Dear editor,

Please consider this revised manuscript for publication in Biogeosciences. It is of interest to the broad global change community, and very timely in
that it characterizes a land cover issue in CMIP5 and highlights a critical path forward for CMIP6 land cover and land use considerations. The central
issue is that without land cover harmonization among models, the integrated assessment models and earth system models are all simulating
effectively different terrestrial scenarios for a single prescribed Representative Concentration Pathway (RCP), especially for RCP4.5. These different
terrestrial scenarios have different carbon cycle effects and local to global climate effects that make model intercomparison extremely difficult
because as a result of these differences some models could be simulating a completely different scenario space than the one prescribed.

We have revised the manuscript in accordance with the reviewers suggestions. The main changes were to 1) frame our work in the context of the
CMIP5 scenario-based process and clearly present why the inconsistencies need to be addressed and to 2) clarify the text through a) additional and
reorganized methods and b) restructured discussion that refers more to the results. We have also added the requested figures. Our point-by-point
responses to the reviewers are included in the supplemental 'response'’ file, as well as a manuscript with highlighted text denoting where changes
have been made. We have included this highlighted manuscript in place of a list of all relevant changes because the review responses effectively
list the relevant changes and also because it is easier to see where we modified the text than to cross-reference a descriptive list.

Sincerely,
Alan (on behalf of all co-authors)



Response to Anonymous Referee #1, bgd-11-C2671-2014

Title: "From land use to land cover: restoring the afforestation signal in a coupled
integrated assessment - earth system model and the implications for CMIP5 RCP
simulations"

by Di Vittorio et al.

We appreciate your thorough and thoughtful review and suggestions. We agree that
there is a simple message, but the issue is much more complicated than the simple
message implies. The complications contribute to the very existence of the reported
inconsistencies and the effects on the global modeling. The following responses to your
comments show how the manuscript will be improved.

Major comments

We disagree that this manuscript relies "quite a bit" on the in-review GMD paper by
Bond-Lamberty et al. and an in-prep paper by Collins et al. We cite these papers to
refer to additional technical details that do not need to be presented here in order to
understand this paper on land coupling between ESMs and IAMs. In fact, the Bond-
Lamberty et al. paper focuses on the climate feedback part of the loop that does not
contribute to the reported inconsistencies, and the Collins et al. paper focuses on
technical development of the model and its code. We can definitely remove these
references without affecting this paper, but then we would be omitting two very relevant
references. We can certainly clarify the relationship of these references to the current

paper.

The use of emissions in our simulations can easily be clarified. As you note, we do
specify that our simulations use emissions and the RCP4.5 scenario. The CMIP5 land
use/cover data we present were used for both emissions and concentration driven
CESM simulations, although we think only the concentration driven outputs are
available from the CMIP5 archive. This does not matter for this paper because we only
look at the land use/cover trajectory data from CMIPS5. All other data are from
emissions-driven simulations.

The effects of restoring afforestation on atmospheric CO2 can also be easily clarified.
The vegetation carbon and atmospheric CO2 gain changes (19 Pg C, -8 ppm,
respectively) are model outputs. So the 8ppm is the net reduction in atmospheric CO2
gain with a fully coupled carbon cycle operating, by 2040. And this is actually a big deal
because this is over only the first 25 years of 2/3 of prescribed afforestation. There are
60 more years until 2100, during which additional afforesting occurs and the previously
afforested area continues to grow. We do explicitly state that the other numbers are
linear extrapolations to make the point that the full afforestation over the entire century
would likely have a very different atmospheric CO2 concentration (~40 ppm difference).
Unfortunately, our simulations cover only until 2040 because they were performed
during a developmental phase. These simulations are very expensive to run, and we
needed to reserve computational time for our final production simulations, which do run
to 2100. The simulations presented in this paper do cover the most rapid period of



afforestation from 2015-2020 and the subsequent 20 years.

We agree that regional biophysical effects of land use/cover change are very important,
and in many cases more significant that global impacts on the carbon cycle, but the
focus of this paper is on overall consistency of the land surface, which is required in
order to adequately evaluate regional effects. We do discuss the regional impacts in the
introduction, and can mention them in the discussion as well.

The land cover in CLM can be changed by only one component at a time: either the
dynamic vegetation module or the land use change module. Here we use the land use
change module and thus do not account for potential biogeographic vegetation shifts
due to changing climate. While this is a shortcoming of the model, we are not concerned
about this limitation because most current studies show that the biogeographical effects
of climate change on vegetation distribution are small compared to the effects of land
use change on vegetation distribution, both in recent history and in 21st century
projections.

We do, however, discuss how non-crop vegetation changes when cropland and pasture
change. The constraint of 'potential vegetation' is presented in section 2.3.1 (page
7161,line 17) but we should explain what it means (land cover as it would be today if no
land use change had ever occurred). The algorithms for land cover change are
presented in figures 3 and 4. We further discuss how this constraint (page 7167) limits
afforestation in the OLDLUT and in CMIP5. We remove this constraint to increase
afforestation, and if the conditions are not right where forest is added, then the forest
should not grow well in CLM, which would have a negative feedback on afforestation.
We further discuss this issue on page 7168 where we explain that the prescribed
afforestation assumes that silvicultural inputs are available (water, fertilizer, etc.) while
CLM does not include such inputs. So to meet the RCP4.5 scenario, afforestation needs
to occur in CLM, but it might not produce the biomass that the integrated assessment
model expected. This is one of the inconsistencies that we point out in this paper.

Minor comments

We can definitely clean up the abstract so that is presents a more clear message.

page 7155 lines 5-9: The mention of C4MIP may not be necessary, and we can remove
it, but it is not "totally unrelevant." It draws a relationship between uncertainty in
atmospheric variables and uncertainty in carbon uptake due to land use/cover change.
Yes, there are several "land" terms throughout the paper. We will make every effort to
consolidate, clarify, and explain our "land" terms. We do define "land use harmonization"

on page 7155, and use it consistently throughout the paper.

page 7157 lines 6-7: Yes, this does refer to land carbon uptake, and goes along with the
next sentence and corresponding citation.

page 7157 lines 15-17: Yes, we are sure that the radiative forcing targets do not include



the direct effects of land use/cover change. See http://tntcat.iiasa.ac.at/RcpDb/dsd?
Action=htmlpage&page=welcome# for this description:

"The RCPs are named according to their 2100 radiative forcing level as reported by the
individual modeling teams. The radiative forcing estimates are based on the forcing of
greenhouse gases and other forcing agents - but does not include direct impacts of land
use (albedo) or the forcing of mineral dust."

The document you refer to appears to show calculations for many radiative forcing
components, but not all of them (e.g. land use) were included in the CMIP5 RCP
targets.

page 7157, lines 21-26: We disagree that this sentence is irrelevant. The radiative
effects of GHGs and some aerosols are included in the RCP targets, so these forcings
are included in the shared socioeconomic pathways that try to meet the RCP targets.
The biogeophysical forcing effects of land use/cover, however, are not included in the
target calculations. So while the atmospheric constituents change to meet the target,
there is no biogeophysical forcing constraint on changes in land use/cover, which
changes the total forcing from the target (see the Jones et al., 2013a reference). The only
land constraint is on how much emissions are released from land use/cover change.

page 7158 line 6: We can clarify that the time varying vegetation productivity in CESM is
used by GCAM at 5-year intervals.

page 7158: "lost afforestation signal": We can certainly provide more context here, or
even where we introduce the RCPs on page 7156. Rcp4.5 is indeed an afforestation
scenario. IAM land projection is driven primarily by human needs and economics, with
some assumptions about vegetation productivity. The IAMs use a relatively simple
global climate model to determine the effects of emissions at an aggregate global level,
and generally do not include the effects of globally aggregated climate on their systems.
To our knowledge, no global IAM uses a dynamic vegetation model to estimate
biogeography.

page 7158 lines 24-25: We can take out this reference to the second stage.

page 7159 line 17: Yes, this isn't entirely clear. GCAM projects a single year of land use/
cover distribution, once every five years.

page 7159: "ingesting": We can replace 'ingesting' with another word. In this case we
can use 'using.’

page 7160: Yes, thank you for the suggestion, "land use run" needs to be changed.
page 7160: "GCAM initial conditions": We will clarify that the initial GCAM state is
initialized to real world statistics. This state includes production amounts, costs, prices,

land areas, etc.

page 7161 lines 19-21: GLM's harvest comes from 5 categories within the main



categories of 'primary' and 'secondary' land. However, CLM harvest is from forest only.
So the GLM harvest area is normalized by the total area available for harvest (primary +
secondary), and then this fraction of harvestable area is used as the fraction of forest
area harvested in CLM.

page 7161-7162 lines 22-5: This paragraph is quite dense, especially sentences 3 and
5. We will clarify this. Basically, climate effects on vegetation in CLM are used by GCAM
to update land use/cover projections at 5-year intervals.

page 7162 line 8: We will put this into context, as mentioned in response to your
previous comment. CESM is supposed to simulate the land use of the RCP4.5. This
includes the afforestation of RCP4.5. CESM with land use change does not use a
dynamic vegetation module, and even if it did, CESM should still simulate the scenario-
induced changes in forest area.

page 7162 lines 13-15: Yes, the spatial allocation of cropland and pasture. GLM
maintains its own map of potential forest land. New ag land preferentially replaces
forest, and when ag land is lost, it is removed preferentially from area that is considered
potential forest land.

page 7162 lines 23-26: The more explicit explanation follows in steps a-c on page 7163.
We can rephrase this sentence to be more descriptive or to refer to steps a-c.

page 7164 section 2.3.4 title: This should explicitly refer to "land use harmonization,"
which is specifically introduced and defined on page 7155.

page 7164 section 3.1 title: We will make this more specific to refer to land cover area
inconsistencies. However, the global land area is not exactly the same in each model,
which is another inconsistency in the overall coupling.

page 7164 lines 17-18: We use "RCP4.5" in this way to distinguish these CMIP5 GCAM
outputs from the GCAM outputs in our iESM simulations, which also simulate the
RCP4.5 scenario. We will consider replacing "RCP4.5" with a different label here.

page 7165 line 21: We will clarify this as suggested (area covered by herbaceous
PFTs).

