Author Responses to Referees’ Comments on “Impacts of future land use and land cover
change on mid-21st-century surface ozone air quality: Distinguishing between the
biogeophysical and biogeochemical effects” by L. Wang et al. (MS No.: acp-2019-824)

Our point-by-point responses are provided below. The referees’ comments are italicized, our
new/modified text is highlighted in bold. The revised manuscript with tracked changes is also
included in the linked file below for the Editor’s easy reference:

https://www.dropbox.com/s/ve8g6isiOp7ttuf/acp-2019-824-manuscript-
July2020_trackchanges.docx?dI=0

Responses to Referee #3

The authors have made substantial changes to the manuscript and it is much improved. It is a
potentially very interesting study but as described below | still believe major revisions are
necessary prior to publication. | am still concerned about the overall significance and
interpretation of their results. The authors have partially addressed the problem of variability
in their discussion and conclusions. However, as explained below I am not still convinced of
the current results due to the comparatively weak statistical tests, the lack of long averaging
times and the lack of a convincing dynamical argument. I have tried to include some specific
recommendations.

We thank the reviewer for the very helpful comments. More simulations and analysis
have been conducted and the paper has been revised substantially to address the
reviewer’s concerns point by point, and all changes are cited and discussed in the
responses below.

(1) For the paper to be valid the authors need to address the variability of the atmosphere up
front, not as an afterthought in the discussion and conclusions. They need to establish beyond
a reasonable doubt that the simulation differences are due to changes in LULCC. The
problem is not, as stated in the paper (p39, | 756-760) the short timescale of the LULCC
circulation changes but that these changes are relatively small (Brovkin et al., 2013) and
therefore can be difficult to distinguish from atmospheric noise.

We now add these points to address the reviewer’s comments:

First, one paragraph has been added in the Introduction section to convey a
reasonable doubt on the large-scale climatic impacts of LULCC:

P7, Line 142-151: “By and large, the impacts of LULCC on weather and climate
are complex. There is high confidence that LULCC can affect regional climate
and climate in remote areas as far as few hundreds of kilometers away (Jia, et
al., 2019). The magnitude and sign of regional climate change vary across
regions depending on the magnitude of LULCC and background climatic
conditions. However, on the global scale, the net changes resulting from LULCC
alone are relatively small (e.g., Matthews et al. 2004; Pongratz et al. 2010;
Brovkin et al., 2013; Shevliakova et al. 2013; Simmons and Matthews, 2016).
Thus, sometimes climatic responses to LULCC may be difficult to distinguish
from natural climate variability especially on the global scale.”

Discussions on internal variability of climate and LULCC signals have been revised.
In light of new simulated results and rearrangement of the presentation order of the

1


https://www.dropbox.com/s/ve8g6isi0p7ttuf/acp-2019-824-manuscript-July2020_trackchanges.docx?dl=0
https://www.dropbox.com/s/ve8g6isi0p7ttuf/acp-2019-824-manuscript-July2020_trackchanges.docx?dl=0

time-sliced and transient simulations, redundant sentences have now been removed,
and some discussions on the ensemble results have been added:

P39, Line 749-752: “Fhis+
i ability of £l ical ciroulati ffocting. the i . |

P38-39, Line 764-771: “... To ascertain the impacts of such variability, we have
adopted an analysis period of 30 years for both the time-sliced simulations
(looping over the single-year LULCC forcing) and 2-member ensemble transient
LULCC simulations. Results from both simulation approaches all show broadly
consistent signals induced by LULCC in North America and Europe, indicating
the significance of our results and the strong signal-to-noise ratios at least over
those continents. When applicable, more ensemble members for transient
simulations can be used to further confirm the impacts of such variability.
Furthermore, ...”

Greater details about the new ensemble runs and larger analysis periods of both the
time-sliced and transient simulations are included below to respond to the reviewer’s
guestions specific to these aspects.

(2) It is clearly encouraging that “that the time-sliced experiments with single-year forcing
looped for multiple years, give results very similar to the transient simulations, pointing to the
robustness of LULCC impacts” (L767-769), but this very general statement would need to be
expanded on and quantified.

We have first rearranged our results such that the time-sliced simulations are
presented first in Fig. 4 and transient (with two ensemble members) simulation
presented in Fig. 7. We have included the comparison description between them in
Sect. 3.3.3 of Results, by comparing Fig. 7 with Fig. 4. With additional ensemble
members and the 30-years analysis period, we found again that the two sets of
experiments share much similarities in ozone and meteorological changes, indicating
the consistency of the LULCC signals. We have added a figure Fig. S6 in the
supplementary materials to indicate their differences; we found that for most places
the differences are statistically insignificant. The new Fig. 4, Fig. 7 and Fig. S6 are
included below for your easy reference. We have modified Sect. 3.3.3 to read:

P33, Line 644-661: “In the above sections, for a direct, parallel comparison with
the Off-line configurations, we have used the time-sliced experiments with the
present-day land cover in year 2000 and future land cover in year 2050.
However, in reality the LULCC is transient with the land cover changing
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gradually; therefore, transient runs in On-line mode with the land cover
evolving from the present-day all the way to year 2065 are also conducted (On-
line_45 and On-line_85, each with two ensemble members; see Table 1). Fig. 7
shows the changes in ozone and other variables from the transient simulations,
using 2036 to 2065 as the 30-year averaging period to capture interannual
variability. We find that changes in ozone, 2-m air temperature, and other
factors controlling ozone are very similar between the transient and time-sliced
runs (see also Table 2), with only statistically insignificant differences in
different variables in most places (see Fig. S6 in the supplement). The consistent
simulated results from the transient (Fig. 7) and time-sliced (Fig. 4) LULCC
further reflect the robustness of the LULCC-induced signals at least over North
America and Europe, which are strong enough to cause changes in meteorology
and ozone pollution in places remote from LULCC, and indicate that the
atmospheric responses and biogeophysical effects are generally fast-responding at a
guasi-steady state on timescales of years to decades with respect to the slow
LULCC.”
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Figure 4. Simulated 2000-t0-2050 changes in surface ozone, isoprene emission, dry deposition velocity
and 2-m air temperature for the boreal summer averaged over the 30-year analysis window, under two
future scenarios (RCP4.5 and RCP8.5) of LULCC. Regions with dots indicate changes that are

significant at the 95% confidence level. These results are from the On-line runs (land forcing 2050



minus 2000) with dynamic meteorological responses to LULCC from time-sliced simulations On-

line_45TS and On-line_85TS (Table 1).
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Figure 7. Similar to Fig. 4 but these results are from the transient simulations On-line_45 and On-

line85 (Table 1), averaged over the two ensemble members for each scenario.
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Fig. S6. Differences between the time-sliced vs. transient simulated results, as shown in Fig. 4 and Fig.

6 of the main text. Statistically significant differences (>95% confidence) are indicated with dots.



(3) Thus, in order to recommend publication | would need to be reasonably convinced the
difference between their simulations is actually due to LULCC. To show this they need to
show: simulations with land-cover changes are (1) significantly different from those without
land-cover changes and (2) that this difference is due to the land-cover change itself. Without
establishing both (1) and (2) we cannot be sure that the circulation changes causing the
ozone differences are not due to atmospheric noise. Both Brovkin et al. (2013) and Lawrence
et al. (2012) (referenced in the reviewed paper) examined the impact of land use changes on
circulation. In each case they investigated the impacts of landuse from the difference between
approximately 30-year runs. They both considered differences at the 95% level as significant.
Brovkin et al. (2013) used multiple ensemble runs when available. The paper reviewed here
uses the difference between 10-year averages and differences at the 90% level. Thus the
statistical tests to distinguish between the simulations used in this paper are really quite weak
and apparently not consistent with literature. To establish that the differences between the
simulations are real:

-the paper should look at the 95% level consistent with other literature;

-they should also keep in mind that when considering hundreds of gridpoints some will
appear consistent regardless (see Wilks et al., 2016; Bulletin of the American Meteorological
Society 2016 vol: 97 (12) pp: 2263-2273)

-the paper should not discuss non-significant results as meaningful (see below)

Even if the differences between the simulations are real atmospheric ‘noise ‘ can persist on
the decadal timescale. Thus the authors need to address the fact the atmosphere can exhibit
long timescale decadal changes which are due to low frequency variability, but not
necessarily due to changes in LULCC. In other words the decadal simulations may be
significantly different due to low frequency variability, but not due to changes in LULCC.

To show results of “(1) significantly different from those without land-cover changes
and (2) that this difference is due to the land-cover change itself.” suggested by the
reviewer, we have additionally added a series of ensemble runs with slightly different
initial conditions. The analysing period has also been revised to 30 years, for both the
time-sliced and transient simulations. Details of the model settings are summarized in
the revised Table 1 (included below). Due to limited time and computational
resources, only two ensemble members of RCP4.5 LULC transient runs, and two
ensemble members of RCP8.5 LULC transient runs have been added. For the time-
sliced simulations, because the simulations are looped over the same year of land
forcing (year 2000 and year 2050 for the present day and future, respectively), the 30
years of analysis could be considered as quasi-ensemble simulations with 30
members, and thus no additional ensemble runs are implemented. The time-sliced
simulations are conducted in a way that has the most direct relevance for comparison
with the Off-line simulations, except with a longer analysis period (30 years) to better
capture potential interannual variability. We have therefore exchanged the order of
presentation, such that the time-sliced results are presented first and foremost, and the
transient results now come later.



Case Name Land treatment Meteorology Simulated years Model forcing
1 Off- Present-day (2000) GEOS-5 14 years, the last - Present-day
line CTL land use and land reanalysis 10 years for (2000) well-
cover (LULC) map  (2004-2017)  analysis mixed
greenhouse gases
and short-lived

2 Off-line_45 2050 RCP4.5 future Same as Same as above  gases and
LULC map as a above aerosols,
time slice anthropogenic

emissions;

3 Off-line_85 2050 RCP8.5 future Same as Sameasabove  Lresont-day
LULC map as a above (2000) monthly
dime slice mean sea surface

temperature and
seaice

4 On- Present-day (2000)  Simulated 60 years (looped -All simulations

line_ CTL LULC map online over same year  use the SP mode
of forcing), the ~ in CLM
last 30 years for - Isoprene
analysis emission is from
MEGAN
5 On- 2050 RCP4.5 future Same as Same as above ) Dry_deposmon
line 45TS LULC mapasa above velocity is based
time slice on Wesely
(1989) updated
by Val Martin et
6 On- 2050 RCP8.5 future  Same as Sameasabove @l (2014)
line 85TS LULCmapasa above
time slice

7,8 On-line_45* 2000-2005 Same as 66 years
historical, 2006- above (transient land
2065 RCP4.5 forcing all the
transient LULC map way), the last 30

years* for
analysis

9,10 On-line_85" 2000-2005 Same as Same as above
historical, 2006- above
2065 RCP8.5

transient LULC map

Table 1. List of model experiments. »®Case 8 and 10 are in On-line_45 and On-line_85 are similar to
Case 7 and 9, respectively, but with slightly different initial conditions to produce two ensemble
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members. ¢ The analysis time period is from 2036 to 2065, centered around year 2050, as part of the
transient land forcing.

