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in the attached document.
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General comments

Introducing a prognostic nutrient cycle, here the nitrogen cycle, into a land surface model (LSM) is a
challenging task. As the importance of nutrient limitation on produc- tivity has been clear for a while
and we have gone from one LSM with a prognostic N cycle in CMIP5 to several in CMIP6 this is a step
all LSM are taking. So for undertaking this task and finishing an LSM that have included all the major
N related processes | congratulate the authors. Some processes have been left quite simplistic (e.g.
Ngas with its additional turnover) but this is a natural step in the process of developing a modelling
framework. The paper goes through the steps they have taken to incorporate the key terrestrial N
cycle processes and show how different model setups behaves over historical simulations. These
simulations have then been analysed on a global and biome scale and have shown that the model
simulates the carbon and nitrogen pools and fluxes comparable to the limited available
observations.

The main reason to include a prognostic nutrient cycle is to represent a limitation on plant
productivity. The authors have shown that their N limitation is within observation on the biome
level, but the global spatial distribution still puzzles me (see general comments). It would also be
interesting to see how N limitation affect PFT distributions or at least some mention of it even if N
limitation doesn’t have any direct influence. In general, it would have been nice to see some
perturbation experiments to see how the N cycle would react. Especially BNF and N limitation on
productivity. But as this is covered in another paper (Davies-Barnard et al. 2020) it could have been
good to refer to those results more than in just a short note in the introduction.

We have added a figure showing the fractional distribution of the vegetation and how it changes
with the different configurations. We have also extended the discussion section to include next steps
and a description of the results in the Davies-Barnard paper.

I think this is an excellent model description paper. All the relevant equations and model structures
are well documented and described. | would like to congratulate the author to a job well done! Hope
my comments will be to some help.

Thank you for your helpful review comments. As you note we have endeavoured to develop a
parsimonious scheme for application in the UK Earth System Model. This is a first step in enabling
further representation of the role of nutrients including fully coupling with gas phase chemistry.

In revision we will include reference to the Davies-Barnard paper and other relevant results from
CMIP experiments.



Specitic comments

Section 3.1.1 — Biological Nitrogen Fixation feels misplaced in Section 3.1 Vegetation Carbon and
Nitrogen. Would fit better in section 3.2 Soil Biogeochemistry together with other N sources and
losses that are described here.

This has been moved to the soil inorganic nitrogen section and sign posted earlier on in the text.

Section 3.1.3 — With eqn 12 and that z is the fraction of canopy above current layer, the canopy will
always have the same C:N ratio and it will not depend on LAl as it was in Mercado et al. (2007). In
Davies-Barnard et al. (2020) it is stated that leaves have flexible C:N ratio. How have | misunderstood
this? Yes, leaves have flexible C:N ratios, but the canopy as a whole have a fixed C:N ratio. If the
canopy C:N ratio is fixed then there will be a mismatch between canopy N and irradiance compared
to Mercado et al. (2007) as irradiance will decrease exponentially through the canopy depending on
LAl but leaf N will not. Will this affect the photosynthesis?

Thank you pointing out the issue. Agreed, there is a mismatch between canopy N and irradiance in
the current formulation. This is being investigated and will be documented separately and addressed
in subsequent configuration updates.

L245-248: “If not enough inorganic nitrogen is available, the system is nitrogen limited and an
additional term is required in the carbon balance representing excess carbon which cannot be
assimilated into the plant due to lack of available nitrogen (Wc). A positive Wc results in a reduction
of carbon use efficiency.” — N limitation only affects NPP and not GPP with an additional respiration
term decreasing the CUE. As GPP isn’t affected by N limitation then the water demand will stay the
same. So the water “cost” for NPP will by higher in JULES compare to models that let N limitation
directly affect GPP. Is this something that has been considered during the development?

You are correct that N limitation doesn’t directly impact water demand. However, there is an in-
direct affect via the coupling between N limitation and LAI. This is something we are aware of and
will be taking into account in analysis of CMIP experiments and future model developments. .

L271: “The nitrogen available for growth is the total available nitrogen multiplied through by (1 A).” —
| assume that the “nitrogen available for growth” is Navail and is used in L283. Navail isn’t defined
until L378. Please clarify this in the text.

Corrected

Section 3.2.1 — Does litter and diffused SOM enter frozen soil layers? Could be the reason we see a
higher soil C for CNlayer at higher latitudes (Figure 7).

This has been added to the model description: $D(z)$ is the diffusivity in m$A2S s$*{-1}$ and varies
both spatially and with depth \citep{burke2016gmd}:

\begin{equation} \label{diff}

D(z) = \begin{Bmatrix}
D_0&;&z\leglm\\
\frac{D_o}2}(3-z) & ; & 1m<z<3m\\
0.08&;8&z\geq3m

\end{Bmatrix}



\end{equation}

Without permafrost, SD_0S (m$”2S sSA{-1}S) is given by a bioturbation mixing rate equivalent to 1
cmS$A2S yearSA{-1}S. When permafrost is present, the mixing represents cryoturbation and SD_o$
increases to a value equivalent to 5 cm$A2S year$A{-1}S. This parameterisation of SD(z)S means that
the soil organic pools can transfer between permafrost and non-permafrost soils albeit at a relatively
slow rate.

We have expanded the discussion around Figure 7 and the vertically resolved soil biogeochemistry
to include the “The soil in JULES-CNS_{layer}$ has more organic carbon (Figure
\ref{fig:zonal_stocks}), organic and inorganic nitrogen (Figure \ref{fig:fluxes_stocks}). The
parameterisation of the vertically resolved soil biogeochemistry means that once JULES-
CNS_{layer}S is spun-up the soil carbon and nitrogen within the frozen soil is relatively stable
because of the low temperatures.”

L430-436: — The additional turnover of inorganic nitrogen is a great solution to a well- known issue
when soil N starts building up uncontrollable due to N deposition or BNF.

Agreed. It is something we plan to investigate in greater depth in the future.

Section 3.2 and 3.3 — A table with constants from sections 3.2 and 3.3 similar to Table 1 for section
3.1 would be a nice addition to the manuscript.

This has been added as Table 2.

L532-534: — N leach is very small. Any idea why it is so small? Have you considered some
adjustments to get the number to increase? Change the value of $?

We have changed the value of the effective solubility of nitrogen in water and can get an increase in
the leaching by doing this. However, it is still fairly small compared with the estimates in Figure 4.
One of these reasons is that, in reality, some component of the leaching is from the fertilizer which is
not yet included in JULES-CN. We have added a comment to this effect in the document.

L538-539 and Figure 4. — Net N mineralisation and N uptake seem to be very small. Are the units for
them really Tg N yr-1?

These were in the wrong units and have now been updated

L564-565: “This is a consequence of the higher nitrogen limitation on JULES-CN lead- ing to less litter
fall and subsequently less soil carbon.” — 1 guess N limitation on SOM decomposition isn’t strong
enough to make the SOM pools increase in size? Could it be that the fixed plant C:N ratios prevent
feedback of poorer litter quality under higher N limitation that would result in a slowdown of SOM
decomposition?

Yes, it is feasible a shift to a lower C:N plant ratio would decrease little quality in turn slowing
decomposition. The impact will be dependent on the balance of processes and any change in total
litterfall.

Figure 1. — Fixation seems to enter the vegetation in the figure, but section 3.1.1 says it enters
inorganic N pool. Update figure.

Figure 1 has been eliminated because it is very similar to Figure 4 and supplies no additional
information over Figure 4.



Figure 6. — Is the increased soll C at high latitudes for CNlayer mainly due to the additional decay rate
modifier per depth or is it due to N limitation on decomposition? Because with a lot less vegetation
C the input of litter must also be less. So something else needs to dictate the build-up of soil C as this
is opposite to what is stated in L564- 565.

In the Nhlat when JULES-C is compared with JULES-Clayers there is a large increase in organic carbon
(see Figure 6 in https://gmd.copernicus.org/articles/10/959/2017/gmd-10-959-2017.pdf). In both
JULES-CN and JULES-CNIlayered the N limitation on decomposition is relatively small. The vertical
profile of soil temperature has a big impact on the decomposition in the layered models and allows
soil carbon to build up in the deeper soils. The layered model is expanded upon further in the text.

Figure 6, 7 and 9. — Figure 6 is the result we are after when introducing an N cycle, N limitation on
productivity. The N limitation spatial distribution puzzles me to some extent. That you haven’t
investigated the reason for the strong N limitation in tropical savannah (L550-551 “Further work is
required to understand why tropical savannah is so limited.”) is something | think should have been
done. And also that Northern Europe doesn’t see any N limitation, but Western Europe does is also
strange. | would have liked to have maps for figure 7 and 9 to try and understand this better, now a
lot of information is hidden within the latitudinal bands. Also, a figure with annual net mineralisation
would be of interest to understand what is happening.

Interestingly, | have changed how to extract the biome specific information out of the model results
(medians instead of means) and now we get the savannah and tundra forest being OK limitation-
wise but the tropical forests not being limited enough. (it’s a bit scary how different the use of a
slightly different metric can make the results appear!). We do think, however, that the new Figure 5
and 6 are a more appropriate reflection of each other. This means that we are now interested in why
tropical forests aren't limited enough - Phosphorus?. This has been added to the discussion.

We have also added an additional figure which includes of the more relevant N stocks and fluxes and
a discussion about this impact of this figure.

Figure 6, 7 and 9. — How can it be that CNlayer has stronger N limitation at higher latitudes than CN
(less Veg C in figure 7 and more yellow in figure 6) when there is more inorganic N in the soil (figure
9)? This needs to be explained better. Is it due to the root profile and that all N isn’t available?

Indeed, there are two inorganic nitrogen pools in the layered model - the total pool and the
inorganic N that is available to the plants. This depends on the root distribution and on whether the
soil is frozen. There may well be less available inorganic nitrogen in JULES-CNIlayered than total
inorganic nitrogen in JULES-CN meaning that the plants could be more nitrogen limited in some
regions. This discussion is expanded in the discussion about JULES-CNlayered.

Technical corrections

L9: “Biological fixation and nitrogen deposition are external inputs. . .” — From section 3.1.1 it is clear
that BNF isn’t an external input. Please revise this sentence

Corrected

L204-205: “We therefore a new parameterisation of retranslocation and labile nitrogen that is
dependent on the phenological state” — please revise this sentence

Done



L278:%. ..IslIs...” —remove one is.

Done

LA74:“. .. Equation51...” —change to “... Equation51..."
Done

L646: “. .5 residence tome of carbon . ..” — change tome to time.
Done

L675: “ ... model model...” —remove one model.

Done

Figure 4. “. .. period 19960-2005 . . .” — correct to 1960.
Done
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Wiltshire and co-authors nicely document their additions of a nitrogen cycle and vertically resolved
soil biogeochemical model to the JULES model for use in UKESM1. The offline simulations include
documentation of simulated vegetation and soil carbon and N pools and fluxes and their change
over the historical period. A comparison with some observations is provided for model evaluation

Major concerns

My major concerns aren’t that substantial, but stem from contradictions in what’s expected from
the paper and what'’s actually delivered.

The paper sets off comparing the C only, CN and CN_Layered implementation of the model, but a
number of display items omit results from the CN_Layered configuration. Specifically, Fig. 10-12 &



Table 2 do not show results from the layered model, why? Should these eftects of vertical soils also
be discussed in 5.3? Because these results are not presented, | think major revisions are warranted.

These were not all included so as to simplify the story. However, we will re-examine and add the
CN_layered simulations where it is most appropriate in the revised version. This has involved a
significant re-write of the Results section which is more comprehensive.

Are there meaningful differences in plant distributions simulated with the new N enabled or
CN_layered models?

We have added a Figure showing the pft distribution of the different types of vegetation. This
configuration of the model has not yet been brought together with the new height competition
which is included in UKESM1 so the exact PFT distributions will change with extra vegetation types
and a height-based competition. Therefore, the results are just an indication of the effects of
changing the model configuration.

The multi-layered canopy model is introduced in section 3, but never really discussed in section 5.
Should it be? Are there any interesting insights enabled by this new feature of the model?

The section has now been extended. The idea behind this section was to document the link between
leaf level photosynthesis and respiration and the interactive N scheme. The section has been
restructured and updated.

Minor and technical concerns: These are more numerous but intended to clarify and improve the
paper.

| like the high-level overview of the main findings summarized in the abstract, but | wondered if
more quantitative results should also be provided (pending length requirements for the journal)?
We have added a couple of sentences discussing the values of the nitrogen limitation and the carbon
use efficiecy to the abstract.

Paragraph starting on line 70. | appreciate how clearly model assumptions are laid out. For example,
the approach here looks at the “large-scale role of nitrogen limitation on carbon use efficiency”, but
| wonder if there’s evidence to support this common assumption made in models in real

ecosystems? What is the assumed impact of N limitation on NEP? The net results it that is dampens

The introduction has been changed significantly to include these additional bits of information, plus
the additional text suggested by the other reviewers.

Can paragraphs around lines 60 & 90 effectively be combined? Both paragraphs seem to have a
common purpose of documenting the model connections and history. It’s also not really clear how
JULES fits into UKESM (also called UKESM1) vs. HadGEM?2



We agree this is unclear. We have reworded this so as to make it clearer. We have combined line 90
on into the beginning of the model description section when more details are required.

Is section 2 subheading really warranted? Maybe just combine subheadings for 2 & 3 into one longer
section?

Done

There are some redundancies in the text (section 3) where sentences are repeated at different
points.

Section 3 has been altered so it is now a general introduction to JULES and the model description
below.

Line 162. I'm confused why “These stoichiometric functions already exist in the model” for MR
fluxes. This suggests the new work here is just to explicitly represent the Npools that were being
implicitly assumed in the carbon only model? Separately, is it worth documenting the source for
vegetation stoichiometry (presumably used in Cox et al. 2011)?

This section has been revised to make clarify what is existing and what has had to be extended to

have a fully interactive N scheme. The vegetation stoichiometry is also referenced - Enquist, B. J.,
Brown, J. H., and West, G. B.: Allometric scaling of plant energetics and population density,Nature, 395, 163-165, 1998

Fig 1: The assumption that ‘roots’ in the model have a lower (or equal) C:N than leaves seems
surprising to me, but this but seems contradicted by ‘Ratio of root to top leaf nitrogen’ (Table 1),
please clarify. Roots have wide variation in C:N (Iversen et al. 2017), but if anything I'd assume they
should have a higher C:N ratio than leaves (Kattge et al. 2011).

Roots have the same C:N ratio as the top leaf, but as N concentration decreases through the canopy
the current formulation means that the C:N ratio is lower. Future work will explore parameterising
root C:N ratios directly. We note this in the discussion.

Table 1: “Top leaf nitrogen concentration”: listed twice
Removed

Line 175, this statement doesn’t seem to be true for grasses, which have declining C:N with height
(Fig 2).

Corrected.

Section 3.1.1, oh no, why define N fixation (which should limit NPP) as a function of NPP in the
model?! This isn’t the first modeling group to make this assumption, but a brief discussion and
literature review seems warranted (see Vitousek et al. 2013; Thomas et al. 2105; Wieder et al. 2015;
Meyerholt et al 2016)

We have inserted further discussion, including the references suggested.

Section 3.1.1- | think inputs from N fix lead off these details of the CN model because that’s where
the N cycle ‘starts’, which seems logical, but putting it under a “Vegetation carbon and nitrogen”
(subheading 3.1) seems odd, especially since Nfix contributes to the soil N pool (not plants). Maybe
different names for the higher level subheadings (3.1 and 3.2) would be warranted? Alternatively,
use Fig 1 to group these fluxes together.



We have tried to sign post the ditferent components of the nitrogen cycle better. The fixation is now
included in the inorganic nitrogen section.

Line 182 What is potential NPP? (eq. 9). How does this different than the ‘actual’ NPP? If not
discussed here, please reference where this is described (3.1.4).

This section been moved to the Inorganic nitrogen section. NPP_pot is defined very clearly in the
vegetation growth and allocation section..

Line 225 where is the multi-layer canopy approach included in these simulations? I’'m assuming with
with CNlayered, but this isn’t clear in section 4 (line 495)

This has been changed to - “JULES-CNS_{layer}$ is a version of JULES-CN which has identical above
ground processes to JULES-CN but additionally includes vertically discretised soil biochemistry.”

What is ‘spreading’ in the model (section 3.1.4)? Is this prescribed by some land use time series
dataset or prognostic (more like a DGVM)? Text on page 11 makes me think it’s the later.

This has been added: “Biomass can also increase by spreading through an increase in covered area”
where the term spreading has been itnroduced.

The assumptions made in the phenology and allocation section are thoroughly defined, but it’s hard
to understand for readers not familiar with TRIFFID how N limitation is implemented in the model. It
seems like it’s an instantaneous down regulation of NPP, with extra carbon respired by plants that
are N limited? With that N limitation calculated by the tissue and pft specific stoichiometry defined
in the model?

Yes, this is correct. The model description has been updated to make it clearer.

Eq. 25-28. | don’t really understand how the soil model is wired based on these equations. If R_DPM
and R_RPM are the respiration terms from litter pools, how do some of these fluxes go back into the
BIO and HUM pools, which themselves are respired (and also simultaneously included as inputs to
BIO and HUM)? It seems that soil respiration fluxes to the atmosphere are actually R_tot*B_R, if so,
the R_* fluxes should be some kind of soil turnover term (not respiration).

This has been changed to make the respiration/turnover clearer. New text -”, SR_{tot} =
R_{DPM}+R_{RPM}MR_{BIO}+R_{HUM}S where SR_{tot}S is the total turnover in kg\,[C]\,m$*{-2}S
sSM{-1}S. S(1-\beta_R)S is the fraction of the total turnover that is respired to the atmosphere.
S\beta_RS depends on soil texture and ranges from 0.75 for a clay soil to 0.85 for a soil with no clay
content. From this the respiration to the atmosphere can be defined as $(1-\beta_R)S SR_{tot}S.\\”

It seems like B_R is a critical number here, as it controls the soil carbon use efficiency and the
amount of N required during litter decomposition (eq. 35). Is this parameter value defined
somewhere?

Beta R is now defined in a new equation: \beta R =\frac{144.09+2.67e”{(-0.079clay)}}
Eq. 29-32 do the N fluxes need to include |_DPM +|_RPM?

No - immobilisation is a microbial process in which inorganic nitrogen is made into new organic
matter. Microbes don't make new plant litter (plants make that!), they only produce BIO/HUM. The
|_DPM and |_RPM terms are there in |_tot. They're somewhat confusingly named. |_DPM is the
immobilised nitrogen that originated from DPM.



Line 355, as above can this be called potential turnover, not “potential respiration™?
This has been changed

Eqg. 33. I'm trying to wrap my head around the vegetation controls over decay rates and how that
may feedback to a CN model that has vegetation with very different stoichiom- etry and N demand
(woody vs. grass pfts; Fig 2) but that allows for plant competition (on a single soil column). | assumed
the maps of nutrient limitation (Fig. 6) reflect differences in vegetation N demand (per unit of C), but
are decay rates also slower for grasses (increasing the N limitation in these ecosystems)?

The interactions and feedbacks are potentially highly complicated given the ability for the PFTs to
compete. The grasses produce a higher fraction of decomposable plant material relative to the tree
PFTs (0.67 to 0.25, now in Table 1). In turn, decomposable plant material decays approximately 300
faster than resistant material. Grasses therefore have a faster turnover of nutrients. Our
interpretation of Figure 6 (now Figure 4) is that it reflects the vegetation N demand. However, more
work is required to understand the savannah grass response.