page 7165: We will introduce figs 6 and 7 more clearly as the changes and absolute
values, respectively, of the same results.

page 7165 lines 22-24: This needs to be clarified. The meaning is that the cropland area
in CLM is more representative with NEWLUT than with OLDLUT. And the
"normalization" here is a bug fix that makes this improved representation. It is literally a
normalization of GLM cropland area to a CLM reference area.

page 7166 line 1: We mean discrepancies between scenario-prescribed land use/cover
and the corresponding simulated PFT areas.



page 7166 line 9: Yes, we mean that the ESMs need to simulate the energy/climate
scenarios as generated by IAMs.

page 7166 lines 13-15: This needs clarification. The sharing is between the source of
land cover info and the ESMs. There are two sources relevant to this discussion:
historical data and the IAMs.

page 7166 line 1 to 7167 line 4: We will make these details clear in the methods
section.

page 7167 line 27: The difference plot is a cleaner and easier way to see the difference
in NEE between the two simulations. We certainly can provide a plot of both
simulations. It is unclear whether the reviewer is concerned about the term "significant,"
of which we do not have a statistical test for here, or if the reviewer prefers to see the
separate plots. We might be able to calculate a t-test comparison between the
simulations for each of two time periods to find out if they are statistically significantly
different: 2005-2020 and 2020-2040. But even though the NEE during the two time
periods might not be statistically different based on this test, land carbon uptake does
increase with NEWLUT and has considerable effects on vegetation carbon and
atmospheric co2 concentration, as reported on page 7168.

page 7168 lines 6-7: We can include the atmospheric co2 plot.

page 7168 line 9: Based on our current simulations, we are seeing very linear
responses in both vegetation carbon and atmospheric co2 between 2005 and ~2070.
Also, we are extrapolating the difference in gain, which means that any nonlinearities
introduced into both simulations by climate or fossil fuel emissions should be somewhat
accounted for. So here we use linear extrapolation as a simple estimate, and to mitigate
the effects of rapid change starting in 2015, we start our extrapolation at 2005. ~70 of
total prescribed afforestation occurs by 2040, but it does not start until 2015. Forest
expansion in CLM reduces forest leaf area index to accommodate the new forest, which
initially reduces carbon assimilation on a per area basis. As the new forests age they
gain leaf area index and carbon assimilation capacity, up to a point dictated by
environmental conditions. Throughout the century both forces are acting to maintain
forest carbon uptake: new forest area and increasing forest leaf area index. So this
linear extrapolation gives a reasonable estimate.

page 7169 lines 13-14: We mean that the ESM land use/cover distribution must match
the scenario-prescribed land use/cover distribution to ensure that the ESM is actually
simulating the prescribed scenario.

page 7169 lines 25-26: We will rephrase this statement to indicate that the CESM
simulation does not use appropriate changes in PFT area.

page 7170 lines 9-10: We do not say that all additional carbon went into vegetation. We
do correctly state, as quoted, "..afforestation has a significant impact on iESM’s global



carbon cycle through increased vegetation carbon and decreased atmospheric CO2
concentration." It turns out that the difference in soil carbon gain between the two
simulations is only about 1.5 PgC from 2005-2040, with the NEWLUT gaining soil
carbon at a slightly lower rate than the OLDLUT. This decrease in soil carbon gain is
small compared to the 19 PgC increase in vegetation carbon gain. The atmospheric co2
concentration is calculated from all fluxes, and the primary change in land carbon is in
additional vegetation carbon.

page 7170 line 23: Yes, the RCP4.5 scenario for CMIP5 was simulated by GCAM.

page 7172 line 9: Actually, we mean a spatially explicit land area data set. Currently,
each model has its own estimate of global land area and where that land area is located
(e.g. different islands may be absent/present in different land area data sets). And
technically, global land area is not constant, although it is for the purposes of these
simulations.

page 7172 point 4: This needs clarification. Gross transitions are all losses and gains in
area between two points in time. Net transitions are the sum of gross transitions
between two points in time.



Response to Anonymous Referee #2, bgd-11-C3782-2014

Title: "From land use to land cover: restoring the afforestation signal in a coupled
integrated assessment - earth system model and the implications for CMIP5 RCP
simulations"

by Di Vittorio et al.

We appreciate your critical and helpful review and suggestions.
The following responses to your comments show how the manuscript will be improved.

General Comments

We will make it more clear that we argue for a more consistent and complete land
coupling between IAMs and ESMs for robust scenario-based simulations of global
carbon and climate. One of our main points is that ESMs need to simulate the scenario-
prescribed land use and land cover in order to robustly estimate the impact on carbon
and climate of anthropogenic emissions and land use. Land use and land cover are
interdependent and need to be treated as such when used as a scenario condition for
earth simulations. Furthermore, land use and land cover sometimes refer to the same
thing. For example, forests, which are at the heart of this paper, can be a land use for
sequestering carbon, yet are generally treated as land cover.

Our discussion does use the results to explain the problems arising from the CMIP5
land coupling design, but some reorganization and more thorough discussion of why
these problems need to be fixed will improve the manuscript. We discuss the
considerable impacts on the global carbon cycle on page 7168 as one of the reasons
for improving the coupling, and intend to include additional figures showing these effects
on vegetation carbon and atmospheric co2.

Summary of the paper

We actually did investigate the reasons for the discrepancies in forest area, and
determined that it results from mismatches in model structure, assumptions, and
definitions among all 3 models, such that not all appropriate information was passed
between the models. We discuss this on pages 7166-7167, with references to three of
our figures. The effects of veg-climate interactions and forest management between
GCAM and CESM, as discussed on page 7168, are superposed on the incomplete
sharing of information.

We actually suggest integrating land cover change with land use change, not replacing
land use with land cover. While these two concepts are uniquely defined, they are
interdependent; land use influences land cover and vice versa to generate the observed
spatial distribution of vegetation.

More discussion needed



We suggest incorporating land cover and land use information, not replacing a land use
scenario with a land cover scenario. So we could discuss the pros and cons of land use
only vs. land use and land cover.

We agree that we need to state our perspective on the purpose of RCP simulations. It
would open up the discussion from one based just on the obvious impacts on the fidelity
of the simulated carbon cycle to the prescribed scenario, which we present, to one that
addresses the meaning and utility of scenario development and simulation.

In answer to your two example questions: in order to have a robust multi-model
intercomparison of responses to atmospheric composition and land use/cover, the
multiple models need to simulate the same basic earth (i.e. atmosphere and land
changes), as prescribed by a given socio-economic scenario, which would also provide
the most accurate projection of global change.

Again, we advocate adding land cover information, not replacing land use information.
Whether this would reduce or increase multi-model spread is not known, but it should
improve the uncertainty range because it would constrain the sampling space for a
given land use/cover change scenario to a more realistic range. For example, on page
7167 we point out that another CMIP5 model increased forest area by 11%, when the
prescribed increase was 24% from 2005-2100 (see Davies-Barnard et al. 2014).
Additionally, another CMIP5 model (see http://www.biogeosciences-discuss.net/
11/5443/2014/bgd-11-5443-2014.pdf) started ~24 M km”2 of forest in 2005 and
increased this by 35% by 2100 (which still wasn't total area of prescribed afforestation),
while CESM started with ~39 M km”2 of forest area and increased this by only 6%. The
RCP4.5 scenario, as simulated by GCAM, started with about 41 M km”2 of forest. The
differences among these models for this single scenario are too large to simply be
covering a realistic sampling space; there is a lot of room for error reduction here.

Clarity needed

We will clarify manuscript with the aid of your specific comments, and also the
comments by the other referee.

Specific Comments

page 7156 line 14: We argue that it will improve earth system simulations by making all
components of the earth system, including the human components that drive the earth
scenarios, more consistent with each other.

page 7158 line 24: Yes, we will clarify in the text that GCAM also makes use of
heterotrophic respiration.

section 2.3.1 paragraph 2: Yes, this paragraph can be moved to section 2.1. We will
probably keep it for completeness, and clarify it. We analyzed CESM outputs of NPP,
HR, and vegetation and soil carbon densities to develop this particular feedback
method. The carbon density values were too sensitive to changes in vegetation area,



thereby masking the climate feedback that we wanted to implement. NPP and HR were
more robust climate feedback proxies. Also, the the below ground factor is not the
inverse of the HR ratio, this is incorrect; it is an average of the above ground NPP factor
and the opposite fractional change of the HR ratio ((NPPratio + (1-(HRratio-1))/2)). The
effect of soil carbon increases are accounted for by the increase in NPP. The GCAM
carbon densities are used to determine how much carbon to value in a particular place.
These scaling factors are also used by GCAM to adjust crop productivity. Both the
carbon value and crop productivity are used to make land use projections in GCAM.

section 2.3.1: We will describe the relationship between pasture and grass and shrub in
CLM. There is some discussion of this on page 7167, but this needs to be described in
the methods.

section 3.1: We will clarify this section. Using CESM in place of CLM would reduce
acronym usage. It was difficult to clearly distinguish the CMIP5 GCAM RCP4.5 scenario
from the GCAM scenario used in the iESM (which is also RCP4.5). If we just use
'GCAM' for both of them the reader will not know to which we are referring. We will work
to make this clear.

page 7166 line 1: We argue that this is a gap. One of our main points is that the ESMs
need to simulate the scenario-prescribed land use and cover in order to estimate the
impact on carbon and climate of anthropogenic emissions and land use. The range of
carbon cycle and climate responses are going to come from differences in the ESMs'
biogeochemistry and physics modules (see page 7169 lines 15-22). The range of land
cover responses is robust only if 1) all the ESMs start with the same land use and land
cover areas and spatial distributions (which they do not), 2) correctly simulate the
prescribed land use changes (which they do not, e.g. afforestation land use is not
passed to them), and 3) then use different assumptions about how land use changes
affect land cover distributions (which they do). The bottom line here is that even
condition 2 is not satisfied and so the range of land use scenarios in ESMs is
unconstrained, rather than being given by the four RCPs, as designed. It is then quite
difficult to compare the effects of land use on cover/carbon/climate when each ESM
implements different land use under the same RCP scenario. More generally, the
interdependence of land use and land cover requires more consistency among models
and more complete information to robustly estimate the possible range of land cover
responses to land use change, and how these responses impact carbon and climate.
We will, as mentioned above, discuss the goals of CMIP5 and explain why more
consistency and information is needed to meet these goals.

