Review by Anonymous Referee #1 & author’s response

This study implemented Miscanthus into JULES-BE based on site observations from Lincolnshire, UK
and a global bioenergy yield dataset. Future simulation was conducted to evaluate the implication of
explicit representation of bioenergy crops for climate mitigation. Three simulations were carried to
demonstrate the utilization of the new harvesting scheme in JULE-BE.

Miscanthus is one of the most important perennial bioenergy crops that are proposed as biofuel
feedstocks for climate mitigation purposes in future scenarios, in particular for the Shared Socio-
economic Pathways (SSPs) of the Coupled Model Intercomparison Project Phase 6 (CMIP6). Given
the projected biofuel expansion at a global scale, this study constitutes an important step to
explicitly represent bioenergy crops in land surface modeling to assess the implications of large-scale
bioenergy expansion on water and carbon cycling.

However, there are a number of suggested comments that should be addressed prior to acceptance.
For example, model configurations were not well described. A sensitivity analysis is missing. More
discussions on the mismatch between simulation and observation is in need.

My main concerns are:

Page 2, on line 10-15: Several ESMs have represented bioenergy crops. Therefore, it will be better to
conclude and compare what has been implemented in other ESMs.

This section discusses BE crops in ESMs under the general banner of “DGVMs”. Adjusted the
language in this paragraph to make this more specific. This now reads:

“Dynamic global vegetation models (DGVMs), by contrast, are models specifically developed
to address questions about large-scale vegetation patterns and productivity, and their links
with the climate and Earth system (particularly as part of the Earth system models of which
they form the terrestrial components) (Sitch et al., 2008). However, this typically occurs at
the expense of representation of specific plant species and detailed site and management
information. There are differences between DGVMs (and ESMs) in representation of
bioenergy crops and calculation of harvests (Krause et al., 2018): although some feature
explicit representation of bioenergy crops and harvesting (e.g. LPJml (Beringer et al.,
2011;Boysen et al., 2016); ORCHIDEE-MICT-BIOENERGY (Li et al., 2018b)), others use
approximations based on generic plant functional types (PFTs) and calculate harvests as a
fixed proportion of productivity (e.g. NorESM (Muri, 2018)).”

The methods section lacks description for model configuration. For example, it is not clear how the
authors chose the initial conditions?

Added this explanatory paragraph at the start of Section 2.5:

“Simulations were carried out to evaluate and illustrate the new functionality in JULES-BE.
These simulations were all based on the JULES-ES configuration, a set of options designed
for best representation of carbon cycle and climate dynamics over decadal to centennial
timescales. All simulations began with initial conditions from a spin-up to equilibrium, then
included a transient spin-up period prior to the main run.”

Page 5, line 24: Have you done any sensitivity analysis for the parameters?



PFT parameter choice is discussed in the Supplement and in Harper et al. (2018b).

Added this sentence to Section 2.4:
“(See also Harper et al. (2018b) for further information about PFT parameter selection.)”

Page 6, line 25: can you justify the consistency between the forcing used to drive the future
simulation in this study and the forcing used to drive IMAGE 3.0 to generate the RCP2.6-SSP2
scenario?

The future simulation is driven by modelled meteorology from HadGEM2-ES, forced by the
RCP2.6 concentrations of CO2 and other radiative forcing agents, and is therefore consistent
with the IMAGE scenario of RCP2.6.

Added “(for RCP2.6)” to Page 6, line 26, to improve clarity.

Page 7, Line 25 and Figure 2, the simulated LAl is much lower than the observations, can you adjust
some more parameters based on observations or add more discussions on the potential reasons?

Section 2.4 discusses PFT parametrisation, with further details provided in the Supplement.
Leaf mass per area and leaf nitrogen concentration were taken from literature. Values for
variables governing vcmax were determined via iteration to fit the GPP observations at this
site. PFT allometry was optimised for height to above-ground biomass relationship.

Page 6, line 9: Only meteorological and soil properties data were mentioned. It will be great if the
authors can also add some descriptions for the validation dataset here. For example, | can see it has
some missing periods for the observed LAls in Figure 1. And how about the land management
practice for Miscanthus at this site? Why the durations for soil properties (2009-2010), meteorology
(2006-2013), and model validation (2008-2013 for GPP, 2011-2013 for LAI) are inconsistent?

Added further detail to Section 2.5.1 for increased clarity. These paragraphs now read:

“Adjustment of PFT parameters for Miscanthus was performed using observational data
collected from a commercial Miscanthus plantation in Lincolnshire, UK. The site is on a
compacted loam soil previously used to grow wheat and oilseed rape. The site had mean
annual temperature of 9.8 °C and mean annual precipitation of 621 mm. The net ecosystem
exchange of CO2 was measured by eddy covariance methodology. Gross primary
productivity (GPP) was calculated using the REddyProc method described by Robertson et al.
(2017), after Reichstein et al. (2005). Manual measurements of height and LAl were taken
over the growing season (Fig. 2). The site practices, harvesting regime and data collection
are described by Robertson et al. (2016) and Robertson et al. (2017).

“JULES requires meteorological and soil ancillary (time-invariant) data to drive the model.
Meteorological data were collected at the site on an hourly basis during 2006—2013
(shortwave and longwave radiation, wind speed, precipitation, temperature, air pressure,
and specific humidity). Physical soil properties (soil albedo, heat capacity, thermal



conductivity, hydraulic conductivity at saturation, soil moisture at saturation, soil moisture
at critical point, soil moisture at wilting point, Brooks-Corey exponent for soil hydraulic
calculations, soil matric suction at saturation) were derived from measurements taken at the
site between 2009 and 2010.”

Table 3: the authors listed parameters values for C4 grass and Miscanthus for comparison purposes.
Can you add more results from C4 grass (e.g., GPP, LAI, NEE) to have a better sense of the difference
between these two PFTs?

Added a Figure S3 to the Supplement showing GPP, NPP, height and LAl at the Lincolnshire
site for Miscanthus and C4 grass.

Figure 2: why the modelled LAl maintained a very high value until the next year and then suddenly
became zero (e.g., around Feb 2012)? Especially give GPP did not exhibit similar behaviors in Figure
3.

LAl is suddenly reduced to near zero in February at the point of harvesting, because LAI
scales with height (except where deciduous behaviour is present, but this is not the case for
the Miscanthus PFT).

This explanation has been added to Section 3.1:
“The seasonal cycle of growth through to harvest in mid-February is illustrated by the

seasonal fluctuation of height and LAI (Figs. 2(a)-(b).”

Specific comments:
Page 1, Line 12: it will be better if the authors can specify the model name here rather than at line
20.

The sentence now begins “We describe developments to the land surface model JULES ...”
Page 1, line 17: what is the missing model component?

Changed the text on this line from:

“...suggesting missing model components that influence growth and yields”

to:

“...primarily owing to the model’s lack of representation of crop age and establishment
time.”

Page 2, Line 15: change “global scale” to “global scales”

Changed to “...a global scale” as | believe this is more accurate.



Page 2, Line 34: what is “TRIFFID”? You only mentioned it later.

TRIFFID was defined in this sentence, which has been rearranged for greater clarity, and now
reads:

“...but these approaches have not been integrated into TRIFFID, the DGVM within JULES
which links plant productivity to soil carbon and the global carbon cycle.”

Page 6, line 5: it was mentioned that “net ecosystem exchange of CO2 was measured at the
Lincolnshire site”, so why not show the comparison results for NEE?

This is possible to do. However, NEE includes soil carbon respiration, which is heavily
dependent on soil carbon content. The model was not specifically initialised with observed
soil carbon density since soil carbon is a diagnostic variable in the model. Therefore while a
comparison between observed and modelled NEE is possible, uncertainty and
inconsistencies between modelled and observed soil respiration rates would prevent this
analysis from providing clarity about the Miscanthus PFT.

Page 6, line 27: it will be great if the authors can specify RCP and SSP.

Reference to the CO, concentration corresponding to RCP2.6 now specifies RCP2.6-SSP2
derived from IMAGE. There are minor differences in CO, concentration between different
SSPs and models within an RCP (in the SSP database https://tntcat.iiasa.ac.at/SspDb).

