Response to Reviews

We would like to thank the reviewers for their comments and suggestions. We have addressed these
below (in blue below original comment).

REVIEWER #1

This fascinating paper applies a systems-engineering modeling approach to assess the impact of 1850
versus 2000 land cover fraction changes on short-lived precursor emissions and the resultant atmospheric
ozone and aerosol effects. The study examines the chemical sensitivity to the land cover change
fractions under both 1850 and 2000 chemical background states (in terms of anthropogenic short-lived
precursor emissions not the physical climate), in part to offer a useful uncertainty range estimate. The
NH3/NOx/nitrate results are especially interesting and consistent with the recent Bauer et al., GRL 2015
results, also the Lelieveld et al., Nature, 2015 finding that agriculture is the main driver of particulate-
related human health impacts in Europe. The paper is an important contribution to emerging land-
chemistry-climate science and deserves to be published in ACP once the following technical issues are
addressed:

We appreciate these supportive comments and are pleased that the article was well received.

1. The main concern is that all simulations apply year 2010 meteorology. The underlying assumption is
that surface albedo, energy and water changes caused by different land cover types have zero impact on
atmospheric chemistry and aerosols. The manuscript needs to include clear statements about the missing
meteorological feed backs. Perhaps a more appropriate title would be something like: ““..Impact of
Historical Land Use Change Emissions”

We agree with the reviewer that (by design) we did not consider how feedbacks from meteorological
changes (driven by land use change) could impact atmospheric composition. The goal of the paper (to
focus on biosphere-atmosphere exchange processes only) is provided in the first paragraph, however, we
agree with the reviewer that we should better clarify that we are excluding meteorological feedbacks in
our study (see text additions below). Given that we explored the impact of land use change on deposition
as well as emissions, the suggested modification to the title would not be appropriate.

Modifications:

a. Page 3, line 12-15: edited sentence (additions in bold): “we aim to complement previous
investigations and explore the impacts of historical global anthropogenic land use change on
biosphere-atmosphere exchange processes and the resulting perturbations to secondary PM
and ozone.”

b. Page 4, lines 25-29: added text: “Land use change modulates surface albedo, energy, and water
exchange (Pielke et al., 2002; Pielke et al., 2011; Pitman et al., 2009) which may feedback on
atmospheric composition (Ganzeveld et al., 2010; Ganzeveld and Lelieveld, 2004). Unger (2014)
suggest that these feedbacks are small compared to the perturbation in BVOC emissions from
historical land use change. By design, by fixing meteorology at year 2010, we do not quantify
these impacts in this study. Rather, our simulations focus on the direct impact of changes in
biosphere-atmosphere exchange.”



2. There is an extensive existing literature and multiple international assessment programs on the
climatic effects of human land cover change through biophysical, albedo and meteorological
changes. This paper essentially has pre-concluded that these water/energy/radiative changes have
negligible impact on chemistry and aerosols, and only the short-lived precursor emissions changes
are important. In fact, the meteorological/biophysical effects are apparently so unimportant to
chemistry that they are not even mentioned. What is needed is a clear discussion of why
albedo/biophysical/meteorological feedbacks have not been included in this analysis and how their
inclusion would impact the results.

The reviewer is correct, and we certainly did not mean to give the impression that this body of work does
not exist or that these impacts are not important. Rather, these processes are not the focus of our analysis.
We believe that the text addition described in the point above clarifies this. We have also added some text
in the conclusions to reiterate this point.

Modifications:
c. See above point b
d. Page 11, lines 11-13: added text: “We also do not consider the meteorological feedbacks on
atmospheric composition associated with land use change; more work is needed to quantify how
these feedbacks compare to the direct perturbations associated with biosphere-atmosphere
exchange.”

3. It is an excellent and efficient strategy to archive gridded radiative efficiencies that can be used
in conjunction with global CTM-derived ozone and aerosol burden changes to assess radiative forcing
impacts. However, the radiative efficiencies applied in this study are based on present day surface albedo
and atmospheric water and cloud content etc. This seems to be wrong. The scattering aerosols (nitrate
and BSOA) are quite sensitive to underlying surface albedo. For example, whether the underlying
surface is covered in dark forest or bright crop/pasture can have a large quantitative impact on the
local/regional aerosol radiative forcing. Atmospheric water content and cloud cover will also impact the
aerosol radiative forcing results. There may be some effects on the SW ozone forcing too.

The reviewer is correct that we fixed surface properties to present-day values. This may be a limitation of
our study (the use of present-day clouds and water vapor are consistent with our use of present-day
meteorology) and we have now added text to clarify this assumption. However, for scattering aerosols we
do not expect the impact of modest changes in surface albedo (the Encyclopedia of Soil Science gives the
range of albedo for forests as 0.05-0.2 and for croplands as 0.1-0.25) on TOA radiative fluxes to be large
(see for example, Haywood and Shine, 1997).

Modification:
e. Page 4, line 20-21: added text: “We note that these radiative efficiencies are estimated using
present-day land reflectances.”

4. Assessing the impacts of land cover change on climate is a challenging multidisciplinary field.
Therefore, it is critical for the chemistry-climate community to be extremely clear in their novel
assessments that may be viewed by scientists from other disciplines (e.g. carbon cycle, surface
biophysical climate communities) who may be less familiar with nuances in the atmospheric chemistry.
For this reason, I recommend to modify the paper text carefully such that forcing values from Ward et al.,
2014, Unger et al., 2014 and this study are not directly compared. These 3 exciting studies all examine



rather different aspects of human land cover change effects on chemistry-climate interactions using
completely different experimental design protocols. Indeed, the authors are quick to point out when their
own results differ: “This value is smaller than the LULCC change in DRE (+0.034 Wm-2) estimated by
Heald and Spracklen (2015)...is therefore not directly comparable”. Yet, they proceed to compare Ward et
al. 2014 and Unger et al. 2014: “We note here that the forcing estimated by Unger (2014) is of the
opposite sign of that estimated by Ward et al. (2014)”, which is fundamentally misleading to readers.
Ward et al., 2014 includes methane, dust, fire and carbon changes, whereas Unger (2014) focuses on
BVOC emission changes and physical climate feedbacks. Consider that global chemistry-climate models
give a wide spread of ozone and aerosol results even when based on carefully designed harmonized
experimental protocols (e.g. ACC-MIP)! Here, the authors are attempting to compare directly quantitative
values from totally un-harmonized experiments that address different forcing components. Ultimately, a
coordinated LU-AerChem-MIP multi-model assessment is needed if a single attributed LULCC-chemical
forcing of global climate is to be determined, (if that exists).

We appreciate the reviewer’s point. And yet, given that there are limited studies on this topic, we think it
is important that the quantitative results (and how they differ) be clearly discussed. Our objective in
contrasting the results of Ward et al. and Unger in the Introduction was to highlight that they reach very
different overall conclusions regarding the impact on land use change. The text does carefully indicate
how these studies differ so the reader is made aware that they did not assess the same changes in the same
way. To emphasize this we have added an additional sentence to the Introduction.

Modification:
f. Page 3, lines 7-8: added text “However, it is critical to note that these studies differ fundamentally
in design and in the processes and species considered, highlighting the complexity of this forcing
and the need to quantify specific impacts.”

