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1 Testing the interpolation method

Here we show an experiment to test the method of interpolating soil carbon back onto the original
model layers after the soil column height is changed to account for changes in soil carbon. We use a
second order Taylor approximation:

dC(zery) | 02° d*Clzesy)
P TR > (1)

where C is the soil carbon density (kgm™) and 6z = z— 2., where z is the position of the original soil
layer that we want to interpolate back on to, and z.sy is the effective layer thickness after incrementing
the soil carbon in a given model timestep. This setup is illustrated in Figure S1 (black and red
annotations). Figure S1 illustrates an example soil layer, which we call layer d.

The first order derivative (second term on RHS of Equation 1) is approximated as the gradient of
the line between either the points d and d + 1, or the points d — 1 and d, depending on whether 0z is
positive or negative (respectively). i.e.

dC(zerrd) _ Clzeprar1) — Cl2ers.d)

Cl(zepf +02) = Czefs) + 02

~ = d 2
- E— gradplys (2)
or dC c ¢
(Zeff,d) ~ (Zeff,d> — (Zeff’dfl) = gradminus (3)
dz Zeff,d — Zeff,d—1

These are indicated in green on Figure S1

The second order derivative (third term on RHS of Equation 1) at z.ffq is the gradient of the
gradient at z.ys,q4, and is approximated as the difference in gradients (gradpiys and gradyinys) above
and below z.ys 4, divided by an interval ¢2/, i.e.

d2C(Zeff,d) ~ gradplus - gradminus (4)
dz? o 8z,

It is the choice of 02’ that is interesting. Naively, we would take 0z’ as 0.5(zeff,a+1 — Zeff,d—1) (see
deltal on Figure S1). However, by testing different sizes of 6z’ we found that taking §z’ = 2|0z| (see
delta2 on Figure S1) results in the closest approximation to the true solution for the soil carbon profile.

We tested this by running a toy model in R. This was a simplified ‘toy’ version of the RothC carbon
model used in JULES, with just two carbon pools with different turnover times, one of which receives
external input of carbon and has a shorter turnover time (analogous to the litter pools) and the other
receives carbon from pool 1 and has a longer turnover time (analogous to the biomass and humous
pools). We input the equivalent of 200 gCyr—!, a ‘typical’ NPP value globally, and turn over pool 1 at
a rate of 17% day~! and pool 2 turns over at a rate 5x smaller, which is equivalent to around 27 years
and 137 years as turnover times, which are reasonable values. Litter input is distributed exponentially
through the profile with an efolding depth (equivalent to 73;¢) of 5m~1, as in JULES.
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Figure S1: Schematic of interpolation method.
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Figure S2: Testing interpolation method for low resolution soil carbon profile. Note that ‘hi res 2nd
order’ (green) uses delta2 and is therefore the high resolution equivalent of the magenta line. The blue
and purple lines are coincident.



Figure S2 shows the results. First of all, we tried running this model with a high spatial resolution
of lcm layers. With this high resolution, the first order derivative approximates the true function
well, as adding the second order term has little impact on the simulated carbon profile. In the lower
resolution simulation (layer thicknesses as in JULES), using only the first order term the sharp peak
in the profile is notably ‘smeared’ out, and using deltal (see Fig. S1) in the second order term does
not improve this, i.e. the blue and purple lines in Figure S2 are on top of each other. Using delta2
(see Fig. S1) on the other hand captures the peak much better (magenta line on Figure S2). There is
still some smearing apparent in the deeper layers, but using a smaller value of 6z’ (delta2 x0.3) begins
to lead to numerical instabilities near the surface as shown by the ‘zig zag’ appearance of the red line
towards the top of the profile. Thus we chose delta2 as the pragmatic ‘best’ solution, although we may
consider improving this in future work.

2 Testing individual processes

As well as the simulations shown in the main manuscript, initially the scheme to account for the
space taken up by soil carbon - which allows a peat layer to build up in the profile (Section 2.3 in
main manuscript) - was switched on with fixed soil properties (i.e. without the interaction between
carbon and soil properties). We called this version ‘JULES-acc’, with acc standing for accumulate -
see Supplementary Table S1.

Figure S3 shows these simulations in which the soil column is allowed to grow with the addition
of organic material (see Section 2.3 in the main manuscript and supplementary Table S1 for details),
along with the original version of JULES. Note that in these simulations, the soil parameters are not
dynamic and we use the fixed soil thermal /hydraulic parameters that were originally derived for the
sites. Thus we demonstrate the impact of accounting for the volume of the organic material (Figure
S3). We can see that the soil carbon profiles are much more realistic in JULES-acc than in JULES, and
almost all of the JULES-acc simulations shown fall within the interquartile range of the observational
dataset.