page 7166 line 10: We can clarify sentences to make the following more clear: The rest
of page 7166 through line 7 of page 7167 focuses on the main source of the forest area
inconsistency: the land use harmonization, its lack of land cover info, and its relationship
to CESM. Page 7167 focuses on the role of the CESM land use translator in this
inconsistency. The ESM simulates given areas of plant functional types, a type of land
cover, and we discuss how this relates to pasture as a land use, via the land use
translator, also on page 7167. The inconsistency does not arise from errors in the 1AM,
but on page 7168 we do discuss how certain land use assumptions in the IAM generate



afforestation that might not be consistent with land use/management/cover assumptions
in CESM (see figure 8). This study presents an experiment in using the land use
translator to allow CESM to use the prescribed land use. We found that this is not
enough, and that more consistency and information shared across the models is
necessary for accurate simulations of scenarios. The culmination of the gained insights
is presented in the list of suggestions for improving IAM - ESM land coupling on pages
7171-7172.

page 7168 lines 1-2: This needs some clarification, or maybe reasonable is not the right
word to use here. The point is that for RCP4.5 we need CESM to have more forest
area, so finding an upper limit, given the current structures of the translator and the
model, and the available information, is a desirable constraint. Going beyond this
constraint to add forest area is completely arbitrary and unwarranted.

page 7168 paragraph 1: Yes, this would be interesting. Comparing with Jones et al.
2013b figure 2 we see that the iESM vegetation uptake by 2040 due to more
afforestation would noticeable change its veg carbon trajectory. More importantly, we
see from this figure that RCP4.5 has a large spread of slopes in vegetation carbon
change, which might be partially due to different levels of afforestation in the different
models. Another large spread of slopes appears to be for RCP8.5, which has net
deforestation and might also be affected by the lack of land cover info sharing. The
slopes for the other two RCPs appear to be more consistent across models. This same
paper plots the atmospheric co2 concentrations of the four IAMs that generated the
RCPs (prescribed concentrations), and at 2040 the iIESM with improved afforestation
brings the atmospheric co2 concentration down by an amount comparable to the
difference between the prescribed RCP4.5 and RCP6.0 concentrations. This being said,
the emissions driven CMIP5 CESM RCP4.5 simulation has a co2 concentration that is
on the order of 50ppm higher than the prescribed concentration at 2040

page 7168 line 17: The potential vegetation constraint is a main reason why CESM did
not simulate the prescribed afforestation. And by incomplete we do mean that it is
smaller than the GCAM forest area increase.

We need to explain CESM's land cover in more detail in the methods. CESM with land
use change cannot use the dynamic vegetation module that would change vegetation
area based on climate. Only the land use change changes vegetation area in our
simulations. Regionally, the land use initiated changes generally swamp the
biogeographical climate-induced changes in vegetation area. Changes in CESM forest
area track GCAM forest area changes annually. The main time-lag differences would be
related to the biogeochemistry differences between the models, i.e. age and growth rate
vs carbon amount and leaf area index. This contributes to carbon cycle differences
between GCAM and CESM, which do not focus on here (we discuss this briefly on page
7169 lines 9-22).

page 7169 lines 21-22: Changes in land cover due to changes in climate are relatively
small compared to changes in land cover due to land use change. At coarse resolution
and regional to global levels, changes due to land use dominate. At fine resolution in
local areas, however, climate induced shifts in vegetation can be very important for a



variety of reasons, including biodiversity. Ideally, the climate-induced shifts would be
included with the land use shifts, but there needs to be a mechanism for separating the
effects of each, so that proper multi-model intercomparisons can be made. Models with
the same configurations need to be compared (e.g. use vs use, use+climate vs use
+climate, climate vs climate), otherwise the addition of climate induced shifts might
confound results more than they would clarify them. Currently, the state of modeling
appears to still be struggling with the dominant effects of land use.

With respect to uncertainty in land cover area in general, it is of interest, and should
generally be introduced at the scenario level for proper multi-model intercomparisons.
This would make the best use of available state-of-the-art current day data sets model
projections and their uncertainties, which could be better characterized as input to the
global models. Part of the reasoning here is that land cover and land use are
interdependent, and thus should be addressed jointly. The climate-indued shifts in
vegetation would most likely reside within the ESMs, however, but again, this is an
additional process that needs a consistent land base to work from. With the iESM we
are looking at one form of this climate-induced vegetation uncertainty on land use by
adding climate impacts to the land use projections through productivity changes rather
than spatial range changes. The land use model in GCAM then determines spatial
distributions of land use and cover, albeit without a direct biogeographic comment.
Overall, this is a complex and iterative process that still needs to be researched.
Furthermore, uncertainty in land cover will always be introduced by the ESMs because
they each implement the land surface differently. Some use plant functional types, some
use land cover designations, and their categories of land cover are not identical (this is
also the case for historical land use/cover data sets). So given the exact same input
land cover distribution, each model will have a slightly different representation of the
land surface based on its translation to its native land system. This structural model
uncertainty is important, and yet it can be constrained to a more realistic range by clear
definitions and accurate mappings between land use/cover systems.

page 7169 lines 24-27: Yes, the hypothesis that we test is whether we can match
GCAM's forest area by modifying the land use translator. And the result is that we
cannot, which means that more information is needed to meet the prescribed land use.
And so if the GCAM afforestation land use area is passed through to CESM, then
CESM will be able to simulate the correct afforestation area, like you say. We explain
both in the methods and the discussion why the GCAM afforestation does not get
passed through. The mechanism to pass it through does not exist. Only cropland,
pasture, secondary, and primary land areas and transitions (and harvests, which we do
not address here) are passed through. The results obviously show that this is not
enough to do the job of providing the prescribed land use, even after modifying the land
use translator. So we can say that a "lack of specific land cover type information being
shared among GCAM, GLM, and CESM in the iESM as the primary cause of CESM
simulating very little afforestation and effectively no change in herbaceous vegetation."

page 7171 lines 10-13: Yes, each ESM would need a scenario-specific method to meet
the prescribed land use/cover. This is essentially the same as what was already done,
but with the added constraint of using the land cover outputs of the four IAMs as
additional constraints. As no land cover information was passed between IAMs and



ESMs, each ESM used its own set of transitions between land cover types as it
matched cropland and pasture area. Some models were able to use the primary and
secondary areas and even the transitions between these four categories, but in the end
each ESM decided which land cover to add or remove in response to changes in land
use. So the land use area trajectory (cropland, pasture, secondary, primary), would not
change, but how these land use changes affect land cover (and land uses such as
afforestation) would change to better match the prescribed land use/cover scenarios.

The captions for figures 3 and 4 are very similar because of the descriptive explanations
of certain processes within the flow charts, both of which depict the land use translator.
But figure 3 does state it is for the OLDLUT, and figure 4 for NEWLUT.
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Abstract

Climate projections depend on scenarios of fossil fuel emissions and land use change, and the
IPCC ARS parallel process assumes consistent climate scenarios across Integrated Assessment
and Earth System Models (IAMs and ESMs). The CMIP5 project used a novel “land use
harmonization” based on the Global Land use Model (GLM) to provide ESMs with consistent
1500-2100 land use trajectories generated by historical data and four [AMs. A direct coupling of
the Global Change Assessment Model (GCAM), GLM, and the Community ESM (CESM) has
allowed us to characterize and partially address a major gap in the CMIP5 land coupling design:

the lack of a corresponding land cover harmonization. For RCP4.5, CESM global afforestation is

only 22% of GCAM’s 2005 to 2100 afforestation. Likewise, only 17% of GCAM’s 2040

afforestation, and zero pasture loss, were transmitted to CESM within the directly coupled

model. This is a problem because GCAM relied on afforestation to achieve RCP4.5 climate

stabilization. GLM modifications and sharing forest area between GCAM and GLM within the

directly coupled model did not increase CESM afforestation. Modifying the land use translator in

addition to GLM, however, enabled CESM to include 66% of GCAM’s afforestation in 2040,

and 94% of GCAM’s pasture loss as grassland and shrubland losses. This additional afforestation
increases CESM vegetation carbon gain by 19 PgC and decreases atmospheric CO, gain by 8

ppmv from 2005 to 2040, which demonstrates that CESM without additional afforestation

simulates a different RCP4.5 scenario than prescribed by GCAM. Similar land cover

inconsistencies exist in other CMIP5 model results, primarily because land cover information is
not shared between models. Further work to harmonize land cover among models will be

required to increase fidelity between IAM scenarios and ESM simulations and realize the full

potential of scenario-based earth system simulations.
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1. Introduction

Land use plays a major role in determining terrestrial-atmosphere mass and energy
exchange (Adegoke et al., 2007; Raddatz, 2007), which in turn influences local to global climate
(Brovkin et al., 2013; Jones et al., 2013a; Pitman et al., 2009). Despite much recent progress, we
still have a limited understanding of how historical land use has affected, and continues to affect,
climate (Brovkin et al., 2013; Jones et al., 2013a; Pitman et al., 2009) and carbon (Anav et al.,
2013; Arora and Boer, 2010; Houghton, 2010; Houghton et al., 2012; Hurtt et al., 2006; Jain et
al., 2013; Jain and Yang, 2005; Jones et al., 2013b; Smith and Rothwell, 2013), and high
uncertainty as to how land use might evolve in the future (Hurtt et al., 2011; van Vuuren et al.,
2011a; Wise et al., 2009). Part of the uncertainty in future land use trajectories is due to inherent
unpredictability of human actions, and part to the high diversity of potential climate mitigation
and adaptation scenarios. Several energy and land strategies have been proposed to mitigate
climate change (Rose et al., 2012;Smith et al., 2013a), and while these strategies have similar
overall goals, some strategies will likely compete for land and other resources if implemented
simultaneously. For example, afforestation and bioenergy production both aim to reduce
atmospheric CO; concentrations, but both activities require land area, and both strategies would
impact crop production and markets through effects on crop area (Reilly et al., 2012).