5. Methane. The authors include an interesting discussion of the oxidation capacity consequences of
omitting the expanding rice production. In addition, (i) animal husbandry/livestock is a large global
source of methane emissions (ii) the land use-induced short-lived precursor emission changes (NOx,
BVOC:s etc.) would influence the methane lifetime itself too.

We agree that livestock represents an additional source perturbation associated with land use conversion.
We note that we have assessed the impact of short-lived precursor emission changes on OH (and the
methane lifetime) in Section 5, but this does not feedback on methane concentrations. We add these
points to the text.

Modifications:
g. Page 4, lines 31: text added in bold: “changes in local methane sources (e.g. expansion of rice
paddies, growth in livestock).”
h. Page 4, lines 31-34: added text: “Methane concentrations also do not respond to the changes in
oxidative capacity associated with land-use driven changes in short-lived precursor emissions
(assessed in Section 5).”

6. The authors conclude that the BSOA and ozone global forcing results are qualitatively similar to
those in Unger et al., 2014, but that the magnitude difference is mostly caused by differences in
estimating the BVOC emissions change due to land use change. Does this mean that global BVOC-o0zone



and BSOA land use forcing depends mostly on BVOC emissions and is largely independent of the
(complex) BVOC photochemical oxidation mechanisms under development? i.e. are current massive
uncertainties in isoprene oxidation under different NOx regimes largely irrelevant for BVOC impacts on
global climate? Based on current available information/evidence, the answer is yes.

This is a great question! We have not compared the chemical mechanism in the GISS model used by
Unger and the GEOS-Chem simulation we used, however it is likely that there are significant differences
in the treatment of BVOC oxidation, and we agree that uncertainties on this are large (we state this as a
source of uncertainty in our results in the Conclusions). However, it does appear that to first order, the
different treatment of BVOC emissions is the primary factor responsible for the differences in our study
(as stated in the text). Quantifying the relative role of chemistry and emissions is beyond our capabilities
(we do not have access to the GISS model) or the scope of this paper, but it would indeed be an
interesting question to address in a LUC-MIP. In addressing another point by Reviewer #2 (Modification
k listed below) we have added text to the Conclusions calling for a LUC-MIP.

7. In addition to the mapping of human land use onto the x-PFTs in global models, I suggest that the
assigned PFT-specific basal emission rate for BVOCs is a large driver of the uncertainty too that needs to
be discussed. For example, at least, if this study assigned a zero or v. low basal rate for pasture/grass
PFT, would the results be even more consistent with Unger et al., 2014?

Yes, the Reviewer is correct. This was implicit in our description of the differences between our treatment
and Unger and stated on page 6. We have added additional text to re-iterate this point in the conclusions.

Modification:

i.  Page 11 lines 4-5: text added in bold: “We attribute differences between our more modest
estimates of LUC-DRF for BSOA and O3 and those of Unger (2014) to differing treatments of
pasturelands in the respective models, and thus the assumed BVOC basal emission rate for
pasturelands.”

8. Does the SOA condensation model here depend on pre-existing OA levels? In which case the
BSOA results would be sensitive to the assumed fire emissions that are prescribed to year 2010 in the
study. Would burning be higher in some regions in 1850, leading to potentially even higher P BSOA
than reported here?

Yes, the model includes a reversible partitioning scheme which is dependent on pre-existing OA levels.
Some studies indicate that fire activity was higher in pre-industrial and has declined due to the influence
of human suppression (e.g. Marlon et al., 2008; Kloster et al., 2010), though some inventories suggest that
fire emissions were lower in 1850 (e.g. Lamarque et al. 2010). Regardless, we are interested only in
characterizing the changes in SOA driven by LUC, therefore any additional changes in OA partitioning
driven by changes in fire emissions should be attributed as a fire feedback (not a LUC-driven effect). As
we state on page 5, agricultural fires associated with cleared land make up a very modest fraction of total
global fire emissions, therefore accounting for the LUC-driven fire emissions would modestly (likely
negligibly) impact the global BSOA burden. Active deforestation could of course dramatically impact OA
partitioning in a given year, but this is not a long-term perturbation, and is therefore not characterized
here.



9. For IPCC-standard radiative forcing results, uncertainty ranges are needed. Naked values like -0.071
Wm-2, and -0.01 Wm-2 seem small and meaningless esp. without uncertainty ranges. Are these numbers
statistically significant with 95% confidence relative to inter-annual climate variability in the model?
Quantitative information is needed on the statistical robustness of the results. The authors argue in the
abstract that these global forcing values are ‘substantial’. That is a matter of debate e.g. the CO2 value is
1.8 Wm-2. Are 0.5-2% of the CO2 historical forcing values ‘substantial’? Or are they simply lost in
inter-annual climate variability?

We agree that uncertainties are required for an IPCC-type of assessment, however as these experiments
are not representative of the type of chemistry-climate experiment included in the IPCC, we have neither
the ensemble nor the multi-model statistics that enable this kind of estimate. And as we do not
characterize any climate feedbacks, we cannot comment on how our values compare to natural variability.
We argue that our results are substantial in light of the direct forcing of these specific species driven by
anthropogenic emissions, or climate feedbacks (stated explicitly in last page of the manuscript), not
relative to CO2. We have added a sentence to clarify this.

Modification:
j.  Page 10, lines 29-30: text added: “We note that these estimates are obtained with fixed 2010
meteorology, and therefore we have not assessed the interannual climate variability against which
these values can be compared for significance.”



REVIEWER #2

This paper examined the impacts of historical land use change (LUC) and the associated agricultural
emission change (AEC) on ozone and secondary particulate matter between preindustrial and present
day. The main conclusion is that LUC+AEC result in increased burden of nitrate but decreased
burden of BSOA and ozone. Such changes further induce radiative perturbations which present a strong
cooling forcing since 1850. This is a fantastic work and analyses are comprehensive. Some minor
revisions are required before the publication.

We thank the reviewer for their positive comments.

1. Some results presented in the study may be model dependent. The authors applied GEOS-Chem (GC)
model in their study. Although the GC is a widely used and validated CTM, some inherent characteristics
may definitely affect the changes in atmospheric chemistry. For example, to explain why the surface
nitrate shows large deviations but tropospheric nitrate burden shows small differences between
simulations using 1850 and 2000 anthropogenic emissions, the authors claim that “the increase in
surface nitrate from pre-industrial to present-day is controlled more by the rise in anthropogenic NOx
emissions than the rise in agricultural ammonia emissions, while the increase in the burden of
tropospheric nitrate is driven primarily by the increase in ammonia”. Are there any observations
supporting such conclusion? Similar problems exist for ozone changes (shown in the detailed comments
below). The authors need to discuss the possible uncertainties of these responses and reminder readers
that the predicted changes in atmospheric composition is somewhat model-dependent.

The reviewer makes a good point that all modeling results are, to some extent, model dependent (hence
the value of multi-model assessments). To our knowledge, none of our results are exceptionally
dependent on the use of the GEOS-Chem model, however we allow that such dependencies (on the
specific chemistry scheme, on the GMAO meteorology, etc.) may exist. We add a sentence to
acknowledge this. Unfortunately we do not have observational constraints over the pre-industrial to
present-day to verify our results, and this must therefore be considered purely a modeling study based on
our current knowledge of biosphere-atmosphere exchange and atmospheric chemistry.