Eq. 36, Is this still a potential decomposition rate, as it’s ‘limited’ by N availability?
This has been changed

Line 385, what are ‘these two pools’? | think it should be DMP and RMP, but it’s not clear in the
text?

This has been clarified — indeed there are the two litter pools
What happens to wood in the soil CN model? How is it allocated to the pools de- scribed?

The ratio of dpm to rpm is a PFT dependent parameter so implicitly takes into account the
proportion of wood in a PFT. It is lower for a woody pft and higher for a grass pft. This is discussed
at the top of Section 2.2.

Eq. 39, is there anything that prevents this flux from being negative? Are there times when
immobilization > mineralization?

Fluxes will have been limited by Fn to make sure this isn't negative. If it hits the minimum pool size,
it calculates a correction term (neg_n) and that correction term is then included as a negative gas
flux. But that is applied just as an 'extra’ gas flux and not applied to minl and immob. So Eq 39 is
never negative, but gas flux can be, if that makes sense! This has been added: “. fS_NS$ limits the
nitrogen fluxes so that (MS$_{tot}S - IS_{tot}$) is always positive. However, if pool sizes become too
small NS_{gas}S could become negative to ensure nitrogen is conserved.”

Eq. 39, Should the N loss description go into 3.3 (inorganic N) instead of the soils section (3.2)?

| think it is clearer to have this first component of gas loss here because it is defined using the
mineralisation/immobilisation which is discussed here. | agree that it is on the boundary between
inorganic and organic nitrogen.

Where does N_turnover flux (eq. 46) go in the model, the atmosphere? How large is this tuning flux
relative to other loss terms?

N-turnover flux it has been renamed N_gasl and goes to the atmosphere. This is now discussed in
Figure 4 and we state the proportion of loss via this process is about 90% of the total gas loss.



Eq. 46, where does N_gas (eq. 39) fit into the N budget summarized here? Section 4, How does the
model handle agricultural fractions of grid cells?

This has been added: The total gas loss is the sum of SN_{gasI}$S and SN_{gas}$ from Equation
\ref{eq:ngas}. There are no agricultural fractions represented by this model. Ive stated that there are
two gas loss terms.

Section 501 I’'m used to fluxes and pools being roughly proportional in models like this. If NPP is 11%
lower in the CN model, why are the vegetation stocks roughly equal in the C and CN model?
Similarly, if the vertically resolved model has a similar NPP to the CN model why are vegetation C
pools so different?

This is because the turnover times change — the vegetation and soil turnover times are now plotted
separately

Fig 4, 8 and others, Since the text is organized with C, CN, and CN_layered should the display items
be similarly organized?

We put JULES-CN first because that is the configuration we are describing as the main focus of the
paper. JULES-C is only included in the paper for comparison purposes and JULES-CNlayered is
included last because is an extension of JULES-CN. We will check through the text and make sure it is
that way in the text. This was particularly relevant when discussing the “historical simulations”.

Fig 4 what is the ‘N-loss’ flux supposed to represent? As drawn, | think this is a gaseous N loss, but as
labelled it’s not clear how this connects with N_gas and N_turnover fluxes (see above).

The N loss term has been changed to a N Gas term and it is the sum of the gas losses from the
inorganic N pool and the organic N pool. This has been added to the captionN- gas is the sum of
SN_{gas}$ and SN_{gasl}$S with SN_{gasl|}S approximately 90 \% of the total gas loss

Fig 4, how deep are the soils being represented, this is especially important to consider in the
vertically resolved model and should likely be described in methods (3.2.1)

This has been added to section 3: These configurations of JULES adopt the standard 4 layer soils with
a maximum depth of 3 m. However it should be noted that \cite{burke2016gmd,chadburn2015gmd}
adopt a configuration which increases both the maximum soil depth and number of soil layers.

Line 535, doesn’t this just mean the model is at equilibrium as it should be given your spinup
procedure?

However, the model could still be in equilibrium with a slower recycling rate. The recycling rate
through the system is a characteristic of the model.

Section 5.2 seems out of place, as the extent of N limitation should be preceded by a more thorough
comparision of the model states and fluxes. One suggested organiza- tion could be comparing the 1)
Spatial distribution of present day stocks / fluxes and residence times (e.g. Figs 4, 10, 7, 9, & 8 in that
order) and 2) Temporal evolution of relevant stocks / fluxes over the historical period (e.g. Fig 11 &
12) 3) N limitation (Fig 6, 5) as diagnosed by NPP_Potential / NPP and its evolution over time (Fig
11b).

The results section has been re-worked to make a clearer flow through the figures. Stocks and fluxes
followed by N limitation.



The title for Fig 5 (and associated text) implies that you conducted a N fertilization experiment (see
Wieder et al. 2019), but | don’t think this is accurate. Instead you’re calculating a N limitation
diagnostic (NPP_pot/NPP) and comparing that to results from an observational synthesis.

Title changed to "Response ratio (NPPS_{pot}S / NPP achieved)” as in Figure 6. This is defined as “the
response ratio, is the ratio of the potential amount of carbon that can be allocated to growth and
spreading of the vegetation (NPPS_{pot}$S) compared with the actual amount achieved in the natural
state (NPP)“. Text about the observations is also changed to include: “which summarises a meta
analysis of nitrogen addition experiments. The black bars showing the mean of the observations and
the red lines the uncertainty.”

I’d suggest flipping the order of Figs 5 & 6, as they both show the same information, but Fig 6 is less
processed model output, with 5 serving to summarize biome-specific information and related it to
observations.

We have switched the order of Figures 5 and 6 as suggested and changed the associated text.

Fig 6, Line 553. It seems like the model is more strongly limited in grasslands, which have much
higher N requirements / unit of C (Fig 2). This doesn’t really show up in results for ‘tundra’ or
‘grasslands’ (only for Savannah). | wonder why?

We have looked at this again. We have decided to use the median of each biome rather than the
mean of each biome to calculate the results shown in Figure 6. This is because JULES does not
necessarily simulate the correct vegetation for the whole of each biome and outliers will influence
the mean. These will not influence the median in the same manner. Looking at Figure 6 the results
are more comparable with what we might expect — JULES is not limited enough in the forest biomes
but it is now more appropriately limited in the tundra and the savanna. We have also changed the
scale of they-axis in the figure to make the results clearer to see.

Should multi-paneled figures be labeled (‘a’, ‘b’, ‘c’) and accordingly described in the figure caption?
This has been done

Fig 7, can legends be smaller or moved into the figures (as in Fig. 9) so the data are easier to read?
This figure has been improved as suggested.

Fig 9, should the bottom panel be labeled soil C residence time and also include data from the C-only
model?

This has been deleted and the soil residence times plotted instead in Figure 8.

Fig. 11b what is the time series of ‘response ratio anomaly’? Is this the change in NPP_Pot / NPP_act
that used to diagnose N limitation shown in Figs 5 & 67 If so, is this what you’re calling ‘progressive N
limitation’ (line 599), in which case this should be clarified on and expanded in the text.

We have moved this sub figure to sit alongside the other discussion of Nitrogen limitation and
expanded upon it in the text.

Fig 12 & section 5.2.3 The low bias in NEE ( 0.5 Pg /'y, roughly 25%). This would lead to an
underestimation of the land carbon sink of about 25 Pg over the period from 1960-2010 (or about 12
ppm CO2 in the atmosphere). Thus, while the 1AV of NEE looks better here, that overall magnitude of
the land sink may be too low with the CN version of the model. This isn’t a deal breaker for the
paper but time implications of the low bias with the CN (and CN_layer) model should be discussed in



the text, especially since JULES_CN is included in UKESM1.

A discussion has been added in the text. The relationship between JULES-CN and UKESM1 has been
made clearer — they are related, but the configuration of JULES in UKESm1 (JULES-ES) has a whole
bunch of other components which are not included here and will affect both the vegetation
distribution and the NEE.

Section 5.3. Is it just frozen soils that are causing this? it seems the differences in Veg C pools extend
down to 40 degrees north (Fig 7). Is this somehow connected to assumptions about the fraction of N
that plants have access to in the vertically resolved model (e.q. 51)?

Indeed, the plants with the shallower roosts preferentially take nitrogen from the shallower soils so
this process will also contribute to the nitrogen limitation in JULES-CNlayer. This has been added:
“This additional limitation of nitrogen uptake caused by frozen soils and the dependence of plant N
uptake on root distribution”

Line 611, as noted in Fig 12, the low biases in land C uptake seems notable if you’re trying to capture
changes in the atmospheric CO2 growth rate.

This is stated here slightly further down: “. Due to nitrogen limitations on CO2 fertilization, mean
NEE in JULES-CN (1.66 Pg C/yr) is lower than in JULES-C (2.06 Pg C/yr), and also lower than the
estimate from GCP (2.11 Pg C/yr)”

Line 671 what is “climate-induced mineralization” I’'m assuming this has something to do with
accelerated decomposition from climate change increasing N mineralization rates?

Changed to “accelerated soil decomposition caused by climate change leading to increased
mineralisation rates”

Is there a data availability statement required for the journal?

As a model description paper we provide access to the code as documented here and the rest of the
JULES model subject to a freely available non-commercial licence agreement. In addition to further
encourage and support the use and application of standard ‘configurations’ we provide access to the
‘suites’ used here.
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This manuscript explains the N cycle in the JULES-CN model which forms the land component of the
UKESM. Simulations from the UKESM have contributed to the CMIP6 effort. The N cycle component
of JULES, as explained, here is very simple compared to existing models out there. This is completely
acceptable as long as it is clarified that the model parameterizations are simple, their limitations
acknowledged, and the implications discussed. | am afraid, however, that the manuscript doesn’t ap-
pear to do so and in my mind requires substantial work to address this and other concerns | raise
below.

1Major comments

| have several major concerns.

It is well known that leaf N content is related to its photosynthesis capacity (Field and Mooney,
1986). When CO2 increases, photosynthesis increases but this rate of increase is slowed if enough N
is not available. This process is referred to as photosynthesis downregulation (McGuire et al., 1995).
So, it is clear then, that N limitation acts on photosynthesis and thus on the gross primary production
(GPP) flux. However, the approach used in the manuscript, in contrast, reduces the NPP (without
adjusting the GPP) which is equivalent to reducing carbon use efficiency (CUE = NPP/GPP). Since
there is no biological justification for this provided, | am struggling to understand the reasoning
behind this. Also, if that framework is still used, TRIFFID models Vcmax as a function of leaf N
content (egn. 51 in Cox 2001) so it makes sense to adjust Vcmax.

Related to this concern, is the fact, that | am not able to find in the manuscript in detail how this
reduction in NPP is implemented or how it results and because of the interaction of which processes.
Unless | missed it, the only reference to this important process is made on line 78 as "... and then
reducing plant net carbon gain to match available nutrients".

It is well known that current observation-based CUE is around 0.5. This is also seen in Figure 10. The
CUE for the JULES-CN model is lower than that for the JULES-C model because that’s how JULES-CN



Is designed - to lower NPP and hence CUE as CO2 increases and N supply can’t keep up. | am
wondering what happens in a future simulation for RCP 8.5 scenario. Will your CUE drop down to
something like 0.25 by year 2100 which seems totally unrealistic? This will be one implication of your
model design since you have chosen to reduce NPP and not GPP.

Agreed, it is well established that tissue level N concentrations correlate with photosynthetic
capacity and metabolism. It is also established the first order effect of N fertilisation is enhanced
growth. However, it is less clear on the mechanisms, for instance field experiments of enhanced N
fertilisation have found increases in growth but no change in photosynthetic rate (e.g. Brix et al.,
1969, Wang et al., 2012). Other analysis, looking at climatological gradients in N deposition found no
dependency between foliar N and N deposition. It is, however, fair to say other analyses (e.g. Mao et
al., 2020) do establish this link. In general, models to date make differing assumptions about these
coupling mechanism between C and N cycles leading to substantial uncertainty in their projections
(zaehle and Dalmonech, 2011).

Our approach here is to capture the established first order emergent response of N addition on
growth which translates into leaf area and biomass without the complex and uncertain impacts on
leaf physiology. As we use a fully dynamic vegetation scheme Nitrogen availability can drive changes
in plant level C:N ratios through competition. This is the first implementation of a coupled C-N
scheme in the UK model and we fully expect to develop this aspect further including assessing
flexible stoichiometry.

Further to the points raised above, not of all the CMIP6 models only UKESM and MPI-ESM 1.2
(Mauritsen et al., 2019) include a coupled fully dynamic vegetation model with nitrogen scheme. In
both cases, the schemes assume fixed plant stoichiometry. In which case, if CUE dropped very low
there would be a dynamic vegetation response leading to a dieback. In our CMIP6 experiments we
do not see a strong reduction in CUE (over the course of ssp585 reduction from 0.53 to 0.48).
Analysis of CMIP6 runs as part of CAMIP demonstrates we have a strong and robust representation
of carbon feedbacks (Arora et al., 2020).

The second big assumption in the model is that of fixed C:N ratios of plant tissues. The implications
of this assumption are not discussed. Since C:N ratio of plants varies in space (as indicated by
different values of nl0 in Table 1) this indicates their ability to adapt to different environmental
conditions in space. Assuming, plants can do the same in time as CO2 increases doesn’t this imply
that the assumption of fixed C:N is too strong and your model will limit NPP perhaps more
excessively than it in the real world (with the caveat that in the real world GPP is constrained).

It is common for DGVMs to parameterise a top-leaf nitrogen content per PFT as part of the process
of capturing diversity and functional traits. This is the case whether a full nitrogen cycle is included
or not. This is common with the point raised in 1. It is likely that foliar N varies in space independent
of nutrients as was found in the Aber study. This is not captured in the typical approach to dynamic
vegetation modelling. It is entirely plausible that with increased nutrient limitation plants limit their
foliar N and therefore GPP and NPP. In our approach, with fixed stochiometry we may excessively
constrain the model but through the dynamic vegetation response we might see a shift towards a
plant with a lower C:N.

In context of model evaluation, it would have been extremely helpful to include a simulation in
which N deposition is turned off. This simulation would have allowed to see if the effect of N
deposition is indeed to increase NPP as would be intuitively expected.



This paper is just an initial description of the JULES-CN model which alongside other additional land
surface processes has been implemented in UKESM. The JULES-C run implicitly gives an signal of the
effect of N deposition. It has also been used within Davies Barnard et al. (2020,
https://bg.copernicus.org/articles/17/5129/2020/bg-17-5129-2020.pdf) who explored the response
of NPP to N and CO2 fertilization from perturbation experiments. More detail of results from the

Davies Barnard paper have been added to a new discussion section.

In additi105n, the TRENDY model simulation S2 doesn’t take into account land use change and the
fertilization of crops. Crop fertilization is a major source of leaching and gaseous emissions of N20
and NOx. | am wondering if this is the possible reason that the simulated leaching in Figure 4 is so
low compared to other estimates.

Yes, it is quite likely although we haven’t explicitly quantified that. We have added a discussion
about N fertilization and leaching into the leaching section.

Also, does the model simulate the realistic sign of response when driven with climate forcing only.
Typically, a model’s response to various forcings allows to see at least if the sign of the response is
consistent with expectations.

These biogeochemistry only/ radiative only/no N deposition runs are available in TRENDY and C4MIP
and will be assessed as part of our future work. However, we think it is beyond the scope of this
paper to include a comprehensive assessment of these results. We will refer to these studies as part
of the new discussion.

4.1 realize that there are very few observation-based estimates available for N re- lated pools and
fluxes. However, still there are plenty of quasi-observation and model based estimates against which
model results could have been compared. For example, in Figure 4 there are no quasi-observed or
model estimates for sev- eral quantities. Model estimates are, however, available for immobilization
and mineralization (von Bloh et al. 2018), plant N uptake (Zaehle et al. 2010; Xu-Ri and Prentice,
2008; Wania et al., 2012), and inorganic N mass (von Bloh et al. 2018; Xu-Ri and Prentice, 2008;
Wania et al., 2012). These estimates will allow to put your model results in some context.

These numbers have been added to figure 4 and it has been noted in the text that some of these
comparisons are from other models rather than available observations.

5.Model parameterizations are not compared to other models, and the conceptual basis of
parameterizations and their implications, are not discussed (as men- tioned above for the choice to
reduce NPP and use fixed C:N ratios) .

We have significantly revised the model description section. We think our new description will
address these concerns in sufficient detail.

For example, biological nitrogen fixation (BNF) is modelled as a straight-forward function of NPP.
This is okay but the manuscript doesn’t note that meta-analysis studies have found that BNF
increases with increasing CO2 (Liang et al., 2016) but decreases with increasing N deposition and
fertilizer application (Ochoa- Hueso et al., 2013) both of which apparently result in increase in NPP.

This has been added to the BNF section.
In addition, BNF is typically higher over agricultural areas.

BNF is, in effect, very high over agricultural areas in JULES, as nitrogen is not limiting for cropland
areas and the source (fertilisation or BNF) does not affect the model outcome.



Similarly, all gaseous losses are expressed using Nturnover but in nature there are several pathways
using which gaseous losses occur. N20 and NOx losses occur during nitrification (via nitrifer
denitrification) and N2, N20, and NOx losses occur during denitrification.

Not interested in losses to atmoshere but removing the appropriate amount of N

It would be scientifically beneficial for the manuscript, and for a reader, if sim- plifications made are
clearly highlighted and their limitations discussed, because then it is possible to interpret the model
results in light of these limitations.

We have significantly revised the model description section. We think our new description will
address these concerns in sufficient detail.

6.The majority of the results shown in the manuscript focus on the ability of the new model to
reproduce all the aspects of the C cycle as the previous model did. As a result, the N cycle module is
not evaluated rigorously. The manuscript doesn’t report N demand, how it changes over time, what
part of the N demand is not met, what part of N demand due to increasing CO2 is met by N
deposition, time series of mineral N pool, time series of plant N uptake, time series of C:N ratio of
whole plant and other plant components, and geographical distribution of simulated C:N ratios
(even though | realize they are specified). Since this is the first time JULES’ N cycle component is
being published it is reasonable to expect that such a manuscript will rigorously assess the new N
cycle module.

We have added a figure with time series of N demand for growth and spreading, N uptake for
growth and spreading alongside the unmet N. Net N mineralisation, C to N ratio of litter,

7.There is no mention of phosphorus cycle at all. It is well know that in the tropics phosphorus limits
photosynthesis and not nitrogen. How is this accounted for? My guess is this is somehow built into
the Vcmax rates which are function of leaf N content (eqn. 51 in Cox 2001). If the model can
reproduce correct zonal distribution of GPP it must take phosphorus limitation in the tropics
somehow into account.

The effect of Phosphorus has been discussed as part of a future direction and understanding
paragraph.

8.Finally, the lack of units, the lack of rate change equations for several pools, and unclear
statements make it difficult to understand the model parameterizations as noted below in minor
comments. In its current form, there is no way a reader can fully understand and reproduce the
parameterizations reported here in some other model.

Units have been added to the relevant variables, additional rate change equations have been added.
This has involved quite a few changes which are apparent in the document but hard readily
document here. | think we have significantly improved the readability of the document. We have
also added a nomenclature section as an appendix.

2Minor comments

9.Abstract, line 8, "It represents all the key terrestrial nitrogen processes in an efficient way.". The
word "efficient" here is misleading.

Change to parsimonious



10.Abstract, line 9, | find it extremely confusing that BNF is mentioned as an external input. BNF Is
how N enters the coupled vegetation and soil system. Consider the case, if we were to refer GPP as
an external input since that’s how C enters the coupled vegetation and soil system. N deposition and
fertilizer, on the other hand, can be called external because they are not natural just like fossil fuel
emissions.