Reflecting this limited understanding of land use effects on climate and carbon, Global
Climate Models (GCMs), and also next generation Earth System Models (ESMs) that include
fully coupled atmosphere-land-ocean carbon cycles, implement a wide range of land use/cover
approaches with varying degrees of detail and limited inclusion of managed ecosystems and land
use practices (Brovkin et al., 2013; Pitman et al., 2009). The Land Use and Climate,

IDentification of robust impacts (LUCID) activity employed seven GCMs to determine whether



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

land use change has significant regional climate impacts and farther-reaching teleconnections
due to biophysical changes in land surface. The results for 1972-2002 revealed significant but
inconsistent changes in temperature, precipitation, and latent heat in some areas where land use
change had occurred. The authors concluded that the model disagreement was due mainly to
differences in land use and land cover change implementations and corresponding land cover
distributions, with contributions from methodological differences in crop phenology, albedo, and

evapotranspiration (Pitman et al., 2009). The environmental factors addressed by LUCID are

also key factors for determining carbon uptake by vegetation, and thus it is not surprising that the

Coupled Climate-Carbon Cycle Model Intercomparison Project (C*MIP) activity generated ESM
projections that range from the land being a carbon source to a large carbon sink by 2100
(Friedlingstein et al., 2006).

To advance the scientific understanding of the effects of land use change on climate,
phase 5 of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012) applied a
novel “land use harmonization” approach to produce the required land use change information
for all participating GCMs and ESMs. The Global Land use Model (GLM) was used for this land
use harmonization to generate the first set of continuous, spatially gridded land use change
scenarios for the years 1500-2100 (Hurtt et al., 2011). GLM computes land use states and
transitions annually at half-degree, fractional spatial resolution, including secondary land age,
area, and biomass, and the spatial patterns of shifting cultivation and wood harvesting (Hurtt et
al., 2006). Land use products from GLM have successfully been used as inputs to both regional
and global dynamic land models (Baidya Roy et al., 2003; Hurtt et al., 2002; Shevliakova et al.,

2009) and fully coupled ESMs (Jones et al., 2011; Shevliakova et al., 2013). The land use
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harmonization process ensures a continuous transition from the historical reconstructions to the
future projections made by Integrated Assessment Models (IAMs).

The land use harmonization methodology was designed to satisfy the demands of a broad
range of models and to provide a consistent set of land use inputs for GCMs and ESMs. The
historical period of the land use harmonization (1500-2005) was based on version 3.1 of the
Historical Database of the Environment (HYDE; Klein Goldewijk et al., 2011) and Food and
Agriculture Organization (FAO) wood harvest data. For the future period (2005-2100), the land
use harmonization process utilized land use data from the four Representative Concentration
Pathways (RCPs), each provided by a different IAM. The RCP scenarios were designed to each

meet a different radiative forcing target (2.6, 4.5, 6.0, and 8.5 W m™), and due to differences

among the IAMs these scenarios spanned a range of approaches in all sectors, including land use,

for meeting the targets (van Vuuren et al., 2011a). As a result, forest cover change varied widely
from deforestation to afforestation across the scenarios. Once the land use data were passed
through the land use harmonization, each GCM/ESM utilized a unique subset of the harmonized
outputs, based on model capabilities, and applied it to a unique set of land use and land cover
types (e.g. Lawrence et al., 2012). Although this process was largely successful in enabling the
first spatially explicit land use driven climate change experiments, it introduced considerable
uncertainty into the climate response for a given RCP in part because of model-specific
translation requirements between harmonized land use outputs and GCM/ESM simulated land

cover. This uncertainty due to inconsistent land cover distributions among models precluded

robust intercomparison of land-atmosphere processes (e.g., carbon uptake, evapotranspiration)

because differences among models were dominated by the differences among simulated land

cover distributions (Brovkin et al., 2013). As land use and land cover are interdependent, a more
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detailed specification of the relationship between land use and land cover may reduce uncertainty

in earth system simulations such that experiments can focus on land-atmosphere process

uncertainty rather than be confounded by inconsistent land use/cover distributions.

Recent analyses of CMIPS5 results using prescribed CO, concentrations have also showed
the land ranging from a carbon source to a sink in 2100 for a given scenario (Brovkin et al.,
2013; Jones et al., 2013b). The LUCID activity was repeated for five CMIP5 ESMs and the
results demonstrated that large inter-model spreads of key regional land surface variables
(temperature, precipitation, albedo, latent heat, and available energy) were still due mainly to
differences in land use and land cover change implementations and corresponding land cover
distributions. Inter-model spreads of CO, emissions, however, were attributed mainly to

differences in land carbon cycle process parameterizations. As a result, different land cover

distributions among the models gave significantly different regional changes in climate
associated with land use change, but with insignificant effects on global mean temperature.
Furthermore, the range of net cumulative land use change emissions from 2006 to 2100 for
RCPS8.5 was 34 to 205 PgC, with the high estimate likely due to the combination of relatively
high levels of land carbon and the inclusion of all land use transitions rather than just net land
use change (Brovkin et al., 2013). Additionally, not all of the models used the GLM wood
harvest data, further contributing to the spread of model results. For comparison, estimates of net
cumulative carbon emissions during 1700-2000 (1850-2000) range from 138-250 PgC (110-210

PgC) (Table 3 in Smith and Rothwell, 2013). The differences in land use and land cover

implementations are also a main factor in the large spread of 21* century land carbon uptake and

of compatible fossil fuel emissions allowable for a given RCP. In fact, the inter-model spreads in

land carbon uptake for individual scenarios are greater than the inter-scenario spreads for
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individual models (Jones et al., 2013b). It is apparent that further work is needed to resolve
inconsistencies among land use and land cover approaches to reduce climate uncertainty,
especially for regional impact assessment.

Additional sources of climate uncertainty related to land use are the RCP radiative
forcing targets, which include only emissions of GreenHouse Gases (GHGs) and some aerosols
and reactive gases (van Vuuren et al., 2011a). These targets do not include radiative forcing from

albedo change or other direct climate effects associated with land use change. In a recent

modeling experiment, two different carbon tax policies with dramatically different land use
scenarios met the same radiative forcing target (4.5 W m™) in the IAM used for RCP4.5 but had

significantly different radiative forcing in an ESM (difference of I W m™) due to albedo

differences between the land use scenarios (Jones et al., 2013a). Likewise, the Shared
Socioeconomic Pathways (SSPs) for mitigation, adaptation, and impact studies in the
Intergovernmental Panel on Climate Change (IPCC) fifth Assessment Report (ARS) are likely to

produce different land use scenarios that meet the same RCP target, but have different radiative

forcing in the ESMs due to the direct effects of land use and land cover change on climate.

However, one of the goals of the RCP process was to provide a set of radiative forcing targets for

ESMs that remains consistent with respect to the diversity of SSPs associated with each RCP

target (Moss, et al., 2010). As a result of the wide range of land use and land cover related

uncertainties in climate projections, an increased emphasis on land use and land cover dynamics

is a high priority for CMIP6 (Meehl et al., 2014).

A more consistent and complete land use and land cover coupling between IAMs and

ESMs will facilitate more accurate projections of global change scenarios and more robust multi-

model intercomparisons of climate and carbon cycle interactions with anthropogenic drivers such
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as fossil fuel emissions and land use change. These expected outcomes are in line with a primary

goal of a scenario-based approach, such as the RCPs, which is “to better understand uncertainties

in order to reach decisions that are robust under a wide range of possible futures” (Moss et al.,

2010; p. 747). The RCPs were designed to better understand uncertainties in global climate

projections by providing distinct scenarios of atmospheric radiative forcing and land use change.

Intra-scenario comparison of ESM simulations offers insights to uncertainties in ESM processes,

while inter-scenario comparison of ESM simulations offers insights to uncertainties due to a

range of possible futures. However, the efficacy of this approach depends on the fidelity of the

ESM simulations to the RCP scenarios. Without this fidelity, intra-scenario comparison is not

possible, because the ESMs are not simulating the same scenario, and inter-scenario comparison

might include futures outside the prescribed range of possibility.

The IAMs projected a complete terrestrial surface (along with ice, rock, and urban) for

each given scenario because land use and land cover are interdependent. For example, carbon

stocks in various ecosystems might be valued under a carbon price policy, so land cover would

need to be determined along with land use. Or a land policy might restrict certain land cover

conversions. Within the CMIP5 coupling process, however, GCMs and ESMs determine their

own land cover while remaining consistent with the land use harmonization data, thus

potentially reducing the fidelity of the full climate simulations to the RCP scenarios. This

was a practical design that obviated the redesign of GCM/ESM land use and land cover

implementations, but also precluded analysis of the climate impacts of different land cover

responses to land use change because such analysis is robust only within a single model where

everything but land cover response remains consistent. Another challenge posed by the

interdependence of land use and land cover is the implementation of geographic shifts in land
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cover due to bioclimatic changes. While these shifts are often implemented within ESMs, such

shifts are a second-order effect that is superposed upon land use change and might be better

implemented as a feedback from ESMs to IAMs to inform land use and land cover projection.

Incorporating both land use and land cover into the coupling between IAMs and ESMs is a

fundamental step toward realizing the full potential of the scenario-based RCP process.

Our approach to addressing inconsistencies between IAMs and ESMs is to integrate an
IAM and an ESM into the first fully coupled model that directly simulates human-environment

feedbacks. The resulting integrated ESM (iIESM) includes climate feedbacks on vegetation

productivity and ecosystem carbon from the Community ESM (CESM) to the Global Change

Assessment Model (GCAM) to facilitate land use projection at five-year intervals. The iIESM

uses GLM as in the CMIPS5 land use harmonization, along with the CESM Land Use Translator
(LUT) that converts land use harmonization outputs to CESM land cover and wood harvest area.

Our initial iIESM simulations showed that time varying factors based on CESM simulated Net

Primary Production (NPP) and Heterotrophic Respiration (HR) were successfully used by

GCAM for land use projection. However, these simulations also demonstrated that the large

RCP4.5 afforestation signal was not being passed through from GCAM to CESM. GCAM

simulated afforestation as a carbon-sequestering strategy to help meet the RCP4.5 target, but this

additional forest area was not included in the land use harmonization. As a result, most of this

forest area was not included in CESM simulations, both for CMIP5 and in an early version of

iESM.
Here we test the feasibility of restoring the lost afforestation signal by using the iESM as
a test bed to explore alternative coupling strategies. We focus on modifications to the CESM

LUT because initial modifications to GLM did not restore CESM afforestation. One advantage



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

of focusing on a post-land use harmonization approach is that it could be applied to other ESMs
independently without changing the land use harmonization product. Section 2 includes model
description and experimental design, Section 3 presents results and demonstrates that this
problem exists in CMIP5, and Section 4 discusses the limitations of our current approach and the
implications for the CMIPS5 archive with respect to land use and climate. We conclude with

suggestions for improving IAM to ESM land coupling for future model inter-comparisons.