In order to quantify the improvement we take the root mean squared error (RMSE) between
the median soil carbon profiles for each climate zone, shown in Table S2. The version with our
chosen decomposition function and parameters, JULES-accC, has a RMSE that is reduced by 40%
for temperate peatland sites and by almost 80% for boreal peatland sites (RMSE reducing from 37.3
kgm~3 to 8.2 kgm 3, Table S2).

We see that the age at the soil surface was typically too high in the original version of JULES (Figure
S4). In the new version with soil accumulation enabled (JULES-accum), the age at the soil surface
is better simulated, and age throughout the profile ranges from a good match with the observations
(falling within the interquartile range) to being somewhat too low, particularly for temperate sites in
JULES-accB. This motivated the change of parameter 7,¢5, from JULES-accB to JULES-accC which
leads to greater carbon ages at depth, and generally the accC(10) simulations fall more within the
observed quartiles in terms of age than do JULES-accB. We chose T,..s, = 2 since this had been shown
in [KRST13] to give the best correspondence with soil carbon age-depth profiles in their simulation
with the Community Land Model.

The difference between the two JULES-accC simulations is that in JULES-accC10 the distribution
of litter inputs into the soil is more weighted towards the surface (7;; = 10 as opposed to 5, Table
S1). This may make the model more likely to accumulate an organic layer at the surface. While the
JULES-accC10 simulations don’t compare as well to the large dataset of peat cores (Figure S3, Table
S2), when compared against individual site observations (Supplementary Figure S6, Organic Sites in
Table S2), this simulation is actually much better, so we tested both versions for the JULES-Peat
simulations.
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Figure S3: Evaluation against typical organic profile. Note that the shaded area represents the range
between the upper and lower quartiles in the peat core dataset.
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Figure S4: Evaluation of JULES age-depth profile against typical profile for peat cores.



Table S1: JULES simulations conducted. Note that T means ‘True’ (or the process is switched on) and
F means ‘False’ (process switched off). F—T mean that the process was switched off during spinup
and on during the main run. The ‘Decomp. function’ refers to changing from the original to the new
decomposition function show in Figure 1F in the main manuscript, and we also changed a switch that
was using the total soil moisture instead of the unfrozen soil moisture, so that the new decomposition
function is a function of the unfrozen soil moisture (more realistic, since frozen water is not available
for microbes to use). Where the Initial C is given as ‘Peat’ we initialise all spinups with the spun-up
profile for Auchencorth from JULES-Peat-W, with ~1.5m of peat, and otherwise initalise the model
with zero soil carbon.

Simulation name Accumulate Decomp. fn  7pesp  7i¢ Soil dyn.  Lat. flow Init. C
JULES F F 1.2 5 F T 0
JULES-accA T F 1.2 5 F T 0
JULES-accB T T 1.2 5 F T 0
JULES-accC T T 2 5 F T 0
JULES-accC10 T T 2 10 F T 0
JULES-Peat T T 2 5 T T 0
JULES-Peat10 T T 2 10 T T 0
JULES-Peat-W T T 2 5 T F 0
JULES-Peat-W10 T T 2 10 T F 0
JULES-Peat-i T T 2 5 T T Peat
JULES-Peat-i10 T T 2 10 T T Peat
JULES-Peat-W-drain T T 2 5 T F—T 0
JULES-Peat-W10-drain T T 2 10 T F—>T 0

Table S2: RMSEs of JULES simulations against various observations. Temp’t = Temperate. Carbon
and age are compared for the whole profile at sites where peat is simulated, whereas bulk density is
only compared for the soil layers that are classified as peat.

C (kgm™3) AGE (years) BD (kgm~3) Mineral  Organic
Simulation Boreal Temp’t Boreal Temp’t Boreal Temp’t Sites Sites
JULES 37.3 23.0 1069 2872 - - 12.1 25.5
JULES-accA 17.3 10.4 442 1698 45.8 198.8 7.1 22.0
JULES-accB 10.5 25.5 474 1165 127.5 145.4 4.4 23.5
JULES-accC 8.2 14.0 637 1735 68.6 71.6 5.8 20.3
JULES-accC10 9.1 21.0 458 1014 136.3 124.5 6.5 17.7
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Figure S5: Evaluation of simulated soil carbon profile at mineral soil sites.
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Figure S6: Evaluation of simulated soil carbon profile at organic soil sites.