Modification:

k. Page 11, lines 19-23: text added: “The simulations analysed in this study were performed with
one chemical transport model (GEOS-Chem); the degree to which model-specific treatments of
chemical oxidation, aerosol formation, and meteorology may impact the results cannot be
assessed here. Thus, additional modelling investigations using alternate model schemes are
required to better characterize the uncertainty surrounding the impact of land use change on air
quality and climate forcing.”

2. The authors performed sensitivity experiments to isolate the impacts of LUE and AEC (Table 2) but
did not present those results in their analyses. Based on the qualitative explanations, we can understand
that the large enhancement of nitrate is mainly attributed to AEC, the reductions in biogenic secondary
organic aerosols (BSOA) is dominantly driven by LUC, and the decline of ozone burden is a compound
result of AEC and LUC, and the impacts of LUC seem to overweigh that of AEC. However,
without quantitative numbers, we do not know the individual contributions of LUC and AEC. I suggest
that the authors add a new Table to summarize changes in atmospheric composition due to different
drivers (LUC, AEC, and LUC+AEC) as indicated in Table 2.



We have expanded Table 3 to include the quantitative differences in the simulations as requested.

Modification:
l.  Table 3 now separately specifies emissions changes due to LUC, and LUC+AEC

3. Definition of LUC is confusing. Sometimes, LUC refers to LUC+AEC: “The global annual mean
tropospheric burden of aerosol nitrate increases almost 4-fold due to historical LUC (Table 4)”. In the
following sentence, however, LUC refers to land use change alone: “This increase is almost entirely
the result of ammonia emissions increases; land use change alone (simulations 1 vs 2; see Tables 1 and 2)
increases the tropospheric burden of nitrate by only 1.1%”. In addition, the phrase “land use change”

is used frequently after the definition of abbreviation “LUC” in the paper. Similar problem exists for
‘DRF’ and ‘BSOA’. Some clean-up work is required for the clarity.

We appreciate the reviewer’s suggestion. We defined LUC to incorporate the net results of land use
change and the associated agricultural emissions changes (and present only those results in the paper). We
have clarified this in the text.

Modifications:
m. Page 5, lines 15-16: added text: “We focus our results on the net impacts of land use change
along with the associated changes in agricultural emissions (which we collectively refer to as
LUC), unless otherwise specified.”
n. We have replaced most usages of “direct radiative forcing” with DRF and most usages of “land
use change” with LUC in the text.

SPECIFIC
1. The title of the paper may be more appropriate as “The Impact of Historical Land Use Change From
1850 to 2000 on Ozone and Secondary Particulate Matter”

We agree, and have made this change.

2. Page 9 Line 2: “where soil NOx emissions increase due to land use change”, here NOx emissions are
due to AEC instead of LUC. Similar statement in the paper needs to be clarified.

In fact the changes to soil NOx are due to both LUC and agricultural emissions (as shown in Table 3). As
we have defined LUC to include both land use change and the associated agricultural emissions, this
sentence remains unchanged.

3. Page 9 Lines 2-5: “Ozone production is widely NOx limited under 1850 anthropogenic emissions,
and thus the ozone production efficiency of additional soil NOx emissions is considerably higher, and
outweighs the impact of elevated deposition velocities for ozone due to LUC” This cannot explain why
the burden of ozone is still decreased due to LUC with 1850 anthropogenic emissions.

We believe the reviewer may have misinterpreted the sentence. The purpose of this sentence is to explain
the contrast in surface concentrations when using 1850 anthropogenic emissions (vs. 2000 anthropogenic
emissions) NOT the difference in the burden. The changes in surface concentrations are modest and
localized and translate in both cases to a very small decrease in burden. This is consistent with Figures 7,
8,9, and 10.



4. Page 9 Line 19: “DRE” means “direct radiative effect” or just typo for “DRF”?
Thank you for catching this. We have added text to define DRE as “direct radiative effect”
5. Figure 5 caption: Changes of soil NOx and ammonia are caused by AEC instead of LUC.

In fact the changes to soil NOx are due to both LUC and agricultural emissions. We have clarified the
caption.
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Abstract. Anthropogenic land use change (LUC) since pre-industrial (1850) has altered the vegetation distribution and
density around the world. We use a global model (GEOS-Chem) to assess the attendant changes in surface air quality and the
direct radiative forcing (DRF). We focus our analysis on secondary particulate matter and tropospheric ozone formation. The
general trend of expansion of managed ecosystems (croplands and pasturelands) at the expense of natural ecosystems has led
to an 11% decline in global mean biogenic volatile organic compound emissions. Concomitant growth in agricultural activity
has more than doubled ammonia emissions and increased emissions of nitrogen oxides from soils by more than 50%.
Conversion to croplands has also led to a widespread increase in ozone dry deposition velocity. Together these changes in
biosphere-atmosphere exchange have led to a 14% global mean increase in biogenic secondary organic aerosol (BSOA)
surface concentrations, a doubling of surface aerosol nitrate concentrations, and local changes in surface ozone of up to 8.5
ppb. We assess a global mean LUC-DRF of +0.017 Wm?, -0.071 Wm, and -0.01 Wm™ for BSOA, nitrate, and tropospheric
ozone, respectively. We conclude that the DRF and the perturbations in surface air quality associated with LUC (and the
associated changes in agricultural emissions) are substantial and should be considered alongside changes in anthropogenic

emissions and climate feedbacks in chemistry-climate studies.

1 Introduction

Humans have dramatically altered the land surface of the Earth, affecting over half of the land surface and permanently
clearing over % of the planet’s forests (Hurtt et al., 2006; Vitousek et al., 1997). Land use changes have accelerated with
population growth, with 64% of cropland growth occurring since 1850 (Hurtt et al., 2011). These substantial shifts in land
use have perturbed the exchange of carbon, water, and energy between the biosphere and atmosphere, impacting weather,
and climate (Pielke et al., 2002; Pitman et al., 2009). Land use change-EUE€) also alters the biosphere-atmosphere exchange
of gases and particles that impact air quality and contribute to short-lived radiative forcing, however few studies have

quantified these effects (Heald and Spracklen, 2015).

Particulate matter (PM) and tropospheric ozone are deleterious to human health and dominate uncertainty in current

estimates of global climate forcing (IPCC, 2013). Air pollution is the leading environmental cause of premature mortality
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world-wide (OECD, 2012); exposure to ambient PM and surface ozone was responsible for over 3.7 million premature
deaths in 2010 (Lim et al., 2013). The most recent IPCC estimates that tropospheric ozone and aerosols contribute +0.40
Wm? and -0.35 Wm? respectively to global direct radiative forcing (DRF) (IPCC, 2013). PM and ozone are short-lived
climate pollutants, with lifetimes of about a week and about a month, respectively (Balkanski et al., 1993; Young et al.,
2013). As a result, reductions in the concentrations of the warming components (ozone, black carbon) may be an effective
strategy for mitigating near-term climate change (Shindell et al., 2012). At the same time, the short lifetimes of these species
coupled with the multitude of physical and chemical sources, limits confidence in estimated global climate forcing from
these species (Myhre et al., 2013; Stevenson et al., 2013). In addition, the impact of anthropogenic land use change are not
included in these estimates of PM and tropospheric ozone radiative forcing.