Changed to “Biological fixation is dependent on productivity, with nitrogen deposition as an external
input”

On page 2, in addition to BNF, leaching is also referred to as an external (loss). This also seems
strange since on the carbon cycle side we don’t refer to heterotrophic respiration or dissolved
inorganic C in runoff as external losses.

Changed to “Nitrogen leaves the vegetation and soil system via leaching and a bulk gas loss
parameterisation”

11.Page 2, line 34, "Internally organic N is lost ...". Here "internally", perhaps is much better
described as "cycling of N within the coupled vegetation and soil system".

Changed to: “Within the system organic nitrogen is transferred from the vegetation to the soil
through the production of litter and disturbance”

12.Page 2, line 36, "Both inorganic and organic nitrogen may become available for plant uptake".
Since organic N uptake is very small and therefore not even mod- elled (including in your model)
perhaps it would be better if this is clarified.

Changed to : “, although the amount of inorganic N uptake by plants is small and typically not
included in models”

13.Page 2, line 39. "In a changing climate, rising atmospheric CO2 drives an in- crease in the
terrestrial carbon cycle and Gross Primary Productivity (GPP)." This is a vague sentence. What does
"an increase in the terrestrial carbon cycle" means?

Changed to: "rising atmospheric CO2 drives an increase in the land carbon uptake and hence an
increase in the gross primary productivity. This results in an extra demand for nitrogen which could
potentially limit the increase in future carbon stocks”

14.Page 2, line 56, " ... are between a reduction of 39 % and a slight increase of 1% ...". Please
consider rewording this sentence/phrase. It is somewhat hard to follow.

Changed to: “For example, \cite{doi:10.1111/gcbh.15114} used a perturbed model ensemble to show
that N limitation reduces both the projected future increase in land carbon store due to COS_{2}$
fertilisation and the projected loss in land carbon due to climate change”

15.Page 3, line 65. " ... and a new managed land module ...". Please consider rewording to "and a
new module for land management ...".

Done

16.Page 3, lines 72-74. "This is achieved by extending the implicit representation of nitrogen in the
existing dynamic vegetation and plant physiology modules TO EN- ABLE A MORE COMPREHENSIVE
NITROGEN CYCLE WITHIN THE LAND SURFACE". Please consider deleting the text in capitals given N
cycle framework used here is extremely simplified.



Done

17.Page 3, Lines 74-75. "Nutrient limitation operates through two mechanisms; the available carbon
for growth and spreading is reduced and the decomposition of litter carbon into the soil carbon is
slowed". The word spreading at this point in the manuscript is unclear. Only after reading the rest of
the manuscript it is clear that "spreading” means changes in the spatial extent of vegetation. Please
consider using another phrase/word to replace "spreading".

changed to “the available carbon for vegetation uptake is reduced”

Please also consider not using the phrase "decomposition of litter carbon into the soil carbon" here
and elsewhere. Technically litter doesn’t decomposes into soil carbon. As litter decomposes it
releases CO2 and the dead organic matter is broken into smaller more recalcitrant materials, which
the models consider as soil carbon. In reality, of course, there is a continuum.

changed to “the decomposition of litter carbon is slowed”

18.Page 4, lines 114-115. "As standard, JULES-C includes an implicit representation of nitrogen which
has been extended to be fully interactive.". A sentence or two about how nutrient constraints on
photosynthesis are implicitly modelled in JULES-C will be helpful.

Additional text to explain the implicit scheme added - “The philosophy behind the developments
described here is to produce a parsimonious model to capture the established first order emergent
response of N addition on growth which translates into leaf area and biomass without the complex
and uncertain impacts on leaf physiology. Our approach is therefore to simulate the large-scale role
of N limitation on vegetation carbon use efficiency (CUE - ratio of net to gross primary productivity)
and soil carbon turnover. This is achieved by extending the implicit representation of N in the
existing dynamic vegetation and plant physiology modules to be fully interactive. At the core of
surface exchange in JULES is a coupled stomatal conductance photosynthesis scheme parameterised
in terms of the maximum rate of Rubisco carboxylation, SV_{cmax}$ (mol COS_2SmS"{-2}Ss$7{-1}S).
SV_{cmax}$ has a dependency on the leaf N concentration. Similarly, plant maintenance respiration
has a dependency on leaf, root and stem N concentration
\citep{cox1998canopy,cox1999impact,cox2001,clarketal2011}. Implicit within JULES, even in
simulations excluding the carbon cycle is the parameterisation of plant tissue level N concentrations
and associated allometry \citep{gmd-13-483-2020}. Simulations with an interactive carbon cycle
therefore assume that enough N is available to meet vegetation growth and turnover. Here, we
simply limit growth if not enough N is available. To do this requires a full representation of the N
cycle in the land surface including a coupled soil carbon-nitrogen and inorganic N scheme.”

19.Page 4, line 120. "The vegetation nitrogen component captures the nitrogen limitation on the C
stock, and ...". As described here the N limitation acts on NPP which is a C flux and not on the C
stock.

changed to “nitrogen limitation on the net primary productivity, and includes retranslocation”

20.Page 4, last sentence, line 126. " ... it slows the rate of litter decomposition INTO SOIL ORGANIC
MATTER." Please consider removing the phrase in capitals.

Done

21.Page 5, lines 129-135. | felt, it is little too early to introduce the seven JULES- CN parameters
given that at this point in the manuscript, the parameterization themselves haven’t been introduced.



Moved to the end of the model description section to summarise.
Also on line 130, Does " ... the effective solubility of nitrogen", refers to solubility in water.
Changed to “the effective solubility of nitrogen in water”

22.Section 3.1. It seems the model’s roots are in fact fine roots (since Rc = Lc in eqn(3)), and coarse
roots and stem are included in the Wc term. Please make this clear.

Done

23.For eqn (1) please specify the units of all terms. | suspect these are KgC m-2.

Added

24.For eqn (2) what are the units of al and Lb.

Done

25.What are units of the individual terms in eqn (5) through (9) and the remaining equations.
Added

26.Page 6, lines 160-178. This entire section is based on Figures 2 and 3 which form the backbone of
specified C:N ratios and their variation with canopy height. It would be extremely helpful to know
the basis of these relationships.

Section 3.1 has been updated to make clear these are the existing relationships that are implicit in
the JULES model. The basis for these is now given in the text. “TRIFFID employs fixed allometry such
that the split between leaf, root and stem carbon are defined by a single state prognostic variable
that defines the total biomass. Biomass density increases via growth and is reduced by litter
production and competition. Biomass can also increase by spreading through an increase in covered
area. Nitrogen is implemented to limit growth and spreading such that the change in vegetation
nitrogen cannot exceed that available. This section documents the vegetation model starting with
the vegetation carbon and nitrogen structure (\ref{sec:struc}) including the additional complexity of
labile nitrogen (\ref{phen}). The following section describes how growth and spreading is limited by
nutrient availability (\ref{sec:allocup}. The final section describes how vegetation carbon and
nitrogen is turned over by disturbance and competition (\ref{sec:litter}).”

27.Page 6, lines 180-181. "Biological nitrogen fixation (BNF) is ASSUMED TO BE THE largest natural
supplier of nitrogen to the terrestrial ecosystem". Consider re- moving the words in capitals and
including the word in bold. Fertilizer application is the largest anthropogenic N flux and BNF is largest
natural flux.

Done

28.Page 6, line 181. "Following Cleveland et al. (1999), the nitrogen fixation is determined as a
proportion of the net primary production before nitrogen limitation (NPPpot)". This is incorrect.
Cleveland et al. (1999) parameterized BNF as a function of actual evapotranspiration (AET) not NPP.

While we concur that ET is the primary parameterization described by Cleveland et al. (1999), we
refer the reviewer to page 637 of Cleveland et al. (1999): “NPP could also relate to N fixation; NPP
may be a proxy for carbon potentially available to fixers. The relationships between N fixation and



modeled NPP are depicted in Figure 2...”. It would be remiss to not cite Cleveland as this
parameterisation is directly related to that work. We have clarified in the text that NPP is the
secondary model from Cleveland et al. (1999).

Also, NPPpot is not defined anywhere close to this equation where it is intro- duced the first time.
The first definition of NPPpot occurs on page 9, line 242, as "NPPpot supplied to TRIFFID represents
the potential amount of carbon that can be allocated to growth". Then a somewhat different
definition occurs on page 19 which defines NPPpot as the NPP when nitrogen is unlimited. Isn’t
NPPpot just the NPP from the original framework without any reduction. | don’t think, you do a
calculation with unlimited N applied, per se.

Changed-We have revised the definition of NPP_pot to “potential amount of carbon that can be
allocated to growth and spreading of the vegetation” and the response ratio to “the ratio of the
potential amount of carbon that can be allocated to growth and spreading of the vegetation
(SNPP_{pot}S) compared with the actual amount achieved in the natural state (NPP)” We have also
added a sentence saying “the NPP_pot is defined in the same way as the net primary productivity in
JULES before the explicit nitrogen cycle was included”

In context of BNF, and eqgn (9), the parameter Cis not listed in Table 1.
Cis not dependent on pft so | don’t think it is necessary to add it to table 1.

29.Page 7, Table 1. It would be extremely help if nl0 is inverted and written as 1 in units of Kg C/Kg N
so that the values are easily comparable to C:N ratios reported in literature.

Changed — this statement has been added to the caption: “Sn_{l0}$ is the N concentration at the top
of the canopy but is shown here as 1/Sn_{l0}S so that it is comparable to expected C:N ratios from
the literature.”

Also, nlQ is listed twice in Table 1 and please consider rewording "Top leaf N concentration" to "N
concentration at the canopy top".

Changed

30.Page 7, lines 188-189. "However, in JULES-CNIayered the vertical distribution of the fixed nitrogen
in the soil depends on the root distribution ...". What does "fixed" refers to in this context. Also, at
this stage in the manuscript it is not clear what does "depends on root distribution" means?

Changed to “However, in JULES-CNS_{layered}$ the SBNFS is distributed vertically in the soil
depending on the fraction of roots in each layer. If a soil layer is frozen there is no SBNFS into that
layer.”

31.Page 7, lines 201-203. "This distinction is inconsequential in the carbon only mode but is more
critical when considering nitrogen interactions as the implication is that at all times the plant has
enough nitrogen in reserve to maintain full leaf". From here on it becomes difficult to follow the
logic used in the model. | am not able to understand what does "the plant has enough nitrogen in
reserve to maintain full leaf" means?

This section has been restructured and clarified.

32.Page 8, eqn. (10). | am confused here. Lb is introduced as a variable called balanced leaf area
index but not explained what actually it means. In eqgn (2), leaf C, LC is a function of Lb. In equation



(9), leat area index (LAI) (L) is also related to Lb through p. Somewhere here, there is the split of LC
into labile and non-labile (the one which determines the actual LAl). Did | get this correct? How are L
in egn. (9) and LC in eqn. (2) related? Are they related through specific leaf area (SLA)?

This section has been updated. Now Lb is clearly defined, and it has been made clear this variable is
the main mechanism that changing vegetation structure affects surface exchange. Units are now
explicit.

33.All through up to this point in the manuscript, the rate change equations for the vegetation N
pool are not presented. At this point in the manuscript, | am still unclear what "retranslocation"
means. Is this the transfer of resorbed N from leaves before they are shed. If yes, to which plant
components?

The whole section has now been updated and clarified. Retranslocation is nitrogen being moved
from leaves to the labile pool prior to leaf fall.

34.page 8, lines 251-216. "During leaf-off the labile component is the equivalent of the
retranslocated leaf nitrogen plus an additional store of nitrogen in preparation for the following bud
burst". This sentence introduces yet another pool. It would be really helpful if all the pools and their
rate change equations are properly introduced.

The rate change equations are included. The structure has been updated to clarify the pools and the
implementation of rate changes.

35.Page 8, line 29. "The mean canopy nitrogen content is described by ...". Please reword this to
"The vertical distribution of leaf N content in the canopy is described by ...".

done

36.Page 9, line 235. "Canopy Leaf C:N ratios are resultingly 44% higher than top leaf ratios".  am
unable to understand this. Does "canopy leaf C:N ratios" refers to mean canopy leaf C:N ratio or the
vertical profile of C:N ratios along the canopy depth starting from the top.

The mean canopy C:N ratio. Text clarified.

If leaf N content in the leaves at the top of the canopy is higher and decreases exponentially, and if C
content is uniform than it implies that C:N ratio of leaves is lower in the leaves at the top of the
canopy and higher at the bottom. Integrating eqn (12) over LAl yields [ L nl0 exp(-knz) dz=nl0 1 (1 -
exp(-knL)) which implies that the mean C:N will depend on the LAI, L. So | am unclear where does
the number 44% comes from.

Agreed. However, in the Mercado implementation there is no dependence on total LAI. $z$ is the
fraction of the canopy above a point in the canopy and is therefore independent of LAI. The
implication of this is being explored elsewhere.

37.Page 9. Section 3.1.4. The term Alc in eqn. (13) is not defined and only when the reader reaches
eqn. (21) it is clear what this term is. Similarly for Aln.



Updated and clarified.

38.Page 10. Line 263. Aln is defined as the retranslocation of nitrogen from leaves and roots into the
plant labile pool.  am not sure how does it relate to p in equation 10 which is also related to
retranslocation.

Clarified in the text. Here, retranslocation is used to define the flux of carbon. In eq 10, the
retranslocation coefficient is used to parameterise the labile store. Under the assumption that
higher retranslocation corresponds to a greater store.

39.Where is Wc from equation (13) defined? Is this what W is in eqn. (17)?

Apologies, this was a typo and should be Wg.

40.Page 10. Line 271. "The nitrogen available for growth is the total available nitrogen multiplied ...".
Please reword this as "The nitrogen uptake used for plant growth is the total nitrogen uptake
multiplied ...". I think, that’s what is meant here. Available N sounds like the N available in the soil
inorganic pool that can be potentially taken up by plants.

done

41.Page 10. Line 272. "Equations 13 and 15 are then solved by bisection such that the nitrogen
uptake for growth (Pg) is less than or equal to the available nitrogen...". Do you mean the bisection
method to find root of an equation? This and remaining part of this paragraph is difficult to
understand since there is no ®g term in either equation (13) or (15).

This section has been updated to explain more clearly the solution to the equations presented.

In addition, since units of the various terms are not provided it is difficult to follow the equations on
page 10.

42.Page 10, line 282. "... and Nv/Cv defines the whole plant C:N ratio ...". You mean Cv/Nv?

Now given as the inverse of the whole plant C:N ratio

43.In the absence of the competition module of the TRIFFID model properly de- scribed it is difficult
for a reader to know what does "density-dependent litter production" and "density-dependent
componennt for intra-PFT competition for space" means in Section 3.1.5. Please consider
introducing this in a sentence or two.

Done

44.Page 11, please define Ac and An in words explicitly where the are first intro- duced. Ac was
introduced in equation (22) but not defined until next page near eqn. (28).

Done

45.Page 11, lines 310-311. "The effect of nitrogen limitation on the litter carbon flux is captured in
the excess carbon term Wi". Throughout the manuscript there is no expression for Wi so it’s difficult



to understand it. | do understand based on what is written in the manuscript that it the excess C that
cannot be used. So it must be related to N uptake, allocation fractions for C, and specified C:N ratio
of the three C pools.

Made it clearer in the text that the subscript, i, is used to indicate PFT levels and is defined in
previous equations.

46.Page 12, line 339. "BR depends on soil texture". | don’t think, this dependence can be too strong.
Can you please mention the typical value of BR.

This line has been added: S(1-\beta_R)S is the fraction of soil respiration that is emitted to the
atmosphere - this depends on soil texture and ranges from 0.75 for a clay soil to 0.85 for a soil with
no clay content

47.The rate change equations for litter and soil C pools are helpful. Similar equations for vegetation
C and N pools would be so helpful.

The rate changes are in Eq 12 and 14. This section should be a lot clearer now.

48.Page 13, line 349-350. "Input into the BIO and HUM nitrogen pools comes from the total
immobilisation of inorganic nitrogen into organic nitrogen where Itot = IDPM + IRPM + IBIO + IHUM
". Itot is divided into BIO and HUM pools. Since BIO is the microbial pool shouldn’t all immobilization
end up there.

In reality, carbon (and therefore also nitrogen) should go from litter pools -> microbe pool ->
Humified pool (since HUM is made of microbial necromass). But in RothC, carbon can go straight
from litter to HUM. Therefore the nitrogen fluxes must follow this as well. This sentence now says:
“Following the framework of the RothC model, input into both the SBIOS and SHUMS nitrogen pools
is from the total immobilisation of inorganic nitrogen into organic nitrogen where S|_{tot} =
|_{DPM}+|_{RPM}+|_{BIO}+I_{HUM]}S (in kg\,[N]\,mS$*{-2}S s$7{-1}8)”

49.Page 13, eqgn (33). Does the subscript i still refers to PFTs?

Changed i to p so soil carbon pools are represented by subscript p and vegetation pfts are always
represented by subscript i.

50.Page 13, line 365. " ... the respired fraction (BR) and the C to N ratio of the destination pool ...".
This is confusing since on line 339 (1-BR) was referred to as "the fraction of soil respiration that is
emitted to the atmosphere".

This was a mistake in line 365 - the fraction respired to the atmosphere is (1-beta_r)

51.Page 14, line 371. " ... where i is one of RPM or DPM." Please use a different subscript here since
you have used i previously to represent PFTs.

Changed i to p so soil carbon pools are represented by subscript p and vegetation pfts are always
represented by subscript i.

52.Pages 13 and 14. The FN terms in eqn (36) limits the respiration of the DPM abd RPM litter pools.
So it is unclear to me why FN would depend on IBIO and IHUM in eqn. (37).

Respiration is carried out by microbes so they won't decompose as much of the DPM/RPM pools if
they haven't got enough nitrogen to convert that carbon into BIO/HUM. The total amount of



nitrogen they have available depends on |_BIO and I_HUM because M_BIO - |_BIO (and similarly
M_HUM-I_HUM) is the net mineralised nitrogen from the turnover of BIO and HUM. This ahs been
added: “Respiration is carried out by microbes who require sufficient nitrogen to convert the SRPMS
and SDPMS pools into $BIOS and SHUMS pools. This nitrogen is available from the net mineralised
nitrogen from the turnover of SBIOS and SHUMS pools.”

In this same equation, | am also unclear what is Navail at this point in the manuscript. As with
several other terms, the terms are introduced but their expressions are mentioned or the terms
clarified much later which makes it very difficult to follow the logic. It is only further down in eqgn.
(51) that Navail is clarified.

A pointer to Navail which has been redefined as Ninorg for the bulk case has been added to help the
document flow better. Fn has also been added to the vertically resolved case because it has a slightly
different definition.

Also, in eqn. (37) what happens if DDP M or DRP M are negative? Is this possible, since
minrealization can be more than immobilization?

They are always positive because the values for CN_soil are << CN_dpm/rpm. If they were negative,
Fn should just be 1 because there would be more mineralisation than immobilisation from all pools.
A sentence to address this has been added to the paper: “The demand is always positive because the
C to N ratio of soil is very much less than the C to N ratio of the SDPMS and SRPMS pools”

53.Page 14. Similarly in egn. (39) can Itot be more than Mtot making Ngas negative.

