g., mineral dust, sea sal Iblack carbon

from diesel engines or biomass burning), secondargsols result from gas-to-particle conversiorco8dar
aerosols include inorganic (e.q., sulfate, nitr organic species (named organic aerosols, €&} species

typically contributing about 10-30% of the overaiss load. However, both location and meteorolbgica
conditions strongly influence the air compositiomahe relative abundance of different aerosolgy@einved et

al., 2005; Deng et al., 2012).

In_the last two decades, BVOCs have been identifiedprecursors of BSOAs, with monoterpenes and
sesquiterpenes having a large potential to proB&@As (Kanakidou et al., 2005). Isoprene has a nmaesol

production yield but still significantly contribig¢o BSOA mass due to its abundance over total B¥@{Ssions
and its large global source, especially during semarlton et al., 2009). BSOA production showki

variability that depends on external factors susteanperature and relative humidity (both playingiaor role),

extent and rate of reactions) and NOx levels. Garét al. (2009) observed the lowest SOA yieldseuridigh

NOXx” conditions, whereas “NOXx-free” conditions lemthe highest measured SOA yields. Being involved
the absorption and scattering of radiation (diegfeict) and into the alteration of cloud properfieslirect effect),
BSOA, and SOA in general, can influence the ragiabalance of the Earth, and therefore influenamate
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(Forster et al., 2007). However, the exact contidbuof BSOA to the radiative forcing is still venncertain
(Scott et al., 2014).

To form secondary aerosols, gas-to-particle coiverbegins in the atmosphere with the oxidationjallg
sustained by sunlight, of high volatility precursgases (e.q., SONOx and VOCs, emitted especially from
terrestrial ecosystems) into low volatility gases)(, sulfuric and nitric acid, ammonia, organtbs) nucleate into
stable molecular clusters (the ultra-fine mode®-1M> mm size range). Depending on ambient conditions,
aerosols can still grow in size via condensatiogases onto the nucleated aerosol or coagulaten ¢ollision

of two aerosols). The final aerosol size stron ines multiple aerosol properties such agtieeadction with
radiation, impacts on human health, and aerogiirile and sinks. Typically, secondary aerosolsrgim to the

fine-mode have an atmospheric lifetime of aboutweweeks and can be removed from the atmosphai@yn
via wet deposition (also termed scavenging), wiiilarse-mode aerosols, such as primary aerosolstfaient!

removed by dry deposition.
Among secondary aerosols, sulfates, nitrates andaginm are produced primarily from atmospheric

reactions involving, respectively, sulfur dioxi mainly emitted from fossil fuel and biomass bag)i NOx

and ammonia (Nk largely emitted by domestic animals, synthetitilieers, biomass burning, and crops). Over
half of atmospheric SQOs converted into sulfates, and half of emittedsé+tonverted into ammonium aerosols.
Together with nitrates, ammonium represents thenrfaim of atmospheric nitrogen aerosols and mayigeo
nutrients to vegetation growth in nitrogen limitegstems (Mahowald et al, 2011). It is also wortmtioain
phosphorus, a nutrient that plays a key role fonyriaving organisms and is mainly present in the@gphere in
the aerosol mode. However, among atmospheric derdbe phosphorus composition, together with iitg,s
geographical distribution and emission sources iemaorly characterized and investigated (Furuginal.,
2010).

Organic aerosols altogether contribute ~20-50%etdtal fine aerosol mass at mid-latitudes and BOfepical
forested regions (Kanakidou et al., 2005). Depemdim the season and the location, secondary organasols

(SOASs) contribute 20-80% of measured mass of OAs.
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