The terrestrial biosphere is a source of organics and nitrogen oxides (NOx) that can contribute to PM and ozone formation.
Biogenic volatile organic compounds (BVOC) emitted from vegetation, such as isoprene and monoterpenes, react quickly in
the atmosphere to form low-volatility vapours that can condense to the particle phase and produce secondary organic aerosol
(SOA) (Hallquist et al., 2009). Given sufficient NOx, this oxidation of BVOCs can also produce ozone. However, in clean,
NOx-poor conditions, these BVOCs can react with and therefore consume ozone (Wang and Shallcross, 2000). The emission
of BVOC depends strongly on the type and density of vegetation (Guenther et al., 2012). Similarly, microbial sources of
nitrogen oxides from soils vary with land use, and with canopy density (Hudman et al., 2012). Managed ecosystems, such as
croplands and pasturelands, are the dominant source of ammonia emissions to the atmosphere through emissions from
fertilizer and domesticated animals (Erisman et al., 2008). In combination with nitric acid formed from the oxidation of
NOx, ammonia can produce ammonium nitrate, an increasingly important source of inorganic PM in regions where sulfur
emissions controls substantially reduce sulfate (Paulot et al., 2016; Pinder et al., 2007). The terrestrial biosphere is also a
sink of gases and particles. In particular, the dry deposition of ozone at the surface accounts for ~20% of the ozone loss in
the troposphere (Stevenson et al., 2006). This removal is most efficient over high density vegetation and croplands via
stomatal uptake. Perturbation to vegetation and transitions between land types alter these fluxes, with implications for PM

and ozone.

Tree mortality, for example associated with insect infestation or disease, can modulate biosphere-atmosphere exchange,
generating transitory perturbations in air quality (Berg et al., 2013; Geddes et al., 2016). However, conversion of land cover,
for example via clearing, can lead to long-term changes in surface properties and therefore atmospheric composition. A
number of studies have explored how both natural and anthropogenic future land use change may impact atmospheric
chemistry (Ganzeveld et al., 2010; Heald et al., 2008; Wu et al., 2012). Few studies have explored the impact of historical
land use change on PM and tropospheric ozone. As a result, anthropogenic land use change is absent from most estimates of
radiative forcing from aerosols and tropospheric ozone. Ward et al. (2014) investigate the impact of land use and land cover
change (LULCC) on greenhouse gases (including tropospheric ozone) and aerosols. They estimate that historical changes in

LULCC result in a radiative forcing of +0.12 Wm for ozone and -0.04 Wm? for aerosols (-0.02 Wm direct, -0.02 Wm?
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indirect) relative to 1850. In this study the increase in ozone associated with LULCC is largely associated with the increase
in methane and fires with partial compensation due to a 6% increase in ozone dry deposition. Their estimate of aerosol
forcing is not disaggregated by species, but includes dust, biogenic SOA, and smoke. Unger (2014) suggests that land use
change is responsible for -0.13 Wm™ of radiative forcing from tropospheric ozone, and +0.09 Wm? from biogenic SOA

(direct only), primarily due to decreases in BVOC emissions since 1850-

...... of that-estimated-bv-Ward-et-a 014

for BSOA-alone)—These two assessments of radiative forcing of ozone and PM associated with land use do not agree on the

sign of the forcing. However, it is critical to note that these studies differ fundamentally in design and in the processes and

species considered, highlighting the complexity of this forcing and the need to quantify and compare specific impacts. -A
review of the potential impacts of land use change on air quality and climate, suggests that historical LULCC has led to an

aerosol direct radiative cooling of ~ -0.10 Wm, roughly 30% of current estimates of aerosol direet-radiativeforeingDRE
(Heald and Spracklen, 2015). However, this review also points out the large uncertainty associated with these changes and
the need for additional modelling studies on this topic. With this study, we aim to complement previous investigations and
explore the impacts of historical global anthropogenic land use change on biosphere-atmosphere exchange processes and the

resulting perturbations to secondary PM and ozone.

2 Model Description

To characterize the impact of historical land use change on air quality, we use v9-02 of the global chemical transport model
GEOS-Chem (www.geos-chem.org). GEOS-Chem is driven by assimilated meteorology from the Global Modeling and
Assimilation Office (GMAO). Here we use GEOS-5 meteorology for the year 2010. The native resolution (0.5°x0.67°

horizontal resolution with 72 vertical levels) is degraded to 2°x2.5° and 47 vertical levels for computational efficiency.

The GEOS-Chem oxidant-aerosol simulation includes H>SO4-HNOs3-NH;3 aerosol thermodynamics described by
ISORROPIA II (Fountoukis and Nenes, 2007; Pye et al., 2009) coupled to a detailed HOx-NO4-VOC-O; chemical
mechanism. The model scheme also includes primary carbonaceous aerosols (Park et al., 2003), sea salt acrosol (Alexander
et al., 2005; Jaegle et al., 2010), and soil dust (Fairlie et al., 2007; Ridley et al., 2013). Secondary organic aerosol (SOA) is
produced from the oxidation of biogenic hydrocarbons, aromatics, and IVOCs and represented with a volatility basis set

approach (Pye et al., 2010; Pye and Seinfeld, 2010).

In this study, global anthropogenic emissions for 1850 and 2000 follow the Representative Concentration Pathway (RCP)
historical emissions dataset (van Vuuren et al., 2011) as implemented by Holmes et al. (2013). These include fossil fuel,
biofuel, and agricultural emissions. Fire emissions are specified using GFED3 for the year 2010 (van der Werf et al., 2010),
consistent with the meteorology, and are fixed for all simulations. Methane concentrations are similarly fixed at year 2010

levels.
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We use the GEOS-Chem land use module recently developed by Geddes et al. (2016) to specify consistent surface properties
and to simulate surface-atmosphere exchange processes. These include the emissions of BVOC, the emission of NOx from
soils, and dry deposition of gases and particles. The land module uses 16 plant functional types (PFT), consistent with those
described by the Community Land Model (CLM) (Lawrence et al., 2011). The total leaf area index (LAI) is calculated
interactively based on the PFT distribution and PFT-specific seasonal LAI taken from the CLM, derived from MODIS
observations. BVOC emission factors for these PFTs are scaled online by activity factors describing emission response to
light, temperature, leaf age, and CO> following MEGAN v2.1 (Guenther et al., 2012). The PFTs are mapped to the biomes
used for the soil NOx emissions scheme described by Hudman et al. (2012). This parameterization includes biome-specific
emissions, as well as re-emission of wet and dry deposited nitrogen and fertilizer and manure nitrogen, all modulated online
by temperature, soil moisture, and rain. Finally, dry deposition is based on the resistance-in-series scheme of Wesely (1989),
with aerosol-specific deposition described by Zhang et al. (2001). The surface resistance for gases includes resistances to the
ground, lower canopy, and vegetation, all of which are driven by fixed parameters for 11 land use types specified in the
original Wesely (1989) parameterization. The PFTs are mapped to these 11 land use types. In addition, the aecrodynamic
resistance and quasi-laminar resistance calculations were altered to use biome-specific roughness heights (which will reflect

specified land use), rather than values from the assimilated meteorological product.

To estimate the shortwave and longwave flux perturbations associated with tropospheric ozone and aerosols we apply the
local (gridbox) monthly mean radiative flux-to-burden relationship for each species archived from previous simulations
(Heald et al., 2014) to changes in simulated burden. The simulation of Heald et al. (2014) uses a similar version of GEOS-
Chem (v9.01.03) with identical meteorology and spatial resolution to the simulations explored in this study, ensuring that

this offline application of radiative efficiency is a good approximation. We note that these radiative efficiencies are estimated

using present-day land reflectances. The physical and optical properties assumed for aerosol species and the RRTMG

radiative transfer model are described in Heald et al. (2014).