We also revised the manuscript according to the reviewer’s suggestions:

- The significant level has been revised from 90% level to 95% level, so as to be
consistent with other literature.

- The paper (Wilks et al., 2016) pointed out that considering the collections of
multiple statistical tests, often in the setting of individual tests at many spatial grid
points, the outcomes of statistical tests is often overstated and overinterpreted. We
have kept this in mind and first revised the significant level from 90% to 95% to
increase enhance the significance of the scientific results. Since the areas with
significant changes may be overinterpreted, the significant areas may be smaller than
the shown areas. Therefore, discussions are only included for the areas with
sufficiently large extent of significant changes (North America and Europe).
Discussions on less significant results have been removed from the manuscript.

- We now analyse our model outputs based on 30-year average for both the time-
sliced runs (looped over single-year forcing) and transient runs with two ensemble
members.

Results from these experiments show that the general pattern of ozone changes is
significant in North America and Europe, consistent between both LULCC transient
runs and time-sliced runs (Fig. 4 and Fig. 7 above). The surface air temperature, as
well as other meteorological conditions are altered in a way that can affect ozone
through its impacts on isoprene and dry deposition. Compared with the previous
results (10-year averages and one-member run for transient runs), the current results
show some differences in ozone and meteorological changes and indeed are slightly
less significant, indicating that low-frequency internal variability of the atmosphere
does have some impact on the simulated signals. It corresponds well with the concern
of the reviewer. However, the impact is limited, and significant and consistent
changes can still be found in North America and Europe where substantial LULCC
occurs.

Furthermore, we have indeed ran the two-member ensemble transient simulations all
the way from the present day to 2080, and compared different 30-year analysing
windows around 2050, to check to what extent low-frequency internal variability can
affect the atmospheric responses to LULCC. See the figure below. The comparison
shows very similar patterns of ozone changes regardless of which 30-year period is
selected. It further indicates the limited effect of internal variability of the atmosphere
on the strengths of LULCC-induced climate change signals as compared with the
present day, and also indicates that LULCC can be strong enough to induce consistent
changes of ozone. The period between 2036 to 2065 with the 2050 in the exact
middle is currently presented in the revised manuscript.
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Figure: Ozone changes in the LULCC two-member ensemble transient runs averaged
using different 30-year analysis windows.

These results confirm the contribution of LULCC to climatic changes and the critical
roles of LULCC in shaping surface ozone air quality through biogeophysical
pathways. These revisions based on the combination of previous and new simulations
and analysis periods have been adopted in the manuscript, and the related content has
been revised accordingly.

We thank the reviewer for the valuable suggestions.

(4) The simulations in Brovkin et al (2013) and Lawrence et al (2012) used 30-year averages
(and in some cases ensemble simulations). This helps to distinguish the circulation
differences in LULCC from atmospheric noise. The present paper used 10-year averages.
One difference, however, is that the present paper uses fixed SSTs which might reduce the
variability, but how much? I am not convinced 10 year averages are sufficient.

We have expanded the analysis period to 30 years in both the time-sliced and
transient simulations. Please see our responses to comment # (3) above.

(5) This is a problem the authors need to address in a substantive way.
1) The best solution would be to run additional ensemble simulations. | believe these could be

the time-slice experiments. My guess is that when you look at the 95% level you will need to
run additional simulations anyhow. It is possible, to save cost, you could run the simulations
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without the chemistry and just show the meteorological details are similar. It is not clear 55
year time-slice simulations are really necessary.

We have now adopted two-member ensemble simulations for the transient LULCC
experiments coupling both chemical and meteorological components. We have also
switched the order of presentation: we now present the time-sliced simulations first to
show a more direct comparison with the biogeochemical effects (Please see our
detailed responses to comment # (2) and (3) above, as well as the revised Table 1
and Fig. 4 through Fig. 7).

The time-sliced simulations are revised to 60 years (still looping over the same year
of forcing), with the last 30 years for analysis. Sixty years is not strictly necessary for
the time-sliced simulations, only to the consistent with the integration time of the
transient simulations. The spin-up period has also been carefully checked. The model
can reach its equilibrium state after around 15 years when we use soil moisture at 10
cm as an indicator. If we consider soil moisture in deeper layers, additional years may
be needed, thus, 30 years as spin-up period is chosen for the time-sliced and control
simulations. More detail about the time-sliced and transient simulations are also
included in Sect. 2.3:

P16, Line 331-350: ““... The second and third experiments, On-line_45TS and On-
line_85TS, are time-sliced simulations using 2050 land cover distribution following
RCP4.5 and RCP8.5, respectively. These two experiments are designed for direct,
parallel comparison with the Off-line simulations, except with longer integration
(60 years) and analysis (30 years) time to capture interannual climate variability.
Because these multi-year simulations are looped over the same year of land
cover forcing, they can be considered as a quasi-ensemble run and the multi-
year average can be considered as the ensemble average. The fourth and fifth
experiments, referred to as On-line_45 and On-line_85, are transient simulations
performed continuously from year 2000 to 2065 using transient land cover maps
projected for the RCP4.5 and RCP8.5 scenarios, respectively. These On-line
transient simulations are repeated by a series of ensemble runs with slightly
different initial conditions, with two ensemble members for each scenario. All
the On-line experiments analysis is based on the last 30-year average and the
ensemble average when modeled variables have attained a quasi-steady state.
Comparison between the time-sliced and transient simulations helps us ascertain
the strengths of LULCC-induced climate signals.”

2) It is possible the authors could make the case that the transient and timeslice simulations
are similar enough that we can be reasonably sure the simulation differences are due to
LULCC. However, I think the authors do need to make this case quantitatively. Where are the
simulations the same, and where are they different? Again their difference should be
distinguished using the 95th percent probability level. The authors mention these type of
simulations are similar but do not address this in a quantitative manner. Moreover, the
timeslice experiments are 55 years long. Does it really take the model that much time to reach
equilibrium? It seems the authors could more effectively use the timescale experiments to
establish the significance of the differences by looking at different 10 year intervals, for
example.
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The comparison between the time-sliced and transient runs have been conducted and
the implications for the strengths of the climate signals are also now discussed. Please
see our responses to comment # (2) above.

3) Hypothetically the authors could make dynamical arguments linking the changes in
LULCC to the atmospheric changes. However, | am not convinced by the meteorological
arguments in the paper. The meteorological differences between the simulations are of course
self-consistent: the displacement of the jet-stream, the change in meridional temperature
gradient, the changes in positions of anti-cyclones etc are consistent with each other, but this
does not mean one can attributed these differences to LULCC. The albedo decreases seem to
be related to the change in forest cover. However, neither of these seem very related to the
changes in surface temperature or short-wave radiation. The northwards displacement of the
jet occurs globally in two simulations with different land-cover changes and thus its relation
to local changes in any one of the simulations is hard to discern. The authors make the point
that the temperature increase occurs to the west of the region of LULCC but do not make a
dynamic argument why this is so.

In light of the new simulation results and in response to the reviewer’s suggestions,
we have substantially revised the mechanisms with stronger focuses on surface
energy balance, boundary-layer meteorology, moisture transport and low-level
atmospheric circulation changes. The jet stream analysis has been reduced and moved
to the Conclusions and Discussion section in response to the reviewer’s suggestions.

We have revised the manuscript as follows:

P27 Line 552-572: “For RCP4.5, North America is subjected to intensive regional
changes in the land cover over the eastern US and southern Canada (Fig. 5d).
Significant changes in surface ozone (Fig. 4a) and surface air temperature (Fig. 4d)
are found over large continuous areas in North America, including both the regions
with intensive LULCC and regions where LULCC is minimal. Let us first focus on
the forested regions with intensive LULCC (Fig. 5d), where reforestation results
in a significant decrease in surface albedo (Fig. 5¢). In the boreal and temperate
mixed forests of southern Canada and northeastern US, such an albedo
reduction results in a substantial enhancement in absorbed solar radiation (Fig.
5¢). Typical of these forest types, the enhanced net radiation is in turn largely
dissipated by higher sensible heat (Fig. 5h) instead of latent heat (Fig. 5i),
resulting in a 0.5-1°C rise in average air temperature (Fig. 5j). This generates a
warmer and drier boundary layer with suppressed precipitation (Fig. 5k), cloud
cover (Fig. 51), and soil moisture (Fig. 50), constituting a feedback that likely
further enhances net radiation. All these meteorological changes contribute to
higher surface ozone concentrations (Fig. 5a) beyond the biogeochemical effects
alone. In southern Canada, the drier conditions even help suppress dry
deposition (Fig. 5¢), further enhancing ozone there. These biogeophysical effects
can be summarized by the cross-amplifying pathways in the blue box in Fig. 1.
Furthermore, reduced wind speed (Fig. 5m) following enhanced roughness (as
represented by vegetation height in Fig. 5f) may also reduce moisture transport
to these forests, inducing a greater moisture divergence there (Fig. 5n).

P28, Line 573-578: “In contrast, in the subtropical broadleaf forests in the
southeastern US, enhanced forest cover and albedo instead lead to greater
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moisture convergence from the Gulf of Mexico (Fig. 5n). This generates more

favorable water conditions that not only dampen meteorological changes there
but also promote dry deposition, leading to only slight changes in ozone. These
can also be seen in the cross-counteracting pathways in the blue box of Fig. 1.”

P30, Line 587-606: “Surface ozone also increases significantly over the locations
where land use does not change significantly, especially over the Midwest and
Great Plains regions of north-central US (Figs. 5a and 5d). The ozone
enhancement is found to correspond to the drier, warmer and sunnier conditions
there that can be considered as “remote effects” of LULCC. Such conditions are
associated with enhanced moisture divergence (Fig. 5n), which could be caused
by the stronger convergence over the surrounding reforested regions that
diverges moisture flow from the Great Plains, as well as reduced surface wind
speed (Fig. 5m) that can influence regional moisture transport to these regions (e.g.,
Sud et al., 1988; Xu et al., 2015). The vertically integrated moisture fluxes at present-
day conditions are shown in Fig. S3a, illustrating that normally moisture transport
from the Gulf of Mexico is deflected by the Rocky Mountains and toward the eastern
and north-central US. Due to reforestation, moisture transport is deflected further
east and it generates an anomalous moisture flux divergence around the
Midwest and Great Plains, resulting in drier conditions in these regions. The
drier and warmer boundary layer are also reflected by the lower precipitation
(Fig. 5k), cloud cover (Fig. 5I), soil moisture (Fig. 50), latent heat (Fig. 5i), and
the associated higher net radiation (Fig. 5g), sensible heat (Fig. 5h) and air
temperature (Fig. 5j). The lower soil moisture can also reduce dry deposition
there (Fig. 5c). All these changes can act together to enhance surface ozone over
the north-central US as remote effects of LULCC elsewhere; these pathways can
be summarized by the yellow box in Fig. 1.”