Fluxes will have been limited by Fn to make sure this isn't negative. If it hits the minimum pool size,
it calculates a correction term (neg_n) and that correction term is then included as a negative gas
flux. But that is applied just as an 'extra’ gas flux and not applied to minl and immob. So Eq 39 is
never negative, but gas flux can be, if that makes sense! This has been added: “. fS_NS limits the
nitrogen fluxes so that (MS_{tot}S - IS_{tot}$) is always positive. However, if pool sizes become too
small NS_{gas}S could become negative to ensure nitrogen is conserved.”

54.Page 15. Eqn.(41). Is fdpm used here different from fDPM used in eqgn. (25).
Changed —they are the same.

55.Page 15. Lines 416-417."The litter inputs are distributed so that they decline exponentially with
depth, with an e-folding depth of 0.2 m". With this parameterization can litter enter a soil layer even
if there are no roots in that layer.

This is correct and added “This means that litter can enter a soil layer even if there are no roots in
that layer”:

56.Page 15. Line 423. Please consider using "bulk" or "single layer" instead of "non-layered".
Changed

57.Please consider using another term for gaseous losses rather than turnover.

Changed “additional inorganic gas loss term”

58.Page 16, Lines 433-434."Without this additional turnover available N may in- crease excessively,
potentially due to excessive biological fixation in regions that are generally unlimited". What does
"regions that are generally unlimited" means?



Changed “Without this additional gas loss term available N may increase excessively, potentially due
to excessive biological fixation in regions where the SNPPS is very close or equal to the SNPP_{pot}S”

59.Page 16. Line 434-435. "In the current model configuration this parameter is set to 1.0 (360 day-
1) such that the whole pool turns over once every model year". Do you mean 1.0 year-1 which
would translate to (1/360) day-1 and not 360 day-1? Also, since the time step of the
biogeocgemistry is the same as for TRIF- FID (i.e. 10 days) there has to be AT somewhere. And, |
suspect, 360 is used and not 365 since the calendar year in the UKESM model is 360 days. Correct?

Changed to “1/360 (day$”{-1}S)”. Indeed 360 days represents a year in UKESM.

60.Page 16, line 436. "This results in an effective saturation limit of 0.002 KgN m-2...". Not clear -
saturation limit of what?

Turnover is limited by typical fluxes in and out of pool. In practise it never gets bigger. This line has
been deleted.

61.What are the units of B in egn. (47). Just above eqgn. (47) B is said to be assigned "a value of 0.1
based on sorption buffer coefficient of Ammonia although here it represents the sorption of all
inorganic nitrogen species". Note here that typically only NO3- leaches into the runoff and not NH4+
so please consider modifying this sentence.

Beta is dimensionless (added) and the sentence is changed to: ‘S\beta$ is assumed to have a value
of 0.1 and in JULES-CN represents the combined sorption of all inorganic nitrogen species
\citep{wania2012carbon}.’

62.Page 16. Eqn. (48). Isn’t f1 simply the fraction of roots in each soil layer. And again, f2 is not
defined or described here but further down in eqgn. (53).

We have reformatted this section in an attempt to make things clearer. It now includes the following
straight after the equation to act as a better signpost. Each of the modified components of Equation
\ref{eq:ninorg} are discussed in detail below. The additional parameters required are Sf_{R,i}(z)$ -
the fraction of roots in each layer (Equation \ref{eq:norm_root}); $f_{1,i}(z)$ - the fraction of
available inorganic nitrogen in each layer (Equation \ref{eq:frac_avail}) and SN_{flux}$ - the
transport of inorganic nitrogen from the layer by the soil water fluxes (Equation
\ref{eq:layer_leach}).\\

63.Page 16. Line 453. "where froot(z) is the volumetric root fraction at a given depth". You mean "for
a given soil layer" as opposed to "at a given depth". And, an i subscript seems to be missing here.
Although, | wouldn’t suggest using i which has been used for PFTs, DPM or RPM, and now soil layers.
Very confusing!

Definitely confusing! i is actually for pft here. We have clarified and change the soil carbon pools to a
p! Also added the | where required on the froot term.

64.Page 17, eqn. (50). Is the parameter tresp tuned so that Nturnover is similar in the "bulk" and
"layered" versions.

This has been added: Here S\tau_{resp}$ was tuned to give a realistic estimate of soil carbonin a
vertically resolved version of JULES-C as in \cite{burke2016gmd}

65.Page 17. Egn (51). Assuming, the subscript i represents the PFT shouldn’t there be (z) term here
to indicate the nitrogen availability in each layer.



Added the z to this equation. Ive tried to clarity the i represents PFT.

66.Page 17. Eqn (52). | am unable to follow eqn. (51). Looking at eqn. (51) the term in parantheses in
eqn. (52) should be zero since froot,i Nin = Navail,i from eqn. (51).

Indeed this is correct — Equation 51 is for an equilibrium state whereas equation 52 is for a transient
state.

The value/units of ydiff is also confusing. | am not sure what 100 [360 day]-1 means.
Units of this parameter have been changed so it is per day instead of per 360 days.

67.Page 17, lines 471-474. "Any fixation goes directly into the available pool, and other fluxes are
simply added according to the ratio of the available to total inor- ganic N pools at equilibrium (thus
the available pool would always follow Equation 51 were it not for the fixation and uptake by
plants)". I am sorry but | am unable to follow this sentence.

This has been rephrased to make it clearer — particularly focusing on the definition of equilibrium.

68.Page 17. Eqn. (54). In the absence of its units, | am not sure if the term dzn is a single variable or
do you mean Azn. And, | have no clue, what zn is at this point in the manuscript.

We have rewritten this equation and text: Leaching is now done in a process-based manner, where
the inorganic N is transported through the soil profile by the soil water fluxes. For any given soil layer
SnS of thickness S\delta z_nS$, the inorganic N flux (NS_{flux,n}S) of layer $nS is given by:

\begin{equation}\label{eq:layer_leach}
N_{flux,n} = \beta \delta z_{n} \frac{d}{dz} \left( W_{flux,n} \frac{N_{in,n}}{\theta_n} \right)
\end{equation}

where S\theta_n$(z) is the soil water content of layer $nS in kg mS~{-2}S and SW_{flux,n}$ is the
flow rate of the water through soil layer $nS in kg mS~{-2}S sS~{-1}S. Multiplying by S\delta z_n$
gives the change in N content for each layer, SnS. The total leaching is then the sum of all nitrogen
that leaves the soil by lateral runoff or out of the bottom soil layer.\\

69.Page 17. Line 483. "... is then the sum of all nitrogen that leaves the soil by lateral runoff ...". Does
the lateral runoff from each layer mean that JULES is capable of producing runoff based on slope of
the ground? Please clarify what exactly lateral runoff means.

We have removed the more specific details of how the water leaves the soil as | think it complicates
further an already complicated paper. However, JULES has a version of TOPMODEL which can be
switched on an generate lateral flows
(https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004GL020919)

70.Page 18. Lines 501-502. "They were spun up by repeating the time period 1860- 1870 ...". This is
confusing. Please consider rewording as "The models were spun up by using the meteorological data
for the period 1860-1870 repeatedly..."

Changed

71.Page 19. Lines 522-524. "The main difference is the present-day NPP which is 12% higher in
JULES-C than in JULES-CN. This is a direct consequence of nitrogen limitation which restricts the



ability of the plants to utilise all of the carbon”. No this is the direct consequence of JULES-CN
reducing NPP. | don’t think, it is necessary to spin this in a more biological way.

Changed

72.In Figure 4, it would be really useful to see separate estimates for mineralization and
immobilization. In its current form, only net mineralization is reported.

This figure has been updated and now includes both immobilisation and mineralisation.

73.Page 20. Lines 580-582. "This [CUE] represents the capacity of the plants to allocate carbon from
photosynthesis to the terrestrial biomass". | don’t think this sentence is entirely correct. Since CUE is
the fraction of GPP converted to NPP, it is a measure of autotrophic respiration.

Changed to: Plants with a higher CUE have a lower autotrophic respiration and allocate more carbon
from photosynthesis to the terrestrial biomass and vice-versa.

74.Page 20, line 582-583. "In the model nitrogen limitation restricts the ability of plants to allocate
carbon and reduces the carbon use efficiency". Here again, the "restriction of ability of plants to
allocate carbon" appears as if carbon is there but some how plants can not allocate it. In contrast, as
JULES-CN is designed, there is simply less carbon to be allocated. | don’t think, JULES’ allocation
module has been changed in JULES-CN to limit how much C flows to different components.

Changed to: In JULES-CN there is less carbon available to be allocated because it is constrained by
the amount of N present. This reduces the carbon use efficiency.

75.Page 21. Line 596. " ... by structural changes in the vegetation in particular ...". Please clarify if
structural changes refer to changes in vegetation height, LAl, and rooting depth.

This is mainly the vegetation distribution — this been made clearer in the text.

76.Page 22. Lines 626-628. "There remains a significant underestimate of NEE in the years following
the Pinatubo volcanic eruption ...". Please make it explicit in which year Pinatubo erupted since it’s
not marked in Figure 12.

Pinatubo erupted in 1991 — this has been added.
77.Page 22. Line 646. Please change "tome" to "time".
this has been changed.

78.Page 23. Line 656. "In this model, nitrogen limitation affects NPP and how the carbon is allocated
...". As mentioned above, | think, it's more appropriate to say how much C is allocated since the
underlying C allocation module has not changed between JULES-C and JULES-CN.

this has been changed.
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Abstract. Understanding future changes in the terrestrial carbon cycle is important for reliable
projections of climate change and impacts on ecosystems. It is known that nitrogen could limit
plants’ response to increased atmospheric carbon dioxide and is therefore important to include in
Earth System Models. Here we present the implementation of the terrestrial nitrogen cycle in the
JULESland-surface-modeHIUEES-ENJoint UK Land Environment Simulator JULES) - the land
suface shse.of the UK Basth Systsn Model (UKESM). Two vesion configuraions ar discussed
has a bulk soil biogeochemical model and a-development-version-the second one is a development
configuration which resolves the soil biogeochemistry with depth —Thenitroger(JULES-CNqyer).
In JULES the nitrogen (N) cycle is based on the existing carbon eyete-in-the-medel+(C) cycle

and represents all the key terrestrial nitrogen-processes-in-an-effieient-IN processes in a parsimonious
way. Biological N fixation is dependent on productivity, with nitregen-N deposition as an external

input. Less-eceurs-Nitrogen leaves the vegetation and soil system via leaching and a bulk gas loss
parameterisation. Nutrient limitation reduces carbon-use efficiency (CUE - ratio of net to gross pri-
mary productivity) and can slow soil decomposition. We show that ecosystem level I:Llirnitation of

net primary productivity

%WWVMWMW
allocated to growth and spreading of the vegetation compared with the actual amount achieved in
its natural state) falls at the lower end of the observational estimates in forests (approximately 1.0
in the model compared with 1.01 to 1.38 in the observations). The model shows more N limitation
in tropical savanna and tundra which falls within the range of the available observations. Simulated
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C and N pools and fluxes are comparable to the limited available observations —Fhe-impact-of N
Limitation-is-moest-pronounced-in-northern-mid-latitades—The-and model derived estimates. The in-
troduction of a nitregen-IN cycle improves the representation of interannual variability of global net

ecosystem exchange which was much too pronounced in the earben-C cycle only versions of JULES

(JULES-C). It also reduces the CUE-and-alters-its-response-present-day CUE from a global mean

value of 0.45 for JULES-C to 0.41 for JULES-CN and 0.40 for JULES-CN, . The N cycle also
alters the response of the C fluxes over the twentieth century and limits the CO,-fertilisation effect,

such that the simulated current day land earber-C sink is reduced by about 0.5 Pg C yr—!. The in-
clusion of a prognostic land nitroegen-N scheme marks a step forward in functionality and realism

for the JULES and UKESM models.

1 Introduction

Terrestrial ecosystems absorb around 25% of anthropogenic carbon emissions (Le Quéré et al.} 2018},
[Friedlingstein et al., 2019), and changes in the future land carbon (C) sink will feedback to climate

via the proportion of the emissions remaining in the atmosphere. Under projected climate change,
the primary mechanism for increased terrestrial sequestration is an increase in plant productivity and
biomass, which relies on sufficient availability of nitrogen (N) within the soil-plant system. There-
fore the availability of nitrogenN impacts the land earben-C sink, both in the present and in a higher

atmospheric carbon dioxide (COs) future.

Nitrogen exists in the terrestrial system in organic and inorganic forms and is continually cycled.

In a stable climate the external inputs—biological-fixation-and-nitrogen—depesition—are-inputs to
the coupled vegetation and soil system-—biological N fixation and N deposition—are balanced by the

external-Hosses—leaching-and-losses from this system—N leaching and N gas loss. Depending on the
nutrient status of the vegetation and soil, changes in the balance of the inputs and outputs of nitregen

N can drive adjustments in vegetation biomass and soil organic matter. Internally-organic-nitrogen
through the production of litter and disturbance. The litter decomposes into soil organic matter and
in turn is mineralised into inorganic nitregenN. Both inorganic and organic aitregen-N may become

available for plant uptake, although the amount of organic N uptake by plants is small and typicall
not included in models (Weintraub and Schimel, 2005).

In a changing climate, rising atmospheric CO3 drives an increase in the terrestrial-carbon-eyele-and
GrossPrimaryProductivity-land C uptake and hence an increase in the gross primary productivit

(GPP). This results in an extra demand for nitrogen-witHimit-the-potentialkN which could potentiall
limit the increase in future earben-C stocks. For example, (20134) suggest that, in some ar-
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eas, attrogenN could limit future earben-C uptake by up to 70%. Nitregen-N cycling also tends to
reduce the sensitivity of land earben-C uptake to temperature. Warmer conditions lead to increased
plant respiration and soil respiration, which tends to reduce the land earbor-C sink. However, the in-
creased soil respiration also leads to accelerated nitrogen-N mineralisation and increased nitrogenIN.
availability to plants, which may provide a counteracting increase in GPP. This latter effect is absent
from models that do not include a nitrogen-N cycle, As a result of neglecting these important effects,
land-surface models without an interactive nitrogen-N cycle tend to overestimate both CO5 and tem-
perature effects on the land earbon-C sink (Wenzel et al.|[2016} [Cox et al.} 2013). In addition, climate

AANAANNAANRAINTAANARA

rojections assessed by IPCC using CMIP5 Earth System Models that lacked terrestrial carbon cycle

of land carbon sink[Zaehle et al] (2013)); Wieder et al| (2015b). An increasing number of land surface

and climate models now include constraints on the land earbon-C sink caused by nitrogen-N limita-
tion (Zaehle et al.l, 2014|; |Wama et a1.|, 2012|; |Srn1th et al.[, 2014])). Reeent-In fact, recent simulations

AAARIAAARIAAN

have generated a range of estimates for the sensitivity of the C cycle to N availability
et al}, 2020a}; [Davies-Barnard et al.,[2020; [Arora et al.,2019). For example, Meyerholt et al.| (2020a))

use-used a perturbed model ensemble and-show-thatto show that N limitation reduces both the pro-
jected future increase in land earbon-store-caused-by-C store due to CO, fertilisation is-reduced-by

the projected loss in land C caused by climate change
inerease-of +-%-, The inclusion of nitrogen cycle processes in many CMIP6 models has been a major
advance|Arora et al.| (2019)). Jones and Friedlingstein| (2020) show how CMIP6 models have a much
inclusion of N-cycle in about half of these latest generation models. But process understanding and
evaluation of these model is still in its infancy (Davies-Barnard et all 2020).

The purpose of this paper is to describe and evaluate the implementation of a coupled earben
and-nitregen—C and N cycle within the Joint UK Land-Environment Simulator
(JULES at vn5.1 - http://jules-1sm.github.io/vn5.1/release_notes/JULESS. .html).
JULES is the land surface component of the later generation of Hadley Centre climate models in-
cluding the UK Earth System Model (UKESM) (Sellar et al}, 2019). The addition of the nitregen
component-deseribed-here-N cycle to JULES described in this paper was carried out alongside other
developments such as improved plant physiology and extended plant functional types
[2018), an enhanced representation of surface exchange and hydrology (Wiltshire et al.l 2020) and a
new managed-and-modute-module for land management (Robertson and Liddicoat, in prep.). These

separate components have been combined to make the land surface component of UKESM and were

used for the most recent Global Carbon Budget annual assessment (Friedlingstein et al.,2019).
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The philosophy behind the developments described here is to produce a parsimonious model that

eaptures-the-to capture the established first order emergent response of N addition on growth which
translates into leaf area index (LAI) and biomass without the complex and uncertain impacts on leaf
physiology. Our approach is therefore to simulate the large-scale role of nitrogenlimitation-on-carbon
N limitation on vegetation C use efficiency (CUE - ratio of net to gross primary productivity) and aet

ecosystem-produetivity-(INEP)soil C turnover. This is achieved by extending the implicit representa-
tion of nitregen-N in the existing dynamic vegetation and plant physiology modules to enable-a-more
comprehensive-nitrogen-eyele-within-the-land-surface-—Nutrient-be fully interactive. At the core of
surface exchange in JULES is a coupled stomatal conductance photosynthesis scheme parameterised
dependency on the leaf N concentration. Similarly, plant maintenance respiration has a dependency
on leaf, root and stem N concentration (Cox et al.,[1998] 1999} [Cox| 2001} [Clark et al.| 2011). Implicit
within JULES, even in simulations excluding the N cycle is the parameterisation of plant tissue level
N concentrations and associated allometry (Wiltshire et al,| [2020). Simulations with an interactive C
cycle therefore assume that enough N is available to meet vegetation growth and turnover. Here, we
simply limit growth if not enough N is available. To do this requires a full representation of the N
cycle in the land surface including a coupled soil € and N organic and soil inorganic N scheme.

At the ecosystem level, the C and N cycles are closely coupled with each exchange of C associated
with a corresponding flux of organic N. In JULES nutrient limitation operates through two mech-

anisms; the available earbon-for-growth-and-spreading-C for vegetation uptake is reduced, and the
decomposition of litter earbon-inte-the-soil-ecarbon-C is slowed. This is achieved by explicitly repre-

senting the demand for nitrogen-N within the vegetation and soil modules and then reducing plant
net earbor-C gain to match available nutrients. In the soil module an additional decomposition rate
modifier is introduced that slows decomposition to match available nutrients. The current structure
of the TRIFFID dynamic vegetation model 2001), in particular the fixed allometry and earben
C allocation, is largely unchanged. As the aim of this scheme is to capture the impact on terrestrial
earbon—stores;—C stores, N loss terms are aggregated and not speciated. The model’s reduetion—of
will have only a minor impact on the GPPand-autetrophicrespiration. Therefore the emergent impact
of the nitregen-IN scheme will be to reduce NPP and hence the carbon use efficiency (CUE) of the
vegetation. The-exeess-earbon-In reality the excess C (¥) which cannot be used for-growth-goes to
non structural carbohydrates, root exudates and biogenic volatile organic compounds

the carbon balance in JULES-CNygyereq—both-of-which-are-directly-derived{from—the JUEES-€
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eonfiguration—UEES-C4s-, it is added to the autotrophic respiration.