2. Methods
2.1.  iESM Description

The iESM integrates GCAM, GLM, and CESM to evaluate the effects of human-
environment feedbacks on the earth system (Figure 1). We have completed the first coupling
stage that allows GCAM to project land use distribution in five-year increments based on the
previous five years of CESM vegetation productivity. Here we give an overview of how the three
main components interact. A more detailed description of iIESM development will be presented
in a forthcoming paper (Collins et al., in prep).

GCAM v3.0 ((Calvin et al., 2011); henceforth referred to as GCAM) is a tightly coupled
IAM of human and biogeophysical processes associated with climate change. GCAM’s human
system components simulate global economic activity within energy, agriculture, and forest
product markets with respect to 14 geopolitical regions. A previous version of GCAM projected
land use and land cover distributions for each of the 14 geopolitical regions (Wise et al., 2009)
and was used to generate the CMIPS5 RCP4.5 scenario (Thomson et al., 2011). Currently, GCAM
incorporates a range of improvements to the Agriculture and Land Use (AgL.U) module,

including the capacity to operate on 151 geographical land units to generate a more detailed and
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accurate spatial distribution of land use. There are three land cover types that remain constant

over time (urban, tundra, and rock/ice/desert) and 24 land use and land cover types available for

redistribution, including 12 food and feed crops, five bioenergy crops, and seven managed and
unmanaged ecosystems (Kyle et al., 2011; Wise and Calvin, 2011). The “geographical land

units” are defined by intersecting 18 global agro-ecological zones (Lee et al., 2005) with the 14

geopolitical regions. In the iIESM, GCAM projects land use and land cover distributions within

each of these land units at five-year intervals. These distributions are based on profit shares

calculated from agricultural costs, prices, yields, and the application of a carbon price to

vegetation and soil carbon densities.

In a second and intermediate step, GLM uses GCAM’s cropland, pasture, and forest areas

(and wood carbon harvest) to compute all annual, fractional land use states and transitions. As

part of this process it disaggregates GCAM’s geographical land unit data to a half-degree global
grid by computing spatial patterns and also ensures consistency with the historical land use
reconstructions (Hurtt et al., 2011; Hurtt et al., 2006). GLM has been slightly modified from its
CMIPS5 implementation to better facilitate forest area change matching with GCAM (Section
2.3.2). This modification enables GLM to use forest area output from GCAM that was not
incorporated into the CMIP5 land use harmonization. Nonetheless, iIESM still follows the CMIP5

implementation for CESM in using these GLM land use harmonization outputs: cropland,

pasture, primary, and secondary land area, as well as wood harvest areas on primary and
secondary forested and non-forested land.

CESM (Bitz et al., 2011; Gent et al., 2011) has fully coupled atmosphere, ocean, land,
and sea ice components. Within CESM, the Community Land Model v4.0 (CLM; Lawrence et

al., 2011) receives the selected GLM outputs via a translator that converts these outputs to 16
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CLM Plant Functional Types (PFTs; eight forest, three grass, three shrub, one bare soil, and one

crop) (Lawrence et al., 2012). The CLM dynamic vegetation module, which estimates

bioclimate-driven geographical shifts in CLM PFTs, cannot run at the same time as the land use

change module presented here; only one of these modules can change CLM PFT areas per

simulation. While the iIESM does not directly estimate bioclimatic shifts in land cover, the NPP

and HR feedbacks to GCAM do incorporate bioclimatic effects on ecosystems into GCAM’s

land use cover projections. The version of iESM used in this study was based on CESM

v1.0beta9, which is a pre-release version of the model used for the CMIP5 simulations.

The iESM climate feedbacks on vegetation and carbon were implemented by passing

annual climate scaling factors from CESM to GCAM based on NPP and HR. These factors were

used to scale GCAM crop yields and vegetation and soil carbon densities every five years. To

calculate the scaling factors, the per-pixel, PFT-specific CESM 5-year annual average NPP and
HR values for a given GCAM time step were divided by base-period average annual values

(1990-2004). These NPP and HR ratios were then filtered to exclude outliers based on a median

absolute deviation method, and finally ageregated to GCAM’s geographical land units and land

use and land cover types (for details see Bond-Lamberty et al., in review). Crop yields and

vegetation carbon densities for GCAM'’s next land use projection were scaled by the NPP ratio,

while soil carbon densities were scaled by a combination of the NPP and HR ratios (NPPrasi0 +

(1 — (HRpatio — 1))) / 2).
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2.2.  Simulations

Our iESM simulations cover 2005 to 2040 with fully coupled CESM components and
prescribed RCP4.5 emissions and carbon price path. These simulations use the land use change
module, a dynamic ocean (Smith et al., 2013b), Community Atmosphere Model v4 physics
(Gent et al., 2011), carbon-nitrogen biogeochemistry (Thornton et al., 2007), and active land-
atmosphere-ocean carbon dynamics, at approximately 1° resolution (0.9375°x1.25°). The iESM
initial conditions are the culmination of a CESM spinup run followed by a CESM 1850-2005

transient historical run with land use change. GCAM initial conditions are calibrated to 2005

wood harvest, land use area, and energy and agriculture costs and production, as reported by

individual countries and processed and archived by international organizations (e.g. FAO,

International Energy Agency). The GCAM RCP4.5 scenario was described fully by Thomson et

al. (2011).

We performed two fully integrated simulations to compare two iESM cases: 1) original
CESM land use translator (OLDLUT) and 2) modified CESM land use translator (NEWLUT)
(Table 1). In fact, OLDLUT was our initial fully integrated simulation with iESM and, as
reported below, it revealed inconsistencies within iESM that needed to be addressed prior to
scientific experimentation. OLDLUT also showed that the updated GLM did not increase CESM
afforestation with respect to a previous simulation performed by manually passing data between
the respective iESM models. The NEWLUT case was used to test our hypothesis that the lost
afforestation signal could be recovered by modifying only the CESM component of iESM. These

fully integrated runs included climate feedbacks on vegetation productivity and ecosystem

carbon in GCAM’s land use projections, which occurred at five-year intervals. Analysis of the
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effects of introducing these feedbacks on land use, carbon, and climate will be presented in a

forthcoming paper (Thornton et al, in prep).

2.3. Land use coupling
2.3.1. OLDLUT land use coupling within iESM

The OLDLUT iESM land use coupling followed the CMIP5 land use harmonization
algorithm (Figure 2), but with a slightly modified version of GLM (see Section 2.3.2). The

coupling was designed to match GCAM and CESM changes in absolute cropland and pasture

area. For CMIP5, GLM received only crop and pasture areas from GCAM, but for the iESM
GLM also receives forest area from GCAM to better facilitate forest area change matching (see
Section 2.3.2). GLM also receives wood products demand from GCAM (in tons of carbon),
which is spatially distributed to determine the extent of harvested area in each of five wood
harvest types (primary forest harvest, primary non-forest harvest, secondary mature forest
harvest, secondary immature forest harvest, and secondary non-forest harvest). The OLDLUT

(Figure 3) uses only the cropland and pasture area outputs from GLM to update CESM PFT

areas in conjunction with maps of potential vegetation (the vegetion most likely to be present if

no land use change had occurred; Ramankutty and Foley, 1999). Non-crop PFT area reductions

are made in proportion to their respective existing grid-cell fractions, while additions are made in

proportion to their respective potential vegetation grid cell fractions. The OLDLUT does not use

the primary and secondary land area information for updating PFT areas because CESM does not

keep track of these land use designations. The OLDLUT does, however, use the primary and

secondary land area to calculate the harvested fraction of GLM harvestable area (sum of the five

wood harvest type areas divided by the total area of primary and secondary land). Wood is
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harvested from only forest in CESM., and so the GLM harvested fraction is applied to forest area

to determine the harvested area in CESM (Lawrence et al., 2012).

The OLDLUT makes specific assumptions about pasture area change because CESM

does not keep track of pasture area (Figure 3). Changes in GLM cropland result directly in

CESM changes in crop PFT area, but changes in pasture area are constrained by forest PFT area

and reflected in changes in grass and shrub PFT area. More specifically, pasture addition is

limited to replacement of existing forest PFT area with grass PFT area, and pasture removal is

limited to the replacement of grass and shrub PFT area by potential forest PFT area. This means

that grass and shrub PFT area changes associated with pasture area change can be only as large

as the available existing or potential forest area.