Page 6, line 10: what are the main soil properties you are concerned with? Do they have significant
changes during the simulation period?

Soil properties are prescribed at the start of the model run and do not vary in time. They are
used in the calculations of soil hydrology and thermal conductance.

Added the list of soil ancillaries in a parenthesis in Section 2.5.1.

Page 9, Line 27: it will be great if you have individual titles for the Discussion part to summarize the
main findings and limitations of this study.

Separated Discussion into “Main findings and limitations” and “Further work”.

Page 11, Line 9: several other studies have implemented bioenergy crops into Earth system models.
It should be the first step to get such processes implemented in JULES rather than Earth system
models.

| stand by the wording used: “This is the first step to getting such processes represented
mechanistically within Earth system models.”

The emphasis here is on having the relevant physical properties (such as the crop’s height at
various times of the year, carbon harvested from the system at appropriate intervals)
represented so we can explore the effects on the carbon cycle and climate system.



Page 11, Conclusion: can you discuss more implications of this study?

Added the following paragraph at the end of Section 5:

“Implications of this model functionality include the ability to study bioenergy cropping and
harvests within a land surface model. Ultimately, this should facilitate climate change
mitigation and climate modelling research to evaluate future low-carbon energy systems
featuring bioenergy crops for their impacts on hydrology, climate and carbon storage.”

Table 2: do you have any ranges for these parameters?
[l assume the reviewer is referring to Table 3, since Table 2 shows TRIFFID parameters and
lists allowed values.]
PFT parameter choice is discussed in the Supplement and in Harper et al. (2018b).
Added this sentence to Section 2.4:
“(See also Harper et al. (2018b) for further information about PFT parameter selection.)”
Figure 4: rather than having two subplots show the observation and simulation results, could you

add two more figures showing their spatial difference? Or report their spatial correlations?

The difference between modelled and observed yields has been added to Figure 4.



Review by Anonymous Referee #2 & author’s response

General Comments:

The authors outline an enhancing modification of the JULES land surface model, termed JULES-BE,
where BE stands for bioenergy. They describe a change to the dynamics of how cropland expands
based on the assumption that new cropland will be planted, rather than being filled by the natural
expansion of existing cropped area. They show that this change makes the area in bioenergy crops
more faithfully conform to that prescribed by the driving IAM scenario in a 21st century simulation.
They also present a PFT parameterization for the popular bioenergy crop Miscanthus. This PFT
reproduces growth and structural characteristics of Miscanthus for a site in the United Kingdom but
doesn’t capture the the full variability of yields observed globally. The PFT also tends to predict
unrealistically high yields for hot regions. They also added the ability to simulate coppice, rotation
forestry, and litter harvest for bioenergy using existing woody species PFTs. They conclude the paper
with demonstration forest bioenergy simulations and initial comparisons to European observations.

The authors convinced me that JULES-BE model represents a useful advancement that will help
address important questions in the field. The paper is well written and outlines the technical aspects
of the model clearly. | also appreciate the fact that the limitations of model and possible ways to
address them are clearly identified. However, there are a few issues in the text that could be
clarified or improved, which | detail below.

Specific Comments:

Section 2.2.1 (page 4, line 3):

The rationale of the 30% litter harvest assumption should be briefly described. While this is an
existing model assumption the authors chose not to changed it and must therefore feel it is
supported. The cited reference does not provide the reasoning for this assumption.

Added the following explanation to Section 2.2.1:

“Setting the harvest rate to 30 % of litter production approximates the estimate of 8.2 Pg C
year™ of human-appropriated net primary production from crop harvests globally in 2000
(Haberl et al., 2007). Future development of JULES-BE will allow the harvest rate to be user-
prescribed for each PFT.”

Section 2.5.4 (page 7, line 14):
Explain the rationale for cutting to 1 m in height.

1 metre height was used as an illustrative example. In short-rotation coppicing, thin stems
are cut near the base from a thicker trunk, rather than to a specific height. 1 metre height
equates to an above-ground biomass of 117 g C m™ for P. nigra and 153 g C m™% for P. x
euramericana. Shorter cutting height would result in longer re-establishment times.

The relevant sentence in section 2.5.4 has been updated and now reads:
“Harvesting occurs on a 3-year rotation on day 270 of the year, when trees are cut to 1
metre height, allowing sufficient remaining biomass for rapid regrowth the following year.”

Section 3.1 (page 7-8):



Lines 24-28: It also seems notable that the model shows onset of growth much earlier than the
observations.

Agreed — this is worth mentioning.

Added this sentence to Section 3.1:
“The modelled crop also increased in height and LAl earlier in the season compared to
observations.”

Lines 29-30: The model underestimated the height somewhat for the simulation period (figure 2B)
and slightly underestimates the observed aboveground biomass for the UK (Linchonshire) site for
the modeled heights (below _2.6m, figure 2D). Given this it would seem that aboveground biomass
should be low compared to observations. How then does the modeled yield exceed that at the
Linconshire site by over 60%?

Added the following text to the end of Section 3.1:

"The model underestimated height during the growing season but overestimated the yields.
This suggests that ratio of height to aboveground biomass was lower at this site than the
sites used for calibration in Figs. 2(d) and S1. However, height at harvest time was not
recorded; peak height occurred around August to September while harvest was in February
or early April. It is usual for Miscanthus to lose biomass over autumn and winter; the
preference for harvesting in mid/late winter is not for largest yields but for improved fuel
quality and reduced nitrogen loss from the system."

Section 3.4 (page 9):

This section is underdeveloped. While the authors do make it clear that the simulations are mainly
proof of principle they will be of considerable interest to many readers as they demonstrate the
culmination of the model changes presented. In particular, the residue forestry panels in figure 9 are
not even mentioned. These results suggest that litter harvest can provide roughly the same biomass
yield as coppice while having very little impact on forest growth (comparing to the first 40 years of
the rotation panels). This is a very provocative initial result and should be contextualized in the text
as is done for the coppice and rotation simulations.

We will find an appropriate case in the literature to inform a new simulation of residue
forestry to strengthen this proof of principle.

Section 4 (page 10):

Sentence line 22-23:

The interpretation of this sentence depends on the definition of ‘crop’. Throughout the paper the
term crop is used generically with section 2.4 explicitly stating "JULES-BE can represent any type of
plant as a bioenergy crop" and in a few places is explicitly qualified, e.g. ‘crop grasses’. Please clarify
the meaning here. If the statement pertains only to annual crops like grasses | accept the conclusion.
However, if trees are included in the definition of crops | would expect that the day of harvest has
some potential to impact yield of short rotation coppice but will have very limited impact on
predicted yield for longer forest rotations.



| agree that for forestry, altering the harvest day-of-year would have little impact on yield,
but would affect other ecosystem properties. This sentence has been updated and now
reads:

“Allowing harvest day-of-year to vary regionally would improve global-scale assessment of
any bioenergy crop, as harvest timing is dependent on local climatology and affects local
land-surface properties, such as roughness length, albedo, and transpiration rate, which in
turn affect the climate.”

Last paragraph starting line 26:

I am not convinced by the authors’ contention that the TRIFFID completion scheme can be made to
inform the choice of bioenergy crops appropriate to a given location. The authors present potential
changes to the competition scheme that, if | am reading it correctly, would allow PFTs placed in the
same land class to compete on the basis of aboveground biomass and / or post season yield
calculations. Even if these changes were made it is not clear how this would add greater insight than
performing independent simulations with potential PFTS and comparing yields directly. More
fundamentally yields do not seem to be the appropriate metric for comparing bioenergy crops in the
context of an ESM. If yields were the main concern species specific crop models would probably be
sufficient for this purpose. While yield is certainly important for the economics of species selection,
it is not sufficient for climate relevance. The value of an ESM is that it allows the impact of bioenergy
crops to be examined holistically. Assessing alternatives requires considering the status of carbon
stocks and biophysical feedbacks alongside the offset of emissions from crop yields. | do think JULES-
BE will be useful in performing such an analysis, just not in the manner described here.