P30-31, Line 609-621: “Substantial increases in surface ozone (Fig. 6a) and air
temperature (Fig. 6j) are found in Europe due to the RCP4.5 LULCC scenario,
whereby substantial reforestation occurs over in the boreal and temperate mixed
forests in the European continental regions (Fig. 6d), modifying surface energy
balance significantly. Over the regions with intensive LULCC, the biogeophysical
pathways shaping boundary-layer meteorology and ozone are largely similar to
southern Canada and northeastern US, where the forest types are similar (see
blue box in Fig. 1). In brief, reduced albedo (Fig. 6e) leads to enhanced net
radiation (Fig. 6g) and sensible heat (Fig. 6h), raising surface air temperature
over a large area by 0.4-1.2°C (Fig. 6j), and constituting a hydrometeorological
feedback that reduces precipitation (Fig. 6k), cloud cover (Fig. 6l), and soil
moisture (Fig. 60). These changes generate warmer, drier and sunnier conditions
over the forests that favor higher ozone levels. Reforestation also decreases
surface wind speed (Fig. 6m) and moisture transport at the near-surface level.”

P31, Line 622-629: “The increases in surface ozone are also found to extend
westward and southward beyond the regions with intensive LULCC, likely
reflecting remote effects (Fig. 6a). The lower-level wind patterns at 850 hPa
under present-day conditions are shown in Fig. S3b, showing that reforested
regions are originally on the southerly branch (eastern part) of the Azores High
anticyclone. Circulation changes in response to reforestation appears to enable
the anticyclonic system to extend eastward, allowing sunny and warm conditions
typical of the Azores High to prevail over much of western Europe and parts of
North Africa, and enhancing surface ozone there.”
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Fig. 1 has also been substantially revised as follows:

Land surface Forest coverage

Local
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Figure 1. Schematic diagram showing the biogeochemical and biogeophysical effects of any
changes in the forest cover resulting from land use and land cover change (LULCC) on
surface ozone. Red arrows indicate the biogeochemical pathways and grey arrows indicate the
biogeophysical effects via changes in the overlying meteorological environment. The sign
associated with each arrow indicates the correlation between the two variables; the sign of the
overall effect (positive or negative) of a given pathway is the product of all the signs along the
pathway. We here focus on processes initiated on the land surface by LULCC, and the
corresponding responses in local near-surface atmosphere (blue box) and remote near-surface
atmosphere (yellow box).

The abstract has also been revised accordingly for the parts on the biogeophysical
effects:

“... reflecting the importance of biogeophysical effects on ozone changes. In boreal
and temperate mixed forests with intensive reforestation, enhanced net radiation
and sensible heat induce a cascade of hydrometeorological feedbacks that
generate warmer and drier conditions favorable for higher ozone levels. In
contrast, reforestation in subtropical broadleaf forests has minimal impacts on
boundary-layer meteorology and ozone air quality. Furthermore, significant ozone
changes are also found in regions with only modest LULCC, which can only be
explained by “remote” biogeophysical effects. A likely mechanism is that

14



reforestation induces a circulation response, leading to reduced moisture
transport and ultimately warmer and drier conditions in the surrounding
regions with limited LULCC. We conclude that the biogeophysical effects of
LULCC are important pathways through which LULCC influences ozone air
guality both locally and in remote regions even without significant LULCC.
Overlooking the effects of hydrometeorological changes on ozone air quality may
cause underestimation of the impacts of LULCC on ozone pollution.”

The Conclusions and Discussion section has also been revised:

P36, Line 702-712: “The mechanisms behind hydrometeorological responses to
LULCC are summarized in Fig. 1. In brief, first, surface properties and processes
(e.g., surface albedo and evapotranspiration) are altered, leading to changes in
the surface energy balance. In boreal and temperate mixed forests, the albedo
effect dominates, leading to higher net radiation, sensible heat, and surface
temperature, but reduced precipitation, cloud cover and soil moisture. These
local changes can also induce a regional circulation response, in particular the
formation of anomalous moisture divergence and corresponding warmer and
drier conditions over the surrounding regions even with limited LULCC. In
subtropical broadleaf forests, however, both the albedo and evapotranspiration
effects are important and they tend to offset each other, leading to minimal
hydrometeorological changes.”

P36-37, Line 713-724: “In our analysis of LULCC-induced hydrometeorological
changes, we have focused on the surface and the overlying boundary layer.
Many studies have found that LULCC-induced surface changes can propagate
to upper levels as high as 200 hPa (e.g., Chase et al., 2000; Swann et al., 2012;
Medvigy, et al., 2013; Xu et al., 2015; Jia et al., 2019). In our study, significant
meteorological changes can be detected at the upper levels up to 200 hPa due to
LULCC (not shown), which can lead to circulation changes, storm track
displacement, and anomalous subsidence especially at midlatitudes, likely
constituting feedbacks on precipitation, moisture transport, and temperature.
However, we find no clear conclusions as to whether these upper-level changes
and feedbacks could have sufficient influence on ozone-relevant
hydrometeorological conditions beyond that can be explained by boundary-layer
dynamics alone.”

(6) The authors should refrain from discussion non-significant signals. This is particularly
the case when discussing the signal over Europe. From figure 7 the ozone changes are only
significant over the ocean (at the 90th percentile level) and the temperature changes are not
significant anywhere over Europe. Most of the changes discussed in this section are not
significant at the 90th percentile. The discussion of changes in Europe should probably be
dropped.

We have removed results with less significant changes, and the significant level has
been improved to 95%.

Minor Comments.
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1. India. The precipitation increase appears to be displaced southward, not northward as
stated in the text. | do not see evidence for an anticyclone in the figures, nor the consistency
between the significant change in rainfall which seems to occur in the south of the domain
and a displace cyclone.

According to the additional ensemble runs, the changes in surface ozone are
significant but are limited to only a narrow band of areas over the Himalaya.
Therefore, results on this part have been removed.

2. Figure 1 is a nice figure, but in some ways is misleading. The thermal wind du/dz ~ dT/dy,
and thus the jet is not related to dT/dy at a particular level as implied in Figure 1. Moreover,
a displacement of the jet-stream does not lead necessarily lead to an anomalous high more
than an anomalous low. It.is well established that changes in LULCC lead to upper level
changes but the precise nature of these changes are probably quite complex.

We have revised the Fig. 1 thoroughly, please refer to the response to comments #
(5) above. In particular, we have ascribed most of the meteorological and ozone
changes to changes in the surface energy balance, hydrometeorology and boundary-
layer dynamics, instead of upper-level changes.

3. The significance in the figures is still difficult to read. Some authors only color the parts of
the diagrams that are significant, but there are other solutions.

Figures have been revised: significant areas are circled to show clearly the
significantly changed regions.

4. L254: upper and mid-troposphere ozone observations?
P12, L269-275, revised as “In general, CAM-Chem can reasonably replicate
observed values at individual sites ..., and mid- and upper-tropospheric ebservations
distribution derived from a compilation of 0zone measurements (Lamarque et al.,
2010; Cooper et al., 2010) albeit with a general overestimation. The performance is

comparable to other global and regional models (Lapina et al., 2014; Parrish et al.,
2014).”

5. L277: “emissions”: anthropogenic emissions?

P13, 1297, revised as “In this study, anthropogenic emissions are held constant at
the present-day level for all runs, ...”.

6. Table 1: the last column “Other settings” is confusing as it is not clear what simulations
this applies to.

We now revised the Table 1 in the manuscript. Please see our responses to comment
# (3).

7. L332: “integrated”: do you mean combined?

We have checked through the manuscript, and revised the word mentioned by the
reviewer accordingly.

16



P17, L357: “(3) the combined integrated effects induced by LULCC on surface
ozone and its precursors and dry deposition.”.

8. L439: “can be reduced”. This is not clear.

Revised as P23, L465: “Recent studies found that these peroxides can be rapidly
photolyzed, making them at best a temporary HOy reservoir (e.g., Thornton et al.,
2002; Kubistin et al., 2010).”
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Abstract

Surface ozone (Os) is an important air pollutant and greenhouse gas. Land use
and land cover is one of the critical factors influencing ozone, in addition to
anthropogenic emissions and climate. Land use and land cover change (LULCC) can
on the one hand affect ozone “biogeochemically”, i.e., via dry deposition and
biogenic emissions of volatile organic compounds (VOCs). LULCC can on the other
hand alter regional- to large-scale climate through modifying albedo and:
evapotranspiration, which can lead to changes in surface temperature,
hydrometeorology and atmospheric circulation that can ultimately impact ozone
“biogeophysically” over local and remote areas. Such biogeophysical effects of
LULCC on ozone are largely understudied. This study investigates the individual and
combined biogeophysical and biogeochemical effects of LULCC on ozone, and
explicitly examines the critical pathway for how LULCC impacts ozone pollution. A
global coupled atmosphere-chemistry-land model is driven by projected LULCC from
the present day (2000) to future (2050) under RCP4.5 and RCP8.5 scenarios, focusing
on the boreal summer. Results reveal that when considering biogeochemical effects
only, surface ozone is predicted to have slight changes by up to 2 ppbv maximum in
some areas due to LULCC. It is primarily driven by changes in isoprene emission and
dry deposition counteracting each other in shaping ozone. In contrast, when
considering the integrated-combined effect of LULCC, ozone is more substantially

altered by up to 6-5 ppbv over several regions_in North America and Europe under

RCP4.5, reflecting the importance of biogeophysical effects on ozone changes. In

boreal and temperate mixed forests with intensive reforestation, enhanced net

radiation and sensible heat induce a cascade of hydrometeorological feedbacks that

ultimately generate warmer and drier conditions favorable for higher ozone levels. In
2
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contrast, reforestation in subtropical broadleaf forests has minimal impacts on

boundary-layer meteorology and ozone air quality. Furthermore, significant ozone

changes are also found in regions with only modest LULCC, which can only be

explained by “remote” the-biogeophysical effects. A likely mechanism is that

enhanced convergence in the reforested regions induces a circulation response,

leading to enhanced divergence, reduced moisture transport, and ultimately warmer

and drier conditions in the surrounding regions with limited LULCC. We conclude

that the biogeophysical effects of LULCC are important pathways through which

LULCC influences ozone air quality both locally and in remote regions even without

significant LULCC. Overlooking the effects of hydrometeorological changes on

ozone air quality may cause underestimation of the impacts of LULCC on ozone

pollution.

Keywords: ozone pollution; land use and land cover change; biogeochemical effects;

biogeophysical effects; hydrometeorology
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1. Introduction

Surface ozone (Os), as a harmful air pollutant, has negative consequences for
human health (WHO, 2005; Jerrett et al., 2009; Malley et al., 2017), decreases plant
gross primary productivity (e.g., Yue and Unger 2014), and leads to substantial
reductions in global crop yields (Avnery et al., 2011; Tai et al., 2014; Tian et al.,
2016; Tai and Val Martin, 2017; Mills et al., 2018). It is also an important greenhouse
gas, contributing to climate change (Myhre et al., 2013). Surface ozone is produced
by the photooxidation of precursors including carbon monoxide (CO), methane
(CHa4), and other non-methane volatile organic compounds (NMVOCs) in the
presence of nitrogen oxides (NOx). These precursors are both generated by human
activities and naturally emitted from vegetation and soils. The dominant sink of
surface ozone is photochemical loss and dry deposition to the surface including
vegetation mainly in the form of leaf stomatal uptake. Depending on all of these
production and loss mechanisms, its concentration is highly sensitive to changes in
natural and anthropogenic emissions of precursors (Wang et al., 2011), land use and
land cover (Ganzeveld et al., 2010; VVal Martin et al., 2015; Fu and Tai, 2015) and
climate (Jacob and Winner, 2009; Fiore et al., 2012; Schnell et al., 2016). Recent
studies found that decreases in anthropogenic emissions alone might not necessarily
decrease ozone in some polluted regions if factors such as climatic and land cover
changes act to enhance ozone and offset emission control efforts (Zhou et al., 2013;
Zhang et al., 2014; Xue et al., 2014).