A key assumption in the JULES representation of vegetation and common amongst complex.
DGVMs (Meyerholt and Zachle, 2015) is of fixed plant stoichiometry (mass ratio of C to N atoms
or C:N ratio). The implication is that leaf-level photosynthetic capacity does not vary with available
N, This is consistent with field experiments enhancing N fertilisation that find increases in growth
but no corresponding change in photosynthetic capacity (Brix and Ebell, [1969; Wang et al}[2012)
- However, more recent analyses do make the link between nutrient availability and leaf level N

tightness of the coupling mechanism between the C and N cycles leading to substantial uncertaint

Mm@aehle and Dalmonech, . Within the fully coupled Earth Systems Models

Coupled Climate Carbon Cycle
Model Intercomparison Project (C4MIP) for quantifying C feedbacks only four models include a
N _cycle representation and only two include both N and dynamic vegetation of which JULES is
one of them WMJMWM;MM the twe-configurations;-and
y—full complexity
Earth System Models remains challenging and there is clearly a need for simple models capturing.
the first order responses. This is the first time a N cycle has been incorporated in JULES and it is
expected to be improved and developed with time as the knowledge of how important processes can
be represented in existing frameworks improves.

2 Introduction to JULESmedel-deseription

JULES is the land surface component of the new UK community Earth System model, BKESM+
UKESM (Sellar et al., [2019). JULES can also be run offline forced by observed meteorology glob-
ally, regionally or at a single location. A full description of the main components of JULES is pro-

vided by [Best et al.| (2011)) and|[Clark et al|(2011)). In particular, JULES represents the surface energy
balance, a dynamic snowpack model (one dimensional), vertical heat and water fluxes, soil freezing,

large scale hydrology, and earbon—fluxes-and-C fluxes and C storage in both vegetation and soil.
Typically JULES represents four soil layers down to a total depth of 3m. Within JULES, earbon-C

dynamics in soils and vegetation and dynamic vegetation are provided by Top-Down Representa-

tion of Interactive Foliage and Flora Including Dynamics (TRIFFID) [2001). In this version




of TRIFFID, five plant functional types (PFTs) are included: broadleaf tree, needleleaf tree, Cs
grasses, Cy grasses and shrubs. The soil earbon-modelinJUEES-E-C model is based on the RothC
195 model @ Recently,
and |Chadburn et al.| (2013)) added a representation of permafrost soil processes to JULES, includ-
ing a representation of the vertical distribution of soil earbon—organic C which we build upon

here. JULES-C is the standard carbon cycle configuration (a configuration defines a specific set
of switches and parameters) and was used in the Global Carbon Budget annual assessment in 2018
200 (Le Quéré et al,2018).

3 Moedel-developments

What follows is a description of the extension of the earbon-eyele-used-by-C cycle already used b

the JULES_C n-—HadGEM [ (Collinceetal DO -ar1d o on-B

e O ({Ce al-20H)and-Glebal-Carbe g
205 in2048(EeQuéréetall- 20 8)-configuration to include an interactive nitregen-eyele—N cycle. This
is represented by a single level in JULES-CN whereas it varies as a function of depth in JULES-CNygyc;..
As standard, JULES-C includes an implicit representation of aitregen-N which has been extended
to be fully interactive. The N cycle is included within the TRIFFID dynamic vegetation and RothC
210 soil C models. For clarity we include a full description of the C and N cycle including the existing
TRIFFID and RothC models and highlight where and how they have been extended.
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3 JULES developments

3.1 Vegetation-earbon-andnitregen

3.1 Vegetation C and N

The TRIFFID Dynamic vegetation model represents the core of the vegetation module

(Coxl 2001).
TRIFFID represents the vegetation cover at each location in terms of the fractional area covered, and
the leat-area-index-and-canopy heightof each-PFElcaf area index (LAI) and canopy height of each

lant functional type (PFT). In JULES the C fluxes are calculated at the model timestep (typically 0.5
-1 hour) prior to any N limitation (if configured). These fluxes are then aggregated to the timestep
required for running TRIFFID (once every 10 days in the current implementation) so that allocation
of C can take place. TRIFFID employs fixed allometry such that the split between leaf, root and stem
C are defined by a single state prognostic variable that defines the total biomass. Biomass density.
increases via growth and is reduced by litter production and competition. Biomass can also increase
by spreading through an increase in covered area. N is implemented to limit growth and spreading
such that the change in vegetation N cannot exceed the N available.

This section documents the vegetation model starting with the structure of the vegetation (Section

of labile N (Section [3.1.3). The following subsection

) including the additional complexit
describes how growth and spreading is limited by N availability (Section . The final subsection

describes how vegetation C and N is turned over by disturbance and competition and aggregated

from PFTs to the gridbox level (Section . Biological N fixation is input directly into the soil

inorganic N pool and is described later in Section

3.1.1  Vegetation Structure

The mean canopy height per PFT i is converted via allometric equations into a maximum or beataneed
variable used in JULES to describe the vegetation and is functionally the equivalent of the potential
leaf area. Given Ly, leaf, root and wood pools are diagnosed for each PFT —The-vegetation-earbon
C balance and is coupled to the surface exchange via surface albedo, roughness and heat capacity.

as introduced in ). The balanced leaf area index is updated interactively following
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This section is included to fully document the new scheme, but the equations can also be found in

The vegetation C density per PFT (€;C,, ; in kg [C] m~?) can be separated into leaf (£-);roet
RzL.; in kg [Clm~?), fine root (R.; in kg [C]m~?) and total stem (¥/plus coarse root (W, ; in
kg [C]m~?) pools, each of which is related allometrically to £4+the balanced leaf area (L, ;). Each
Ly,i and total stem C is related to Ly ; by a power law (Enquist et al.t[T998):

Cus = Les + et Wey g
Les = o1 @)
Res=Les ®)

Co=L.+R.A+W,

Le=aily
We = auwi(Ly)""
Whetre-or-tprand-bp-Where 07 ; (kg [Clm™2), . (kg [Clm—2) and by, ; (dimensionless) are

PFT dependent allometric parameters {defined in Table E[) By definition £4-Ly ; does not have an
explicit seasonal cycle but responds to changes in the vegetation earben-C on both short (seasonal)
and long (centennial) timescales. A high £ ; is related to a high C density and tall canopies. It should
be noted that leaf seasonality is represented by a separate phenology model -A-high-£-isrelated-to
a-high-carbon-density-and-canopy-height—The-canepy-heigh is-defined-aHometricalty-by:-and is

not directly affected by N availability. TRIFFID combines Equation @] with a "pipe model" approach
(Shinozaki et al., al b)) to obtain the canopy height for PFT 5 (h; in m):

B — Wc,i (awl,i)l/bwld (5)
’ Qwl,iMsl,i Wc,i
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h= We [ aw 1/bwt
N Al Tsl v‘/{:

where-s-where 14 ; (kg [C]m~2 per unit LAI) relates respiring stem to leaf earbon-C (Table .
We can combine equations E|and to relate (£5Lp;) to canopy height (2h;) and these two variables

can be used interchangeably to describe the state of the vegetation. During a simulation the C pools

are updated interactively and the canopy height and balanced leaf area diagnosed for each PFT. This
representation allows changes in vegetation C to feedback to surface exchange.

The root and total stem nitregen-N pools are defined using stoichiometric relationships as a func-
tion of the earbon-C pools. These stoichiometric functions already exist in the model and are used in

the calculation of plant maintenance respiration (Clark et al.|[2011]). We extend their use to explicitly

define nitrogen-N pools as part of the new scheme-;_

B = prti o Flei ©
Woi = pstimuos Wei ™

R, = Hrl 1O R.
M/n = Hst MO VV(

where—t—and—ts-are-where 11,y ; and pg ; are dimensionless stoichiometric parameters link-
ing the top leaf nitrogen—eoneentration{nyN concentration (ny0 in kg [N]kg [C] ~1) to the total
stem and root nttrogen—poels—A 5 —and4;respeetivelyN pools (W), ; and R, ; respectively in
kg [N] m~?). The leaf nitrogen-poot£:N pool (L, ; in kg [N] m~?) has an additional dependency
on phenological state @g@p@ and assumed distribution of nitregen-N in the canopy(??). Fol-
lowing Equation |1/ the total vegetation nitrogen-N store per PFT (N, ; in kg [N]m~?) is given by:

Ng'u i = Lgn,i + Rgn,i + Wﬂn,i (8)

The C:N ratio of the root and stem pools are eonstantfixed in time and leaf pool C:N ratio only
varies with phenological state. However, the relative proportions of each pool vary with total biomass
resulting in the whole plant C:N ratio increasing with total vegetation earben-(Fig:C for woody PFTs
m@. This is due to the relatively greater proportion of stem earben-C at higher biomass.
Fherefore-woody vegetation-has-the-highest Grasses show less variation with biomass due to their



Table 1. Default values of PFT-specific parameters for allometry, allocation and vegetation nitrogen-N_and
earbon-C stoichiometry in the JULES-CN and JULES-CNrayerea—iqyer configurations. The subscript (4) is
present to show that it is a PET-specific value. nio,; is the N concentration at the top of the canopy but is shown

Symbol (units) Definition Broadleaf Needleleaf
tree tree

asran (kg[Clm ™) Specific density of leaf C_ 00375 0000

MM Allometric coefficient 0.65 0.65

b () stemrearbon-bwr-Allometric exponent 1.667 1.667

#sr st (kg [C] m™? per unit LAI) Live stemwood coefficient 0.01 0.01

el g (5) Ratio efreetroot N to top leaf nitrogen-N_ +66-1.0 +66-1.0

st fbst g (-) Ratio efstem-stem N to top leaf aitrogenIN_ 0+46-0.1 0+46-0.1

mro-tke BN Lo, s (kg JCD(kg €[N ™!)  Fop-eaf nitrogen-coneentration-C:N ratio at canopy top_ 0:046217  0:033303

Frkpi () nitrogen-N profile coefficient 0.78 0.78

A Arg () rootnitrogenretranstoeation-eoeffietent Root N retranslocation coef. 0.2 0.2

A () leafnitrogen-retranstoeation-coefficient Leaf N retranslocation coef. 0.5 0.5

L Lamin,i () Minimum balanced leaf-area-indexLAT 3.0 3.0

LrmarLmazai () Maximum balanced feaf-area-index-LAI 9.0 9.0

comparatively small amount of structural C relative to leaf area, which also results in woody PFTs
having higher C:N ratios i i t . The

total vegetation nitregen-N increases with canopy height (Fig:and biomass (Figure E[)

325 3.1.2 Bieloegical NitrogenFixationLabile C and N: Phenology and Mobilisation
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The leaf-earbonpool{L:total leaf C pool per PFT (L. ;, Equation varies allometrically with the
vegetation earbon-C state on both short (seasonal) and long (centennial) timescales but not with

changes in phenological state. Implicit within TRIFFID is a labile leaf earbor-C pool that acts as a
reserve of earbon-C during spring and a store during fall. £is-therefore-the-sum-of-L, ; therefore
includes a labile pool from which earbor-C can be mobilised during leaf out plus an allocated
pool representing the actual leaf-area-indexL AL The labile pool is zero at full leaf out and at the
allometrically defined maximum during the no leaf period. This-distinetion-is-inconsequential-in-the

a-As part of the N coupling we introduce the ability for plants to retranslocate some of the allocated
N to the labile N pool according to the phenology. The new parameterisation of retranslocation and

labile nitrogen-thatisN is therefore dependent on the phenologicatstate-—Leaf-leaf phenological state
as well as the fixed stoichometry. In JULES, leaf phenology is controlled by a second state variable

(pp;) which relates the leaf-area-index-LAI (£;) at any moment in time to the balanced leaf area
index (£p)=Ly4).

Li=pLyp,i ©

, Where pp; is a scalar between 0 and 1 that describes the phenological state of the system
2011). For evergreen plants p-p; is a constant of 1. The two state variables £y-and-p-Ly ; and

p; combine to define the vegetation state —

for each PFT 1. Using the phenological state we extend the equivalent approach to leaf earbon
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N pool (L, ;) has fixed allometry dependent on the phenological state and the magnitude of leaf
retranslocation. We introduce this simple parameterisation under the assumption that higher leaf
retranslocation during autumn implies a higher labile N store. The leaf N pool therefore becomes:

14X
Lni = pinie,iLei+ (1= pi) (— Y e i L (10)
1+
Ln - P”cha + (1 7[))( ! )ncho

whereAr-is-theleafnitrogen-where )\ ; is the dimensionless leaf N retranslocation coefficient and
e, s the mean canopy nitregen-content(Eq-N content (Equation [TT). a-this-configuration
Ar-Here )y ; is set to 0.5 for all PFTs (Zaehle and Friend, 2010). The labile-pool-is—formulated
so_formulation of the labile pool, in this configuration, means that around half of the nitrogenN_

required for full leaf-out is taken from retranslocation with a further quarter acquired during the dor-

mant phase ;-while the rest is acquired during the active period.

3.1.3 Canepynitregen

JUELES-inelades-JULES assumes a process-based scaling-up of leaf level photosynthesis to the

3 s

the canopy level. There-are-two-options—for-the—ecanopysecalingup-includingthe—"big-leaf’—and-a

“multi-layer-approach—In-In both the JULES-CN and JULES-CNiayerediayer configurations, to be
consistent with the JULES-C model, we assume a multi-level canopy with leaf nitrogen-N decreas-
ing exponentially through the canopy (CanRadMod 5). The mean-eanopy-nitrogen—content-plant
physiology routines uses this assumed distribution to calculate penetration through the canopy and
distribution of leaf N content in the canopy is described by (Mercado et al.} [2007):

e, (@) = M0, XP(kn id) an

Ny = nipexp(—kn,2)

where-kr-where £, ; is a constant representing the profile of nitregen-and—=-N and d represents
the fraction of canopy above the layer. Based on observed nitrogen-N profiles in the Amazon basin

(Carswell et all 2000), a value of 0.78 for %5k, ; was found (Mercado et al., 2007). Equation

[[T]is independent of leaf area and therefore equates to a constant of proportionality relating PFT-

specific top leaf nitrogen(rp—Fablefl)-N to the mean canopy nitregen-concentration—Canopy-Leaf
N concentration, The mean canopy leaf C:N ratios-are-resuttinghyratio is consequently ~44% higher

12
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than tep-feafratios:the top leaf ratio.

3.1.3 Vegetation Growth and Allocation

The previous section describe how the vegetation C (C, ;, Equation [T) and vegetation N (NN, ;

Equation[8) for each PET vary with vegetation size and phenological state. This section svas suppesed
to-differentiate those two-components-describes how growth and spreading are limited by available
N. Growth is the increase in C density and spreading is the increase in vegetation cover from
recruitment and reproduction.

3.1.4 Allecation

Net Primary Productivity (NPP) in JULES-C is simply the difference between GPP and autotrophic
respiration (2,). In JULES-CN the GPP-N-P P -and-autotrophicrespiration-are-caleulated-at-the
modeltimestep-(1-heurpotential NPP or NPP,,,,, is defined in the same way as the NPP in JULES-C

1o ta any N limi an-Thaca Juracare thonacoracatad to-the tHimactanfo rnine TRIEEID -(onee

supplied-to-TRIFFIDrepresents-before the explicit N cycle was included, i.e. the potential amount of
earbon-C that can be allocated to growth and spreading (spreading-is-the-inerease-in-PFTfractional
eoverage)—1Inby TRIFFID. In JULES-CN and in order for the NPP to achieve its potential it needs to

be able to uptake sufficient inorganic nitregenlN. If not enough inorganic nitrogen-N is available, the
system is nitrogen-N limited and an additional term is required in the earbor-C balance representing
excess earbon-C which cannot be assimilated into the plant due to lack of available nitrogen(¥ N
(¥ in kg [C]m~2). A positive ¥~V results in a reduction of carbon use efficiency - Fhe PFF-earbon

The C balance per PFT ¢ is given by:
dc’u,i

T (=AM — Agei — Wy (12)
ac,
Y= (1-MN,—A;e — ¥,
whereHqis-thenetprimaryproduetivity-where I, ; is the potential NPP per unit area of PFT

(prior to nutrient limitation) and A=A, ,; (kg[C]lm~?) is the PFT specific litterfall rate (Section

@). Any excess earbon(¥-C from growth (¥, ;) is considered an additional plant respiration term
and at the end of the TRIFFID timestep is used to reduce N-+55r-the potential NPP for each PFT to

13
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its actual value. X-)\; is the coefficient for partitioning the NPP between growth and spreading—>-.
A, is utilised in increasing the fractional coverage of the vegetation and {+—\)-inereases-the-carbon

1 — )\;) increases the C content of the existing vegetated area. -)\; is a function of the vegetation
earbon-C which itself is a function of the balanced LAI ¢£)for PFT i (L4 ;):

L Lyi > Lonaz,i
A=< LrizLmini  po o p _ .
i Lomaz,i—Lmin,i min,i bi = ~maz,i
0 Lyi < Lonin,i
1 Eb > £771,(1JL'
— L _Lmin
A= m Lomin < Ly < Lonax

The equivalent N balance per PFT is given by:

AN, ;
dt

=(1=X)®; = Api (14)

dN,
L=(1-MN)P— Ay,
dt ( ) l

where-$-is-the-plant-nitrogen-where ®; (kg [N]m~2) is the PFT specific N uptake (see below)
and-Ais-theretranslocation-of nitrogen-Equation and (1 — \;)®, is equal to @, ;, the N uptake
available for growth. A;,, ; is the PFT N litter flux after retranslocation of N from leaves and rootsinte

-. The N available for spreading is a frac-

tion A-)\; of the total available ﬂ-tﬁcegeﬂ—aﬂd‘H—E'N with a fraction (1 — ), ) available for growth.

{H—>Litter is produced by the turnover of the leaf, wood and root pools for each PFT, defined as

Niei =viLei +YriRei + Yw,iWe,s (15)

14
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and

Nums = (U= M) alons (L= Avi) vt £ i W (16)

for litter C (A;.; in kg [CIm 2 N (A, in kg [NJm—2

mmwwmmwm
dependent turnover rate consistent with the phenological state and defined in|Clark et al.| (2011). The.
equivalent term for N allows for retranslocation of N from leaves into the labile store and a reduced N
cost of maintaining fine roots. A; and A ; are the dimensionless coefficients for the retranslocation
of leaf and root N shown in Table[I] (Zachle and Friend. [2010).

and litter

Equations [T2] and [T4] are-then-setved by biseetionsuch-that the nitrogen-have two unknowns for
each PET; the plant N uptake for growth (5)-®,,;) and the excess C from growth (¥, ;). The litter
for the case where W,; = 0.0 gives the total vegetation N demand for growth, If the N demand is less
than erthat available (@, ; < (1)) Nauait.0) growth is unlimited and the fluxes updated accordingly.
ﬁlmmwvmmqual to the available nitrogen-and-the-balanced-LAL
N (@5 = (1-A) Nawaiti)
and the excess assimilate ¥, ; solved for. Following the solution of ﬂ—fhec—afbefrfll\]levlvtvhvevgvstore
and balanced LAI (£4)-is5-Ly ;) are updated and the leaf, root and wood pools for each PFT can be

derived following the allometric equations (Equations [2}f4).

In JULES-CN, on a PFT basis, the N available for plant uptake (Noyqi1.4) is the inorganic soil N
pool (Niy) split equitably between the PETs assuming there is no differential ability between PETs
to acquire N. The available N in JULES-CNjgy.e, is more complicated taking into account the soil

The remaining proportion (>x)\;) of NPP and nitregen-after-growth-IN is allocated to spreading. The
nitrogen-N demand for spreading is equal to the earben-C allocated to spreading scaled by the whole

plant stoichiometry:

Nvi dez
(I)s,i = Cv:i <Hc,i - dt, - qjs,i) (17)

N, dC,
o, =2 (11, - — 0,
° aJ( Cdt )

where-—where U, ; (or \;¥,) is the excess earbon-C term from spreading and g—‘deﬁﬂes—fhe
WMMgwhole plant C:N ratio. Fhe-equation-is—selvedsuch-that (PP
is-minimised—As with growth limitation, equation [I7]is first solved to find the N

15
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demand for spreading (W, ; = 0.0). If the arising demand is less than the available N (®,,;, < \;

Navaili) spreading is unlimited. If N demand is in excess of that available, the uptake is set equal to

the available N (@, ; = \; N, ;) and the excess (Y, ;) assimilate solved for.