Thanks for this interesting and thoughtful critique. | do agree that the DGVM competition
mechanism may never be an appropriate instrument for evaluating suitability or
preferability of different BE crops in the same grid cell or bioregion.

Added the following sentence to the end of Section 4:

“Ultimately however, a yield-based competition scheme would still ignore the biophysical,
economic and environmental factors that influence choice of crop type. As such, JULES-BE
may always be more useful for informing these land-use decisions based on its output,
rather than integrating these decisions into the existing model.”

Figures 2 and S1:
Consider providing goodness of fit statistics for figure 2C, 2D, and for at least the selected model
(case 1) in figure S1.

The root mean square errors of the modelled relationships to observations have been added
for Case 1 of Fig S1 (all panels). These are the same relationships as in Figs. 2(c)-(d), so they
have not been added to Figure 2.

Technical Corrections:
Section 2.2.2. (page 4, line 4): For consistency with the remainder of the formula litC, on both sides
of the equation, should have time subscripts.

Added time subscripts to lit. and harvest in Egs. (1)-(4).
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Abstract. We describe developmentsttmaland surface modelULES allowing for flexible user-prescribed harvestinegs
of various perennial bioenergy crops or naturalevagon types. Our aim is to integrate the mosfulsespects of dedicated
bioenergy models into dynamic global vegetation el®dn order that assessment of bioenergy optiandenefit from state-
of-the-art Earth system modelling. A new plant filmeal type (PFT) representiniiscanthus is also presented. The
Miscanthus PFT fits well with growth parameters observed aita in Lincolnshire, UK; however, global obserugelds of

Miscanthus are far more variable than is captured by the made

and-yieldsprimarily owing to the model’s lack opresentation of crop age and establishment.ti@iebal expansion of

bioenergy crop areas under a 2 °C emissions sceaad balanced greenhouse gas mitigation strategy the IMAGE
integrated assessment model (RCP2.6-SSP2) aclieuean yield of 4.3 billion tonnes dry matter pearyover 2040-2099,
around 30 % higher than the biomass availabilibjgated by IMAGE. In addition to perennial grassB3l ES-BE can also

be used to represent short-rotation coppicingdtesharvesting from cropland or forestry; and fotaforestry.

1 Introduction

A large supply of biomass energy, from diverse sesyris an essential component of most strategi@vdid dangerous
climate change (Rose et al., 2013;Daioglou eR8l19). Biomass is important both as a versatieggnsource (e.g. used for
heat and electricity production and transport fyelad as part of bioenergy with carbon capture stathge (BECCS), the
most feasible mechanism by which large amounts ©f @ay be actively removed from the atmosphere (Swmithl.,
2015;Bauer et al., 2017;Daioglou et al., 2019).

“Second-generation” bioenergy crops, comprisingdicellulosic perennial grasses, tree species mdnagehort-rotation
coppice, and residues from forestry and agricultare the assumed preferred candidates to meetfbtamass energy

demand (Chum et al., 2011). They are preferred ‘dirst-generation” biofuels such as maize and sogae which require
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higher nutrient inputs and have undesirable interas with the food production systems (since tasyfood crops and must
be grown on cropland) (Tilman et al., 2009).

A wide range of estimates of future bioenergy sypists, but most 2 °C or lower scenarios feaBEECS being rolled out
at scale in the next 10-20 years (Fuss et al.,;Z0dke L. et al., 2014;Rogelj et al., 2018), whiloenergy crops delivering
100-400 EJ yedr(primary energy) by 2100 (Huppmann et al., 20T8k impacts of large-scale bioenergy productiothen
land surface and Earth system could be signifidaetause changes to vegetation cover across the daar change climate
systems through biophysical effects such as chawogdbedo, evaporation and runoff, or through bamghemical effects like
disturbance or priming of soil carbon (Fontainalet2004). The importance of bioenergy expansiofuture efforts to limit
climate change, combined with relative lack of ustending of its environmental effects, stronglytivetes further efforts
to improve our understanding of this process. Esy#tem modelling, a method by which we study maspects of global
environmental change, provides a robust frameworksimulating and interrogating large-scale land obange such as
bioenergy cropland expansion.

Dedicated bioenergy crop models may be used teg@rgjelds and responses to environmental stressaite or regional
level (Robertson et al., 2015). MISCANFOR (Hassirg al., 2009) is one example oMascanthus growth model that has
been applied a global scale (Pogson et al., 2013). These modat b have simple or limited representation of camibon
cycling, hydrology and climate. Dynamic global e&tion models (DGVMs), by contrast, are models#igally developed
to address questions about large-scale vegetagib@rps and productivity, and their links with ttienate and Earth system
(particularlyas part of the Earth system modefsvhich theyform the terrestrial componeshi(Sitch et al., 2008). However,

this typically occurs at the expense of representaif specific plant species and detailed site matiagement information.
There are differences between DGVIsid ESMs)n representation of bioenergy crops and calaufiadif harvests (Krause
et al., 2018): although sonSVMs-and-ESMdeature explicit representation of bioenergy crapd harvestinge.g. LPJml|

(Beringer et al., 2011;Boysen et al., 2016RCHIDEE-MICT-BIOENERGY(Li et al., 2018b), others use approximations

based on generic plant functional types (PFTs) @aldulate harvests as a fixed proportion of pragitgt (e.0. NorESM
(Muri, 2018).—

Currently the Joint UK Land Environment SimulatdtJ(ES) uses generic C3 and C4 grasses to simulaendrgy
productivity, with harvest taken from 30 % of littéHarper et al., 2018a). In this paper, we describw functionality
developed within the JULES land surface model firasent the growth and harvest cycles of specdienqnial bioenergy
crops including lignocellulosic grassédiécanthus) and trees used in short-rotation coppice regifpeglar SRC), as well as
forest management (Table 1), hereafter called JUBESJULES-BE represents the yield mechanisticajlyemoving the
above-ground biomass, reducing the plant’s heigtitleaf area and allowing it to regrow. The paraisation of a new PFT
to representliscanthusis also presented. The aim of these functionalldewmeents is to simulate yields of biomass for eperg
feedstocks, and to evaluate the impacts of biogrnengpping on the global carbon cycle and climatgem. Therefore, this
study fits best with the DGVM approach, which alkanalysis of the impacts of bioenergy on climatd &nd surface
processes. JULES has been used to model bioenestgyrss before (Hughes et al., 2010;Black et all220liver et al., 2015),
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at site level, but these approaches have not imegrated intedJLES's BGVM, TRIFFID, the DGVM within JULESwhich

links plant productivity to soil carbon and the lggd carbon cycle. The improved representation ofdwting and yield we

present here is unique because it facilitates #sessment of impacts of bioenergy crops on theooachcle and climate

system in a way that has not been shown beforgiseZ\JULES model.

2 Technical development
2.1 Existing model description

JULES is a community land surface model that camubetandalone (as described here) or used #tisurface component
of the Met Office’s Earth System models (Collingiet 2011) JULES is described in Best et al. (2011) andiGiaal. (2011).
JULES calculates the surface energy and water dluad®ng with gross and net primary productivity, & half-hourly or
hourly time step. The net primary productivity (NH8r each PFT is accumulated during each timestepe later used for
calculating changes in vegetation structure an@@me in TRIFFID, the dynamic global vegetation eldulilt into JULES.
TRIFFID is called at the end of a user-defined nentdf days (typically 1 or 10 days), and the acclated NPP is allocated
between “growth” and “spreading.” The former isdiger increasing leaf area index (LAIl) and canopight, while the latter
is used to allow PFTs to take up more space iridaagil. Competition for space is determined basedFT heights: the
tallest plants get first access to space in aggll but may not be able to compete if their N®Rob low.