Land use and land cover change (LULCC) can modify ozone concentration by
altering key drivers of ozone such as biogenic VOC emissions and dry deposition
(e.g., Wong et al., 2018). These can be referred to as “biogeochemical effects” of

LULCC on ozone (as opposed to “biogeophysical effects”, which will be discussed
4
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next), because these processes entail directly modifying the biosphere-atmosphere
exchange of gases and particles that alters atmospheric composition including ozone
itself. Here we limit the “biogeochemical effects” of LULCC on ozone to processes
that influence ozone directly in a given climate, including biogenic VOC emission
and the dry deposition of ozone and its precursors; climatic changes that can arise
from land cover disturbances of the biogeochemical cycles are not the focus.

LULCC can modify the spatial pattern and magnitude of isoprene emission
due to their strong dependence on vegetation type and leaf density (Guenther et al.,
2012). For instance, Lathiére et al. (2006) found as much as a 29% decrease in global
isoprene emission from a scenario in which 50% tropical trees are replaced by
grasses. Heald and Spracklen (2015) estimated the net effect of LULCC under future
anthropogenic influences as a decrease of 12-15% in annual isoprene emission
globally. These changes in isoprene emission can in turn modify ozone concentration.
For example, Tai et al. (2013) found that LULCC projections in the
Intergovernmental Panel on Climate Change (IPCC) A1B scenario with widespread
crop expansion could reduce isoprene emission by ~10% globally compared with the
land use and land cover at present. Such a reduction could correspondingly lead to an
up to 4 ppbv of ozone decrease in the eastern US and western Europe, and an up to 6
ppbv increase in South and Southeast Asia, whereby the difference in the sign of
responses is driven primarily by the different ozone production regimes.

Dry deposition is another key factor modulating ozone (e.g., Wesely, 1989;
Val Martin et al., 2014; Lin et al., 2019). Dry deposition is the most efficient over
densely vegetated regions via the stomatal uptake of ozone and its precursors, and
LULCC can alter these fluxes. Kroeger et al. (2013) found that reforestation over

peri-urban areas in Texas, USA, could effectively enhance dry deposition, resulting in
5



116
117
118
119
120
121
122
123
F24
125
126
127
128
129
130
131
132
133

134

135

136

137

138

139

140

decreases in ozone and its precursors. Fu and Tai (2015) found that LULCC driven by
climate and CO2 changes could overall enhance dry deposition and decrease ozone by
up to 4 ppbv in East Asia during the past three decades. The dry deposition
enhancement mostly arises from climate- and CO2-induced increase in leaf area index
(LAI), which more than offsets the compensating effect of cropland expansion (Fu
and Tai, 2015). The relative importance of isoprene emission and dry deposition,
which could have counteracting effects on ozone given the same LULCC, is strongly
dependent on local NOx concentrations and vegetation type (Wong et al., 2018).
LULCC can also affect weather and climate overtocal-andremoteregions-by
perturbing the biosphere-atmosphere exchange of water and energy fluxes (e.g., Betts,
2001; Bonan, 2016; Pitman et al., 2009). For example, afforestation generally cools
the surface in tropical regions, where evaporative cooling generally exceeds radiative
warming from reduced albedo, but warms the surface in boreal forests due to the more
dominant radiative warming effect (e.g., Arora and Montenegro, 2011; Lee et al.,
2011; Bonan, 2008). There is little consensus on the effects of afforestation in
midlatitude regions (e.g., Boisier et al., 2012; de Noblet-Ducoudré et al., 2012).

Recent studies (Devaraju et al. 2015; Lagué and Swann 2016) have identified that

LULCC in midlatitude regions can modify the global energy balance, impacting cloud

cover, precipitation, and circulation pattern. Furthermore, the impacts of such surface

forcing could extend into the upper troposphere, alter large-scale circulation pattern,

and consequently affect the climate in remote regions (Henderson-Sellers et al. 1993;

Chase et al., 2000; Swann et al., 2012; Medviqgy et al., 2013). Recentstudies
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LULCC on-theatmosphere-iscomplex-Lagué et al. (2019) examined the climatic

effects of individual physical components in the land surface (albedo, evaporative
resistance and surface roughness), and found that temperature responds most to
changes in albedo and evaporative resistanceparticularhyin-the-extra-tropies through
large-scale atmospheric feedbacks. Still, how individual land characteristics play out
together and interact with each other to affect the atmospheric general circulation,-and
oo surlaeo genalo vna brapca o inla thooe e e venr Lewo e are not fully
understood.

By and large, the impacts of LULCC on weather and climate are complex.

There is high confidence that LULCC can affect regional climate and climate in

remote areas as far as few hundreds of kilometers away (Jia, et al., 2019). The

magnitude and sign of regional climate change vary across regions depending on the

magnitude of LULCC and background climatic conditions. However, on the global

scale, the net changes resulting from LULCC alone are relatively small (e.q.,

Matthews et al. 2004; Pongratz et al. 2010; Brovkin et al., 2013; Shevliakova et al.

2013; Simmons and Matthews, 2016). Thus, sometimes climatic responses to LULCC

may be difficult to distinguish from natural climate variability especially on the global

scale.

Sueh-aThe modification of the overlying meteorological environment and
climate induced by LULCC and the associated exchange of momentum, heat and
moisture between the land and atmosphere can be defined as “biogeophysical effects”
of LULCC. Such effects can further alter surface ozone on local to pan-regional
scales (Jiang et al., 2008; Ganzeveld et al., 2010; Wu et al., 2012), and we shall call
these and related pathways the biogeophysical effects of LULCC on ozone. In

particular, a LULCC-induced increase in surface temperature could (1) accelerate
7
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peroxyacetyl nitrate (PAN) decomposition into NOx (Jacob and Winner, 2009;
Doherty et al., 2013; Pusede et al., 2015), (2) increase biogenic VOCs emissions from
vegetation (Guenther et al., 2012; Wang et al., 2013; Squire et al., 2014), and (3) lead
to more water vapor in air that tends to increase ozone destruction (Jacob and Winner,
2009)-{Fig—1}. The net effect of higher temperatures is almost always ubiquitously an
enhancement of ozone levels reported from both observational (e.g., Porter et al.,
2015; Pusede et al., 2015) and modeling (e.g., Shen et al., 2016; Lin et al., 2017)

studies in many polluted regions. Meanwhile, any reduction in precipitation, cloud

cover and soil moisture can also enhance surface ozone because of the associated

increase in solar radiation and reduced dry deposition velocity. Fig. 1 summarizes the

possible biogeochemical and biogeophysical pathways through which a change in

forest coverage may influence surface ozone. The relative importance of different

pathways, many of which may either counteract or amplify each other, is strongly

dependent on forest types.
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Figure 1. Schematic diagram showing the biogeochemical and biogeophysical effects of any changes in

the forest cover resulting from land use and land cover change (LULCC) on surface ozone;-using-a-case

mple. Red arrows indicate

the biogeochemical effects-pathways and grey arrows indicateindicate the biogeophysical effects via

changes in the overlying meteorological environment. The sign associated with each arrow indicates

the correlation between the two variables; the sign of the overall effect (positive or negative) of a given

pathway is the product of all the signs along the pathway. We here focus on processes initiated at-on

the land surface by LULCC, and the corresponding responses in local near-surface atmosphere (blue

box), middle-to-upper-levelatmosphere{green-box)-and remote near-surface atmosphere (yellow box),

which are connected by air convergence and divergence.-

The LULCC biogeophysical effects have thus far been largely unexplored,
though biogeochemical effects of LULCC have been examined by a number of

studies (Wu et al., 2012; Fu and Tai, 2015; Heald and Geddes, 2016). Only a few
10
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recent studies have implicitly included such biogeophysical effects of LULCC in their
coupled land-atmosphere models when assessing the impacts of LULCC on surface
ozone. Val Martin et al (2015) studied the integrated-combined effects of LULCC on
surface ozone using future LULCC scenarios, and found an increase of 2—3 ppbv
from 2000 to 2050 over US national parks. Ganzeveld et al. (2010) also calculated the
future LULCC from 2000 to 2050, and found that an increase in boundary-layer
0zone mixing ratios by up to 20% over the tropics. However, these studies did not
distinguish between the roles of biogeophysical vs. biogeochemical effects, or
decipher the physics and relative importance of various mechanisms behind the
rtegrated-combined effects.

The aim of this study is to investigate how and to what extent global LULCC
could affect surface ozone in the near future by investigating and distinguishing
between the biogeochemical, biogeophysical and integrated-combined effects of
LULCC. We suggest a new line of biogeophysical pathways linking LULCC to
surface ozone, and also consider biogeochemical pathways through isoprene emission
and dry deposition changes caused by LULCC. In particular, over the regions without
significant LULCC but showing substantial ozone changes, we find that the
biogeophysical effects arising from LULCC-induced atmospheric circulation changes
can be dominant and could be isolated from the integrated-combined effects. LULCC
is one of the key strategies for climate change mitigation, but meanwhile has
substantial impacts on ozone pollution. Understanding its comprehensive pathways on
surface ozone can help provide important references for integrated air quality and

land use management in the future.
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2. Data and methods
2.1 Modeling framework
To simulate the impacts of LULCC on surface ozone, we use the Community

Earth System Model (CESM) version 1.2 (http://www.cesm.ucar.edu/models/), which

is a comprehensive global model that couples different independent components for
the atmosphere, land, ocean, sea ice, land ice and river runoff (Lamarque et al., 2012).
The atmospheric component is the Community Atmosphere Model version 4
(CAM4), which uses a finite-volume dynamical core with comprehensive
tropospheric and stratospheric chemistry (CAM-Chem). Chemical mechanisms are
based on the Model for Ozone and Related chemical Tracers (MOZART) version 4
(Emmons et al., 2010). For the land component, the Community Land Model (CLM)
version 4.5 (Oleson, 2013) considers 16 Plant Function types (PFTs) (Lawrence et al.,
2011), and prescribes the total leaf area index (LAI), the PFT distribution and PFT-
specific seasonal LAI derived from Moderate Resolution Imaging Spectroradiometer
(MODIS) observations. We use the Satellite Phenology (SP) mode of CLM4.5 for all
simulations, which prescribes vegetation structural variables including LAI and
canopy height; active biogeochemical cycling in terrestrial ecosystems is not turned
on.