Total excess earben-C per PFT is therefore the combination of thesefrom-growth-and-spreadingthat
from growth plus spreading:

Uy =Wyt Wy (18)

Fotalnitregen-Similarly total N uptake per PFT is therefore the combination of thesefrom-growth
and-spreadingN uptake from growth plus N uptake from spreading:

cI)i :(I)is;i"'(bgg,i (]9)

The total-gridbox-nitrogen-PET level N uptake and excess earbon-are-therefore-C are weighted by
the PFT fraction (v;) weighted-total:-

and summed to get the totals:
o = ZviCI)i (20)

%

U= Zv\p (21

i
This is-the-exeess-earbon-excess C (V) thatis considered an additional plant respiration term and
at the end of the TRIFFID timestep and-is used to reduce N-F5-the potential NPP to its actual

value.

Carbon-andnitrogenThe C and N allocated to spreading allow the vegetation to expand onto bare
ground. Where space is limiting the vegetation competes for space with some earbon-C and N being

turned over as litter. This-The competition is handled in the Lotka-Volterra competition routines (see

Clark et al| (201T) for full details). Nitrogen-N only indirectly affects competition through the PFT
specific allometric relationships. The competition code subsequently updates the vegetation fractions

(vy).

3.1.4 Vegetation Turnover and Total Litter Production

The previous sections describe how N interacts to limit both growth and spreading of vegetation
in the dynamic vegetation model. This final section describes the turnover of C and N through large-

scale disturbance and denstty-dependen R e e er-production{(\;,
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defined-as-competition.

Alc — ’Ych + rYTRC + ’Ych

Turnover is aggregated across PFTs to

rovide a litter flux term to the soil biogeochemistry which acts on an aggregated tile. Total litter C
(A, kg [C]m~?) is made-up of the area-weighted sum of the }tterfatHitter C from each PFT (A, ),

along with large-scale PFT-dependent disturbance rate, and a density dependent component from

intra-PFT competition for space. Large-scale disturbance is implemented in TRIFFID as a constant
disturbance rate per PET and captures processes such as wind-throw and other mortality events.
Density dependent litter production arises through competition for space with increased turnover
when space is limiting and plants are competing for space and light,

A= Z’Uz' Alcﬂ' + 'Yu,ic’v,i + (HZ - \Ijl) Zciijj (22)

J

Ao = Zvi Agei + 70iCoi + (IL; — ) Z(:Z_jvj

i J

where-e;;-where ¢; ; are the competition coefficients describing the effect of PFT ¢ on PET j, 447

Yu,i 18 a large scale disturbance term of PFT 7 and v; is the vegetation fraction of PFT i. The effect

of nitrogen-N limitation on the litter earbonr-C flux is captured in the excess earbon-term—I;C term
er PET (,).

Aln = (1 - )\l)ryan + (1 - AT')’YT'RH + '7’111Wr1,

srhere and —are-the

ansrocatton—o a H (tS; v

({Zachle-and Friend, 2010)-Similarly to the total litter earbonC, total litter nitrogenN (A, kg [N]m 2

is given by:

An = Zvi Aln,i + va,iNv,i + (I)l Zci,jvj (23)
i J

Both A, and A,, vary according to the vegetation type and the pool being turned over. This means
that the C:N ratio also varies in time and space.
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A’n, - Z U Aln,’i, + f\/'ui,Nu’i + (I)i Z CijUj

i j

3.2 Soil Biogeochemistry

The soil biogeochemistry in JULES-CN operates on aggregated tiles and follows the Roth-C soil
earbon-C_model (Jenkinson et al., [1990; Jenkinson and Coleman, [1999) used in JULES-C on the
TRIFFID timestep, with the addition of a prognostic soil N model. The soil N model simulates

immobilisation and mineralisation in the four pools and, if nitregen-N is limiting, slows the decom-

position rate of litter into soil organic matter (SOM).

The soil earbor-C model comprises four earbenpoelts-C pools (p). Plant litter input is split between
two earbon-C pools of decomposable (BPMD P M) and resistant (RPMRP M) plant material, with
the fraction that goes to each depending on the overlying vegetation type and parameterised via
[ppas- Grasses provide a higher fraction of decomposable litter input and trees provide a higher
fraction of resistant litter input. The other two earbon-C pools are microbial biomass (BI©0B10)
and long-lived humified (HEMHU M) pools. The BPM-andRPM-DPM and RPM pools can
be characterised as representing litter and BIO-and-HUM-BIO and HU M as representing soil
organic matter. Carbonr-C from decomposition of all four-earbon-of the pools is partly released to
the atmosphere, and the rest-enters-the-B1O-and-HUM-remaining fraction (8y) enters the 510 and
HU M pools. The earben-C pools are updated according to:

dCppm
Tdt - 21: (UifDPM,iAc,i) —Rppum (24)
dCDP]\,] dCRp]\,[
T T g T i i 1— 1,4 A(:‘i - /1 2
_dt_dt MZ’ Vi1~ fopai)Acei | =~ Ropuvrpy (25)
dCrpnm

izl = (1 - fDP]W)A(: - RRPA,]

dt
dC
TB;IO = 0'466RRt0t - RBIO (26)
dC
% = 0.540rRiot — Ruum @7

where Rr= . s A A

the time in s;-the-Crare-the-earbon—; (), are the C pools in kg&-[C] m—2 (where p is one of DPM

18



575

580

585

590

595

RPM, foparisthe-BLO, HUM): Ay is the litter input for PFT 7 in kg [Clm~? s”! (term in

brackets in Equation P2); fppas, represents the fraction of litter from each PFT ¢ that goes into

PPM-DPM with the rest (1~ fppas;) going into the RPM pool (dependent on vegetation-type):

A-amount of woody vegetation); and Ry, is the total titterinputinkeC-turnover in kg [C]lm ™2
I ) 2N i a1 .

1iag AN 1a] d a On—af < . o nittad

quation{22)—and Br action—of—se piratio a ¢, where the R,

represent the turnovers of each C pool:

Rior = Rppy + Repy + Rpro + Ruum (28)

The soil respiration to the atmosphere —(1,) is given by:

= (1= ) Ru @)

where Sr depends on soil te

content (clay in %) and ranges from (.25 for a soil with no clay content to 0.15 for a clay soil:

1
Pr= 4.09 4 2.67e(—0.079¢clay) (30)
The N pools follow a similar structure to the earben-pools:-C pools:
dN,
% =Y " (wifpruihni) — Mppu (31)
dNppa dN.
ST St DY, (WAN&) ~Mprugpy (32)
dNgrp)
— = (= fopa)Ay — Mrpy
dN,
% = 0461t — Mp10 (33)
dN,
% =0.54110t — Muym (34)

Inputs into the litter pools (BPM;RPMD PM, RP M) are from the litter nitrogen-flux-(An-inkegN

N flux (A, inkg [N]m—2 s, equaﬁe&l:?guvagivovg and losses are determined by the pool specific
mineralisation of organic nitrogen-into-inorganie-nitrogen(M;—inkgN-N_into inorganic N (M, in
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kg [N] m~2 s™1). Input-into-the BIO-and- HOM-nitrogen-poels-eomesFollowing the framework of

600 the RothC model, input into both the BIO and HU M N pools is from the total immobilisation of
inorganic #i i

into organic N (L;,; in kg [N] m~—?2 s~1)-The-Cto-N-ratio-of the DPM-and- RPM pools-is-afunction

605

Lot = Ippy + Irpy t 110 £ Inuy 33)

610 For each soil earbor-peet-C pool (p), the potential respiratton-turnover - i.e. the respiration-turnover
rate when the nitrogen-IN in the system is not limiting - is given by (2 p51)+

Ry pat):.
pr,pot kLpOIpFT( sozl) §9(§0)Fv(v) (36)

where the %;-k,, are fixed constants in s~ 1 . The functions of temperature (Fr(Ts0:1))

615 and moisture (F5{s)Fy(6)) depend on the temperature (T,;;) and moisture content (s6) near the soil
surface. The function F,(v) depends on the vegetation cover fraction (v) (Clark et al] 201T). The
potential mineralisation of organic N when the system is not N limited (A 55:M), pot) 1s related to
the potential respiration-turnover rates by the C to N ratio of each pool (GN:)=C'N,,):

R
My por = -2 (37)
P

Ri,pot
CN;

620 M; o1 =

The-Similarly, the potential immobilisation of inorganic ritregen-N into the organic nitregen-pools

iporN_pools (I, o) is related to pool potential respiration<F; porturnover (R, »o), the respired
fraction—retained fraction of respiration (Sr), and the C to N ratio of the destination pool in the

decomposition chaintGA;)-:
1 ,pot
625 l ot ﬁR CNsm]
p pot
t =BR A — (38)
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Where CNyoir is a model parameter that fixes the C to N ratios of the two destination soil organic
pools (HU M and BIQ) and has a default value of 10. The C to N ratio of the D PM and RP M litter
pools is a function of litter quality and varies temporally and spatially depending on the contributions
of the different PETs within the grid cell. Potential mineralisation (/) and potential immobilisation
(Ip) fluxes are defined before any N limitation is applied and take values that maintain the constant
C:N ratio for the HUM and BIO pools.

When nitrogen-N is limiting, the respiration-of-the- DPM-and-RPM-pools-turnover of the two litter
ools (DPM and RP M) into the soil organic matter pools is additionally limited by the availability

of nitrogen+N:

Rﬂp = kjpcgpFT(Tsoil)F§0(§9)Fv(U)FN( ) (39)

where ¢ is one of RPM or DPM. Fx{N)-Fy is the litter decomposition rate modifier and is
given by the ratio of the nitregen-IN available in the soil to the nitregen-N required by decomposition
(Equation [40). Fy is limited to a range of 0.0 to 1.0. When Fy is equal to 1, the decomposition,
mineralisation and immobilisation take place at the potential rate and the system is not nitrogen

N limited. Where Fv is less than 1, the availability of N limits the decomposition of litter into

soil organic matter. This limitation is because respiration is carried out by microbes who require
sufficient N to convert the RPM and D P M pools into BIO and HU M pools. Fy is given by:

(Mpro+Muum —Isro — Iaua + Navait) (Mpro + Muum — Ipro — Inum + Nin)
(Dppav +Drpw) (Dppa+ Drpur)

Fyn =

(40)

T i i i te#i i N;,, 18 the total soil inorganic N pool in
discussed in Section and defined in Equation . Dppy and Dgp)s are the net

demand associated with decomposition of each of the litter pools:

sz = Ii,potp,pot - Mi,potp,pot (41)

where 4-p is one of RPM or DPM. This demand is always positive because the C to N ratio of soil
is very much less than the C to N ratio of the DPM and RPM pools. When the net demand is in
excess of the available inorganic nitregenN, the system is nitregentimited-andFn-(N)-N limited and

Fy < 1.0. This available N is mainly the net mineralised N from the turnover of BI0Q and HUM
ools but also from the inorganic N pool. N limitation reduces the soil respiration, mineralisation

and immobilisation of the two litter pools (RPM-and-DPMRP M and D P M). The othertwo-organie

RTIO-a1d-H N4 P acpire—are—minersliced-and mMmmeb ad-—g
vV arway:s D cl O cl S
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The-C:N ratio of these two pools are therefore-variable in time and are represented as prognostic

variables. The other two organic matter pools (B1O and HU M) always respire and are mineralised
and immobilised at the potential rate (so Fly is effectively 1.0).

If the net mineralisation is positive some of the nitrogenNN is emitted as gas, according to:

gas fgas(Mtot Itot) (42)

where N, is one component of the gas emission in ngi/\lm’Q *1aﬂekkfgas is Q/B%@VIQQ@\%
sets the fraction of the ﬂﬁfegeer flux that is emitted as gas to the atmosphere.

=2 5=L_Pollowing Thomas et al. | (2013a)), it is as-

sumed that 1% of net mineralisation is emitted as gas (fgqs is set to 0.01-)). ; 1s the the total
mineralisation flux in kg [N] m—2 s~ 1:

Moy = Mppy + Mrpy + Mpro + Muyy 43)

If pool sizes become too small N, could become negative to ensure N is conserved.

3.2.1 Vertical discretisation

The vertical discretisation of the soil earbon-and-nitrogen-C and N follows Burke et al.[(2017). There
is a set of four soil earbon-andnitroegen-C and N pools (DPM, RPM, BIO, HUM) in every soil

model layer. FoHowingBurke et al {201 7)-the respiration-As in[Burke et al| (2017) the turnover rate

is determined for each soil layer depending on the temperature, moisture conditions and nitregen

N availability in that layer. An extra reduction of respiration—with-depth-turnover with depth (z

is included to account for factors that are currently missing in the model such as priming effects,

anoxia, soil mineral surface and aggregate stabilisation. The potential respiration—turnover of each

layer is given by:

Ri pot(2) = kiCi(2) Fr(Tsoit(2)) Fs(5(2)) Fy (v) exp(—Tresp?)

Fr(Tsoi(2)), Fststzand-E{=)-Fy(6(z)) and C,(z) are now all dependent on depth. T, (2)
and s{=)-0(2) are the simulated layered soil temperature and soil moisture content and E{=)-C),(2) is

the simulated soil earben-C content for each layer and pool 4p. The additional reduction of respiration
turnover with depth is exponential, with 7,5, an empirical parameter (in m~') that controls the

magnitude of the reduction (Burke et al.l[2017). The larger the value of 7,.sp, the more inhibited

the respiration is with increasing depth. When-nitregen-Here 7,04, was tuned to give a realistic
estimate of soil C in a vertically resolved version of JULES-C as in [Burke et al.|(2017). When N is
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695

700

705

limiting, the respiration of the BPM-andRPM-D PM and RP M pools are reduced by a factor of
Fn{N{=-Fn () which is also now a function of depth and dependent on the available nitregenN
in the relevant layer. A4-and-f;-M), and I, are also calculated as a function of depth based on their
relationship with respiration.

The vertical mixing of each soil attrogenN pool follows that of the soil earben-C pools:

ON z) 0 OCNppu(2) ON z
%():@ (D(z) gi’\f )ijiggiiw)>+;i <%fm%Anw(z)>—MDPM(z)
(45)
ON. 0 OCNRpM ONRpM
Rg;tM(z) == <D(2) SFZ’M(Z) jo[(@)_i_;i (%(1 — fm%)Anw(zO —Mpgpum(2)
(46)
8NB[(3(Z) - 2 QCNB[()(Z) 8N310(Z) .
7(% = 2 D(Z) D2 NW\Q;’VM +0.46It0t(z) MB]()(Z) (47)
8NHUM(Z) _ (9 OCNHU]\/[(Z) 8NHUM(z) .
T = & .D(Z) 02 va@%vvv\ + 0.54It0t(2) MHUM(Z) (48)

17(—)1@[1&,@&2 is the total immobilisation in kgN- [/l\&m_2 s~ ineach layer (following Equation|35).
D(z) is the diffusivity in m? s~1 and varies both spatially and with depth (Burke et al.; 2017)-Fhe

D, ; z<1m
D(z)={82(3-2) ; Im<z<3m (49)
0.0 ; z>3m

2 1

Without permafrost, D, (m? s—1) is given by a bioturbation mixing rate equivalent to 1 cm?2 year™
When permafrost is present, the mixing represents cryoturbation and I, increases to a value equivalent
to 5 em? year”'. This parameterisation of D(z) means that the soil organic pools can transfer
between the active layer and the permanently frozen soils in a steady state climate albeit at a
relatively slow rate. The PFT dependent litter inputs (f;.(2)A,.;) are distributed so that they decline

exponentially with depth, with an e-folding depth of 0.2 m. Mineralised-This profile is independent

of the root distribution:

exp(—Tit2)
foz""” exp(—Tyi12)dz

Juit(2) = (50)
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Where 7, is a parameter to reduce the litter input with increasing depth. The mineralised gas emis-
sions are ealewlated-now a function of depth (N z)) and are calculated by repeating Equation

Equa&eﬂ-@—lﬁqeea%eekfe%evefy}ayef—} Similarly, the litter decomposition rate modifier (Fly) is

calculated by repeating a slightly modified version of Equationd0lfor each soil layer. In the verticall
resolved version of Equation if the soil layer is frozen IV;,, is not available so effectively zero.

3.3 Inorganic Nitrogen

The inorganic nitrogen-N pool is the sum of deposition, fixation, immobilisation losses, mineral-
isation inputs, gridbox mean plant uptake and inorganic N losses through leaching and gaseous
emission. For the non-layered-bulk case (JULES-CN), these terms are simply added together:

dt = Ndep + ;UiE\B\,\N,\Ei - ;UZ¢1 + Mnet - Nleach - Ntu'rno’ucrg\fz\s/{ (51)

where N;,, is the inorganic nitregen-inkeN-N in kg [N] m~2~, N, is prescribed nitrogen-N depo-
sition in kgN-[N] m~2 s~! —The-plantfixation{F)-and v; the fractional cover of each PFT i. The
biological N fixation (BN F) for each PFT i is described in Section B3] below and plant uptake
(®;) are-deseribed-in- Seetions BT and BE3-¢for each PFT i is described in Section B M.,
s the net mineralisation which is the difference between Mtot Mand I+ reduced-by
. The loss of nitrogenfromthe-N
Wlnorgamc pool is a-funetion-the sum of leaching (Nj¢q.n, )-and-an-additional

turnover(Nrormone)—in kg [NJm~2 s71) plus an additional gas loss to the atmosphere (N, in
kg [NJm~2s~1):

Noast = nlin (52)

Niwrnover = fYnNzn

where 7, is a tunable parameter —Fhis-additional-term-(in s _!). The total N gas loss is the sum of
gas loss. This additional gas loss term (Ngqs7) represents missing processes relating to the gaseous
loss of inorganic nitregen-IN and limits the effective mineral N pool size. Without-this-additional
tarnever-avattable N-may-Including N,..; ensures that available N does not increase excessively,
potentially due to excessive biological N fixation in regions that-are-generally-unlimitedwhere the
NPP is very close or equal to the N PP,,. In the current model configuration this-parameter—y,, is
set to H{%é@#ay—l—}gvom();v&%such that the whole pool turns over once every model year.




The leaching of nitrogenN (IV, in kg [N]m~2 s—!) through the profile is assumed to be a func-

tion of the net flux of moisture through the soil profile, the concentration of inorganic N, and a pa-
rameter (Ba, dimensionless) representing the effective solubility of nitregen—5-has-N. a is assumed
745 to have a value of 0.1 —based-on-the-serption-buffer-coefficient-of-Ammonia{(Gerber-etal{2010)
although-here-itrepresents-the-and in JULES-CN represents the combined sorption of all inorganic
N species (Wania et al.| [2012).

Nleach = ég(Nin/elm)qu,bsu,v‘f@cc% (53)

750 where 1, is the soil water content in the top 1m of soil in kg m~2 (so the inorganic nitrogen-N is

assumed to occupy the top 1m of soil), and @sussurrace & sups 1S the total subsurface runoff in kg

m—2s7L.