In JULES, crops are represented in one of two welggor food crops such as wheat, maize and soysepresented by the
JULES-crop module (Osborne et al., 2015). Howell@L,ES-crop is suitable only for annual seed crapd,is not compatible
with TRIFFID and the wider carbon cycle represaatatvithin JULES. Therefore, the TRIFFID-crop moelwas developed
to represent crops within the carbon cycle and aténsystem. When the TRIFFID-crop option is enabl@tin JULES,
multiple types of agricultural land are represergeparately. The user defines the fraction of egichcell dedicated to food
crops, pasture, and bioenergy. The fractions canimaime with new values prescribed annuallyesd frequently. Each of
these crop area types forms a separate “land diase/hich specific PFTs are allocated. TRIFFID requires height-based
competition (Harper et al., 2018b), which allows ddflexible number of PFTs. Each PFT is assigmeanly one land class
and competes only with PFTs of the same land cleifisin the defined fraction. Any land within theattion that cannot be
filled by the assigned PFTs is occupied by bark bhiltiple identically parametrised PFTs may bedis the same type of
plant (e.g., C3 grass) is desired in multiple latabses (e.g., natural, food crop, and pasturel-RIR-crop also introduces
harvesting of biomass from crop areas, describ&em 2.2.1 as “continuous harvest”. JULES-BE dessra set of options
within JULES, building upon the TRIFFID-crop furmtiality to enable periodic harvesting and assigegansion of
bioenergy PFT area.
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2.2 Harvesting regimes

Two methods of representing crop harvest are useeéw TRIFFID parameteharvest_type (Table 3), may be setto 0, 1 or
2 for each PFT. A value of 0 represents no hartlesttwo harvest types are described below.

2.2.1 Continuous harvest (type 1)

This harvest type is used and described by Harpat. €2018a) and represented in Egs. (1) andAZ)xed percentage
(currently hardcoded as 30 %) of the PFT’s littewduction (it.) is rerouted to a harvest podlagvest) on a continuous
basis. The remaining litter fraction (currently 78 enters the soil pool as norm&letting the harvest to 30 % of litter

production approximates the estimate of 8.2 Pg &yef human-appropriated net primary production fromp harvests
globally in 2000(Haberl et al., 2007)Future development of JULES-BE will allow the Vst rate to be user-prescribed for
each PFT.
harvest harvest = 0.3 X lit, tts
1)
lit, Litz= 0.7 X lit, ditz _
2

2.2.2 Periodic harvest (type 2)

At defined intervals, specified in days by the ysiee PFT is reduced to a short height, also sigedify the user (see Table 2
for a list of parameters). New values for woaw§¢dC), leaf (eaf C) and root footC) biomass are calculated based on this
height, per Egs. (46, 56-58, 60) given by Clarklef2011) and reproduced in the Supplement. Tfierdnce between old
and new above-ground carbon is allocated to theesapool (Eq. (3)), whereas the change in rodb{keground) carbon is

added to the plant littdtux (lit.), as given in Eq. (4). A time coefficiertt]) is used to convert stocks to fluxes.

(leaf Ct—1+wo0dCt—1)— (leafCe+woodCt)

harvest harvest = v

(3)
lit, bt = lit, bite+
(4)

Since the model describes a constant perfect etiorlbetween PFT height and balanced-growth LAhimmum LAI must

(rootC¢—1—r00tCt)
At

also be set low enough to accommodate the presddndreest_ht (Table 2). The PFT then begins to regrow agamfits

new shorter height.
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2.3 Assisted expansion

This section describes new functionality which disethe model to simulate planting of new agricalt@areas. In the existing
scheme, when the fractional area of a land claseases, the new area is covered by bare soil,thaetexisting vegetation
expands into it. Expansion of PFTs in the absefic®mpetition follows Eq. (5). Equation (5) is anglified version of Eq.
(52) in Clark et al. (2011), assuming that only &€ is assigned to the land class, the PFT ocs@pikeast 1 % of the total
grid cell, and the plant has already reached itsirmam height.Cveg represents the PFT’s biomass density, @nd, is a
constant parameter representing total mortality.

Afrac = frac X (-~ garea) ®)

This arrangement represents competition and growtfatural landscapes, but where land is dedicatedspecific purpose
such as bioenergy crops, it is less realistic poegent it as such; it is equivalent to humangiclgan area of land for cropping
but then neglecting to plant anything.

Where the agricultural areas consist of ordinara@8 C4 grasses, this does not pose much of agonabihceCveg is usually

small relative taVPP during the growing season; therefocvaez% can attain sufficient size to allow the grassrntoréase its

area. The problem is more significant in the aedtigh-density lignocellulosic bioenergy grassasyhich NPP may be 1-

3 times that of an ordinary grass lésteg is 5-10 times larger. Annual harvesting also redube capacity of crop grasses to
increase their area, since more of ti&iP is dedicated to increasing their height (i.e., ohhe assumptions of Eq. (5) does
not hold for much of the year).

Therefore, in order to represent the establishnoémtew agricultural areas, without sacrificing thenefits of dynamic
vegetation, i.e. that plants can die off whereetheironment is unsuitable, a new planting mechariambeen implemented.
This mechanism, activated using the switciig_expand globally and theag_expand switch on individual PFTs (Table 2),
alters the value dffrac returned by TRIFFID. Land class fractions may @®pnce per year, whereas TRIFFID (where
plant competition and fractional allocation takéscp) is run once per simulation day. At each ge, the current land class
fraction is compared to the value used at the TRIFFID call. Where the land class fraction haseased, the assisted
expansion function is activatefifrac is calculated as it would have been without lasel changeAfrac,, in Eq. (6), which
could be positive or negative), but then the vaiithe increaseX frac,,) is added to it. This is equivalent to assumirgg th
agricultural expansion is accompanied by plantiag mropsAfrac is then added to the previous PFT fraction. b v
more PFTs (for which assisted expansion is enalsleatle the same land class, the new area is dieigieally between them
(NPFT,g). This process is also illustrated in Fig. 1.

Af Tacaqg
NPFTqg

Afrac = Afracy, + (6)
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2.4 New PFT parametrisation

A new bioenergy PFT was developed representiigtanthus, a perennial grass of particular interest in ti@ehergy
literature due to its robust growth and low inp@quirements (Heaton et al., 2008;Zub and Brandduhtrel,
2010;McCalmont et al., 2017). An earlier represgotaof Miscanthus in JULES (Hughes et al., 2010) focused on realisti
representation of height and LAI, and estimatettlgibased on NPP. In the new method of periodiedsiing, above-ground
biomass (AGB) is the most important factor deteingryields, and therefore this aspect was emphaisthe development
of this PFT (Fig. 2(d); Fig S1).

In the current version of JULES, around 90 PFT petars and 13 TRIFFID parameters govern a PFTisores to its
environment, although they are not all used at ®l@oause many parameters are only required byfepemafigurations. The
Miscanthus PFT presented here was developed based on ag@degrass in the 9 PFT JULES scheme (Harper,e2Gil6),
with 14 parameters redefined specifically for thisdy. Table 3 gives an overview of the main fezguwf theMiscanthus
PFT. A full list of parameters and their relevamtelULES is given in the Supplemefifee alsdHarper et al. (2018bipr
further information about PFT parameter selection.)

JULES-BE can represent any type of plant as a kiggncrop. In addition to perennial grasses, staietion coppicing
(SRC) with willow or poplar can be simulated, oftea@od or hardwood trees for forestry (Table 1)isTstudy introduces
examples of tree types grown for biomass or biagnir Sec. 3.4, using two poplar PFTs developeditES by Oliver et
al. (2015).

2.5 Methods of evaluation

Simulations were carried out to evaluate and ifatstthe new functionality in JULES-BE. These siatigns were all based

on the JULES-ES configuration, a set of optionsgiesi for best representation of carbon cycle dingate dynamics over

decadal to centennial timescales. All simulatioegam with initial conditions from a spin-up to diprium, then included a

transient spin-up period prior to the main run.

2.5.1 Lincolnshire site data

Adjustment of PFT parameters fofiscanthus was performed using observational data collectedhfa commercial
Miscanthus plantation in Lincolnshire, UK. The site is on @mpacted loam soil previously used to grow whedlt @ifseed
rape. The site had mean annual temperature ofa88 mean annual precipitation of 621 mm. Theepesystem exchange
of CO, was measured by eddy covariance methodology. Quassary productivity (GPP) was calculated using th
REddyProc method described by Robertson et al.7)2@fter Reichstein et al. (2005). Manual measemts of height and
LAl were taken over the growing season (Fig. 2).