In CLMA4.5, biogenic VOC emissions are computed using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 (Guenther et al.,
2012), accounting for the major known processes controlling biogenic VOC
emissions from terrestrial ecosystems, such as effects of temperature, solar radiation,
soil moisture, leaf age, CO2 concentrations, and vegetation species and density.
Biogenic VOC emissions in MEGAN are allowed to respond interactively to changes

of these processes. Thus, isoprene emission is allowed to respond to spatiotemporal
12
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changes in PFTs and the associated changes in meteorological conditions in this
study. Dry deposition of gases and aerosols are computed based on the multiple
resistance approach of Wesely (1989), updated by Emmons et al. (2010), Lamarque et
al. (2012) and Val Martin et al. (2014). In the scheme, dry deposition velocity is the
inverse of aerodynamic resistance (Ra), sublayer resistance (Ro) and bulk surface
resistance (Rc), whereby Rc includes a combination of resistances from vegetation
(including stomatal resistance), lower canopy, and ground with specific values for
different land types. Correspondingly, dry deposition velocity in the scheme responds
to primarily meteorological and ecophysiological conditions. Soil NOx emissions are
dependent on soil moisture, soil temperature and vegetation cover (Emmons et al.,
2010; Yienger and Levy, 1995), while biomass burning emissions and anthropogenic
emissions of ozone precursors, are prescribed by inventory at present-day levels.

The coupled CAM-Chem-CLM model configuration of CESM can be run
with prescribed meteorology to drive atmospheric chemistry-only simulations
(hereafter as dynamical Off-line mode), or with interactive, dynamically simulated
meteorology using CAM4 (hereafter as On-line mode). These two modes are both
applied in the study. In particular, the Off-line mode is used to quantify the
biogeochemical effects of LULCC alone on surface ozone in the absence of any
associated meteorological responses to LULCC. The On-line mode is applied to
assess the biogeophysical and integrated-combined effects on ozone caused by
LULCC, considering also the effects of the resulting meteorological changes.

For the Off-line mode, we use the Goddard Earth Observing System Model
Version 5 (GEOS-5) (https://rda.ucar.edu/datasets/ds313.0/) (Tilmes, 2016)
assimilated meteorology as the driving fields, with a horizontal resolution of

1.9°x2.5° and 56 vertical levels between the surface and the 4-hPa level. For the On-
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line mode of CAM4-Chem-CLM, 26 vertical levels are used between the surface and
4 hPa, with the same horizontal resolution as the Off-line mode. For all simulations,
concentrations of long-lived greenhouse gases including CO2, CH4, and N20 are
prescribed at present-day. For the anthropogenic emissions used for all simulation are
described in Lamarque et al. (2010, 2012) and references therein. Climatic changes
that may arise from land cover disturbances of the terrestrial carbon and nitrogen
cycles are not the focus of this study, which aims to delineate the more immediate
responses of surface ozone to LULCC.

The CAM-Chem-simulated atmospheric chemistry has been extensively
evaluated and documented (e.g., Lamarque et al., 2012). In general, CAM-Chem can
reasonably replicate observed values at individual sites (CASTNET for US and
EMEP for Europe) (Lamarque et al., 2012; VVal Martin et al., 2014; Sadiq et al.,
2017), and mid- and upper-tropospheric distributionebservatiens derived from a

compilation of 0zone measurements (Lamarque et al., 2010; Cooper et al., 2010)

albeit with a general overestimation. ;-and-tThe performance is comparable to other
global and regional models (Lapina et al., 2014; Parrish et al., 2014). Uncertain
emissions, coarse resolution (Lamarqgue et al., 2012), misrepresentation of dry
deposition process (Val Martin et al., 2014) and overestimation of stomatal resistance

(Linetal., 2019) are all likely factors contributing to these-high biases.

2.2 Present and future land use and land cover scenarios

For the present-day land cover distribution, satellite phenology based on
MODIS and a cropping dataset from Ramankutty et al. (2008) are used (see Lawrence
et al., 2011). The cropping dataset combines agricultural inventory data and two

satellite-derived land products. For the future land cover, projections based on the
14
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Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios are adopted (van
Vuuren et al., 2011). Both are computed using Integrated Assessment Models (IAM)
for the Phase 5 of the Coupled Model Intercomparison Project (CMIP5) community,
incorporating anthropogenic transformation and activities associated with carbon
releases (e.g., wood harvest). These LULCC projections are internally consistent with
the corresponding emission scenarios and development pathways for the Fifth
Assessment Report (AR5) of Intergovernmental Panel on Climate Change (IPCC)
(Taylor et al., 2012). In general, the RCP4.5 LULCC has the most extensive use of
land management as a carbon mitigation strategy, with the expansion of forest areas
combined with large reductions in croplands and grasslands. The RCP8.5 LULCC has
the least effective use of land management for carbon mitigation, with large
expansion in both croplands and grasslands together with substantial forest losses. In
this study, anthropogenic emissions are held constant at the present-day level for all
runs, thus the effects of LULCC can be considered as being decoupled from changes
in anthropogenic emissions in order to isolate the effects of LULCC alone.

Both present-day and future land cover are transformed into PFTs changes for
implementation into CESM (Lawrence et al., 2012; Oleson et al., 2013). The long-
term time series of LULCC span through the historical (1850-2005) and future
(2006-2100) periods in 5-year intervals (Riahi et al., 2007; van Vuuren et al., 2007;
Wise et al., 2009a), and are then interpolated and harmonized with smooth transitions
on the annual timescale (Hurtt et al., 2011). For this work, we focus on LULCC from

the present-day (2000) to future (2050) period.
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2.3 Model experiments

We have two sets of configuration, Off-line mode and On-line mode;-th
etght-simulations to investigate the impacts of LULCC on surface ozone (see Table
1). We focus on boreal summer month (June-July-August, JJA) averages as this is the
period when ozone pollution is generally the most severe in the Northern Hemisphere
{NH.L In the first set of simulations in Off-line mode, surface ozone would respond to
LULCC only through biogeochemical effects that mainly include changes in dry
deposition velocity and isoprene emissions due-to-different LULCCseenartos-without
meteorological responses to LULCC. The Off-line mode includes control run (Off-
line_CTL) using present-day (year 2000) distribution of land use and land cover, and
two future simulations Off-line_45 and Off-line_85, with year-2050 land use and land
cover distribution following RCP4.5 and RCP8.5, respectively. All three experiments
are time-sliced simulations using prescribed GEOS-5 meteorology from 2004 to 2017
for 14 years allowing for interannual climate variability, and we use the last 10-year
averages for analysis. The statistical significance of the comparison amongst these

experiments was assessed by the Student’s t-test at the 2095% confidence levels.-
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Case Name Land Meteorology Simulated years Other
fercingtreatment settingsModel
1 Off- Present-day (2000) GEOS-5 14 years, t - Present-day
line_ CTL land use and land reanalysis Fhe last 10 years (2000) well-
cover (LULC) map (2004-2017)  average-for mixed
analysis greenhouse gases
2 Off-line_45 2050 RCP4.5 Same as Same as above gggesshaonr(tj lived
seenapi&futgre above GEQS— Iears aerosols,
ITUA_map hgsa  Steanalysis  Thelast10-years anthropogenic
time slice (2004-2017)y  average-for emissions:
3 Off-line_85 2050 RCP8.5 Same as Same as above - Present-day
seenario future above GEOS- 14-years (2000) monthly
LULC map inas a Sreanalysis  Fhelast10-years Mmean sea surface
time slice (2004-2017)  averagefor temperature and
4 On- Present-day (2000)  Simulated 5560 years ?Zﬁll(s:?mulations
line CTL LULC landuseand online (looped over use the SP mode
land-covermap same year of in CLM
forcing), t - Isoprene
Thelast 2030 gmission is from
\veare avarana far MEGAN
5 On- 2050 RCP4.5 future Same as Same as above - Dry deposition
line 45TS LULC mapasa above 55-years velocity is based
time slice2000-2005 Simulated FhelasO-mars  gn Wesely
Bisteren 2006 orlns rernge—er (1989) updated
crrhmome by Val Martin et
6 On- 2050 RCP8.5 future Same as Same as above g (2014)
line 85TS  LULC map inas a above 55years
time slice2000-2005 Simulated Thelast-10-years
7,8 On- 2000-2005 Same as 55-66 years
line_45TS? historical, 2006- above transient land
2065 RCP4.5 Simulated forcing all the
transient LULC online way), t
map2056-RCP4.5 The last 26-30
scenario-future—map years® average
9,10 On- 2000-2005 Same as Same as aboves5
line_85°TS  historical, 2006- above years
2065 RCP8.5 S e
transient LULC orlne PrernEe—er
map2056-RCP8:5 anebsis
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341 On-line_85 are similar to Case 7 and 9, respectively, but with slightly different initial conditions to produce two

342 ensemble members. ¢ The analysis time period is from 2036 to 2065, centered around year 2050, as part of the

843 transient land forcing.
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In the second set of five-On-line mode simulations, ozone would respond to
both the biogeochemical and biogeophysical effects caused by future projected
LULCC and-LULCC-induced-meteorological-changes. The first experiment On-
line_CTL, reflects present-day conditions and uses land surface forcing for year 2000.

The second and third experiments, referred-to-as-On-line—45-and-On-line-85,are

fourth-and-fifth-experiments;-On-line_45TS and On-line_85TS, are time-sliced

simulations using 2050 land cover distribution following RCP4.5 and RCP8.5,

respectively. These two experiments are designed for direct, parallel comparison with

the Off-line simulations, except with longer integration (60 years) and analysis (30

years) time to capture interannual climate variability.- Because these multi-year

simulations are looped over the same year of land cover forcing, they can be

considered as a quasi-ensemble run and the multi-year average can be considered as

the ensemble average. The fourth and fifth experiments, referred to as On-line 45 and

On-line 85, are transient simulations performed continuously from year 2000 to 2065

using transient land cover maps projected for the RCP4.5 and RCP8.5 scenarios,

respectively. These On-line transient simulations are repeated by a series of ensemble

runs with slightly different initial conditions, with two ensemble members for each

scenario. All five-the On-line experiments are-run-for 55-years,and-analysis is based

on the last ten 30-years average and the ensemble average are-used-foranalysis-after

when modeled variables have attained a quasi-steady state. Comparison between the

time-sliced and transient simulations helps us ascertain the strengths of LULCC-

induced climate signals.Ourexperimentsat-startfrom-an-equitibrivm-(spun-up)-state
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All simulations are performed with prescribed sea surface temperature and

sea-ice cover following the HadISST data set (Rayner et al., 2003) at the year-2000
level. Long-lived greenhouse gases and thus the radiative forcing from them are kept
at present-day conditions (year 2000) to isolate the effects of LULCC only.

These eight-sets-ef-model configurations allow us to separate and examine: (1)
biogeochemical effects of LULCC on surface ozone, (2) biogeophysical effects on
surface ozone, and (3) the integrated-combined effects induced by LULCC on surface

ozone and its precursors and dry deposition.