In this study we perform a series of simulations to explore the impact of land use change (and the associated changes in

agricultural emissions) on ozone and aerosols (Table 1). All simulations are performed with year 2010 meteorology, fire

emissions, and methane concentrations. Land use change modulates surface albedo. energy. and water exchange (Pielke et

al., 2002; Piclke et al., 2011; Pitman et al., 2009)_which may feedback on atmospheric composition (Ganzeveld et al., 2010;

Ganzeveld and Lelieveld, 2004). Unger (2014) suggest that these feedbacks are small compared to the perturbation in BVOC

emissions from historical land use change. By design, by fixing meteorology at year 2010, we do not quantify these impacts

in this study. Rather, our simulations focus on the direct impact of changes in biosphere-atmosphere exchange. By keeping

methane concentrations constant we neglect changes in oxidative capacity driven by changes in local methane sources

associated with agriculture (e.g. expansion of rice paddies, growth in livestock). Methane concentrations also do not respond

to the changes in oxidative capacity associated with land-use driven changes in short-lived precursor emissions (assessed in

Section 5). Given the challenges associated with identifying dust regions produced from human-driven desertification
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(Ginoux et al., 2012), we keep this source constant and do not characterize the land use change impacts on dust. While land
use change can produce large fire events, for example, deforestation fires associated with land clearing, these fires are
typically transitory and vary considerably year-to-year (Hansen et al., 2013; van der Werf et al.,, 2010). Regular fire
emissions associated with land use change, such as agricultural waste burning, make up less than 5% of global annual smoke
emissions (van der Werf et al., 2010). Ward et al. (2014) explore the impacts of historical LULCC impacts on dust and
smoke. In this study we focus on the impact of land use change on secondary aerosol and ozone formation. We also perform
a set of simulations to separately estimate the impact of increasing agricultural emissions associated with land use change. In
these simulations we assume that all changes in agricultural emissions of ammonia from 1850 to 2000 in the RCP emissions
inventory are associated with land use change (i.e. conversion to either croplands or pastures). In addition, for 1850
agricultural emissions, we scale down the fertilizer source of soil NOx emissions to 15.7% of year 2000 values (equivalent to
the global 1850:2000 ratio for agricultural sources of ammonia in the RCP emissions). We perform simulations to isolate the
impact of anthropogenic land use change alone, agricultural emissions changes alone, and both together as described by
Table 2. We perform each set of simulations under both pre-industrial (2000) and present-day (2000) anthropogenic (non-
agricultural) emissions to bracket the potential range of these impacts depending on the background atmospheric conditions.

We focus our results on the net impacts of land use change along with the associated changes in agricultural emissions

(which we collectively refer to as LUC), unless otherwise specified.

3 Land Use Change from 1850 to 2000

Figure 1 shows the present-day (2000) distribution of vegetation used here grouped from 15 vegetated PFTs to 6 main
vegetation categories for simplicity. The PFT distribution for present-day is the satellite phenology dataset used by CLM4
which is based on MODIS data and cropping datasets (Lawrence et al., 2011).

Figure 2 shows the change in vegetation distribution from pre-industrial (1850) to present-day (2000) used here. The
historical (1850) PFT distribution is specified as the Lawrence et al. (2012) CLM-specific adaptation of the Hurtt et al.
(2011) harmonized land use dataset. The historical to present-day transition highlights the global growth of croplands, from
5.3 million km? to 14.7 million km? at the expense of forests and grasslands. The net increase of 9.4 million km? of croplands
matches values provided by Hurtt et al. (2011), indicating that the mapping of this dataset to the CLM PFTs preserved the
change in cropland coverage. The CLM PFTs do not include a separate pasturelands category, therefore changes in
pasturelands (increase by 25.5 million km? from 1850 to 2000) in the Hurtt et al. (2011) dataset are mapped to grasslands in
the CLM dataset. Figure 2 shows some regional increases in grassland coverage consistent with pasture expansion. Finally,
we note that much of the agricultural expansion in Western Europe and Eastern North America pre-dates 1850, and thus a

trend towards a return to forestlands is evident in these regions in Figure 2.
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Figure 3 shows the change in leaf area index (LAI) associated with the historical to present-day change in land use.
Expansion of croplands leads to reductions in LAI, typically less than 20% locally. Globally, there is a 3% reduction in LAI
due to land use alone. We note that the feedback of increasing CO; fertilization on terrestrial productivity is not included

here.

4 Impact of Historical Anthropogenic Land Use Change on Emissions and Deposition

Table 3 summarizes the changes in emissions driven by land use change (and associated agricultural activities) simulated in
GEOS-Chem for the historical transition from 1850 to 2000. Global annual mean BVOC emissions of isoprene,
monoterpenes, and sesquiterpenes decline by 10-12% due to the expansion of croplands (Figure 2) a vegetation class with
very low basal emission rates for these BVOCs (Guenther et al., 2012). For example isoprene and o-pinene emission factors
for croplands are at least 2 orders of magnitude less than for needleleaf or broadleaf trees. The distribution of these
reductions is shown in Figure 4. Fractional declines are consistent year-round, with larger absolute decreases in summer at
northern mid-latitudes following the seasonality of vegetation. These changes are more modest than the 35% decrease in
global BVOC emissions due to land use change estimated by Unger (2014) over the same time period. Unger (2014) follows
the same historical land use trajectory used here (Hurtt et al., 2011) however the GISS model mapping of this dataset
includes pasturelands as part of the cultivation biome which also consists of croplands and does not emit BVOCs (personal
communication, N. Unger). In contrast, the CLM approach maps pasturelands to grasslands, which are modest, but non-
negligible, emitters of BVOCs. Therefore, the substantial difference between our estimate and that of Unger (2014) is
associated with the uncertainty in characterizing BVOC basal emission rates from pasturelands, which expand significantly
from 1850 to 2000. Ward et al. (2014) estimate only a 1% increase in all biogenic emissions due to historical LULCC,
however, they do not disaggregate BVOCs and we cannot compare simulated changes in terpenes directly.

Figure 5 shows the estimated increases in nitrogen emissions associated with land—use—change—and-the—expansion—of
agricultare-world-wideLUC. Global annual mean nitrogen oxide emissions from soils increase by 3.7 TgNyr! (more than
50%) from 1850 to 2000. The majority of this increase (2.9 TgNyr™) is associated with enhanced fertilizer usage in 2000
compared to 1850, however emissions increase by 0.8 TgNyr! due to shifts in biomes (and the associated emission factors)
as well as increased escape of NOx from the canopy due to lower LAI in 2000_(Table 3). Relative changes in soil NOx
emissions are consistent year-round. Heald and Spracklen (2015) estimated a 50% increase in soil NOx emissions associated
with LUC, in good agreement withef our estimate here, but to our knowledge no study has simulated the change in soil NOx
emissions due to historical LUC. These results highlight the need to better constrain changes in soil NOx emissions due to
fertilizer application over the last 150 years (Felix and Elliott, 2013). Figure 5 also shows that total ammonia emissions more
than double from 1850 to 2000 due to agricultural sources, following the RCP emissions (van Vuuren et al., 2011). This