2.3.2. Modifying the GLM spatial distribution algorithm

For the iIESM, GLM was modified to better facilitate forest area change matching with
GCAM in an effort to increase the forest area simulated by CESM. These modifications included
operating on GCAM’s 151 geographical land units (rather than the 14 regions used for CMIP5)
in addition to using GCAM’s forest area output, which was not previously shared between the
models. For CMIP5, GLM applied the cropland and pasture area changes to the 2005 half-degree
map of cropland and pasture while preserving the total cropland and pasture area changes within

GCAM regions. Spatial allocation of cropland and pasture areas to the half-degree grids was

done with a preference for expanding agricultural area onto non-forested land and reducing

agricultural area where GLM would expect a forest to grow, while also preserving 2005 spatial

patterns of land use by allocating new cropland and pasture near to existing agricultural areas

(Hurtt et al., 2011).
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The new GLM algorithm uses GCAM forest area from each geographical land unit at
each time step and attempts to preserve the forest area changes within each geographical land
unit in addition to preserving the cropland and pasture area changes. GLM has previously
defined "forest" as natural vegetation that is growing on land where the potential biomass

density, based on an internal potential vegetation growth model, is greater than 2 kgC m>. Using

this definition the potential forestland within GLM is fixed and, as a result, the GLM algorithm
cannot grow forest outside of this forestland. In the new algorithm, GLM matches GCAM forest
area changes by moving cropland and pasture around within each geographical land unit to
"expose" enough potential forestland for regrowth to meet the GCAM forest area changes (see

the following steps a-c). In addition, to meet GCAM’s land requirements for afforestation,

GLM uses a different definition of "forest" (potential biomass density greater than 1 kgC m™,
rather than 2 kgC m™) than the definition used elsewhere in the GLM code (e.g. for computing
the spatial pattern of wood harvesting). The new GLM algorithm operates in three main steps:
a) Decreases in cropland and pasture occur first on the highest potential biomass land and
increases in cropland and pasture occur first on the lowest potential biomass land.
b) If the forest area change within a geographical land unit is not met, a redistribution of
cropland and pasture within that geographical land unit occurs such that, when possible,
existing cropland and pasture is moved from high biomass density land to low biomass
density land.
c) If the forest area change within a geographical land unit is still not met, the algorithm
attempts to allocate any "unmet" forest area change within another land unit (or across

multiple land units) within the same region, using a similar method to (b) above.
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2.3.3. Modifying the CESM land use translation algorithm
To test our hypothesis that the lost afforestation signal could be recovered solely by the

ESM component, we focused on modifying the LUT (NEWLUT; Figure 4) to capture GCAM

afforestation via changes in agricultural land. This approach is more expedient than redesigning
the coupling code and LUT to receive forest area changes directly from GLM because such
redesign would logically require implementation of a single, consistent land surface and carbon
cycle among all iIESM components. Specifically, the NEWLUT adds tree PFTs when cropland
and pasture are removed. Furthermore, the NEWLUT preferentially removes tree PFTs when
cropland and pasture are added. Forest area information is still not shared between GLM and the

NEWLUT (other than forest harvest). The NEWLUT also includes proper grid cell fraction

matching between GLM and CESM, which primarily affects crop, grass, and shrub PFTs.

2.3.3. CMIP5 RCP4.5 land use and land cover distributions among GCAM, GLM, and CESM

The OLDLUT iESM land use coupling was also used in CMIPS5, albeit with 14 regions
rather than 151 geographical land units and without the GLM modifications and climate
feedbacks described above, and so we explored the extent to which the afforestation signal was

lost in the CMIPS5 simulations. We compared the RCP4.5 pre-land use harmonization forest and

pasture area outputs from GCAM with the GLM land use harmonization values and also with the

corresponding PFT area inputs for the CESM1.0-BGC simulations submitted to the CMIP5
archive. CESM1.0-BGC served as the base code for iESM and thus contains the same versions

of the model components.
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3. Results

3.1. CMIP5 RCP4.5 land use and land cover area inconsistencies

The GCAM afforestation signal was dramatically decreased in the CESM simulations,

and the total area covered by CESM herbaceous (grass and shrub) PFTs increased while

GCAM pasture decreased (Figure 5). CESM forest area increased by 23% of the 4.82 million

km? of afforestation between 2005 and 2020, and by 22% of the 10.98 million km? of

afforestation, by 2100. GLM captured 64% and 56% of the afforestation in 2020 and 2100,

respectively. GCAM and GLM pasture decreased by 4.69 million km? from 2005 to 2100
while CESM herbaceous PFTs increased by 1.11 million km? over the same period. The
changes in global cropland area were faithfully transmitted (CESM decreases were only 7%
less than GCAM decreases), but absolute CESM cropland area was approximately 1.5
million km? less than GCAM cropland area throughout the simulation (data not shown).
Changes in GLM pasture and cropland areas were essentially identical to GCAM changes,
and GLM absolute area values were slightly higher and lower, respectively, than GCAM

pasture and cropland areas (cropland data not shown).

3.2.  Restored afforestation in iESM
The OLDLUT simulation revealed that only changes in crop area were being faithfully

transmitted from GCAM to CESM (Figure 6; changes in global area). In contrast, CESM forest

area increased by only 17% of GCAM’s 5.40 million km® of afforestation between 2015 and

2020, and by only 17% of the 7.73 million km? of afforestation between 2015 and 2040. Changes
in GLM forest area, on the other hand, reflected changes in GCAM forest area quite well (Figure

6), but at the cost of dramatically overestimating absolute forest area within GLM due to a low
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biomass threshold for defining forest (Figure 7; absolute values of global area). Within GLM, the

new algorithm captured 93% of afforestation between 2015 and 2020 and 84% between 2015
and 2040, as compared to the original GLM algorithm that captured only 14% and 20% over the
respective periods in a previous simulation performed by manually passing data between the
respective iIESM models (data not shown). Changes in GCAM pasture were not reflected by
changes in CESM herbaceous PFTs, but were faithfully output by GLM (Figure 6).

The NEWLUT simulation shows improved forest and cropland area changes in CESM
with a corresponding change in CESM herbaceous PFT area. The main improvement is that

CESM forest area increases by 64% of GCAM’s 2015-2020 afforestation and by 66% of the 7.71

million km?” of afforestation from 2015-2040 (Figure 6). This additional forest area in NEWLUT

reduces total area covered by CESM herbaceous PFTs by 94% of the 4.36 km? of GCAM pasture

loss by 2040. Figure 8 shows the spatial tradeoff between forest and herbaceous PFTs that
achieves this level of afforestation, and Figure 9 demonstrates a sustained increase in average

annual land carbon uptake after 2020 due to additional afforestation. In comparison to OLDLUT,

the NEWLUT increase in land carbon uptake results in a 19 PgC increase in vegetation carbon

gain and an 8 ppmv decrease in atmospheric CO, gain between 2005 to 2040 (Figure 10).

NEWLUT also improves the CESM  absolute cropland area (Figure 7) through proper matching

of GLM and CESM grid cell fractions. The effect of this proper matching is apparent in the
cropland and pasture area changes from 2005 to 2006 (Figures 6 and 7). GLM NEWLUT
outputs follow the GCAM NEWLUT outputs with relationships between GLM and GCAM

similar to those for OLDLUT (data not shown).
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4. Discussion

The iIESM and CMIP5 land cover area discrepancies (Figures 5-7) result from a gap in

the original CMIP5 land coupling design that allows inconsistent forest area and land cover type
definitions across models (Figure 2), along with different underlying carbon cycles. The land use
harmonization was, however, ambitious and largely successful in developing consistent land use
definitions and data without requiring extensive redevelopment of land use and land cover
components of all participant models (Hurtt et al., 2011). As our study attests, such
redevelopment is challenging and model-specific, but might be required for ESMs to adequately

simulate the IAM-prescribed anthropogenic drivers and their corresponding effects on carbon

and climate. Thus, while this is a specific case, the lost iIESM afforestation signal is instructive of

the shortcomings of the CMIPS5 design and the restoration of this signal offers insights into

improving land use and land cover coupling for model inter-comparisons.
A primary challenge for improving the CMIP5 land coupling is to increase the amount of

specific land cover information being shared between IAM (and historical) scenarios and ESMs.

For CMIPS5, the land use harmonization was designed to harmonize land use data between

models, and as such GLM did not receive forest area or any other land cover information from

any of the [AMs (Masui et al., 2011; Riahi et al., 2011; Thomson et al., 2011; van Vuuren et al.,

2011b). Thus, at the first coupling step, scenario-prescribed land cover associated with any IAM

policy that valued carbon within unmanaged ecosystems (e.g., grassland, wetland, forest) was

lost. While GLM does, however, keep track internally of forested and non-forested land

(according to its own definition of forest, which likely differs from those within IAMs and

ESMs), the output land use harmonization product includes only cropland, pasture, primary, and

secondary land areas and transitions, and the age and biomass density of secondary land (and
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harvest areas, carbon amounts, and transitions, which we do not address here). As each ESM
characterizes the land surface by its own suite of vegetation and management types (Brovkin et

al., 2013), additional land use and land cover information could be lost in the second coupling

step between GLM and the ESMs. For example, some ESMs were able to use the primary,

secondary, and transition information, but they might have been applying this information to

different land covers than those used by GLM, thus introducing a second shift away from the

original IAM scenario. Our specific case demonstrates an even greater inconsistency due to the

use of only cropland and pasture information. GCAM has 19 crop types (the CMIP5 version had

10) and seven managed and unmanaged land cover types while CESM has 16 PFTs, only one of
which is a crop type. The LUT algorithm uses only the GLM cropland and pasture area
information to adjust PFTs because CLM does not keep track of primary versus secondary land.
The resulting spatial pattern of non-crop PFTs is determined by the existing PFT distribution and
CESM’s internal representation of potential vegetation cover (Lawrence et al., 2012;
Ramankutty and Foley, 1999). An additional source of error that we did not investigate here is
the relationship between individual PFTs and land cover types that may comprise several PFTs
(e.g. forest land may consist of 60% trees and 40% grass).

Due to the lack of a prescribed land cover input associated with the land use input, forest

area changes in CESM (and iESM) are effectively residual changes that are only indirectly
linked to GCAM forest area through changes in cropland and pasture areas. The LUT calculates
cropland area changes first and pasture area changes second (Figures 3 and 4). In CMIP5 CESM
simulations, cropland area changes cause non-crop PFTs to be added or removed in proportion to
their potential or existing grid-cell fractions, respectively. Pasture is more complicated because it

is not tracked as such: pasture is not a single PFT and its changes are represented as changes in
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herbaceous and tree PFTs. Specifically, tree PFTs are removed when pasture is added, and non-
crop PFTs are added in proportion to their potential vegetation grid-cell fractions when pasture is
removed (Lawrence et al., 2012). This residual PFT determination, combined with independent
and unique forest definitions across GCAM, GLM, and CESM, causes the bulk of prescribed
afforestation to not appear in the CESM land surface. As a direct consequence, CESM grass area
(and shrub area to a lesser extent) increases while GCAM pasture decreases dramatically (Figure
5). CESM has this same limitation for all four RCP scenarios, and the other CMIP5 ESMs
implement similar inconsistencies to varying degrees due to the lack of specific vegetation types
in the land coupling between IAMs and ESMs. For example, Davies-Barnard et al. (2014)
recently reported that the HadGEM2-ES RCP4.5 forest area increased 11% from 2005-2100,

while the GCAM forest area increased by 24%. Additionally, the GCAM 2005 forest area was

41.1 Mkmz, the GLM 2005 forest area was 39.9 kmz, but the MPI-ESM 2005 forest area was

about 24 M km?. As a result, the 35% increase in MPI-ESM RCP4.5 forest area by 2100

(Wilkenskjeld et al., in review) was still only 77% of GCAM’s afforestation. It is apparent from

these inconsistencies that interdependent land use and land cover need to be faithfully

transmitted from IAMs to ESMs to robustly simulate the effects of prescribed scenarios on the

earth system.