3. Results
3.1 Projected land use and land cover change from 2000 to 2050

Figure- 2 shows the global distribution of present-day (year 2000) PFTs and
future projected changes (2000 to 2050) following RCP4.5 and RCP8.5 for three
major land cover categories. The future LULCC in RCP4.5 is characterized by
extensive forest expansion (Figs. 2f, g). Transition from present-day to 2050 in
RCP4.5 highlights the global growth of forest from 71.8 million to 74.0 million km?,
at the expense of croplands (from 14.7 million to 12.3 million km?); grasslands
slightly increase in area from 33.7 million to 33.8 million km?. The net increase of 2.2
million km? of forests is consistent with that provided by Hurtt et al. (2011),
Lawrence et al. (2012) and Heald and Geddes (2016). Fig. 2f also illustrates cropland
area increases over Southeast Asia, India and China. Such increases are due to more
bioenergy crop production for the purpose of climate change mitigation, economic

advantages from agriculture productivity growth, lower regional land prices, and
20
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availability of undeveloped lands in these developing regions (Wise et al., 2009b;
Thomson et al., 2011). In contrast, regions such as Europe, US and Canada, undergo
extensive reforestation. RCP8.5 LULCC is characterized by extensive cropland
expansion (Figs. 2k, I, m), driven mainly by a large increase in the global population
and a slow increase in crop yields due to a slow rate of exchange of technology
globally (Riahi et al., 2011). Cropland expansion occurs largely over the tropical belt
(30°N-30°S) at the expense of forest reduction. The total increases in croplands are by

1.8 million km?, and forest area decreases by 2.5 million km?.
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Figure 2. Present-day (2000) land use and land cover by percentage of land coverage, total leaf area

index (LAI) and vegetation height (left), and their changes from 2000 to 2050 under RCP4.5 (middle)
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and RCP8.5 (right) scenarios for the boreal summer (June-July-August) (units at the right side of the
color bar). Plant function types (PFTs) in CESM are here grouped into three major categories: crop,
forest and grass. The treatment of vegetation including PFT fractional coverage, LAl and
canepyvegetation height is prescribed using the SP mode of CLM4.5 in both the present-day case and
future LULCC scenarios. For the future cases, PFT fractional coverage is derived according to the RCP

land use-scenarios.

The present-day LAI and its changes associated with the future projected
LULCC are shown in Figs. 2d, 2i and 2n. Forest expansion leads to increases in LA,
whereas deforestation results in LAI reduction. For RCP4.5, due to the widespread
reforestation and afforestation except in East Asia, LAI increases significantly.
Particularly over Europe and the US, the absolute increase in LAl is > 0.1. For

RCP8.5, LAI generally declines with intense reductions over the tropical regions.

3.2 Biogeochemical effects of land use and land cover change on surface ozone
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429 Figure 3 shows the simulated changes in 0zone concentrations, isoprene

430  emission rates and dry deposition velocities based on the Using-the-Off-line

A31  ecenfiguratiensimulations. -+wWe find that isoprene emission changes correspond
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432  closely with the LULCC in each future scenario from 2000 to 2050 (Figs. 3b, €). For
433 RCPA4.5, isoprene emission increases over the regions with forest expansion, including
434  the US, Europe and some tropical regions, but decreases over East Asia. Such

435  isoprene emission increases are primarily driven by forest expansion, since forest

436  PFTs typically emit much more isoprene than crops and grasses (Guenther et al.,

437  2012). For RCP8.5, isoprene emission decreases over the tropics with slight increases
438  over Europe, north China and north India, largely due to forest reduction in this

439  scenario.
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Figure 3. Simulated 2000-to-2050 changes in surface ozone, isoprene emission, and dry deposition

velocity under RCP4.5 and RCP8.5 projected LULCC for the boreal summer (June-July-August)

averaged for the final 10 years of simulations. Regions with dots indicate changes that are significant at

the 95% confidence level. These are results from Off-line runs with prescribed meteorology; i.e.,

meteorological variables do not respond to LULCC.

Table 2 summarizes the percentage and absolute changes of the annual global
isoprene emission. The simulated present-day annual global isoprene is 353.8 Tg C
yr, in the middle of the range 308-678 Tg C yr summarized by Guenther et al.
(2012). For the RCP4.5 LULCC, the annual global isoprene emission increases by
5.2%, but it decreases by 11.8% for RCP8.5. The isoprene emission changes are in
line with these studies by Heald et al. (2008) and Wu et al. (2012), who estimated a
decrease of 12-15% in global isoprene emission under the net biogeochemical effect

of future LULCC (A1B and A2 scenarios).

isoprene % Ozone ary % Ozene. %
SRAHSSIBRS

dosestenn copenRiTleR
(FgCyr ) sink-(Fg-yr) Ppbv)

Offdine  Off-line45 3723 52 895.4 1.0 237 04
OnlineCTL 4194 969.7 256
Ondine  ©Online 45 4336 34 9733 04 259 12
Online85 3861 79 9647 05 258 0.8
Online45TS 4346 36 9759 06 259 12
Online-85TS 3838 -85 9617 0.8 257 04
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e%s % d(_e)—y[;c))?i{:i(;rrwl % con(c)e%trr];cion %
—:'I'Cr'lj change sink gq yr change (ppbv) change
Off-line_ CTL 353.8 886.8 23.6
Off-  Off-line_45 372.3 5.2 895.4 1.0 23.7 04
e Off-line_85 311.9 -11.8 879.8 -0.8 23.5 -0.4
On-line_ CTL 417.7 969.2 26.2
On-line_45TS 435.4 4.3 974.7 0.6 26.5 12
On-  On-line_85TS 386.8 1.4 964.1 -0.5 26.4 0.8
e On-line_45 440.3 55 975.6 0.6 26.6 15
On-line_85 385.2 =1.7 964.1 -0.5 26.3 0.4

Table 2. Annual average global isoprene emission and ozone dry-depositional sink as influenced by

future LULCC in the RCP4.5 and RCP8.5 scenarios; shown separately are changes in prescribed

meteorology (biogeochemical effects only) and coupled atmosphere-chemistry-land configurations

(both biogeochemical and biogeophysical effects).

Fig. 3c shows that LULCC in the RCP4.5 scenario has enhanced dry
deposition velocity over most regions where forests have expanded. Forest with both
large LAI, and high surface roughness often provides the highest dry deposition
velocity amongst all PFTs (Emmons et al., 2010; Lamarque et al., 2012). The most
dramatic changes occur in Europe where local maximum changes occur in land cover
between forests and croplands. Local decreases over East Asia are the result of
deforestation. For RCP8.5, dry deposition velocity decreases mostly over the regions
where tropical forests are replaced by croplands (Fig. 3f). Equatorial Africa and the
Amazon experience the largest decrease in dry deposition velocity relative to present-
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day conditions. Some increases over Western Europe are the result of local
reforestation.

The globally averaged change in the dry-depositional sink is around 1%
(Table 2). Local dry deposition velocity changes within 0.05 cm s™*. The value of dry
deposition velocity change is in line with previous studies exploring future 2050
LULCC alone on the dry deposition velocity of ozone (e.g., Verbeke et al., 2015),
though our results show slightly larger changes due to larger LAI differences between
forests and crops/grasses during the boreal summer compared with their annual mean
values of differences from Verbeke et al. (2015).

Figs. 3a and 3d show the impacts of future projected LULCC on surface
ozone. LULCC under RCP4.5 with massive forest expansion increases isoprene
emission that could increase surface ozone, but also enhance dry deposition velocity
that could reduce surface ozone. The overall changes in surface ozone are thus
generally small due to these compensating effects. There are a few regions with
surface ozone changes by up to 2 ppbv. In particular, over the US, opposite surface
ozone changes are seen in RCP4.5: an increase in the northeast US and a decrease in
the southeast US despite of the fact that both changes are driven by forest expansion
(Fig. 3a). Such a contrasting pattern is shaped by the local atmospheric chemical
conditions related to O3-NOx-VOC chemistry. The northeast US is a high-NOx region,
and increases in isoprene emission result in enhanced ozone, more than offsetting the
effect of increasing dry deposition velocity. In contrast, the southeast US is a high-
isoprene-emitting region; additional isoprene may react with ozone and NOx, thereby
suppressing surface ozone production (Kang et al., 2003; von Kuhlmann et al., 2004;
Fiore et al., 2005; Pfister et al., 2008). Furthermore, in the low-NOx region, OH is

largely removed by reactions with biogenic VOCs, producing peroxy radicals that
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form HO: or producing organic peroxides. Recent studies found that erganic-peroxide
formation-can-bereduced:alernatively-these peroxides could-can be rapidly
photolyzed, making them at best a temporary HOx reservoir (e.g., Thornton et al.,
2002; Kubistin et al., 2010). This result implies that in low-NOx regions ozone
production may be NOx-saturated more often than current models suggest. Suppressed
ozone is also found in the tropical regions of South America and Africa (Fig. S1a).
Together with the increase in dry deposition velocity, overall there is a decrease of
surface ozone. Similar to the northeastern US conditions, southern Europe,
northeastern India and northern China are also high-NOx regions.

Under the RCP8.5 scenario with substantial cropland and grassland expansion,
decrease in isoprene emission and dry deposition again offset each other in
controlling surface ozone in high-NOx regions. Surface ozone concentration decreases
by around 1 ppbv over the north-central and southern Africa, but increases by up to 2
ppbv over equatorial Africa and central South America (Fig. 3d). In particular, the
area with enhanced ozone in these regions corresponds well with reductions in
isoprene emission and dry deposition together. Equatorial Africa is a high-isoprene-
emitting, low-NOx region, thus decreases of isoprene emission together with reduced

dry deposition would lead to enhanced ozone (Fig. S1b).

3.3 Biogeophysical effects of land use and land cover change on surface ozone
Next, we examine results from the On-line simulations, which allow us to
assess the impacts of LULCC on surface ozone when the overlying meteorological

environment is also modified by LULCC. Fig. 4 shows the simulated changes in

0zone concentrations, isoprene emissions rates, dry deposition velocities as well as air

temperature from the On-line time-sliced simulations. The simulated changes in
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surface ozone is in the range from —3-2 to +6-5 ppbv (Figs. 4a, €). The magnitude of
ozone changes in On-line simulations is overall larger than those in Off-line
simulations (Fig. 3 and Table 2), which consider biogeochemical effects only,
indicating the importance of complications from the changing meteorological
environment in response to LULCC. Within the On-line simulations, more substantial
responses of temperature-meteorology as well as of surface ozone to LULCC are
found in RCP4.5 compared with those in RCP8.5.