JULESrequires meteorological and soil ancillary (timgdnant) data to drive the model—was-drivenby ratédrological

data were collected at the site on an hourly basis during62@013 (shortwave and longwave radiation, wind dpee
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precipitation, temperature, air pressure, and fipdoiumidity). Physical soil propertigsoil albedo, heat capacity, thermal

conductivity, hydraulic conductivity at saturatiosnil moisture at saturation, soil moisture aticait point, soil moisture at

wilting point, BrooksCorey exponentfor soil hydraulic calculationssoil matric suction at saturatiomjere derived from
measurements taken at the site between 2009 artl Z0#& site and data collection are described eatgr detail by
(Robertson et al., 2016;Robertson et al., 2017).

2.5.2 Global bioenergy yield dataset

In order to further explore the suitability of tiWBscanthus PFT for simulating biomass yields, a comparison easlucted
against observed yields. Li et al. (2018a) havepited a comprehensive global dataset of bioenergy yields as reported
in scientific literature. It includes 981 obseraas ofMiscanthusyields, from the United States and Europe, withaitHout
irrigation and fertiliser.

For comparison with modelleiscanthus yields produced by JULES-BE, the observationMistanthus from this dataset
were combined into 68 0.5°x0.5° grid cells. Obsdrsites using fertiliser or irrigation were foundt o differ significantly
in yield from untreated sites, and were therefooduided in the comparison. (JULES-BE is not cuiyetinfigured to support
irrigation or nitrogen fertilisation.) JULES-BE waken run at the same 68 grid cells over the pet®80-1999, using
meteorological driving data from WATCH at 0.5°x0®Yeedon et al., 2010;Weedon et al., 2011).

2.5.3 Future simulation

To evaluate implications of the new representatibbioenergy crops for climate mitigation, a*2dentury simulation of
bioenergy crop area under SSR2#2.6 is shown here. Meteorological driving data firdad GEM2-ES ISIMIP simulations
(for RCP2.6)were used, downscaled to 0.5° and bias-correctedlidorate with WATCH observed climatology over 096
1999 (Hempel et al., 2013). Atmospheric Q@ncentrations followed the RCP2.6 S@ncentration pathway, covering the
period 2006-2099qgenerated by IMAGE for SSP2The land use scenario is generated by the IMA3Eintegrated

assessment model (Stehfest et al., 2014). The BEFEP2 scenario (Doelman et al., 2018;Daioglou. e2@19) features a
rapid scale-up of global bioenergy crop area inttbpics over 2025-2045 to around 250 million hesggMha), followed by
gradual expansion into temperate regions over ¢ke af the century, with fluctuations in crop adeéven by bioenergy
demand (Fig. 7). Figure 6, which shows yields asthe global land surface, is generated usingahegiriving data, though
bioenergy crops are not grown on all grid cellthe RCP2.6-SSP2 simulation.

2.5.4 Forestry and short-rotation coppice demonstri@gons

Three simulations were carried out to demonstifaefinctionality of JULES-BE for harvesting of wgobiomass: short-
rotation coppicing (SRC); permanent (non-fellingfefst management with residue harvesting; andootédrestry plantation.
They are presented as illustrative cases to infatore model development, and are thus intentigrid#alised scenarios.
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These three simulations were carried out for alsimgpint, a FLUXNET site in ltaly (IT-CAl, Castel’Abso;
http://sites.fluxdata.org/IT-CAlSabbatini et al. (2016)), at which poplar is gnoan a short-rotation coppicing regime.

Meteorological data was collected onsite from 2@0IE4 on a half-hourly basis. Over this period, thean annual
temperature at this site was 45 and the mean annual precipitation was 736 mra. S8itl properties were also used. The
local biome (IGBP class) is temperate deciduoussfor
All three simulations were run for a 60-year cyalsing looped meteorological driving data from 2014:
* Poplar SRC: two species of PoplRopulus nigra andP. x euramericana, parametrised and evaluated by Oliver et
al. (2014). Harvesting occurs on a 3-year rotatioday 270 of the year, when trees are cut to tenheight allowing
sufficient remaining biomass for rapid regrowth tbiékowing year The PFT and TRIFFID parameters for the poplar

PFTs are given in the Supplement.

* Residue harvesting forestry: two tree species;dead deciduous tree and needleleaf evergreen Bemeric PFT
tree parameters as per Harper et al. (2018b) (@epeal in the Supplement). Continuous harvest0§§% of litter
productionfrom wood only is applied to represent residues.

* Rotation forestry: two tree species; broadleaf diemiis tree and needleleaf evergreen tree. Genéfic tiee
parameters as per Harper et al. (2018b) (reproduncéte Supplement), wittai_min adjusted to 0.1 to allow for

harvest cutting. Harvesting occurs on a 40-yeatiai on day 364 of the year, when trees are cutZonetre height.

3 Results
3.1 Lincolnshire site

Model results from the Lincolnshire site are showfigs. 2(a)—(c) and 3, compared against obsematidata from the site.

The seasonal cycle of growth through to harvestiohFebruary is illustrated by the seasonal fluttieof height and LAI

(Figs. 2(a)-(b)).The observations show more year-to-year variatiopdgak seasonal height and LAl than the model. The
modelled peak heights (2.4-2.55 m during 2010-2@®2) LAls (2.75-2.9) are also generally lower thiamse observed
(height: 2.8-3.1 m; LAI: 3.1-4.1), although obsehreight and LAI tended to decline after their petk values closer to

those produced by the moddlhe modelled crop also increased in height and éadlier in the season compared to

observationsThe correlation between observed and modelled GRsasite is excellent (R=0.956; Fig. 3).

The mean modelled yield was 6.0 + 0.5 tonnes €ymar!, equivalent to a dry matter yield of 12.4 + 1.hries DM ha
year! assuming 48 % carbon in dry biomass (Baxter gR@ll4). This significantly exceeds the observesldg of 7.6 + 1.6
tonnes DM ha year* at this site (Robertson et al., 2017), thoughsgitsarely within the range of yields observed &t
(12.4 +5.9 tonnes DM hayear'; 11 studies compiled by Li et al. (2018a)).
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3.2 ModelledMiscanthus yields against observations

A comparison of yields was conducted between tHeEBJBE model results and obserwdiscanthus yields compiled from
the literature by Li et al. (2018a). The result$ha$ comparison are given in Figs. 4 and 5. Asalbsites and years, observed
yields were much more variable, with a mea8D of 12.5+ 9 tonnes DM hd year' (n=981), compared to 14887 tonnes
DM ha' year! for the modelled yields (n=1360). In a few cagelds up to 51 tonnes DM Ha/ear' were observed, exceeding
the maximum modelled yield of 37 tonnes DMthaar*; but more significantly, low yields of less thauf tonnes DM h&
year! were much more common in the observations (Fig))5(

The modelled yields showed a consistent positiveetation with both mean annual precipitation (R&82) and mean annual
temperature (R=0.718) (Fig. S2). For wider companjd=ig. 6 shows simulated yields Mfscanthus across the global land
surface. For the observed yields, the correlatigh precipitation was much weaker (R=0.094), andlevborrelation with
mean annual temperature was weak overall (R=0.26&ld appears to peak around 14-15 °C and dedglitie higher
temperatures (Fig. S2). This difference betweedetied and observed results is clearly illustratethe southern United
States, where modelled yields are as much as 2@$02M ha year® higher than observations (Fig. 4). These obsamati
were ofMiscanthus x giganteus, a cultivar that produces very high yields in temgte climates but appears less well-adapted
to high temperatures (Fedenko et al., 2013). Qihegnnial grasses may be more appropriate forlinsates. The model PFT
would benefit from some further tuning to bettepresent properties such as stomatal conductanceplasihsynthetic
temperatureesponse—phetosynthetic-temperattesponse, particularly theipp andvsd parameters to better calibrate the
relationship between leaf temperature and maximatmaf carboxylation of Rubisc®¥¢max; Sec. S1).