0.5

Depth (m)
2.0

-3.5

-05

Depth (m)
-2.0

-3.5

2.0 -05

Depth (m)

-3.5

0.5

Depth (m)
-2.0

-3.5

-05

Depth (m)
-2.0

-3.5

2.0 -05

Depth (m)

-3.5

Figure S7
and S6

Abisko Abiskomire
il 9 |
- =
R £ 4
i Z o]
i g N
i a m
i w
T T T T 1 @ T T T
2 6 10 2 [ 10
b b
CA_WP1 Carlow
4 o]
i CE
i £ m
] £ o]
o o
i a 4
p o]
B s e e L e e B s
2 6 10 2 [ 10
b b
Hainich ImnavaitFen
4 o Ty
i S .
a \ E .
N | o
p 5 o
p a J
i w |
I I I I I I ‘? T T U U T I
2 6 10 2 [ 10
b b
Kytalyk
9 |
- =
£ 4
£ o |
g 9]
a n
w |
‘? T T T T T T
2 [ 10
b b
Samoylov Scottycreek
4 o]
i R
i £ m
] £ o]
o o
i a 4
p o]
B e e e QR T
2 6 10 2 [ 10
b b
Svalbard_Ny Turkeypt
4 o
i 3
i £ 4
N z o]
p 5 o
p a J
i w |
I I I I I | ‘? LILEL 1 I 1
2 6 10 2 [ 10
b b

: Clapp-Hornberger ‘b’ exponent in JULES and JULES-Peat. Colours are as in Figures S5

Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
-2.0

-2.0

Depth (m)

Abiskomire_noSnow(

-2.0

-3.5

-0.5

-3.5

-20 -05

-3.5

-20 05

-3.5

-05

-3.5

-0.5

-2.0

-35

ﬁ
2 6 10

b
Chersky

ﬁ
2 6 10

b

ImnavaitRidge

"

Lompolojankka

ﬁ
2 6 10

b

Seidamin

2 6 10

b

Twitchell

T\I‘I
2 6 10

b

Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)
-2.0

-2.0

Depth (m)

-20  -0.5

-3.5

-05

-3.5

20 -05

-3.5

0.5

2.0

-3.5

-05

-3.5

-0.5

-2.0

-3.5

Auchencorth Brasschaat
: o 17
- =
N £ 4
i £ o]
g o
i a 4
i 0 | ‘

T T T L S N B R R
2 6 10 2 6 10
b b
Degero EML

4 e
p e
— E - }
i £ o |
o o
h a i
- \ " N
B o e o T T T
2 6 10 2 6 10
b b
ImnavaitTussock Iskoras
4 o
i . S
h B i
. T o
. 4% o
B a 4
i o |
I U T I I I O? I 1 T T U U
2 6 10 2 6 10
b b
Merbleue PleistocenePark
T o]
. s
i E ] |
] £ o | |
i B o
} g1
i 0 |
LI e s | @ T T T
2 6 10 2 6 10
b b
Seidapeat Siikaneva
4 R
] - 7
1 £ ]
£ o
i 8 S
h a i
. o]

B QT T T
2 6 10 2 6 10
b b

Zackenberg
h 14
T T T
2 6 10

b



Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Abisko Abiskomire
0 ] o |
2 - g
. £ 4
o ] £ o] "
i g o
. a 4
w0 ] © | |
R T L S L T
00 04 08 0.0 04 08
Porosity Porosity
CA_WP1 Carlow
w ] o ,
<] —
. £ 4
o ] £ o]
o & o
a -
0 ] o |
0 e e e L e e B s
00 04 08 0.0 04 08
Porosity Porosity
Hainich ImnavaitFen
uw 7] w T
<] 3]
. £ .
o ] £ o]
Q] & ]
. a 4
0 | 0 ]
(‘:) I I I I I ‘? T T U U T I
00 04 08 0.0 04 08
Porosity Porosity
Kopytkowo Kytalyk
w0 ] ) 0w ] <
= 7fl =<
. £ 4
o ] £ o]
i g o
. a 4
L 0 ]
(‘.') T T T I I ‘?
00 04 08 0.0 04 08
Porosity Porosity
Samoylov Scottycreek
w3 7] w ]
2] ~ %] (
. £ 4
o ] £ o]
o & o
. a -
0 ] o |
L o QR T
00 04 08 0.0 04 08
Porosity Porosity
Svalbard_Ny Turkeypt
w | W | g
<] 3]
. £ .
e | £ o]
Q] & ]
. a 4
0 | 0 ]
(‘:) I I I I I ‘? T T U U T I
00 04 08 0.0 04 08
Porosity Porosity

Figure S8: Porosity

Depth (m)

%

Depth (m)

=

Depth (m)

Depth (m)

)

Depth (m

Depth (m)

Abiskomire_noSnow(

L3

(=
o
o

uy
oy
v

o
o
v
o
o

uy
oy
v

20 -05

-3.5

-20 05

3.5

%

-20  -05

-3.5

-0.5

-2.0

-3.5

00 04 08
Porosity
Che rsky

00 04 08
Porosity

ImnavaitRidge

7

- I I I I T
00 04 08
Porosity

Lompolojankka

00 04 08
Porosity

Seidamin

—

0.0 04 08
Porosity
Twitchell

—

I
0.0 0.4 0.8
Porosity

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

-20  -0.5

-3.5

-20  -0D5

-3.5

20 -05

-3.5

0.5

2.0

-3.5

-20 -05

-3.5

20 -05

-3.5

Auchencorth Brasschaat
1 v -1 . =
- _ ? N /"