3.3.1 Biological Nitrogen Fixation (BN F'

Biological nitrogen fixation (BN F) is the largest natural supplier of N to the terrestrial ecosystem.
755 Following the secondary model of[Cleveland et al. , N fixation is determined as a linear proportion
of the net primary production before N limitation of each PFT ¢ (NPP,.:.:):

BNFZ = CNPPpot7i (54)

NP Ppot,i s defined in the same way as the net primary productivity in JULES before the explicit
N cycle was included, i.e. before the excess carbon (W) is removed. BN I as a function of NPP is an
760 established method used and assessed in other models (Meyerholt et al| P0T6; Wieder et al, 20152 Thomas et al}, 20T3b)
- While some models utilise more complex BN F representations (Fisher et al.}2010), a lightweight
approach is preferred here while the benefits of extra computational expense on BN F are not yet
would perform better (Davies-Barnard and Friedlingstein, 2020). However, changes in NPP_may
765 not accurately reflect changes in BIVI with forcings such as elevated atmospheric carbon dioxide
(Liang et al][2016) or additional N (Thomas et al.| 2013b; [Ochoa-Hueso et al.l [2013).
The rate of fixation () is set such that global present day net primary productivity of approximatel
range of recent global observation-based estimates of BN F' (Davies-Barnard and Friedlingstein| [2020; [Vitousek et al. [2013)
in the tropics and lowest in boreal forests and arctic tundra which is consistent with some estimates of
BN F (Houlton et al.} 2008} [Cleveland et al.,[1999) though not recent observational meta-analyses
(Davies-Barnard and Friedlingstein} [2020).
775 transferred into the single inorganic soil N pool and becomes available as inorganic N. However,
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in JULES-CNy, e the BN F' is distributed vertically in the soil depending on the fraction of roots
in each layer. If a soil layer is frozen there is no BN F' into that layer. If the whole soil is frozen
fixed N goes into the inorganic N pool in the top layer.

3.3.2 Vertical discretisation of inorganic nitrogen

In JULES-CNiayereds igyer_there is an inorganic nitrogen-N pool in each soil layer. The dynamics are

very similar to Equation@ but every-compeonentnew-varies-with-depth;se:-most of the components
now vary with depth:

dt :Ndep + Zi:UiBNFifR,i(Z) - Zi:viq)iff,i(z) + Mnet(z) - Nfluac(z) - Ngas[(z)

(55)

The modifications to each term to ensure they vary appropriately with depth are discussed below.
The additional parameters in Equation [53] are ;(2) - the fraction of roots in each layer for PFT ¢

i(2) - the fraction of available inorganic N in each layer for PFT ¢

and N z) - the transport of inorganic N through the layer by the soil water fluxes (Equation [61]).

As in Equation [31] the net mineralisation flux (M,,.(2)) is the difference between M;;(z) and

Iiot(2) reduced byNgzstz)from-Ny,,(2) for each layer (see Section [3.2.1). Nitrogen-deposition

ANazpt=p-sN deposition (V) is only added to the uppermost soil layer. Inputs from plantnitregen
biological N fixation from PFT i are distributed according to the root profile of the plants;+e-PFT

under consideration (fg.;(2)):

froot,i (Z)
fozmam froot,i (2)d2
where fro5r{2)frooz.i(2) is the volumetric root fraction of PFT i at a given depth—

FarnoverNrorovert=)soil level and z is the maximum depth of the soil in m. Gas loss
from the inorganic N (IV z)) occurs in each layer, but with an expenential-decay-with-depth-as

additional exponential decay term which is a function of depth (similar to that used in Equation [44]
for the soil decomposition;-which-). This term empirically represents the factors that reduce the-soil

(56)

friri(2) =

activity with depth. The tarnever-additional gas loss term thus becomes:

Nt’lt7"rL()116tr'g\£L\§£(Z) = rYann (Z) eXp(_TrespZ) (57)

This leaves two terms in Equation[55} the plant uptake term (MWM
is PFT dependent and the N ;,,,(z) term, which replaces the leaching term from Equation'S_Tl These
have a more process-based representation in the layered case. Plants-When calculating the plant
uptake term we assume that plants cannot access all the inorganic nitregeaN. Firstly, we-assume

that-if a soil layer is frozen then plants cannot uptake any of the nitrogen-N in that layer. Secondly,
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we assume that they only have direct access to a certain fraction of the soil, according to their root

fraction, froot,; (Which reduces with depth). So for each PFT, ¢, there is an ‘available’ inorganic

nitrogenpoolN pool (Nyq4i1.:(2)), which at equilibrium is as follows:

Navail,i@ = froot,i('z)Nin(z>T(2) (58)

AL

As-nitregenis-Where T'(z) is zero when the soil temperature is 0°C' or colder and 1 when it is above

0°C. However, the system is not necessarily in equilibrium - as N is taken up from the available
pool around the roots, there will be a delay in the-area-around-the-roots-this volume getting ‘re-

filled’. We assume that it-the inorganic N is constantly diffusing back to the equilibrium state where

the concentration is constant both horizontally and vertically within each layer, and thus after the

extraction on a particular TRIFFID timestep we update the available N pool according to:

N, avail,i @
dt :Vwﬂ(froot,i@]vin@ _Navail,i(f)) (59)

where va;77-4: ¢ 18 the rate of diffusion back to the equilibrium, set by default to +66-360-day(0.28

day~! —Any-or approximately 100 year'. Ny,5.:(2) is then multiplied by T'(2) to incorporate the
frozen soil effect. Any biological N fixation goes directly into the available pool;-and-etherfluxes

plants). Plant uptake is extracted entirely from the available N pool, and the dependence on depth is

according to the same profile as the available N, i.e.

Navail,i(z)

fozmam Navail,i (Z)dZ

fairi(z) = (60)

All of the other fluxes are simply added in such a manner so as to maintain the ratio of the available
to total inorganic N pools that would be present if the available and total pools were in equilibrium.
Therefore the only two processes which take the available and total pools out of equilibrium are

biological N fixation and uptake.
Leaching is now done in a process-based manner, where the inorganic N is transported through

the soil profile by the soil water fluxes. Fhus-inEquation{S5lwe-have-the-followingterm=For any
iven soil layer of thickness dz, the inorganic N flux (N¢;,..) is given by:

o d Nl’,n(z) Nzn(z)
Nflux(z) = /deng,é%dz Wfluac ) (Z) 9 Z) (61)

where 6(z) is the soil water content of the layer in kg m~2 and %WM is the flow rate of
the water through the seit-layer in kg m~2 s~1. Multiplying by =0z gives the change in N content
for each layer;+. The total leaching is then the sum of all nitregen-N that leaves the soilby-lateral
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Variable Value Description Equation

Bulk soil nitrogen

¢ 0.0016 ke [N] ke [C] " Rate of BNE_ EquationJ

CNypi 10 kg [C1 kg [N] 1 CN ratio of BIO and HU M pools Equation 4]l
Fraction of net mineralisation emitted

Jaas 0.01 (proportion) RS E S S i

as gas to atmosphere_
Imposed turnover coefficient to

- 3.215e-08 s * Equation[52]
) Effective solubility of nitrogen in water )
o 0.1 (proportion) Equation 53]

Vertically resolved soil carbon

Parameter to control reduction of

respiration with depth

Do ) S Soil carbon and nitrogen mixing rate Equation 491
cryoturbation - 0.005 m~s ™~

Parameter to control reduction of litter

Tug 5mt Equation 50]
Vertically resolved soil carbon and nitrogen
Rate of diffusion transferring the )
Ydif. 100 per 360 days Equation[39]

inorganic nitrogen from N;y, t0 Ngvail

Table 2. A summary of the extra parameters required for the soil biogeochemistry component of JULES-CN

and JULES-CNygyer-

Table [3,3.2] summarises the extra parameters required for the soil biogeochemistry component of
840 JULES-CN and JULES-CNy, ., alongside their values.

4 Historical simulations

Global transient simulations were carried out following the protocol for the S2 experiments in
TRENDY [2015). Forcing consisted of time-varying CO», and climate from the CRU-
845 NCEP data-set (v4, 1901-2012, Viovy N. 2011 CRU-NCEPv4. CRUNCEP dataset). The fraction of
agriculture in each grid cell was set to the pre-industrial value. Nitregen-N depo-
sition was time-varying and was taken from a ACCMIP multi-model data set interpolated to annual
fields (Lamarque et all,[2013). The model resolution was N96 (1.875° longitude x 1.25° latitude).

Results from three different JULES model configurations are presented here:
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JH]:ES-Gfepfe%eﬁf%fheJ ULES-CN includes the newly developed soil and vegetation earbon

(Fones-etal20H)coupled C and N cycle.

— JUEES-CEN-is-the-nitrogen-—enabled-version-of JUEES-CJULES-C is shown for comparison
urposes and represents the soil and vegetation C cycle as used in[Le Quéré et al | (2018)).

— JULES-CNayered—ayer_is a version of JULES-CN with-which has identical above ground
rocesses to JULES-CN but additionally includes vertically discretised soil biochemistry.

In each case five PFTs were used: broadleaf trees, needleleaf treestNET), C3 and C4 grass and
shrubs. Plant competition was allowed, with TRIFFID updating vegetation fractions on a 10 day

time step. These three configurations of JULES adopt the standard 4 layer soils with a maximum
depth of 3 m. However it should be noted thatBurke et al| (2017) and|Chadburn et al] (2013) adopt a
configuration which increases both the maximum soil depth and number of soil layers - a configuration

which is recommended for detailed scientific study of northern high latitudes. The sole difference
between JULES-C and JULES-CN is the inclusion of the nitrogen-IN cycle. JULES-CNigyereaigyer.

additionally has vertically discretised soil biogeochemistry. There are no differences in any of the

shared model parameters —which were initially tuned for the JULES-C configuration.This enables a
direct comparison between the different configurations.

The simulations were initialised using pre-industrial conditions. Fhey-The models were spun up
repeatedly until the change in the carbon stocks was less than 0.01 % decade™! globally. The soil
earbon-C distribution in JULES-CNigyerediqyer is particularly slow to reach equilibrium. There-
fore the ‘modified accelerated decomposition’ technique (modified-AD) described by
was used to spin the soil earben-C in these versions up to an initial pre-industrial equilib-
rium distribution (Burke et al.,[2017). Further spin up was then carried out for these layered models
using repeated pre-industrial conditions until the change in soil earbor-was-C was again less than

0.01 % decade ! globally. It should be noted that neither transient land-use change or fertiliser were

included in any of these simulations.

5 Results

This paper mainly focuses on the differences between-selected-model-configurations-introduced-by

including-the-explieitnitrogen-—eyele-within JUEESin JULES output when including the N cycle in
the model configuration. When available, we additionally use any observational based estimates to

evaluate the quality of the simulations. First a broad-brush comparison between JULES-CN, JULES-
C and JULES-CNyayerediayer is made. This is followed by a more complete discussion eomparing

FJUEES-EN-with- FHEES-C—of the impact of the N cycle on the carbon stocks and fluxes and their
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changes over time. Then we show more details of the N stocks and fluxes. Finally the extra pro-

885 cesses supplied by JULES-CNigyereqdiqyer_are assessed. For completeness figures often include
both JULES-CN and JULES-CNrayerea1gyer but JULES-CNigyereq1ayer 1S only discussed at the

end of the results.

5.1 Summary-ef-earbon-andnitregen-stoeks-andfluxes

890 It should be noted that the addition of the N cycle in JULES is only one component of the recent
developments, In future configurations of JULES the N cycle will be combined with a new competition
scheme [Harper et al.| (2018) which will modify the global vegetation distribution. Therefore we are

most interested in the changes in the vegetation distribution between the different versions which
will be caused by the N cycle. Figure [3]shows the total area covered by each type of vegetation. The

895 CCI observations [Hartley et al|(2017) are added for completeness. As expected the configurations
as a decrease in the shrub and grass regions in JULES-CN. As we shall see later (Figure [I0) this
model, JULES-CNyqy¢ has a reduction in trees compared to JULES-CN, which is focused in the

900  boreal region where it is more likely to simulate grass or shrubs.

5.1 Summary of C and N stocks and fluxes

Figure [6| provides an overview of the stocks and fluxes of earbon-and-nitrogen-C and N in JULES-
CN and JULES-CNigyered1ayer. and compares them with JULES-C. As expected for a present-day
905 simulation, the majority of C stocks and fluxes are very similar for JULES-C and JULES-CN. The
main difference is the present-day NPP which is ~12% higher in JULES-C than in JULES-CN. Fhis

the-earbon—There is also a small reduction in the GPP of ~4% caused by smat-some differences in

the vegetation distribution{fractional cover distribution (Figure [3]) and indirectly resulting from the
910 nitrogenIN limitation.

Soil organic nitrogen—and-vegetation—nitrogen-N_and vegetation N are both consistent with the
available observation-based estimates of stocksas-are-the-nitrogenfixation nitrogenlosses-and-nitrogen
depesition—Fixation-. The biological N fixation is tuned to be approximately 100 FeN-Tg N year~!

915 in the present day and the N deposition is prescribed. The majority of N losses from the land
surface occur via the gaseous pathway with total losses of +35-F¢N/y»—-111 Tg N year—!

for JULES-CN. Leaching is fairly low at 7 FgN-/yr—'Ffor FJULES-EN-Tg N year~! compared
fo estimates of leaching, which are as high as ~25 - 55% of N inputs in European forests
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m 2009) and range between 59 and 118 TqN%w—’[ng year~! in the available observations
i r-(Boyer et al. [2006} [Galloway et al., [2004)

. There is no N fertilizer applied in the model which might partially explain why the leaching is so
low. In reality there is ~200 Tg N applied annually as either manure or fertilizer Potter et al.[(2010)

a proportion of this will be leached resulting in an increase of global leaching. N uptake and
net N mineralisation are relatively high and are fairly similar-comparable in magnitude implying

925 a largely closed cycling of nutrients between vegetation and soil. Hewever,—there—is—no—nitrogen

920

reality—These-nitrogen-These N stocks and fluxes are also consistent with results from other models
such as: [Xu-Ri and Prentice (2008)), Smith et al.| (2014)), [Zaehle| (2013b)) and [von Bloh et al.| (2018).

930 5.2 Impaetofnitrogenlimitation-onnetprimaryproduetivityComparing C stocks and fluxes

935

940

945

5.2.1 FEeeosystemresidenee-times

The zonal total soil and vegetation earbon-C stocks are shown in FigureEl The vegetation earbon
C is very similar for both JULES-C and JULES-CN as expected from Figure |6| and is consistent
950 with the available observations. There are some differences in the soil earbon-C in the northern high
latitudes with JULES-CN having slightly less soil earbeon-C than JULES-C. This is a consequence
of the higher nitrogen-IN limitation on JULES-CN leading to less litter fall and subsequently less soil
earbonrC. The corresponding nitroger-N limitation induced reduction in soil decomposition is not
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strong enough to offset the decrease in earbor-C input leading to a smaller pool size. Fhe-eeosystem

5.2.1 Carben-useefficieney

Carbon use efficiency (CUE) is defined as the ratio of net earbor-C gain to gross earbon-C assimila-
tion during a given period (NPP/GPP). Thisrepresents-the-capacity-of the-plants-to-allocate-carbon
Plants with a higher CUE have a lower autotrophic respiration and allocate more C from photosyn-
thesis to the terrestrial biomass —In-the-modelnitrogentimitationrestricts—the-ability-of plants—te
allocated because it is constrained by the amount of N present. This reduces the C use efficiency.
Figure [§] shows the zonal total GPP and NPP for JULES-CN and JULES-C. As expected from Fig-
ure [6]the NPP and GPP have very similar latitudinal profiles for the two model configurations. Both
JULES-C and JULES-CN have a higher GPP in the tropics that-than the observations but they are
more comparable in the extra-tropical latitudes where the GPP tends to be smaller. The NPP in
JULES-CN is less than JULES-C and generally closer to the MODIS observations particularly in
the tropics. Figure [6] also shows the zonal mean CUE. JULES-CN has a lower CUE than JULES-
C for all latitudes. On average it is 0.44 for JULES-CN and 0.49 for JULES-C. JULES-CN has-a

consistently-high-bias-of~0-09-is consistently low compared to the (2018) observation-
based data set with a bias of ~0.09. This bias is relatively constant with latitude Figure-22-

Figure [l also shows the changes in these earben-C fluxes for the period 1860-2007 with respect
to the multi-annual mean period of 1860-1899. Changes over time are shown to enable the differ-
ences between the two different model configurations to be more easily compared. Apparently small
differences between JULES-C and JULES-CN in the NPP and GPP become more noticeable in the
CUE. The small differences between JULES-C and JULES-CN in GPP are eaused-by—structural
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changesin-the-vegetationtn-particatar-mainly caused by small changes in the vegetation distribution
and a slight increase in bare soil in JULES-CN. In the case of NPP - JULES-C increases quicker

than JULES-CN because JULES-CN becomes progressively more aitrogen-N limited. The change
in CUE shows the impact of the nitregen-N cycle on the uptake of earben-C by the vegetation in
JULES-CN over the twentieth century. There is an increase in CUE in both configurations, mainly

caused by CO, fertilisation, but this is limited by nitregen-N in the JULES-CN configuration.

5.2.1 Net ecosystem exchange

A key measure of a land earbon-C cycle model is how well it simulates the temporal variation
of the land earben-C sink, which is the difference between Net Ecosystem Exchange (NEE) and
the flux of earben-C to the atmosphere from land-use change. The interannual variability in the
sink is dominated by the variability of NEE, which is itself correlated with the magnitude of the
temperature-carbon cycle feedback in the tropics (Cox et al.,[2013)). As a result, simulation of NEE
variability is highly relevant to climate-carbon cycle projections (Wenzel et al.|[2016).
Figure[7]compares global annual mean values of Net ecosystem exchange (NEE; defined as NPP
- heterotrophic respiration) for JULES-C and JULES-CN to observation-based estimates from the
Global Carbon Project. We specifically focus on the years from 1960 to 2009, which is the maximum
overlap period between the model simulations and the GCP annual budget data (Friedlingstein et al.|
2019)). To avoid the circularity of using GCP estimates of NEE which are themselves derived from
land-surface models, we instead calculate the GCP estimates of NEE as the residual of the best
estimates of the total emissions from fossil fuel (F'F') plus land-use change (LU), and the rate of

increase of the carbon content of the atmosphere (F},) plus the ocean (F}):

NEE,, =FF+ LU —F, - F, (62)

The observations and both of the models show an upward trend in NEE but with very significant
interannual variability (Figure . Due to nitrogen-N limitations on CO, fertilization, mean NEE
in JULES-CN (1.66 Pg C /yryear—1) is lower than in JULES-C (2.06 Pg C /Ayryear—!), and also

lower than the estimate from GCP (2.11 Pg C #Ayr)—year—!). This absolute value will be sensitive

to the vegetation cover which is much improved by including the height-based competition as has
been done in UKESM1 |Sellar et al.| (2019). However, JULES-CN outperforms JULES-C on all of
the other key metrics of the NEE variation. JULES-CN produces a smaller but much more realistic
trend in NEE, and a smaller and more realistic interannual variability about that trend (see Table
[5:2.1). The correlation coefficient for NEE between the JULES-CN and GCP estimates (r=0.71) is
also improved compared to JULES-C (r=0.63). There remains a significant underestimate of NEE in

the years following the Pinatubo volcanic eruption in 1991, most likely due to the neglect of diffuse-
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Mean (Pg C Ayryear )  Trend (Pg C Ayfyryear * year ') IAV (Pg C fyryear ')

JULES-CN_ 166 0.025. 0.86.
JULES-C 2.06 0.034 131
JULES-CNyayer. 166-1.75 0:025-0.026 0:86-0.83_
GCP(residual) 2.11 0.027 1.01

o 1o
o
R =

0.710.64

Table 3. Statistics of NEE from JULES-CN, JULES-C, JULES-CNg,., and the GCP observation-based esti-
mates (Friedlingstein et al. 2019), over the period from 1960 to 2009 inclusive. Columns 2-4 show respectively
the mean, linear trend, and the interannual variability (standard deviation) around that trend. Column 5 shows

the correlation coefficient between each model NEE timeseries and the GCP timeseries.

radiation fertilization in these versions of JULES (Mercado et al, 2009). However, it is especially
notable that JULES-CN significantly reduces the systematic overestimate of NEE seen in JULES-C

during extended La Nina periods, such as the years centred around 1974 and 2000 (Figure[7).