Figure 6 shows modelled yields for the whole Earta, averaged over 2010-2019, in order to shogeheral spatial pattern
of productivity ofMiscanthus. Yields of 8-20 tonnes DM Hayear! are typical for most temperate climates, incregsina
maximum of about 35 tonnes DM hgear* in the humid tropics. Yields are positively cdated with both temperature and
precipitation (Fig. S2). This may help to contekigathe yields shown in Fig. 4.

3.3 Assisted expansion, global and future yields

To assess the impact of the assisted expansiarréeart simulated globiscanthus crop area, Fig. 7 shows toMliscanthus
crop area in the RCP2.6-SSP2 scenario (van Vuurah,&017). This scenario features a rapid irsgea bioenergy crop
area (“Available area”; black) from 29 Mha in 2085 282 Mha in 2045. “Natural expansion” (green)resents the
Miscanthus PFT parametrised as discussed here, without tisengew agricultural expansion functionality. Imstecenario,
Miscanthus occupies 13 Mha of the bioenergy crop area in 208%easing to 104 Mha in 2045—leaving 178 Mhdae
soil. In 2035, only 31 Mha, or 25 % of the bioenecgop area, is occupied bjiscanthus. With “Assisted expansion” (blue),
theMiscanthus PFT occupies a consistently larger proportiorhefdvailable area throughout this period of rapaiease. In
2035, the PFT covers 119 Mha, 96 % of the availat#a. The proportion of area covered begins tbrdeafter 2040, as the
bioenergy production area shifts from the tropite temperate biomes which are somewhat less fabtifor growth in this



10

15

20

25

30

representation dfliscanthus. The difference in crop area between the old &wl expansion methods declines toward the
end of the simulation, as the crop area begintatulise and the two simulations begin to converge.

In Fig. 8, the total globaWliscanthus yield is shown, using the “assisted expansion”hmétshown in Fig. 7. The bioenergy
crop yield supplied in the IMAGE model is shown feference (Huppmann et al., 2018;Doelman et @lL8Daioglou et al.,
2019). Following the rapid increase in bioenergypcarea, from 2040-2099, bioenergy crop yieldsaienfairly steady in
JULES-BE at 4.3 Gt DM yearglobally, compared to 3.3 Gt DM yeain IMAGE over the same period. IMAGE uses a
management factor when projecting energy yieldsjmng that yields are currently used inefficierftijpical values are 60
% in 2020) but that improvements to crop breeding management will increase yields to 120-140 %hgfical potential
by 2100 (Stehfest et al., 2014). This accountafportion of the gap in the early years of thimse® which closes between
the two models by the 2090s. Thttscanthus PFT in JULES-BE probably over-estimates yieldaan climates (Fig. 4); as
such, the yields projected by IMAGE may be moréab#é. This scenario, and the comparison betwedtE$-BE and
IMAGE, will be explored in greater detail in a fuéupublication.

3.4 Demonstrations of forestry and short-rotation oppicing

Figure 9 shows illustrative simulations of shortat@n coppicing and managed forestry using JULES@Bver the 20 harvest
cycles of poplar SRC, the yield was 2.4 + 0.3 tenfiehal year' (P. Nigra) and 2.2 + 0.5 tonnes C ‘haear' (P. x
Euramericana). This falls within the range observed by Sabbatt al. (2016) over the 2011-2012 growing sea¢8ris+

1.5 tonnes C hayear?) at the IT-CA1 site (growin@opulus x canadensis on a 2-year coppicing rotation). The site received
some supplemental irrigation during dry spells, alhis not represented in the model; this may adcamsome under-

estimation of yieldsResidue harvesting based on wood litter produee@ially small yields of 0.15-0.25 tonnes C gaar*

in addition to forest carbon stock accumulatiod®£80 tonnes C Haover the 60-year perioor rotation forestry, the yield
over the 40-year rotation was 41 t C'tar broadleaf and 69 t C fidor needleleaf, equivalent to 1.0 and 1.7 t C fear,

respectively. This is higher than the average petidty for European forests (around 0.8 t Cthyaar*, assuming 250 kg C
m of harvested roundwood) (Payn et al., 2015), bwet than recent estimates from France for Douijlag 3.1 t C ha
year! following a 40-year rotation (Bréda and Brune@2€19). These examples show that with appropriatnguand
validation of the PFT and harvest parameters, JUBESould be used to facilitate decision-makingquestions such as

species selection, harvesting regime, harvest éeguand timing.

4  Discussion

4.1 Main findings and limitations “ {Formatted: Heading 2

The modelled yields dffiscanthus were broadly consistent with observations frorassit the USA and Europe, but showed
much less variability. A major reason for thishattthe harvest frequency is fixed in the modethwio option for irregular

frequency or for harvests to be skipped. For exarriplpracticeMiscanthus is generally allowed 1-2 years after planting to

10



10

15

20

25

30

establish before being harvested annually, follobwed—2 years of low yields. The largest yieldsegaily occur during years
4-10 and decline thereafter, with a typical rotafiength of 20 years (Zub and Brancourt-Hulmel,®01n the model, there
is no representation of a plant's age, so it ispussible to establish an age-dependent harveisheednother reason for
reduced variability in yields is that the root gystreverts to the same small size after each haffégs (4)), dropping its
surplus biomass into the soil C pool. In realityekatively small proportion of root biomass is dfa harvest, and the mature
plant gets a regrowth benefit from an established system. The model currently relies on a fixeldtionship between
above-ground height and root biomass and breakisdink would create other problems in the moeééting to PFT scaling.
Future versions of JULES will use the Reduced Estesy Demography (RED) approach which represent@ragpmass
classes within a PFT (Moore et al., 2018). Alteinedy, an approach could be implemented similathiat of Black et al.
(2012), in which three PFTs are used to represiffiereht age classes of sugarcane, although thigddweot be compatible
with dynamic vegetation. Given these difficultiend the fact that JULES is a global model, accuaatrage yields with
reduced variability compared to observations isl{iko be an acceptable compromise for most apics.of JULES-BE.
The Miscanthus PFT has not been tested with other advanced meeithin TRIFFID, such as nitrogen cycling or lager
soil carbon (Burke et al., 2017), and will likelgquire additional updating and tuning of parametergield useful results
with other functions. Since nitrogen content isoreled for the harvested biomass, with appropriateng JULES-BE could
also be used to quantify nitrogen loss from biogperop ecosystems due to harvesting.

4.2 Further work e ‘[Formatted: Heading 2

An example of rotation forestry has been shownin & for a single point. To represent forestryaonountry, regional or
global scale, further development of the modedguired. The harvest frequency and timing areeeuly fixed for each PFT,
meaning that all grid cells are harvested at timeestime. Over a large number of grid cells, thisuldonot be realistic and
would produce undesirable hydrological and climafiiects. Further improvements to the model cardble the user to
stagger the timing of harvesting. Allowing harversgjuency to vary regionally would better repregetation forestry and
increase yield by enabling the user to chooseiamally appropriate harvest frequency (shortemfare productive regions).
Allowing harvest day-of-year to vary regionally wdumprove global-scale assessment of any bioenemyy, since harvest
timing is dependent on local climatologyid affects local land-surface properties, suchoaghness length, albedo, and

transpiration rate, which in turn affect the climaf his functionality may be best implemented Hgwing these variables to

be user-prescribed for each grid cell. Howeveryigling these data may be burdensome for the usdrsame predictive
algorithms based on climatology and growth, builoithe model, may be more appropriate.