Even partial restoration of the lost afforestation signal in iESM demonstrates the

potentially dramatic effect on global carbon and climate of using IAM land cover and land use

information in ESMs. As soon as 25 years after the initial increase in forest area, and with only

64% of GCAM’s afforestation area, the NEWLUT has a significant impact on global carbon

balance (Figure 9). The assumption that forest exclusively replaces abandoned cropland and

pasture in GCAM’s land use projection (Figures 6-8) sets the upper limit for CESM because
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there is no other information to constrain forest area, and may be applicable only to the RCP4.5

scenario. Although this limits NEWLUT to including only two-thirds of the total afforestation,

adding more forest area to CESM would be arbitrary without additional land cover information.

Nonetheless, the increased afforestation in NEWLUT results in an increase in net land carbon
uptake over the OLDLUT case due to a sustained increase in average annual land carbon uptake
after 2020 (Figure 9). As a result, the NEWLUT simulation increases vegetation carbon gain by
19 PgC and decreases atmospheric CO; gain by 7.7 ppmv from 2005 to 2040 in comparison to

OLDLUT (Figure 10). The NEWLUT simulation also decreases soil carbon gain by about 1.5

PeC over this period (data not shown).

Simple linear extrapolation of the iESM vegetation carbon gain and atmospheric CO,

gain from 2005 to 2100 increases these changes to approximately 52 PgC and 21 ppmv, and
extending CESM forest area to match GCAM total afforestation could potentially increase these

changes to 88 PgC and 36 ppmv in 2100. These are rough estimates that use 2005 as a starting

point to reduce the high slope associated with the initial increase from 2015-2020, and also

assume that additional forest area continues to gain carbon for 60-80 years after it is established.

Regardless of the absolute accuracy of these extrapolations, the potential gain in vegetation

carbon alone for CESM with full afforestation is on the order of estimates of net cumulative land

use change emissions during 1850-2000, which range from 110-210 PeC (Table 3 in Smith and

Rothwell, 2013). For comparison, the range of CMIP5 vegetation carbon stock gains for RCP4.5

1s about 50 to 300 PgC from 2005 to 2100, with most gains being less than 150 PgC and

relatively linear (Figure 2 in Jones et al., 2013b). An increase in gain of 88 PgC would

dramatically shift CESM vegetation carbon dynamics in relation to the other ESMs. The

corresponding 36 ppmv decrease in atmospheric CO, is nearly one-third of the difference
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525 | between the prescribed 2100 concentrations of the RCP4.5 (~540 ppmv) and RCP2.6 (~420

526 | ppmv) scenarios (Figure 1 in Jones et al., 2013b). More importantly for CESM’s ability to

527 | robustly simulate the effects of the RCP scenarios on the earth system, the prognostic CESM

528 | atmospheric CO, concentration in 2100 for RCP4.5 is 610 ppmv (Keppel-Aleks et al., 2013), and

529 | adecrease from 610 to 574 ppmv has an approximate decrease in radiative forcing of 0.33 W m’

530 | % which is non-trivial with respect to the 4.5 W m™ target. While these carbon cycle changes in

531 the CESM component of iESM may have a significant effect on climate, it is important to note
532  that the carbon cycle effects of afforestation in CESM are not identical to those in GCAM or
533 | GLM because these three models have different biogeochemistry and vegetation models. These

534 | differences in carbon cycles, however, do not obviate the need for making both land cover and

535 | land use consistent between IAMs and ESMs in order to best match the prescribed radiative

536 | forcing scenario.

537 Different implementations of land cover and land use among IAMs and ESMs also

538 | reduce the fidelity between RCP scenarios and their associated effects on the earth system.

539 | Figure 8 shows that most of the additional forest area in NEWLUT occurs on grassland and

540 | shrubland, and that these lands generally coincide with areas of limited potential forest. The

541 | OLDLUT could not add forest area where no potential forest area exists, and the rate of forest

542 | carbon accumulation is constrained by environmental conditions. GLM also limits forest area

543 | and growth based on potential forest and environmental conditions, but with a different growth

544 | model and map of potential forest area than used by CESM. On the other hand, GCAM

545 | afforestation is a strategy to expand forest area for carbon sequestration, and assumes that it is

546 | cost effective to use agricultural inputs (e.g., water, fertilizer) to achieve the expected forest

547 | growth. This disagreement among the three models hampers communication of forest area
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changes and contributes to the differences in forest area among the models, both in CMIP5

(Figure 5) and in the iESM (Figures 6 and 7). Nonetheless, sharing forest area between GCAM

and GLM does improve the fidelity between GCAM and GLM’s forest area changes (Figures 5

and 6). GLM and CESM do not simulate agricultural inputs for forests, but the NEWLUT can

simulate most, but not all, of the prescribed afforestation (Figures 6 and 7) by adding forest area

based on GCAM'’s cropland and pasture changes, rather than on potential forest area. The

additional forest might not grow as well in CESM as in GCAM, but the CESM forest

productivity is fed back to GCAM for subsequent land use projections, so environmental

restrictions on forest growth will influence future land use and land cover. This feedback does

not, however, fully compensate for the lack of bioclimatic or agricultural input availability

constraints on GCAM’s land use projection, which might contribute to an overly optimistic

afforestation projection. More generally, this feedback mechanism opens a path for more

robustly simulating interdependent land use and land cover through incorporation of potential,

bioclimate-driven geographic shifts in land cover. ESMs could estimate bioclimatic drivers or

ceographic shifts for given land use/cover scenarios, and then feed this information back to the

IAMS for incorporation into land use/cover projection. Implementing such a feedback for

scenario-based simulations would consolidate land use/cover determination into internally

consistent modules within the IAMs, thereby increasing fidelity between the scenario-prescribed

land surface and the one used by the ESMs.

We have focused on understanding the effects of mismatched land cover areas on global

simulations, rather than on mismatched carbon cycles, because the spatial distribution of land

cover and land use is a scenario-determined boundary condition for ecosystem-specific processes

such as biogeochemical dynamics. For global simulations this boundary condition is generally
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provided by historical data and IAMs, and, as we have shown, a mismatch in this boundary

condition causes CESM to simulate non-scenario effects on carbon and climate (due to a non-

scenario land surface), rather than the scenario-driven effects of the land surface prescribed for

meeting the RCP4.5 target. Mismatched carbon cycles among IAMs and ESMs, on the other

hand, along with differences in atmospheric radiation code, will preclude exact matches in
radiative forcing for a given RCP scenario, but should not cause significant deviations among

models in the carbon and climate effects of a given scenario. While we plan to completely

reconcile land use and land cover inconsistencies within the iESM by implementing a single

carbon cycle with consistent land surface characterization among the components, it is not

desirable, nor feasible, for all IAMs and ESMs to have the same biogeochemistry and vegetation
growth components. For example, a diversity of terrestrial models can help characterize
uncertainty in global simulations. This uncertainty, however, is most useful if these models

simulate the same spatial distribution of land cover and land use change. Therefore, iESM

redevelopment that ensures land use and land cover consistency between GCAM and CESM

could provide a template for improving the fidelity between IAM scenarios and ESM simulations

in the next CMIP. In fact, land cover information is currently planned to be included in the

CMIP6 land coupling, along with a more extensive land use model intercomparison project

(Meehl et al., 2014).

5. Conclusion
We have identified the lack of specific land cover type information being shared among

GCAM, GLM, and CESM in the iESM as the primary cause of CESM having very little
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afforestation and effectively no change in herbaceous PFT area in contrast to GCAM’s large
RCP4.5 afforestation and corresponding pasture reduction. Initial efforts to fix this problem

through GLM modifications and the sharing of forest area between GCAM and GLM improved

only the fidelity of forest area changes between GCAM and GLM. We then focused on

modifying the algorithm that translates GLM land use harmonization outputs to CESM PFTs.
While these land use translator modifications have been successful at capturing two-thirds of
GCAM’s RCP4.5 afforestation signal and corresponding reductions in herbaceous PFT area,
they are not sufficient to completely overcome the limitations imposed by not passing specific

land cover types from GCAM through to CESM. These modifications are also specific to the

GCAM RCP4.5 scenario, and might need to be altered for the other RCP scenarios. Furthermore,

we have not addressed the lack of constraints on GCAM forest area expansion, nor mismatches
between land cover and PFT definitions. Nonetheless, this partial restoration of afforestation has
a significant impact on iESM’s global carbon cycle through increased vegetation carbon and
decreased atmospheric CO, concentration.

The iESM framework follows the CMIP5 land coupling design, and as such we have
characterized a major gap in this design that precludes accurate translation of projected IAM land

surface scenarios to ESMs by focusing only on land use such as cropland and pasture (albeit

successfully), and not including specific land cover types such as forest, grassland, and

shrubland. The relationship between land use and land cover is handled uniquely by individual

ESMs, which means that the effects of scenario mismatch will be model-specific and more

relevant for some RCPs than others. The resulting land cover discrepancies are likely most

pronounced for the large RCP4.5 afforestation signal, which was greatly reduced in the CMIP5

CESM and HadGEM2-ES (see Davies-Barnard et al., 2014) simulations, but could also arise for
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other large land cover changes such as the extensive deforestation of RCP8.5. As total land area

is conservative, errors in the distribution of one land cover are complemented by errors in the

distributions of other land covers. In GCAM’s RCP4.5 scenario, pasture decreases over the 21

century, but the CMIP5 CESM runs have increasing grass and shrub areas over the same period.
It is very important that the land use and land cover changes (which determine land use change
emissions and the total capacity for vegetation carbon assimilation) match between the IAMs and

ESMs because the CMIP5 experimental design is predicated on the fidelity between IAM

scenarios and ESM simulations such that they have similar, specific radiative forcings for a

given scenario, including CO; emissions from land use change (Moss et al., 2010). Furthermore,
future radiative climate targets are likely to include the biogeophysical forcings of land use
change because it has been shown that the modeled climate system is sensitive to changes in
these forcings due to the spatial distribution of land use and land cover change (Brovkin et al.,
2013; Jones et al., 2013a; Pitman et al., 2009), making it imperative that TAM and ESM land use
and land cover distributions match as closely as possible. Maintaining the diversity of global
biogeochemical and vegetation models also calls for GCMs and ESMs to match historical and
projected land cover and land use distributions as closely as possible, so as to isolate carbon
cycle contributions to uncertainty from contributions due to differences in land use and land
cover. Fortunately, our results indicate that it might be possible to adjust land cover in other
CMIPS5 models to better match RCP4.5 afforestation and the corresponding climate scenario,
while still using the standard land use harmonization data.