reflects substantial increases in fertilizer usage on croplands and domesticated animals on pasturelands.
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Historical LUC also modifies the surface properties that control the uptake of gases at the surface. This loss is most
significant for tropospheric ozone, a relatively insoluble gas, which is biologically reactive, and is therefore readily taken up
by vegetation (Stevenson et al., 2006; Wesely and Hicks, 2000). The response of ozone dry deposition velocity to changes in
land use is dominated by changes to surface resistance. Therefore changes to the aerodynamic resistances due to differences
in roughness height (which increases from grassland to agriculture to forests, see Table A1 of Geddes et al. (2016)) do not
substantially impact the simulated ozone dry deposition. Figure 6 shows that historical land-use-ehangeLUC has modestly
increased O3 deposition velocities over most regions where croplands have expanded. This increase is driven by lower
stomatal and surface resistance values associated with croplands (compared to forests and grasslands) in the Wesely et al.
(1989) scheme. This effect outweighs the decreases in deposition velocity associated with decreases in LAI over croplands
(Figure 3). However, this is not the case in Southeast Asia, where replacement of dense tropical forests with croplands
substantially decreases LAI (Figure 3), driving down deposition velocities. Local decreases in deposition velocity over
Western Europe and the eastern United States are the result of reforestation of croplands since 1850. In southeastern Brazil,
expansion of pasturelands (shown as grasslands in Figure 2) at the expense of broadleaf trees, leads to a decrease in
deposition velocity. Local differences do not exceed 20% and are typically less than 10%. Historical LUCland-use—change
produces less than 1% difference in global mean ozone deposition velocity. Changes in deposition velocity shown in Figure
6 are relatively aseasonal, with somewhat larger changes in summer at northern mid-latitudes associated with peak
vegetation density. Verbeke et al. (2015) explore the impact of future LUC in 2050 on the deposition of ozone. Qualitatively
their simulated response to cropland expansion and reforestation are consistent with our results, with local changes to

deposition velocities that are within 10%.

5 Impact of Historical Anthropogenic Land Use Change on Atmospheric Composition

The response of atmospheric composition to changes in biosphere-atmosphere fluxes depends on the assumed anthropogenic
emissions; we first present results using present-day (2000) anthropogenic emissions, and comment below on differences
when instead employing pre-industrial (1850) anthropogenic emissions (Tables 1 and 2).

Figures 7 and 8 show the impact of historical LUC on_boreal summer (June-August) and winter (December-February) mean
surface concentrations of key species. The decline in BVOC emissions driven by the expansion of croplands leads directly to
widespread decreases in biogenic SOA (BSOA). Surface concentrations decrease by 14% on average; local BSOA
concentrations in summertime decrease by up to 84% and increase by up to 54% over Western Europe and Eastern U.S.,
where BVOC emissions increase due to reforestation (see Figures 2, 3 and 4). The global annual mean tropospheric burden
of BSOA decreases by 13% due to historical LUC (Table 4).

The more than doubling of ammonia emissions from pre-industrial conditions to present-day associated with agricultural
activities (Table 3) dramatically enhances ammonium nitrate formation. This increase is particularly evident in northern mid-

latitudes winter (Figure 87) where cool temperatures favour nitrate formation, and mean surface nitrate concentrations more



20

25

30

than double. The global annual mean tropospheric burden of aerosol nitrate increases almost 4-fold due to historical LUC
(Table 4). This increase is almost entirely the result of ammonia emissions increases; land use change alone (simulations 1 vs
2; see Tables 1 and 2) increases the tropospheric burden of nitrate by only 1.1%, stemming from the enhanced soil NOx
emissions. These results are consistent with Bauer et al. (2016) who estimate that agriculture is responsible for 78% of
ammonia emissions, and that this is the prevailing source of ammonium nitrate formation in the Northern Hemisphere.

In summer, surface NOx concentrations are locally enhanced by LUC (Figure 78), driven by elevated soil NOx emissions.
Despite this, we see that surface ozone concentrations decrease in the northern hemisphere. These decreases reflect elevated
ozone deposition over croplands (Figure 6) and decreases in BVOC emissions (Figure 4). Summertime mean surface ozone
decreases by up to 8.5 ppb, with at least a 1 ppb decrease throughout the Northern Hemisphere. The changes in emissions
and uptake over the Southern Hemisphere lead to negligible changes in surface ozone (generally less than 1 ppb).

In winter, the large additional pool of atmospheric ammonia associated with anthropogenic land-use-ehangeLUC pulls nitric
acid into the particle phase. As a result, nitric acid surface concentrations decrease by over 50% throughout the Northern
Hemisphere (Figure 87). This reduces NOx recycling from nitric acid, leading to an overall decrease in NOx concentrations,
despite increases in soil NOx emissions. Thus in winter, historical LUC has led to a drop in NOx and BVOC concentrations
in the Northern Hemisphere, while ozone deposition velocities increase. Therefore, wintertime ozone decreases over
northern mid-latitudes are of similar magnitude as in summer (up to 6.6 ppb, generally 1-2 ppb), despite reduced
photochemical production of ozone, and thus lower absolute concentrations, in wintertime. Ozone changes in the Southern
Hemisphere in winter remain small, but local increases of up to 2.5 ppb are simulated. In these NOx limited regions,
increases in soil NOx emissions enhance ozone production and decreases in BVOC emissions reduce the sink of ozone via
isoprene oxidation. In some regions, such as eastern Brazil, decreases in ozone deposition velocity due to expansion of
pasturelands (Figure 6), bolster this enhancement.

While these changes in surface ozone concentrations are small, they are comparable to the so-called “climate penalty”
increases in ozone associated with a warming climate (Tai et al., 2013; Wu et al., 2008). This suggests that both historical
analyses and future projections of ozone air quality should consider land use conversion alongside emissions when
characterizing the impacts of anthropogenic activities. Table 4 shows that the net annual mean tropospheric burden of ozone
decreases only by 1.6% due to historical LUCland-use—change, suggesting that ozone impacts on radiative forcing are
considerably more modest. Global mean tropospheric OH changes by less than 0.5% due to historical LUC. Therefore in our
simulations historical LUC has little impact on the tropospheric oxidative capacity or the tropospheric methane lifetime.

The above results characterize changes assuming that anthropogenic emissions are fixed at year 2000 levels. While it is
necessary to fix anthropogenic emissions to isolate and quantify the effect of land-use-ehangeLUC, in reality, anthropogenic
emissions and land use co-evolve. Thus, it is equally valid to assess the impact of land-use-changeLUC with simulations
where anthropogenic emissions are fixed at 1850 fluxes (note that methane remains at year 2010 levels in these simulations).
As shown in Table 2, we repeat all our simulations with these alternate anthropogenic emissions. Table 4 shows the global