In contrast to the clear, localized signals in 0zone changes in response to
LULCC through biogeochemical pathways, surface ozone changes are more complex

when biogeophysical pathways are also involved (Figs. 4a, €). Most importantly, both

local and remote ozone changes can be discerned. H-particular-ozene-changes;

g)-are-founc-nregions-witheutmueh-EULCCE-Such signals are not captured by the

Off-line simulations in which changes only respond to LULCC locally (Fig. 3). ©a

the-other-handFurthermore, changes in surface temperature are found to be correlated
well with patterns of changes in ozone (Fig. S2a, d), indicating that the

biogeophysical drivers that modify temperature-meteorological conditions may play

critical roles in 0zone changes. tr-theregions-where-temperature-inereases-surface

ozone-nereases-correspendinghy-Figs. 4d and 4h show simulated changes in near-
surface air temperature {below-the-850-hPa-leveh-before and after LUL CCfrem-2000

te-2050. Regional-scale temperature changes of up to 2 K are found. Such magnitudes
of temperature anomalies induced by LULCC are in line with those from previous
experiments (Lawrence et al., 2012; Brovkin et al., 2013). Both-local-and-remote

temperature-changes-could-be-driven-by EULCC-Over the regions where temperature

increases, surface ozone increases correspondingly.
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552 Figure 4. Simulated 2000-to-2050 changes in surface ozone, isoprene emission, dry deposition

553 velocity and 2-m air temperature for the boreal summer averaged over the 30-year analysis window,

554 under two future scenarios (RCP4.5 and RCP8.5) of LULCC. Regions with dots indicate changes that

555 are significant at the 95% confidence level. These results are from the On-line runs (land forcing 2050

556 minus 2000) with dynamic meteorological responses to LULCC from time-sliced simulations On-

657  line_45TS and On-line _85TS (Table 1).
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Changes in isoprene emission also correlate with temperature changes (Figs.
4b, d; Figs. 4f, h, Fig. S2b). Isoprene emission also increases in regions with forest
expansion, reflecting not only the biogeochemical effects due to higher fractional
coverage of isoprene-emitting vegetation types (Section 3.2), but also the
biogeophysical effects arising from changing ‘and-surface air temperature.

Changes in dry deposition velocity (Figs. 4c, g, Fig. S2c) also correlate to
meteorological changes. In the dry deposition scheme, stomatal resistance can
respond to atmospheric dryness and soil water stress. For instance, drier conditions
are captured in RCP4.5 in the eentral-westernnorth-central US as initiated by the

LULCC further east, with anomalously lew-precipiatienmoisture divergence (Fig.

5h5n) and soil moisture (Fig. 5i50). The drier conditions could result in suppressed
dry deposition in the corresponding regions (Fig. 5¢). The responses of dry deposition
to drought conditions have also been observed by recent studies (e.g., Linetal.,
2019). Furthermore, changes in surface roughness can influence aerodynamic
resistance and thus dry deposition via modifying boundary-layer turbulence. In
LULCC scenarios, surface roughness is modified substantially with increases in
RCP4.5 (Fig. 2j) and reductions in RCP8.5 (Fig. 20), which generally decrease
(increase) resistance and enhance (decrease) dry deposition in RCP4.5 (RCP8.5) in

LULCC regions, though the overall changes in dry deposition is mere-dominantly

shaped by the integrated-combined meteorological effects of LULCC.

Table 2 shows in general, the percentage changes in isoprene emission and dry
deposition in the On-line simulations are smaller than in the Off-line simulations in
both scenarios, reflecting that on a global scale, LULCC-induced meteorological
changes partly offset the biogeochemical effects of changing land cover types on

ozone.
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Thus, changes in ozone can be caused by both biogeochemical and
biogeophysical effects of LULCC; furthermore, both effects are highly coupled with
each other. We find that in particular the biogeophysical effects of LULCC play
critical roles in modulating surface ozone. Hereafter, we focus on the broad regions of
North America ;-and Europe-anrd-Asta{tadia-and-China), in order to elucidate the
origins of surface ozone changes in response to LULCC-induced meteorological

changes. We also focus on RCP4.5 only, because no significant changes in 0zone or

other meteorological variables are found for the RCP8.5 LULCC scenario.

3.3.1 North America fer-under RCP4.5 reforestation-and-RSP8.5
For RCP4.5, North America is subjected to intensive local-sealeregional

changes in the land cover over the eastern US and southern Canada (Fig. 5d).

Relativelylarge-thereasesSignificant changes in surface ozone (Fig. 4a) and rear-

surface air temperature (Fig. 4d) are found over a-large continuous areas in North

America, including both the regions with intensive LULCC and the-regions where

LULCC is minimal.

first focus on the forested regions with Ferthe-intensive LULCC region-(Fig. 5d),-the

eastern-US-{Fig-56), where r+eforestation results in a significant substantial

decreases in surface albedo (Fig. 5e). In the boreal and temperate mixed forests of

southern Canada and northeastern US, such an albedo reduction results in a

substantial enhancement in absorbed solar radiation —which-leadsto-local-increasein

surface-net-solarradiation-(Fig. 5f50). Typical of these forest types, the enhanced net

radiation is in turn largely dissipated by higher sensible heat (Fig. 5h) instead of latent
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heat (Fig. 5i), resulting in a 0.5-1 K rise in average air temperature (Fig. 5j). The

subsequently stronger dry convection appears to also suppress precipitation (Fig. 5k),

cloud cover (Fig. 51), and soil moisture (Fig. 50), generating a feedback that likely

further enhances net radiation. All these meteorological changes contribute to higher

northeastern-US{Fig-—5g)-surface ozone concentrations (Fig. 5a) beyond the

biogeochemical effects alone. In southern Canada, the drier conditions even help

suppress dry deposition (Fig. 5¢), further enhancing ozone there. These

biogeophysical effects can be summarized by the cross-amplifying pathways in the

blue box in Fig. 1. Furthermore, reduced wind speed (Fig. 5m) following enhanced

roughness (as represented by vegetation height in Fig. 5f) may also reduce moisture

transport to these forests, inducing a greater moisture divergence there (Fig. 5n).

In contrast, in the subtropical broadleaf forests in the southeastern US,

enhanced forest cover and albedo instead lead to greater moisture convergence from

the Gulf of Mexico (Fig. 5n). This generates more favorable water conditions that not

only dampen meteorological changes there but also promote dry deposition, leading

to only slight changes in ozone. These can also be seen in the cross-counteracting

pathways in the blue box of Fig. 1./a-the-seutheastern-USsurfacenetsolarradiation
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Figure 5. Changes in surface ozone, isoprene emission, dry deposition velocity, projected forest,

simulated surface albedo, vegetation height, surface net solar radiation, sensible and latent heat fluxes,

surface-2-m air temperature, precipitation, cloud cover, surface wind, *vertically integrated moisture

transport divergence (vector:; kg m? s, shading: -10° kg m s*)precipitation, and soil moisture at top

10-10-cm layer during the boreal summer over the USNorth America due to 2000-t0-2050 RCP4.5

projected LULCC. Regions with dots indicate changes that are significant at the 965% confidence

level.
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His-neteworthy-that temperature-sSurface ozone also increases significantly
over the locations where the-land use does not change significantly, such-asespecially

over the Midwest and Great Plains regions of north-central Great-Plains-and-Rocky

Meuntatns-ta-central-western-US (Figs. 5ad and 5dg). The_ozone enhancement is

found to correspond to the drier, warmer and sunnier conditions there that can be

considered as “remote effects” of LULCC. Such conditions are associated with

enhanced moisture divergence (Fig. 5n), which could be caused by the stronger

convection over the surrounding reforested regions that diverges moisture flow from

the Great Plains, as well as reduced -is-Hikehyrelated-to-atmesphericcireulation
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henee-low-level-divergent-wind-surface wind speed (Fig. 5m) that can substantiaty

influence regional moisture transport to these regions. The vertically integrated

moisture fluxes at present-day conditions are shown in Fig. S3a, illustrating that
normally moisture transport from the Gulf of Mexico and-Pacific-Ocean-is deflected

by the Rocky Mountains and toward the central-westerneastern and north-central US.

Due to reforestation, moisture transport is deflected further east and it generates an

anomalous moisture flux divergence around the Midwest and Great Plains, resulting

in drier conditions in these regions. ta-fact-the-meisture-Flux-pattern-is-significantly

over-the-western-US-The drier and warmer sunnier boundary layer are also reflected

by the lower precipitation_(Fig. 5k), cloud cover (Figs. 5hk:-5I), soil moisture (Fig.

5i510), latent heat (Fig. 51), and the associated higher surface-albedonet radiation (Fig.

5e50), sensible heat (Fig. 5h) and air temperature (Fig. 5]). The lower soil moisture

can also reduce dry deposition there (Fig. 5¢). All these changes togetherwith-the

anomalous-high-(Fig-—6e),-can all-act together to premete-enhance warminghigher

surface ozone over the north-central eentral-western-US as remote effects of LULCC

region elsewher; these pathways can be summarized by the yellow box in Fig. 1.
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(a) Background of U wind at 200 hPa (m s™') (westerlies positive) (b) Background of Geopotential height at 500 hPa (m)

80N
60N iy
40N
20N

20S
408

60S

T T T

180 140W 100W 60W 20W  20E  60E  100E 140E 180 180 150W 120W 90W 60W 30W O 30E 60E 90E 1208 150E 180
[]

40 -32 24 -16 -8 0 8 16 24 32 40 50005100 5200 5300 5400 5500 5600 5700 5800 5900 6000

RCP4.5 Projected LULCC RCP8.5 Projected LULCC

180 ‘ 140W 100W 60W 20W 20E 60E 100E 140E 180 180 140W 100W 60W ?OW 20E 60E 10’05 140E 180
5 5 -4 -3 2 -1 0 1 2 3 4 5
(f) Geopotential height 500 hPa (m)

-5

180 140W  100W  60W 20W 20E 60E 100E 140E 180 180 140W  100W  60W 20W 20E 60E 100E  140E 180

B [V E———— | M

3.3.2 Europe fer-under RCP4.5 reforestation-and-REP8-5

Aleng-ceastalareas-of Eurepe-Ssubstantial increases in surface ozone (Figs.
64a;¢) and near-surface-air temperature (Figs. 6ij4¢-h) are found in Europe due to the

RCP4.5 and RCRPE85 LULCC- FerRCP4 5scenario, whereby substantial reforestation

occurs over in the boreal and temperate mixed forests in the European continental

regions (Fig. 7b6d), which-modifyingies regienal-surface energy balance

significantlyand-atmespheric-eireutation. Over the regions with intensive LULCC, the
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biogeophysical pathways shaping boundary-layer meteorology and ozone are largely

similar to southern Canada and northeastern US, where the forest types are similar

(see blue box in Fig. 1). In brief, reduced -Ferest-expansion+educestocal-albedo -(Fig.

7c6e) leads to enhanced net radiation (Fig. 6g) and sensible heat (Fig. 6h), raising

surface air temperature over a large area by 0.4-1.2 K (Fig. 6])anrd-acreases-surface

constituting a hydrometeorological feedback that reduces precipitation (Fig. 6k),

cloud cover (Fig. 61), and soil moisture (Fig. 60). These changes generate warmer,

drier and sunnier conditions over the forests that favor higher ozone levels. -

regions—Reforestation also decreases surface wind speed (Fig. 6m) and moisture

transport at the near--surface level, resulting in greater moisture divergence over the

forests (Fig. 6n).

The increases in surface ozone are also found to extend westward and

southward beyond the regions with intensive LULCC, likely reflecting remote effects

(Fig. 6a). The lower-level wind patterns at 850 hPa under present-day conditions are

shown in Fig. S3b, showing that reforested regions are originally on the southerly

branch (eastern part) of the Azores High anticyclone. Stronger dry convection over

the reforested regions appears to enable the anticyclonic system to extend eastward,

allowing sunny and warm conditions typical of the Azores High to prevail over much

of western Europe and parts of North Africa, and enhancing surface ozone there.
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Figure #6. Similar to Fig.uzre 5 but for Europe #-under RCP4.5.
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Overall, we find that biogeophysical effects can have strong impacts on

surface ozone through modifying local and remote meteorological conditions such as
surface warming, drying and circulation anomalies initiated by local LULCC (Fig. 1).
Our results of temperature changes are consistent with the previous study of Swann et
al. (2012) that illustrated the local and remote climate effects of the northern
midlatitude reforestation. They conducted a model experiment with extreme
afforestation, and found substantial warming in North America and Europe. In
addition, Govindasamy and Caldeira (2001) and Unger (2014) also found surface

cooling due to deforestation.