We conclude that the land coupling between IAMs and ESMs for future model
intercomparisons needs to ensure greater consistency in land cover and land use among the

models in order to realize the full potential of scenario-based earth system simulations. In short,
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the models need to agree on the actual land area and the annual spatial distribution of major

(non-) vegetation land covers and land uses. In other words, the ESMs need to simulate the same

basic land surface as prescribed by the IAM-generated RCP scenarios. To achieve the required

consistency, we suggest that the next CMIP land coupling design provides land cover and land
use information, and a standard mapping between land cover and plant functional types.
Fortunately, this is an emerging priority for the CMIP6 Land Use Model Intercomparison Project
(LUMIP, http://www.wcrp-climate.org/index.php/modelling-wgcm-mip-catalogue/modelling-
wgem-mips/318-modelling-wgem-catalogue-lumip , http://www.wcrp-
climate.org/wgem/WGCM17/LUMIP_proposal v4.pdf). The following gridded data with
fractional shares within grid cells are specifically recommended:

1) Annual land cover states with complete, contiguous spatial coverage within grid cells.
Land cover needs to include at least the basic categories of cropland, grassland,
shrubland, woodland, forest, and other (bare/sparse, ice, urban, water). This will allow
consistency in major (non-) vegetation types for model intercomparison (with the “other”
category having fixed area). The “other” categories could also be separated out for
models that can use them, and in preparation for changing their areas also.

2) Annual land use states including primary and secondary land, wood harvest, and pasture
(cropland should coincide with the land cover state). These uses should be provided with
respect to the land cover categories. Wood harvest and pasture should include both area
and amount of biomass/carbon harvested or removed by grazing.

3) A standard present-day land area data set to be used by all models. Land area includes all

land cover and land use categories as described above.

29



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

4) Annual land use and land cover transitions. Land use transitions need to be accompanied
by corresponding land cover transitions with complete, contiguous spatial coverage

within grid cells. Net land use/cover transitions, which should be used for model

intercomparison, are annual changes in individual land use and cover states, and may
include additional detail about sources of wood harvest and grazed biomass. Gross land

use/cover transitions are the transitions among particular land use/covers occurring within

a particular year. These transitions sum to the net land use/cover transitions, and should

also be provided to characterize shifting cultivation and other gross land conversions.

While gross land use/cover transitions are very important and make a significant

difference in the carbon cycle, until more models are able to make use of gross transitions

they should not be included in model intercomparisons.
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878  Figure captions

879

880  Figure 1. Status of iIESM implementation as of Spring 2014. The light blue arrows show

881  information flow from GCAM to CESM. The light green arrows show information flow from
882  CESM to GCAM. The dashed gray outline, including the crossed out arrows, represents the
883  CMIP5 land coupling. The solid green outline, minus the arrow crossed out by green and

884 including the 100-year emissions arrow, depicts the current iESM implementation. The dashed
885  Dblue outline, minus both crossed out arrows, indicates ongoing development. The dashed red
886  line, minus the crossed out arrows, includes the next stage of development. GCAM: Global
887  Change Assessment Model. GLM: Global Land use Model. CESM: Community Earth System
888  Model.

889
890  Figure 2. General integrated Earth System Model (IESM) land use coupling algorithm. Forest

891 area is not passed from the Global Change Assessment Model (GCAM) to the Global Land use
892  Model (GLM) in the CMIP5 land use coupling, but it is passed in the iESM simulations used in
893  this study. NPP: Net Primary Productivity. HR: Heterotrophic Respiration. PFT: Plant Functional
894  Type.

895
896 | Figure 3. OLD Land Use Translator (OLDLUT) algorithm for dynamic Plant Functional Type

897  (PFT) coverage. When cropland and pasture decrease, non-crop PFTs are added in proportion to
898  potential vegetation fractions. When cropland and pasture increase, non-crop PFTs are removed

899  in proportion to reference year fractions.

900
901 | Figure 4. NEW Land Use Translator (NEWLUT) algorithm for dynamic Plant Functional Type

902 | (PFT) coverage. When cropland and pasture decrease, tree PFTs are added in proportion to
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potential vegetation fractions. When cropland and pasture increase, tree PFTs are removed first,

then other non-crop PFTs, in proportion to reference year fractions.

Figure 5. Projected global forest, pasture, grass, and shrub areas for the CMIP5 4.5 W m™
Representative Concentration Pathway (RCP4.5), in million km®. CESM: Community Earth

System Model. GLM: Global Land use Model. PFT: Plant Functional Type.

Figure 6. Integrated Earth System Model (IESM) land use and forest area changes with respect to
2015. The GLM-NEWLUT forest and pasture data are nearly identical to the GLM-OLDLUT
data and are not shown for clarity. Similarly, the GLM-NEWLUT cropland data are nearly
identical to the GCAM-NEWLUT data. CESM: Community Earth System Model. GCAM:

Global Change Assessment Model. GLM: Global Land use Model.

Figure 7. Integrated Earth System Model (iESM) land use and forest area. The GLM-NEWLUT
forest and pasture data are nearly identical to the GLM-OLDLUT data and are not shown for
clarity. Similarly, the GLM-NEWLUT cropland data track the GCAM-NEWLUT data, but with
the same offset as for the GLM-OLDLUT data. CESM: Community Earth System Model.

GCAM: Global Change Assessment Model. GLM: Global Land use Model.

Figure 8. Spatial distributions of iESM increased forest Plant Functional Types (PFTs),
decreased grass and shrub PFTs, and potential forest PFTs, as percentages of land area within
each grid cell. a) Difference in 2040 forest PFT area (NEWLUT - OLDLUT). b) Difference in

2040 grass plus shrub PFT area (NEWLUT - OLDLUT). c) Potential forest PFT area.

Figure 9. Net Ecosystem Exchange (NEE) comparison between iESM simulations. a) NEE for

each simulation. b) NEE difference (NEWLUT minus OLDLUT). These data show more land
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carbon uptake (negative NEE), associated with the additional trees, for the NEWLUT simulation

during the afforestation period (2015 forward).

Figure 10. Comparison between iIESM simulations of a-b) vegetation carbon and c-d)

atmospheric CO, concentration. Differences are NEWLUT minus OLDLUT. Due to additional

forest area, the NEWLUT simulation significantly increases vegetation carbon gain and

decreases atmospheric CO, gain over the OLDLUT simulation.
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Table 1. Two integrated Earth System Model (iESM) simulations performed for this study.

OLDLUT NEWLUT
Modified Land Use Translator N Y
Vegetation productivity Y Y
feedbacks
Updated Global Land use Y Y
Model
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Figure 1. Status of iIESM implementation as of Spring 2014. The light blue arrows show

information flow from GCAM to CESM. The light green arrows show information flow from

CESM to GCAM. The dashed gray outline, including the crossed out arrows, represents the

CMIP5 land coupling. The solid green outline, minus the arrow crossed out by green and

including the 100-year emissions arrow, depicts the current iESM implementation. The dashed

blue outline, minus both crossed out arrows, indicates ongoing development. The dashed red

line, minus the crossed out arrows, includes the next stage of development. GCAM: Global

Change Assessment Model. GLM: Global Land use Model. CESM: Community Earth System

Model.
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Figure 2. General integrated Earth System Model (iESM) land use coupling algorithm. Forest
area is not passed from the Global Change Assessment Model (GCAM) to the Global Land use
Model (GLM) in the CMIPS5 land use coupling, but it is passed in the iESM simulations used in

this study. NPP: Net Primary Productivity. HR: Heterotrophic Respiration. PFT: Plant Functional

Type.
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Figure 4. NEW Land Use Translator (NEWLUT) algorithm for dynamic Plant Functional Type

(PFT) coverage. When cropland and pasture decrease, tree PFTs are added in proportion to

potential vegetation fractions. When cropland and pasture increase, tree PFTs are removed first,

then other non-crop PFTs, in proportion to reference year fractions.
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Figure 5. Projected global forest, pasture, grass, and shrub areas for the CMIP5 4.5 W m™

Representative Concentration Pathway (RCP4.5), in million km®. CESM: Community Earth

System Model. GLM: Global Land use Model. PFT: Plant Functional Type.
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Figure 6. Integrated Earth System Model (IESM) land use and forest area changes with respect to
2015. The GLM-NEWLUT forest and pasture data are nearly identical to the GLM-OLDLUT
data and are not shown for clarity. Similarly, the GLM-NEWLUT cropland data are nearly
identical to the GCAM-NEWLUT data. CESM: Community Earth System Model. GCAM:

Global Change Assessment Model. GLM: Global Land use Model.
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Figure 7. Integrated Earth System Model (IESM) land use and forest area. The GLM-NEWLUT

forest and pasture data are nearly identical to the GLM-OLDLUT data and are not shown for

clarity. Similarly, the GLM-NEWLUT cropland data track the GCAM-NEWLUT data, but with

the same offset as for the GLM-OLDLUT data. CESM: Community Earth System Model.

GCAM: Global Change Assessment Model. GLM: Global Land use Model.
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Figure 9. Net Ecosystem Exchange (NEE) comparison between iESM simulations. a) NEE for

each simulation. b) NEE difference (NEWLUT minus OLDLUT). These data show more land

carbon uptake (negative NEE), associated with the additional trees, for the NEWLUT simulation

during the afforestation period (2015 forward).
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Figure 10. Comparison between iIESM simulations of a-b) vegetation carbon and c-d)

atmospheric CO, concentration. Differences are NEWLUT minus OLDLUT. Due to additional

forest area, the NEWLUT simulation significantly increases vegetation carbon gain and

decreases atmospheric CO, gain over the OLDLUT simulation.
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