The algorithms for competition between PFTs wifiRIFFID can potentially be used to determine thesinsaitable type of
bioenergy crop in each grid cell. However, some ifications would need to be made to the existindecdn the simulations
presented in this study, TRIFFID competition wasl#ed, allowing the bioenergy PFT to adjust itsaaie scale with its
productivity—for example, allowing a crop to dieclian response to an unsuitable environment. Thieenticompetition

scheme is not useful for allowing different typédimenergy PFTs to compete with each other withgrid cell, since it is

11
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based on height. This favours plants that can lgaight easily, rather than shorter species witlatgrebiomass density. A
competition scheme based on above-ground biom#ssr idnan height would be the first modificationntake. This could
help select between species within a harvestingnege.g. help determine the best perennial g@sarinual harvesting, or
the best tree species for short-rotation coppicthgwever, this may not necessarily select for thgadst-yielding plant,
because above-ground biomass is only a good parxyi€ld at the end of the growing season, and atitign for area is
invoked at every iteration of TRIFFID (once per daythese simulations). Also, this development wlonbt be useful for
mixing PFTs with different harvest frequency orvest day-of-year, since it would continue to biempetition towards the
PFT that has been harvested less receatymately- Tthe best solution would be to reapportion the biognerop area
between PFTs once per harvest cycle, based omahips cycle’s yield, but that would be a complexelopment given the

existing model structurdlltimately however, a yield-based competition schemould still ignore the biophysical, economic

and environmental factors that influence choicerop type. As such, JULES-BE may always be moréutiger informing

these land-use decisions based on its output,rrithe integrating these decisions into the existirodel.

5 Conclusions

This study presents new functionality to represemiond-generation bioenergy cropping and harvasis/LES. This is the
first step to getting such processes representezhanéstically within Earth system models, in ordieat the effects of
bioenergy cropping on the carbon cycle and clinsgitem can be evaluated. JULES-BE allows for flexgarametrisation
of many types of bioenergy PFTs, although dvligcanthus has been fully developed here. Yields of Miscanthus PFT
were within the range generally observed in thetéthiStates and Europe, though the model failedapiuce the large
variability in observed yields across and withitesi

Applications for JULES-BE include short-rotation ppicing, rotation forestry and residue harvestingnf forests or
agricultural systems. Future development will foomsimproving the competition scheme so that midtigoenergy PFTs
can be represented simultaneously, and addingrésato the harvest timing mechanism that impropeesentation of forest
harvesting at regional or global scale.

Implications of this model functionality includeettability to study bioenergy cropping and harvesgthin a land surface

model. Ultimately, this should facilitate climatbange mitigation and climate modelling researclevaluate future low-

carbon energy systems featuring bioenergy cropthér impacts on hydrology, climate and carbomagie.

Code availability. This work was based on a version of JULES5.1 wititional developments that will be included in a
future release of JULES. The code is available ftbm JULES FCM repository: https://code.metoffioe.gk/trac/jules
(registration required). The version used was r#2bftiles_harvest (located in the repository at

branches/dev/iemmalittleton/r12164_biotiles_harvest)
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Table 1. Functionality and applications of JULES-BE.

Function Simulated applications

Continuous harvest Forest management (withountlli
Biomass removal from agricultural land

Periodic harvest Harvests of perennial crops (digcanthus)
Short rotation coppicing (e.g. poplar)
Forestry rotations

Assisted expansion Planting out of new agricultarahs with bioenergy crops or trees
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Table 2. TRIFFID parameters required for JULES-BE. An explanation of the use of these parameters is given in S&2.

Parameter Type Values Definition
crop integer 0 Natural land
1 Food crop
2 Pasture
3 Bioenergy crops
harvest_type integer 0 No harvest
1 Continuous harvest
2 Periodic harvest
harvest_freq  integer 0 Placeholder for harvest types 0 or 1

>0 Interval in days between harvests
harvest_doy integer 0 Placeholder for harvest types 0 or 1
>0 Day of year on which harvest takes place
harvest_ht real 0 Placeholder for harvest types 0 or 1
>0 Height to which crop is reduced on harvesttfesd
ag_expand integer 0 No automatic increase of PFT fractionmiaad class fraction increases
1 Automatically plant out new crop areas with tamgeTs
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Table 3. PFT parameters distinguishing théMiscanthus PFT used in this study. “C4 Grass” parameters are takn from (Harper et
al., 2018b); ‘Miscanthus (Hughes)” are given by Hughes et al. (2010). A fulldt of parameters, with definitions and explanations fo
values used, is given in the Supplement. “-" indicatgsarameters that were not yet introduced in the oldeversion of JULES used
by Hughes et al. (2010). Parameters described as “Atfeetry” were determined via an iterative process to impove the relationships
between above-ground biomass, leaf area index (LAI) anheight, as described in the Supplement. Parameterdescribed as
“BETYdb” were taken from observations in the Biofuel Ecophysiological Traits and Yields database (LeBauer et al., 201L8“GPP
calibration” indicates tlow was determined via an iterative process to improve hfit of modelled gross primary productivity (GPP)
to the flux data obtained from the Lincolnshire site. ‘Litter calibration” indicates g_leaf_0 was determined via an iterative process
to approximate the observed ratio of leaf litter to yeld (Amougou et al., 2012). Details of these calculatisrare provided in the
Supplement.

C4 Grass Miscanthus Miscanthus
Parameter (Harper)  (Hughes) (this study) Rationale

aw 0.005 0.014 0.07 Allometry

a_ws 1 0.9 1 Non-woody plant (100 % live stem)
alpha 0.04 0.067 0.067 Hughes et al. (2010)

b wi 1.667 1.667 2 Allometry

eta_s 0.01 0.01 0.08 Allometry

Ima 0.137 - 0.065 Feng etal. (2012)

tlow 13 7.85 12.8 GPP calibration

lai_max 3 3 10 BETYdb

lai_min 1 0.6 0.1 LAl at minimum height ltarvest_ht = 0.1)
nmass 0.0113 - 0.0217 BETYdb

nr 0.0084 - 0.0228 BETYdb

nsw 0.0202 - 0.0101 BETYdb

g_leaf O 3 - 2 Litter calibration
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Timestep 2

Timestep 1

Natural expansion

»
>

15 Assisted expansion

Figure 1. Schematic of the agricultural expansion furttonality in JULES-BE. A full description of the process is povided in Sec.

20 2.3. The area marked * represents the change in thgant functional type (PFT) area that would occur without the change in crop
area (Afrac,, in Eq. (6)). The area marked with t represents the mdy available agricultural area (Afrac,, in Eq. (6)), which is
immediately populated with the crop PFT where assistedxpansion is enabled, or left bare where it is disabled.
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Figure 2: (a) and (b): Modelled leaf area index (LAI) anl height of Miscanthus, compared against observations at Lincolnshire, UK,
for the period 2010-2013. (c) Relationship betweenigét and LAI, model compared against observations at Linalnshire, UK. (d)
Relationship between height and above-ground biomag8GB), generic equation from model compared against aervations from
the UK (Christian et al., 2008), Poland (J#owski et al., 2011) and Italy (Cosentino et al., 2007).

22



Miscanthus GPP at Lincolnshire, 2008-2012

MA

2008 2009 2010 2011 2012
Year
Figure 3. Modelled gross primary productivity of Miscanthus, compared against observations at Lincolnshire, UK, fothe period
2008-2012.

Modelled

o

IS

N

GPP [kg C m? year'1]

o

23



Observed Observed

-
Modelled
-
L]
4 8 12 16 20 24 28 32
mean Miscanthus yield [t DM ha™' year™']
Difference Difference

40 6 2 2 6 10 14 18
mean Miscanthus yield [t DM ha™" year™"]
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Figure 5. Modelled yields compared to observed yieldsf Miscanthus collated by Li et al. (2018a). In (a), the error bargjive the
range of data at each half-degree grid cell. The obsezd range (horizontal error bars) accounts for variaion between sites (different
sites may exist within a grid cell area), years, and filiser or irrigation treatment; the modelled range (vertical error bars) reflects

5 interannual variability only. (b) shows the range of valus by relative frequency. This figure may be compared t6ig. 3(e)—(f) from
Li et al. (2018b).
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Figure 6. Modelled yields of theMiscanthus PFT, averaged over 2010-2019.
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Figure 9. lllustrated cumulative harvests and vegetatiomegrowth over a 60-year period, showing the applidéon of JULES-BE to
short rotation coppicing (left); permanent forestry with harvest ofwood litter (middle), and rotation forestry (right).
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Supplement to: JULES-BE: representation of bioenergycrops and
harvesting in the Joint UK Land Environment Simulator vn5.1

Emma W. Littleton, Anna B. Harper, Naomi E. Vaugh@ebecca J. Oliver, Maria Carolina Duran-Rojas,
Timothy M. Lenton

S1.Miscanthus PFT parametrisation

The Miscanthus PFT presented here was developed based on a@€&egrass in the 9 PFT JULES scheme (Harper et al.
2016), with six parameters taken from Hughes et28l10), and nine parameters redefined specifidaliyhis study. A full
list of PFT and TRIFFID parameters for all bioeneRFTs used in this study is given in the Suppleargrspreadsheet.
Since the periodic harvest mechanism describetisnstudy harvests from above-ground biomass, hief focus of PFT
tuning has been to improve representation of algpeend biomass (AGB).
Five parameters define the allometry of the PH, the relationship between height, leaf area indés), and mass of
respective portions of the PFT:

* Ay ratio of total stem biomass to live stem biom&ss.all non-woody plants (defined here as grasseis)ratio is

equal to 1, meaning that all stem biomass is @i respiring.