3.3.4-3 Transientime-shiced experiments versus time-slice transient-experiments

In the above sections, for a direct, parallel comparison with the Off-line

configurations, we have use the time-sliced experiments for-with the present-day land

cover conditiens-in year 2000 and future cenditions-land cover in year 2050.

However, in reality the LULCC in-On-line-mede-is transient with the land cover

changing gradually:; therefore, transient runs in On-line mode with the land cover

evolving from the present-day all the way to year 2065 are also conducted (On-

line 45 and On-line 85, each with two ensemble members; see Table 1). Fig. 7 shows

the changes in ozone and other variables from the transient simulations, using 2036 to

2065 as the 30-year averaging period to capture interannual variability. We find that

changes in 0zone, near-surface2-m air temperature, and other factors controlling

ozone are very similar between the transient and time-sliced runs (see also Fig-9-and
45



798  Table 2), with only statistically insignificant differences in different variables in most

799  places (see Fig. S6 in the supplement). The consistent simulated results from the

800 transient (Fig. 47) and time-sliced (Fig. 74) LULCC further reflect the robustness of

801 the LULCC-induced signals at least over North America and Europe, which are

802  strong enough to cause changes in meteorology and ozone pollution_in places remote

803 from LULCC, and indicate that the atmospheric responses and the-biogeophysical

804  effects are generally fast-responding at a quasi-steady state on timescales of years to

’805 decades with respect to the slow LULCC.
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Figure 97. Similar to Figure-Fig. 4 but these results are simulated-from thme-the transient -sliced

configurationssimulations On-line_45 and On-line85 (Table 1), averaged byover the two ensemble

members for each scenario.

48



813
814
815
816
817
818
819
820
le
822
823
F;24
825
826
827
828

29

30

831

4. Conclusions and Discussion

LULCC is expected to continue to co-occur with future socioeconomic
development and anthropogenic emission reduction strategies. These changes likely
had, and will continue to have a large impact on air quality and climate. However, the
impacts of LULCC on surface ozone pollution are not fully understood, and the
attribution to different LULCC-mediated pathways is far from complete. Here, we
investigate and quantify specifically the biogeochemical effects (via modifying
ozone-relevant chemical fluxes), biogeophyscial effects (via modifying the overlying
meteorological environment), and the integrated-combined effects of LULCC on
surface ozone air quality.

We address the biogeochemical effects alone by performing CESM
simulations with prescribed meteorology, and investigate the integrated-combined
effects using atmosphere-chemistry-land coupled configuration with dynamic
meteorology. We find that the biogeochemical effects of changing isoprene emission
and dry deposition following LULCC mostly offset each other, resulting in only
modest changes in 0zone by up to 2 ppbv from 2000 to 2050. However, surface ozone
can be significantly altered by up to 6-5 ppbv when considering the integrated
combined effects associated with the LULCC. In particular, the biogeophysical
effects facilitated through temperature changes plays a critical role in shaping surface

ozone. We find that temperature-and-surface ozone changes correspond well with

temperature changesinerease-significanthy in RCP4.5 over both regions with intensive

LULCC._, such as the northeastern US, continental Europe and northeastern India, and

regions with limited LULCC;such-as-the-central-western-JS;coastal- Europe-and
Aodeciors Lod o
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837 The surface ozone changes due to future LULCC are comparable with

838 anthropogenic emissions and climate, and thus should be taken into account in future

839  research and policy planning. For example, summertime surface ozone changes

840 induced by climate change alone are projected to increase by 1-10 ppb in the US,

841  Europe, East and South Asia (e.g., Jacob and Winner, 2009; Fiore et al., 2012). It is

842  also found that the combined effects of changing climate, emissions and land cover on

843  surface ozone are up to 10 ppb in the US under two RCP scenarios, and the

844  contributions from the three factors have comparable magnitudes although of

845  different signs (Val Martin, et al., 2015). Wang et al. (2011) found that in China,

846  summertime surface ozone decreases by ~10 ppb on average with a maximum

847  reduction of 25 ppb if all anthropogenic emissions are removed. Our simulated ozone

848  changes induced by LULCC are substantial and within the same order of magnitude

849  as the above studies and others that considered meteorological responses to LULCC

850 (Ganzeveld et al., 2010; Val Martin et al., 2015). This highlights the important roles
51  of LULCC in modulating surface ozone.

52 The mechanisms behind temperature-hydrometeorological responses to

53 LULCC eanbeare summarized in Fig. 1. In brief-asfolews, first—first,, -surface

54  properties and processes (e.g., surface albedo and; evapotranspiration;-and-surface
55  roughness) are altered, leading; the-changes-in-surfaceproperties-lead-to changes in

56  the surface energy budget-balance. In boreal and temperate mixed forests, the albedo

57  effect dominates, leading to higher net radiation, sensible heat, surface temperature

58 and convergence, but reduced precipitation, cloud cover and soil moisture. and

59  surface-temperaturetocalhy-thenT-these local changes would-can also prepagate-to

60 upperlevelsefthe-atmesphere-and-further-induce a regional circulation response, in

61  particular the formation of anomalous moisture divergence stationary-high-pressure
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systems-and corresponding warmer and drier warmiag-conditions -over the

surrounding regions even mid-te-high-nerthernlatitudes-in-boreal summer-as-a-remete

effectwith limited LULCC. -In subtropical broadleaf forests, however, both the albedo

and evapotranspiration effects are important and they tend to offset each other,

leading to minimal hydrometeorological changes.

In our analysis of LULCC-induced hydrometeorological changes, we have

focused on the surface and the overlying boundary layer. Many studies have -found

that LULCC-induced surface changes can propagate to upper levels as high as 200

hPa (e.g., Chase et al., 2000; Swann et al., 2012; Medviqgy, et al., 2013: Xu et al.,

2015: Jia et al., 2019). In our study, significant meteorological changes can be

detected at the upper levels up to 200 hPa due to LULCC (not shown), which can lead

to circulation changes, storm track displacement, and anomalous subsidence

especially at midlatitudes, likely constituting feedbacks on precipitation, moisture

transport, and temperature. However, we find no clear conclusions as to whether these

upper-level changes and feedbacks could have sufficient influence on ozone-relevant

hydrometeorological conditions beyond that can be explained by boundary-layer

dynamics alone.

Weaker responses of temperature as well as of surface ozone to LULCC are
found in RCP8.5 compared with those in RCP4.5. -The different extent of temperature
responses can be attributed to the location where LULCC occurs. For RCP4.5,

LULCC is most intense in the mid-latitude regions of NHthe Northern Hemisphere. In

contrast, most LULCC for RCP8.5 occurs over the equatorial regions and Southern
Hemisphere-(SH}. Temperature responses to LULCC may be less sensitive to tropical

changes or changes over SH-the Southern Hemisphere that is dominated by the vast

oceanic expanse. Van der Molen et al (2011) using other models also found similar
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patterns, and named such climate responses to LULCC as “tropical damping”. The
classical theory of such “tropical damping” is associated with a decrease in cloud
cover after deforestation, which then results in increased incoming radiation at the

surface and a lower planetary albedo, both counteracting the increase in surface

albedo with deforestation. A-simtar-northward-displacementof thejet stream-in-the

Our study has several limitations. First, the energy transport between the

ocean and land has not been taken into account. Although using a fully interactive
ocean component would increase the variability of simulated climate and decrease the
signal-to-noise ratio in sensitivity experiments using small forcings, such as LULCC
(e.g., Davin and de Noblet-Ducoudre 2010, Brovkin et al., 2013), coupled
atmosphere-ocean simulations are crucial for future climate change projections for the
longer term (e.g., well past the end of the 21% century). In addition, future LULCC
projections in RCPs are predicted from the ensemble of socioeconomic and emission
scenarios to match identified pathways of greenhouse gas concentrations. Large
uncertainties remain in such projections, calling for more skillful design of LULCC-
related metrics and the corresponding spatial patterns for better air quality predictions.
Third, the biogeochemical effects of LULCC on ozone in this study do not consider
climatic changes or anthropogenic emission change, but only focus on the more
immediate effects generated from LULCC such as isoprene emission and dry

deposition, mostly due to model limitations. For example, NOx emission is projected
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to decline sharply over the northeastern US in RCP4.5. As NOx level decreases, ozone
production may become more NOx-limited and thus the sensitivity to isoprene
emission may be reduced, rendering the overall biogeochemical effects of LULCC
smaller. However, since the biogeophysical effects operate in locations remote from
the source regions, they may be less affected by NOx emission changes in the source
regions. The full biogeochemical effects of LULCC on ozone that include
biogeochemical cycle-climate feedbacks and co-effects of anthropogenic emission
and LULCC will warrant further investigation but will foreseeably present greater
challenges for process attribution and interpretation.

Atmospheric internal variability is one factor that could affect the significance

of our results. Large internal variability of the climate system reduces the signal-to-

noise ratio for LULCC-induced climatic changes (Deser et al., 2012). Fhis-is

ascertain the impacts of such variability, we have adopted an analysis period of 30

years for both the time-sliced simulations (looping over the single-year LULCC

forcing) and 2-member ensemble transient LULCC simulations. Results from both

simulation approaches all show broadly consistent signals induced by LULCC in

North America and Europe, indicating the significance of our results and the strong

signal-to-noise ratios at least over those continents. When applicable, more multiple-

member-ensemble runs-members for transient simulations are-reguiredcan be used to

further confirm aseertain-the impacts of such variability. Ourmedel-experiments-with
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sebomeserolesanl o Furthermore, cecssose e soloniinl neocie of e pnoenal

varlabthity-efthe system-on-a-decadal timeseale-we have compared the magnitudes of

interannual standard deviations of near-surface temperature of the CTL run with the
LULCC-induced climate signals. Our results show that the climate signals are not
weak and can be regionally comparable to interannual variability at midlatitudes (Fig.
S4), e.g., over North America land-areas-at~45°N-and-alse-north-of 60°N.and Europe.
It is also noteworthy that the time-sliced experiments with single-year forcing looped
for multiple years; give results very similar to the transient simulations, further
pointing to the robustness of LULCC impacts.

Our study highlights the complexity of land surface forcing and the
importance of biogeophysical effects of LULCC on surface ozone air quality,
emphasizing the importance of LULCC in shaping atmospheric chemistry that could
be as important as anthropogenic emissions and climate. Our study can provide
important reference for policy makers to consider the substantial roles of LULCC in
tackling air pollution and climate change, to develop a more comprehensive set of
climatically relevant metrics for the management of the terrestrial biosphere, as well
as to explore co-benefits among air pollution, climate change and land use

management strategies.
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