mean tropospheric burdens assessed under this scenario. Figures 9 and 10 can be compared to Figures 7 and 8 and show
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seasonal mean changes in surface concentrations when anthropogenic (non-agricultural) emissions are fixed at 1850 levels.
Biogenic SOA burdens and concentrations are relatively unaffected by differences in anthropogenic emissions; very minor
differences are associated with changes in oxidant levels. While the surface concentrations of NOx, HNO3, and aerosol
nitrate simulated under 1850 anthropogenic emissions are all considerably lower than estimated using year 2000 emissions,
the qualitative patterns associated with LUC presented in Figures 9 and 10 are consistent, though more modest, than those
presented in Figures 7 and 8. We see from Table 4, that with 1850 anthropogenic emissions, ammonium nitrate formation is
NOx limited and a significant fraction of the ammonia emissions increase due to agricultural sources remains in the gas
phase. Thus, the absolute increase in nitrate aerosol burden due to land-use-changeLUC is somewhat smaller (by 17%) than
estimated using year 2000 anthropogenic emissions. As seen in Figures 9 and 10 surface concentrations are more sensitive to
these effects with much smaller absolute concentration changes when using 1850 anthropogenic emissions (increases of less
than 1 pugm? in Figure 10 compared to wide-spread increases of more than +0-5 ugm= when using 2000 anthropogenic
emissions in Figure 8). This suggests that while ammonium nitrate formation is dramatically curtailed at the surface when
anthropogenic NOx emissions are low, formation of ammonium nitrate in the free troposphere is not substantially impacted
by reductions in anthropogenic NOx. Thus, the increase in surface nitrate from pre-industrial to present-day is controlled
more by the rise in anthropogenic NOx emissions than the rise in agricultural ammonia emissions, while the increase in the
burden of tropospheric nitrate is driven primarily by the increase in ammonia. Finally, while the change in global mean
tropospheric burden of ozone is similar whether assuming 1850 or 2000 anthropogenic emissions, some spatial differences
are apparent in surface concentrations. In particular, summertime surface O3 concentrations locally increase (by up to 5 ppb)
over Northern Hemisphere mid-latitudes regions (Figure 9) where soil NOx emissions increase due to land-use-changeLUC
(Figure 5). Ozone production is widely NOx limited under 1850 anthropogenic emissions, and thus the ozone production
efficiency of additional soil NOx emissions is considerably higher, and outweighs the impact of elevated deposition

velocities for ozone due to LUC.

6 Direct Radiative Impacts of Historical Anthropogenic Land Use Change

The changes in annual mean tropospheric burden under 1850 and 2000 anthropogenic emissions shown in Table 4 bracket
the potential impact of historical land—use—changeLUC on secondary PM and ozone. To estimate the change in direct
radiative fluxes associated with historical LUC we apply monthly mean radiative efficiencies for BSOA, nitrate, and
tropospheric ozone estimated from previous GEOS-Chem simulations (see Section 2) to our results using 2000
anthropogenic emissions. As this change is directly driven by anthropogenic LUC it represents the direct radiative forcing
{BRE) associated with land use change (LUC-DRF). Figure 11 summarizes these results.

The largest radiative impact from historical land-use-changeLUC in our simulations is a cooling of -0.071 Wm associated
with the rise in nitrate aerosol from pre-industrial to present-day. This increase is driven almost entirely by increases in

ammonia emissions. The LUC-DRF of nitrate constitutes 81% of the total direct radiative effect (DRE) of nitrate. Heald and
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Spracklen (2015) estimate a stronger LUC-cooling associated with nitrate (-0.094 Wm2), however this back-of-the-envelope
calculation is based on a stronger overall radiative effect of nitrate.

We estimate that decreases in BSOA due to historical fand-use-ehangeLUC have produced a warming of +0.017 Wm. This
LUC-DREF is ~10% of the DRE of BSOA in our simulations. This value is smaller than the LULCC change in DRE (+0.034
Wm?) estimated by Heald and Spracklen (2015), however the later included CO; fertilization and inhibition effects and is
therefore not directly comparable. The LUC-DRF of tropospheric ozone associated with the very small changes in global
burden discussed in Section 5, is a cooling of -0.01 Wm™. Ward et al. (2014) estimate a LUC-DRF of opposite sign for
ozone (+0.12 Wm™), however this value primarily reflects changes in methane and fire emissions, which we do not consider
here; Ward et al. (2014) do not quantify the change in BVOC emissions. Our results are qualitatively consistent with the
LUC-DRF of BSOA and tropospheric ozone estimated by Unger (2014), but are considerably more modest. This largely
arises from the smaller change in BVOC emissions estimated in our study (~11%) compared to Unger (2014) (35%) due to

different classifications of pasturelands and their associated BVOC emissions (see Section 3 and 4).

7 Conclusions

This study explores the simulated impact of historical fand-use-changeLUC on air quality and direetradiativeforeingDRF,
with an emphasis on secondary formation of PM and tropospheric ozone. Land use change from pre-industrial (1850) to
present-day (2000) is chiefly defined by cropland and pastureland expansion world-wide, as well as local reforestation in
Western Europe and the eastern United States. This has led to a global decline in BVOC emissions (by ~11%), however the
associated agricultural sources have increased emissions of both ammonia (by a factor of 2) and soil nitrogen oxides (by
50%). At the same time, surface uptake has been impacted by changes in vegetation type and density. Generally, we find that
ozone deposition velocities have increased due to LUCland—use—change, with some local exceptions associated with
reforestation and expansion of pasturelands.

These LUC-driven changes in biosphere-atmosphere exchange processes work in concert to directly impact the secondary
formation of BSOA, aerosol nitrate, and ozone. Surface air quality is significantly impacted by these changes, with a 14%
average decrease in BSOA concentrations, a more than doubling of mean nitrate concentrations, and changes in surface O3
of up to 8.5 ppb. We find that changes to ozone surface concentrations in the Northern Hemisphere are sensitive to the
assumed anthropogenic emissions. This reflects the changing balance of deposition and precursor emissions of BVOCs and
NOx in controlling ozone concentrations under varying NOx levels. Associated with these changes we estimate a direet
radiative—foreing—DRF associated with land—use—ehangeLUC for nitrate (-0.071 Wm?), BSOA (+0.017 Wm?), and

tropospheric ozone (-0.01 Wm). We note that these estimates are obtained with fixed 2010 meteorology. and therefore we

have not assessed the interannual climate variability against which these values can be compared for significance. While this

is certainly not the first study to estimate the DRF of nitrate, few models have routinely assess this (Myhre et al., 2013), and
to our knowledge this is the first that assesses the nitrate DRF associated with LUC. This study suggests that BSOA
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concentrations were elevated in the more extensively forested pre-industrial era. This higher pre-industrial burden of natural
aerosol may temper the indirect aerosol effect (Carslaw et al., 2013; Menon et al., 2002), which we do not assess here. We

attribute differences between our more modest estimates of LUC-DRF for BSOA and O; and those of Unger (2014) to

differing treatments of pasturelands in the respective models, and thus the assumed BVOC basal emission rate for
pasturelands. These substantial differences in LUC-DRF highlight how uncertainty in the representation of historical land
use change in earth system models leads to large uncertainties in global chemical composition.