*  Au: wood-to-leaf scaling parameter relating totahstgomass to LAI.

« LMA: Leaf mass per area [kg leafrper unit of LAI].

*  Buw: allometric exponent relating stem biomass to LAI.

« Etag: Ratio of live stem biomass to LAI.
The scaling of the plant is derived iterativelyeaich TRIFFID call, beginning with, (balanced-growth LAI). Absent of
deciduous behaviouky, is always equal to actual LA, is bounded byai_min andlai_max, which are defined in TRIFFID
parameters.
After Ly is determined at each TRIFFID call, the three BMmass components are calculated per Equations (&8 and
(58) in Clark et al. 2011. All units are kg C?m

Leaf = L, X LMA x 0.4 (S1)
Root = Leaf (S2)
Wood = A, X Lp5wt (S3)
Cveg = Leaf + Root + Wood (S4)
AGB = Leaf + Wood (S5)

PFT heightcanht, is related to wood biomass as per Eq. (61) imkG3aal. 2011:
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Wood Ay ) By

canht = (S6)
AysXEtag) Wood.
Using the equation above for relatiMpod to Lb, this simplifies to:
by—-1
canht = 2 (S7)
AwsXMst
Above-ground biomass thus related to
AGB = ay,; X L™ + L, x LMA x 0.4 (S8)

In tuning this PFTLMA was fixed at 0.065 kg #(Feng et al. 2012), arfils fixed to 1 in common with other “non-woody”
PFTs. The remaining free parameters thereforeAareBw, andEtas. The default values for C4 grasses Ag=0.005,
Bw=1.667, andEtag=0.01.
Height:AGB, Height:LAI, and Height:(stem proportiohAGB) were calculated using a range of values\ig Bw, andEtay,
a total of 600 parameter combinations.

¢ Au:0.01-0.1 in increments of 0.01

e Bw:1.333-3in increments of 0.333

e Etag: 0.01-0.1 in increments of 0.01
Observed height:AGB relationships were combinedhff@osentino et al. (2007), Jezowski et al. (20aayl Christian et al.
2008 (n=57). Height:LAl relationships were takeanfr the Lincolnshire site (Fig. 2) (n=15) (Robertsdral, 2016, 2017).
Height:stem proportion observations were taken f@asentino et al. (2007) (n=18). Where two y-val@@&B, LAl or
stem%) were given for the same height, the meaheof/-values was taken for that height. The givempe sizes already
reflect the mean of repeated x-values. Stem prigpois calculated as (wood)/(AGB) at harvest time.
These relationships (height:AGB, height:LAI, heigtem proportion) were compared against observgtemd the root mean
square error (RMSE) calculated for each of therpatar combinations for each relationship.
Five “cases” were selected from the 600 parameterbinations, representing the lowest combined RMBE; lowest
combined RMSE of AGB and LAl (prioritised for acaay over stem proportion); and the lowest RMSE feauh of AGB,
LAIl, and stem proportion independently. FiguresBbws how height relates to AGB, LAI, and stem prtipn under each
of these cases. Case 1 was selected as the pasatimirthat provides the best fit to AGB while yiding reasonable values

for LAl and stem proportion.
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Figure S1. Fitting of allometric parametersAw, Etas and Bw to observations of aboveground biomass (AGB), leafea index (LAI)

and stem proportion of aboveground biomass. AGB olesvations are combined from Christian et al. (2008)Cosentino et al. (2007);
Jezowski et al. (2011). LAI observations are collead from the Lincolnshire site (Robertson et al. 206/7). Stem proportion
observations are from Cosentino et al. (2007).

Gross primary productivity, respiration and litter production

Canopy assimilation depends on three limiting rateleaf photosynthesis. For C4 plants, these digh&limited rate, a
limitation from PEPCarboxylase, and a Rubisco-lgditate (Collatz et al., 1992;Clark et al., 201¥jth adequate light, the
maximum rate of carboxylation of RubiscWUcgay limits photosynthesis. Th¥cmax is a bell-shaped function of canopy
temperature, dependent on PFT paramelgssand Tiow, and the standardised value \Gfnax at 25°C Yemax,29, Which is
modelled as a linear function of leaf N per unéa@fNared:

chax,zs = Vint + Vsl X Narea (SQ)
Where
Nareq = LMA * Niygss (S10)

Nmassis the leaf N per unit mass (kg N (kg le§f)For C4 grasses, the default values A, Nmass Tupp @and Tiow are 0.137,
0.0113, 45 and 13, respectively, which yield anr@kVemaxof 74pmol CO, m2 st at 41°C.
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Plant nitrogen content affects the gross primaoglpctivity (GPP), plant respiration, and therefimtal biomassGueg). Values
for Nmass(kg N (kg leaf)), N (N:C ratio of roots) andNs, (N:C ratio of stem wood) were determined Kéiscanthus using
values from BETYdb (LeBauer et al., 2018), and asrg carbon concentration of dry biomass of 40 ¥ddaves and roots
(hardcoded in JULES for all PFTs) and 48 % for stdafter Baxter et al., 2014). The valueTpf, was tested iteratively
against GPP measurements at the Lincolnshirersite 2008-2012 until further iterations failed tduee the root mean square
error. New values dfMA, Ninass andTiow (0.065 kg ri?, 0.0217 kg kg and 12.8 °C, respectively) resulted in a loweirnat
VemaxOf 67 umol CO, m2 st at 41°C.

Nr andNs, were changed from 0.0084 and 0.0202, respectif@éfault values for C4 grasses) to 0.0228 and01.0These
changes (along with the increadgidy) result in slightly higher root N and stem N thsatour times higher than for C4 grasses.
In other words, the larger woody contenMifcanthus comes at a cost in terms of the maintenance eg&pir since in JULES
maintenance respiration is a function of plant Nteat (Harper et al., 2018b).

The leaf turnover rategleaf_0O, represents mean lifetime in years of a leaf abeérany climate-deciduous behaviour.
Observations from Amougou et al. (2012) revealeaiuative leaf litter of 13-15 % as much as abovasgd biomass at
harvest time. Absent deciduous behaviour, learliggroduction is linearly correlated to LAI, bgieaf is only one of the

factors; the equation is:

leafyi;c = gleaf X LMA x LAI x 0.4 (S10)
LAl = —Le8fuee (S11)
gleafxLMAX0.4

_ leaf ipcx0.4xLMA\PWL  leaf litc
AGE = Qwt X ( gleaf ) gleaf (512)
Given the values above fay,;, LMA, b,,;, Eq. (S12) simplifies to:

_ leaf ;1cx0.026\2 | leafy;
AGB = 0.07 x (—;lﬁaf ) + el (S13)

gleaf was adjusted iteratively until annuedf_litc at the Lincolnshire site reached 15 % of AGB avbst, aigleaf = 2.



S2. Response dffiscanthusyield to climatic variables in model and observatins
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Figure S2. Relationship of observed (left) and modled (right) Miscanthus yields to mean annual precipitation (top) and mean
annual temperature (bottom). Precipitation and temrature were both derived from WATCH meteorologicalforcing data over the

5 model simulation period (1980-1999).
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S3. Growth characteristics forMiscanthus and C4 grass
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