53 1 ¢ eal-di o £ soilbiochemi

5.2.1 Residence times

Over the-tropies-and southern-latitudes;-In general, arbon residence times of the soil and ecosystem
are given by the stocks divided by the fluxes. These are emergent properties of the model and
residence times for different biomes. Here, the land surface is split into biomes based on the 14 World
Wildlife Fund terrestrial ecoregions (Olson et al12001) and characterised by Harper et al| (2018)
- The ecosystem residence time defined as the total ecosystem C divided by the GPP is shown
in Figure [8(a). These residence times have been estimated from a multi-annual mean on a grid
cell by grid cell basis and then aggregated to biomes. The observational values were derived in
a similar way using spatial data from [Carvalhais et al| (2014). In general the ecosystem residence
times are slightly reduced in JULES-CN rayereq-is-very-eomparable-to-compared with JULES-C,
both of which are slightly lower than in the observations. The largest difference between observed
and modelled ecosystem residence time occurs in the tundra and boreal regions and the grasslands
where the observed residence times are much longer than either JULES-C or JULES-CN-The-main

soth-biogeoehemistryto—. The soil carbon residence time is shorter than the observational-based

measure in the tundra and the boreal regions but longer in the grassland regions. Overall, this leads
to the the global soil carbon residence time in the model being too short. When vertical discretisation,
including additional permafrost processes, is added in JULES-CNhas the mestimpact in the northern
high-fatitudes—The soil-inqy,, the residence times in the boreal and tundra increase notably (see
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Section [3.2 1] for further discussion).

1050 5.3 Impact of N limitation

frozensoit-and JULES- CNW@%M%&&WMM@N—{F@M&@
Globaty-iay.,. the N limitation mainly acts through reducing the NPP. This can be quantified using
1055 the response ratio which is defined as the ratio of the potential amount of C that can be allocated
to growth and spreading of the vegetation (/N PP,,;) compared with the actual amount achieved in
the natural state (NPP). Both of these diagnostics are output from the JULES simulations. Figure
Bl shows the spatial distribution of the model simulated response ratio. Green areas are not very
N limited with a response ratio close to 1.0 and yellow areas are more N limited with a larger
1060  response ratio. There are distinct regions of N limitation - in Australia and south Aftica, the Sahel,
western Burope and parts of Siberia. However much of the global land surface, particularly the
WWMHM%WJULES CN ragerea

obvious inter-annual variability superimposed on an increasing trend over the twentieth centur
1065 indicating increasing N limitation which will limit the increase in carbon use efficiency shown in
Figure [6}f). Fhe-biggest-difference-between-

a response ratio of greater than 1 in both the model and observations which means that adding.

1070 extra N to the system will enhance the NPP achieved. Globally the response ratio is lower than the
observations but for the majority of the biomes including the tropical forests and the tundra the model
response ratios fall within the range of uncertainties of the observations. However, LeBauer and Treseder| (2008)
suggests the tropical forest is somewhat N limited, whereas in JULES-CN gyereq-ane-tropical forest
is not a N limited biome. Phosphorus has long been considered as the most limiting nutrient in

1075 tropical regions (Yang etal}, 2014), therefore we expect JULES to simulate a larger response ratio.
in the future once a phosphorus cycle is added.

In the model the soil C decomposition can be limited when the N available in the soil is less than

the N required by decomposition. This process does not play a major role in our simulations.
1080

5.4 Nitrogen stocks and fluxes
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The zonal profile of soil organic nitrogen (Figure shows a similar distribution to the soil organic C

Figure[5) reflecting the relatively consistent C to N ratio of the soil within the model. CN,,,; - the C

to N ratio of the HUM and BIO pools - is a spatially constant parameter set to 10 in these simulations.
The observed soil N content is slightly higher at all latitudes than simulated by JULES-CN isferthe

is—h32-of that-of particularly in the northern tundra region. This is likely caused by the turnover
times of the soil being too fast (Figure [8)) leading to not enough soil N. In addition the C to N ratios
in JULES-CN rayere: -are too small for the northern high latitudes (mean of ~14) whereas up
@QM&&WMMWW- In
contrast to the zonal distribution of soil organic nitrogen, the soil inorganic nitrogen in JULES-CNis
fluxes are large in the tropics and smaller in the northern regions. This is reflected in the spatial

distribution of the N uptake. As might be expected the spatial distribution of the N uptake as a
Biological N fixation and N

fraction of N demand is similar to the N limitation shown in Figure

as losses are an order of magnitude smaller than the N uptake and net N mineralisation. However.
again the spatial patterns are very comparable. N leaching is generally very small except in parts of
south America and south-east Asia. Figure[I3]shows a slight increase in the N demand and N uptake

over the twentieth century associated with the increase in vegetation growth (Figure [6). Similarl

there is an increase in the BNF which is parameterised such that it is proportional to the NPP.

5.5 Impact of vertical discretisation of soil biochemistr

This section discusses the differences between JULES-CN rgyereq-has-less-total-vegetation—Hewever
itand JULES-CNyqye,. In general over the tropics and southern latitudes, JULES-CNyqyer 1S very
comparable to JULES-CN. The majority of the differences occur in the northern regions where
there is soil freezing—either permafrost or seasonally frozen soils. The reduction in global mean

tree covered area seen in Figure|3|is caused by a reduction in the boreal regions which have a larger

roportion of shrubs and grasses in JULES-CN . In the higher latitudes the soil in JULES-CNy,, ¢,
also has more sei i i i

temperatares-organic C (Figure [3)). This increase in soil organic C represents a store of permafrost
carbon more comparable to the carbon found by Batjes (2014) and |Carvalhais et al.|(2014). This

build up of carbon in JULES-CN occurs because the decomposition deeper in the soil pfeﬁ}e

i s reduced with the lower soil temperatures at depth - the soil C in JULES-CN onl
respond to the soil temperatures near the surface which are warmer. This also causes in increase in
the residence time of the soil carbon shown in Figure [8(b). The modelled soil C residence time in
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JULES-CN is now much longer and more comparable to that observed.

1120 The spatial distributions of N fluxes in JULES-CNjyye. (n0t shown) are very similar to those
of JULES-CN. In addition, the time series of changes in N fluxes over the twentieth century are
also comparable (Figure [[3). The extra-inorganic-nitrogen-main differences are in the N gas loss
which is larger in JULES-CNyqy, and the N leaching which is larger in JULES-CN. Figure [[1]
shows an increase in both organic and inorganic N in JULES-CNyqye, over that in JULES-CN in

1125  the northern high latitude similar to that seen in the organic C. As is the case for soil organic C,
in_the colder regions the soil N builds up within the frozen soil because of the limitation of the
decomposition rates by cold temperatures, therefore larger pools deeper in the soil are maintained in
an equilibrium climate. The parameterisation of the vertically resolved soil biogeochemistry means
that, once JULES-CNjq e, is spun-up there is inorganic N within the soil profile which cannot be

1130 taken up by the vegetation, either because the soil is frozen or because the roots cannot readily access

it. This means that the extra inorganic N in JULES-CNygyereaFigare-22,,,.,. (Figure[TT) is mainly
stored deeper in the soil profile and seme-efit-within the permafrost itself —The-vertical- diseretisation

Sor-organ aroon—anam Og Stts-a1ong SO St6 -, NTayered
(defined-as-seil-organic-earben+/seilrespiration)and is typically inaccessible in the current climate.
1135 This improved representation of the soil biogeochemistry will have implications for simulations of

climate change in-feedbacks from the northern high latitudes.

6 Nextsteps—Discussion

mportanee of flexible stoehiometry-This study presents the first implementation of nutrient cycles
1140 into the UK land and earth system models. The scheme is parsimonious in that it captures the
first order and large scale effects of interacting carbon and nitrogen on the land surface in the
simplest way_possible. One important assumption is that of fixed plant stoichiometry and that a
plant strives to achieve stoichiometric homeostasis to maintain ecosystem structure, function and
stability under change environments (Sterner and Elser, [2002). This assumption has some support
1145 in the literature (e.g[Brix and Ebell| (1969); Wang et al]|(2012)) and is a common approach amongst
complex DGVMs (Meyerholt and Zachle, 2015). However, recent meta analyses of field observations
show a distinct increase in foliar N to additional N availability (Mao et al.| |
study found that assuming fixed C : N ratios and/or scaling leaf N concentration changes to other
tissues, as employed here, were not supported by available evaluation data (Meyerholt and Zachle} 2015)
1150 . Employing flexible stoichometry has the potential to significantly affect the modelled biogeochemical
feedbacks. For instance, nutrient limitation tends to limit the production of litter, the input to soil
organic matter, leading to a reduction in soil carbon that the nutrient limitation in soil turnover is t00

) and a modelling
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weak to oppose. Allowing for flexible stoichometry may lead to a lower litter quality but a similar
total under limitation, where the reduction in litter quality will strengthen the soil turnover response
1155 possibly leading to an overall increase in soil organic matter. Plant stochiometric relationships
are therefore a key uncertainty in assessing the carbon cycle feedbacks to climate change. Future
versions of this model will explore the use of plant trait information (Harper et al} 2016) to parameterise
leaf, root and wood C:N ratios for individual PETs, and further developments to allow for flexible

1160

While the total BNF in JULES-CN is in the range of Davies-Barnard et al (2020) and|Vitousek et al. (2013)

» the spatial distribution of BNFE more heavily favours the tropics than recent observations suggest
(Sullivan et al.| [2014; [Davies-Barnard et al.} [2020). The response of BNF to the multiple factors likely
to occur in future varies between factor (¢.g. warming, elevated atmospheric carbon dioxide, drought,

1165 N deposition, etc.), biome, and BNF type (nodulating, bryophyte, litter, etc,) (Zheng et al., 2020).
Therefore how BNF will change is spatially variable and not controlled by a single factor. A move
from an_empirical to a process driven BNFE function may provide better fit to present day BNF
distribution and more robust future projections.

1170 Further work is required to explore the impact of a spatially varying soil C to N ratio which
can vary widely depending on the amount and decomposition of organic matter within the soil.
For example, peat soils have relatively high C to N ratios up to 30-40 [Hugelius et al|(2020). This
type of soil is not yet included within JULES.In addition, N leaching is very low in the model,
notwithstanding the lack of N fertiliser. One reason for this could be that too much mineral N is
1175 assumed to be sorped within the soil. This requires further evaluation and potential modifications to

the scheme.

In this paper we have not explicitly separated the impact of CO, fertilization from climate change

or from the impact of N deposition. However, this was explored by Davies-Barnard et al.| (2020)
1180  who put the response of JULES in context by comparing it with the responses from 4 additional land
surface models and a meta-analysis of site observations. Davies-Barnard et al.| (2020) used a slightly_
different configuration of JULES (JULES-ES) which is the configuration used in UKESM1 with
a bulk soil biogeochemistry (Sellar et al.}[2019). They found that JULES-ES has a relatively small
increase in NPP caused by the addition extra N in the form of deposition compared with both the
1185 meta-analyses and CLM / LPI-GUESS. However, it is comparable to that found in JSBACH. This
small response is, in part, caused by the smaller initial N limitation in JULES-ES. However, JULES’
increase in NPP in response to CO, fertilisation is aligned with the majority of the models and the
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7 Conclusions

In this paper we have documented a model to quantify the impact of coupling the nitrogen cycle with
the carbon cycle in a fully dynamic vegetation model. In this-moedebnttrogen-the model, N limitation
affects NPP and how the-earborn-much C is allocated but it only indirectly affects the photosynthe-
sis via leaf area development. This enables the carbon use efficiency (ratio of net carbon gain to
gross carbon assimilation) to respond to changing nitregen-IN availability. Since the CUE affects the
ability of the land surface to uptake carbon in a changing climate, this will impact carbon budgets

under future projections of climate change. This scheme (based on JULES-CN) is only one of the
new components of JULES that has been included within UKESM1 (Sellar et al., 2019). Relevant

additions to the JULES-ES configuration used in UKESMI includes more plant functional types
with improved plant physiology and vegetation dynamics (Harper et al.,|2016) plus a new land use

Overall the nitrogenN enabled configuration of JULES — JULES-CN - produces a more real-
istic trend in the net ecosystem exchange (NEE) and the interannual variability of NEE about that
trend. It also produces an improved estimate of NPP in the northern high latitudes. For other re-
gions and diagnostics the simulation of present-day state and behaviour is not substantially differ-
ent between JULES-C and the nitrogen-enabled-N-enabled configuration, JULES-C. This is largely
because JULES-C has been tuned to replicate observed carbon stores and fluxes and therefore im-
plicitly includes a level of nitregen-N availability. What JULES-C lacks is a mechanism for this
to change substantially in time — either under more limiting conditions as elevated CO5 outpaces
demand for nutrients (e.g.|Zaehle (2013b)), or under conditions of increased nitregenN availability
due to anthropogenic deposition or elimate-induced-mineralisation-accelerated soil decomposition
caused by climate change leading to increased mineralisation rates (Meyerholt et al., 2020b} [Zaehle
and Dalmonech, 2011). The response of the nitrogen-N cycle in JULES under changes in climate
and CO,, conditions-

Einkto-Ts-work-

—whieh-conditions—which will be affected by nutrient limitations—will be quantified and assessed

in subsequent work.

An extended version of the nitrogen-enabled model additionally includes the vertical discretisa-
tion of the soil biogeochemistry model. This configuration improves the ecosystem residence times
in the tundra and boreal regions. This more detailed representation of permafrost biogeochemistry
in the northern high latitudes will used to understand the impact of the coupled carbon and nitrogen

cycle on the permafrost carbon feedback.

39



1230

1235

1240

1245

Code Availability

The JULES code used in these simulations is available from the Met Office Science Repository
Service (registration required) at https://code.metoffice.gov.uk/trac/jules. To access the code a freely
available non-commercial research licence is required (https://jules-Ism.github.io/). The suites re-
quired for running JULES are available here: https://code.metoffice.gov.uk/trac/roses-u. JULES-CN
is u-ah896, JULES-C is u-ah932 and JULES-CNigyeredjayer 18 u-aiS71.
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Figure 1. Stechiometry-Stoichiometry of the vegetation nitrogen pools as a function of canopy height for
individual PFTs at full leaf. Leaf N concentration are defined at the canopy level and are appreximately—%
higher than those for the top leaf. The grey region shows the defined range of canopy height within the model.

Note: both the x- and y-scales are very different for each PFT.
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Figure 2. Total vegetation and-componentnitrogen-N along with N pools of leaf, root and wood as a function of
canopy height for individual PFTs at full leaf. The grey region shows the defined range of canopy height within

the model. Note: both the x- and y-scales are very different for each PFT.
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observations are derived from the European Space Agency (ESA) Climate Change Initiative (CCI) Land Cover

data for 2010[Poulter et al. converted to JULES PFTs by [Hartley et al| (2017).
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Figure 5. Zonal total values of seil-and-(a) vegetation earbon-and (b) soil C for JULES-C, JULES-CN and
JULES-CNrtrypereddgye,. simulations for the period 1996-2005 in Pg C / degree of-latitude. For the vege-

tation earbon-C the observational-based constrains are Saatchi: [Saatchi et al. (]Zm—l[); GEOCARB:
@; and Biomass: [Ruesch and Gibbs qﬂmp The ebservatioal-based-constrainst-observational-based

constraints for the soil carbon are IGBP-DIS: [Global Soil Data Task Group]| qﬂmp; WISE: @; and
Carvahlais: [Carvalhais et al.| (2014).
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Change-Also shown are changes in (d) NPP, theresponseratio-(potentiabNPP-/NPP-acheivede) -GPP and (f)
CUE forJUEES-EN-and-JULES-C-over the historical period with respect to the multi-annual mean period of

1860-1899.
Change-Also shown are changes in (d) NPP, the-response-ratio-(potential-NPP-/INPP-acheivede) --GPP and
() CUE forJUEES-EN-andFUEES-C-over the historical period with respect to the multi-annual mean period
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Figure 6. Zonal total values of (a) net primary productivity (NPP) and (b) gross primary productivity (GPP) for
JULES-C, JULES-CN and JULES-CN ., simulations for the period 1996-2005 in Pg C / degree oflatitude /
year. The observational-constraint for NPP is from MODIS (Zhao and Running}2010) and that for GPP is from

. The zonal mean carbon use efficiency (CUE = NPP/GPP) is also-shown in (c). The CUE
observational constraint was digitised from [Kim et al| (2018).

Change-Also shown are changes in (d) NPP, the-responseratio-(potential NPP-+NPP-acheivede) -GPP and (f)
CUE ferJUEES-EN-andJUEES-C-over the historical period with respect to the multi-annual mean period of

1860-1899.
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Figure 8. Biome-based (a) ecosystem turnover times and (b) soil carbon turnover times calculated on a grid-cell
by grid-cell basis then aggregated temporally to biome level. JULES-C, JULES-CN and JULES-CN, e, are
shown for the period 1996-2005. The land surface is split into biomes based on the 14 World Wildlife Fund

terrestrial ecoregions (

,,,,,, ,[2001) and characterised by [Harper et al.| (2018)). The observed ecosystem

residence times are derived from the [Carvalhais et al. lobal data set and the observed soil residence

times are from the WISE:

(2016) soil carbon combined with the[Hashimoto et al] (2015) soil respiration.
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Figure 9. The spatial distribution of the response ratio defined as the potential amount of carbon that can be

allocated to growth and spreading of the vegetation (N PP,,;) as a fraction of the NPP achieved in the natural

state for (a) JULES-CN, and (b) JULES-CNj..-. A value greater than one means that the addition of nitrogen

will enhance NPP. Any grid cells with an annual NPP of less than 0.016 g[C]m 2 are set to missing. This is

the spatial distribution of the metric shown in Figure [I0] (c) shows the change in the response ratio over the

historical period with respect to the multi-annual meas§om the period of 1860-1899.
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Figure 10. The response ratio is the ratio of the potential amount of carbon that can be allocated to growth and
in Fi rid cells with an annual NPP of less than 0.016 g [C]m 2 are set to missing. The median of
in more detail in Figure[§] The observational constraint is taken from Table 1 inLeBauer and Treseder] (2008)

which summarises a meta analysis of nitrogen addition experiments. The black bars show the mean of the
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Figure 11. The zonal total soil organic and inorganic nitrogen stocks in Pg N / degree of latitude.
JULES-CNygyer shows the stocks for the top 1 m of soil. The observations of nitrogen stocks are from

[Global Soil Data Task Group| (2000).
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Figure 12.

shown because the spatial patterns are very similar to those for JULES-CN.
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Figure 13. N fluxes for JULES-CN and JULES-CNj, ., over the historical period.
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