This study examines only a subset of the emissions that may be impacted by LUC. In particular, we do not assess the
changes in primary PM associated with LUC, including dust, smoke, and bioaerosol. It remains challenging to disaggregate
the natural and anthropogenic influences on these emissions. In addition, we fix methane concentrations and therefore do not
comprehensively assess how changes in global oxidative capacity driven by LUC may impact secondary aerosol and ozone

formation. We also do not consider the meteorological feedbacks on atmospheric composition associated with land use

change; more work is needed to quantify how these feedbacks compare to the direct perturbations associated with biosphere-

atmosphere exchange. (2644 Thus, this study quantifies only part of the impacts of LUC. Furthermore, as our results rely
heavily on the parameterization of biosphere-atmosphere exchange processes, more work is needed to validate these
emissions and deposition schemes (e.g. (Hardacre et al., 2015)). In addition, given uncertainties in BSOA formation
(Hallquist et al., 2009), and the general underestimate of OA in global models, including GEOS-Chem (Heald et al., 2011),
the absolute magnitude of the impact of LUC on both air quality and DRF via BSOA may be underestimated here. Finally,
uncertainties associated with the gas-phase oxidation chemistry of isoprene, monoterpenes, and sesquiterpenes may impact

our simulated sensitivity of BSOA and O3 to LUC._The simulations analysed in this study were performed with one chemical
transport model (GEOS-Chem); the degree to which model-specific treatments of chemical oxidation, aerosol formation

emissions, removal, and meteorology may impact the results cannot be assessed here. Thus, additional modelling

investigations using alternate model schemes are required to better characterize the uncertainty surrounding the impact of

land use change on air quality and climate forcing.

We find that historical land use change has brought about substantial changes in secondary PM and ozone formation,
impacting air quality and direct radiative forcing. The magnitude of these changes are comparable to the feedbacks
associated with climate change (Tai et al., 2012; Tai et al., 2013). Furthermore, in an era of declining emissions of air
pollution precursors (Smith and Bond, 2013), anthropogenic land use change may become the dominant human impact on
atmospheric composition. Therefore, more work is needed to improve our understanding and parameterization of biosphere-

atmosphere exchange processes, and how these are altered by changing vegetation.
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Tables

Table 1: List of GEOS-Chem simulations with relevant input parameters

Simulation Name Land Use | Anthropogenic (non- | Agricultural
Agricultural) Emissions
Emissions
1 | 2000L2000E 2000 2000 2000
2 | 1850L2000E 1850 2000 2000
3 | 2000L1850E 2000 1850 1850
4 | 1850L1850E 1850 1850 1850
5 | 2000L2000E1850NH3 2000 2000 1850
6 | 2000L1850E2000NH3 2000 1850 2000
7 | 1850L2000E1850NH3 1850 2000 1850

Table 2: Roadmap for how simulations are combined to estimate the impact of land use change and the associated change in

agricultural emissions on air quality

2000 Anthropogenic 1850 Anthropogenic
Emissions Emissions
Land Use Change Alone 1-2 3-4
Agricultural Emissions Alone 1-5 6-3
Land Use Change + Agricultural | 1-7 6-4
Emissions

Table 3: Annual average emissions impacted by historical land use change alone, shown separately are changes in emissions

due to both land use change and-fineluding associated agricultural emissions.}

Land use change alone Land use change + associated
agricultural emissions
1850 2000 % change | 1850 2000 % change
Isoprene (Tgyr") 518 459 -11.4% 518 459 -11.4%
Monoterpenes (Tgyr) 188 165 -12.0% 188 165 -12.0%
Sesquiterpenes (Tgyr™) 23.8 21.3 -10.6% 23.8 21.3 -10.6%
Ammonia (Tgyr") 59.3 59.3 0.0% 28.4 59.3 +109%




| [ Soil NOx (TgNyr)! [9.2 [100  [+84% [63 10.0 +58.5%

! Soil NOx emissions tabulated here are when non-agricultural anthropogenic emissions are held at year 2000 levels
(simulations 1 and 7). Reduced anthropogenic emissions in 1850 lower soil NOx re-emissions levels slightly (but totals are
within 2%)



Table 4: Annual average tropospheric burden (Tg) of key species. Also shown is the changes driven by historical land use
change (including associated agricultural emissions). Values estimated using year 2000 anthropogenic emissions and 1850

anthropogenic emissions are shown.

Year 2000 Anthropogenic Emissions Year 1850 Anthropogenic Emissions
1850 2000 2000-1850 1850 2000 2000-1850
(%) (%)
Biogenic SOA 0.59 0.52 -0.076 0.58 0.50 -0.076
(-13%) (-13%)
O3 266 262 -4.2 231 228 -3.1
(-1.6%) (-1.4%)
Ammonia 0.05 0.14 +0.09 0.09 0.28 +0.19
(+190%) (+219%)
Nitrate 0.07 0.31 +0.25 0.07 0.27 +0.20
(+374%) (+305%)
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Figure 1: Present day (year 2000) percentage of land area occupied by six classes of vegetation.
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5 Figure 2: Change from pre-industrial (1850) to present-day (2000) in the percentage of land area occupied by six

classes of vegetation.
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Figure 3: Annual average leaf area index (LAI) in present-day (left) and the change in LAI from pre-industrial (1850)
to present-day (2000) (right).
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5 Figure 4: Annual mean simulated emissions of BVOCs from vegetation. Total emissions for present-day (2000) shown
on the left; the change due to historical land use change is shown on the right. Global annual emission values are

shown inset.
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Figure 5: Annual mean emissions of nitrogen oxides from soils (top row) and ammonia (bottom). Total emissions for
e change due to historical land use change (and the associated agricultural

emissions) is shown on the right. Global annual emission values are shown inset.
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Figure 7: Boreal sSummertime (June-August) mean simulated surface concentrations of biogenic SOA (BSOA),
aerosol nitrate, nitric acid (HNO3), nitrogen oxides (NOx), and ozone. Concentrations for present-day (2000) shown

on the left; the change due to historical land use change is shown on the right. All simulations performed with
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present-day (2000) anthropogenic emissions; shown here are the differences between simulations 1 and 7 (see Tables

1 and 2).

2000-1850
’-ﬁ L
-~ - s
BSOA i
Nitrate
HNO,
NOx
W | oo |
000 1.25 250 375 500 [ppb] -0.50 -0.25 0.00 025 050

N - | i |
0 12 25 37 50 ([ppb] -500 -250 0.00 250 500

Figure 8: Boreal wWintertime (December-February) mean simulated surface concentrations of biogenic SOA

5 (BSOA), aerosol nitrate, nitric acid (HNOs3), nitrogen oxides (NOx), and ozone. Concentrations for present-day (2000)
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shown on the left; the change due to historical land use change is shown on the right. All simulations performed with
present-day (2000) anthropogenic emissions; shown here are the differences between simulations 1 and 7 (see Tables

1 and 2).
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Figure 9: Boreal sSummertime (June-August) mean simulated surface c trations of biogenic SOA (BSOA),

aerosol nitrate, nitric acid (HNO3), nitrogen oxides (NOx), and ozone. Concentrations for present-day (2000) shown
on the left; the change due to historical land use change is shown on the right. All simulations performed with pre-
industrial (1850) anthropogenic emissions; shown here are the differences between simulations 6 and 4 (see Tables 1

and 2). Shown with same color bars as Figure 7 for comparison.
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Figure 10: Boreal wWintertime (December-February) mean simulated surface concentrations of biogenic SOA
(BSOA), aerosol nitrate, nitric acid (HNO3), nitrogen oxides (NOx), and ozone. Concentrations for present-day-
industrial (18502000) shown on the left; the change due to historical land use change is shown on the right. All
simulations performed with present-daypre-industrial (20001850) anthropogenic emissions; shown here are the

5 differences between simulations 6 and 4 (see Tables 1 and 2). Shown with same color bars as Figure 8 for comparison.
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Figure 11: Global annual mean direct radiative forcing associated with anthropogenic land use change (LUC-DRF)

10 from 1850 to 2000.
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