. £ .
. o
_ B o
_ a _
: 0 |
ﬂ? T T 1 T T T
00 04 08 0.0 04 08
Porosity Porosity
Degero EML
- o]
] — |
_ £ _
i | £ o]
o o
4 a 4
1] %
B e QT T T
0.0 04 08 0.0 04 08
Porosity Porosity
ImnavaitTussock Iskoras
_ o
_ 3
4 B 4
- Z o
- 4% o
. a .
. o]
_ @
O 0 0. 4 0 8 0. O 0. 4 O 8
Porosity Porosity
Merbleue PleistocenePark
il o ]
- %
. £ .
. o
_ B o
_ a _
_ o
_ -
O 0 0. 4 0 8 0. O 0. 4 O 8
Porosity Porosity
Seidapeat Siikaneva
- o] "
. e
_ £ _
i £ o]
o o
4 a 4
- o]
T T QT T T
0.0 04 08 0.0 04 08
Porosity Porosity

Zackenberg

O 0 0. 4 0 8
Porosity

in JULES and JULES-Peat. Colours are as in Figures S5 and S6



Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Depth (m)

Figure S9: Saturated hydraulic conductivity

and S6

Abisko Abiskomire Abiskomire_noSnow(
o ] w ] / 0
? - < - < —
] E ] E E
o | £ o | £ o £
a7 g a7 g o &
1 o B [a} o
0 ] o | 0
@ 1 T T 1 b T T T 1 o
-4 -2 0 -4 -2 0 -4 -2 0
logo(Keqt) (kg/m/s) log1o(Keai) (kgim*/s) log oK) (kg/m?/s)
CA_WP1 Carlow Chersky
] 4 o f/ 0
<] —~ 9] - 7 _
] E ] E E
o ] £ o] £ o £
a g o o O &
1 o b [a} o
0 ] w ] 0
B e S 9 — ?
-4 -2 0 -4 -2 0 -4 -2 0
10g10(Keq:) (kg/m?/s) log+4(Ksat) (ka/m?s) 10g15(Kzat) (kg/m?/s)
Hainich ImnavaitFen ImnavaitRidge
uw 7] w T ! uy !
cN 1 1
] E ] E ] E
o | £ o | £ o | £
o ] g o] g o] s
1 o 8 [a} R o
0 | w | 0 |
(‘:) T T T T I ‘? I I I T I O? I U U T T
4 2 0 4 2 0 4 2 0
log1o(Ksa) (kg/m?/s) log1o(Ksat) (kg/m?/s) logso(Ksat) (kg/m?/s)
Kopytkowo Kytalyk Lompolojankka
o ] =l w ] 0
? - < - < —
] E ] E E
e | £ o | £ o £
o ] g o] g o g
1 o B [a} o
0 ] o | 0
@ { B S b T T T T o
4 2 0 4 2 0 4 2 0
log o(Kss:) (kg/m/s) log1o(Ksa) (kg/m’s) logo(Ksst) (kg/m/s)
Samoylov Scottycreek Seidamin
0] w | 0
2 —~ 9] - 7 _
] E ] E E
o ] £ o] £ o £
a g o o O &
1 o b [a} o
0 ] w ] 0
B e B e R - e s ?
-4 -2 0 -4 -2 0 -4 -2 0
10g15(K<zt) (kg/m?/s) 0g+(Ksat) (kg/m*/s) 10g15(Kzat) (kg/m?/s)
Svalbard_Ny Turkeypt Twitchell
w ’ w | = w |
3] 3 N
] E ] E ] E
o | £ o | £ o | £
5 ] g o] g o] 3
0 | w | 0 |
(‘:) T T T T I ‘? I I I T I O? I U U T T
4 2 0 4 2 0 4 2 0

log10(Kear) (kg/m/s)

logo{Ksat) (kg/im*/s)

logo(Kzar) (kg/m/s)

in JULES and JULES-Peat. Colours are as in Figures S5

-20  -0.5

-3.5

-20  -0D5

-3.5

20 -05

-3.5

0.5

2.0

-3.5

-20  -0D5

-3.5

20 -05

-3.5

Auchencorth Brasschaat
: lq: o
- =
. £ .
_ £ o]
_ B S
_ a _
i 0 |
T i T 1 T T
-4 -2 0 -4 -2 0
log1o(Kat) (kgim?/s) logo(Ks) (kg/m/s)
Degero EML
_ 7 o] y2m
_ -
_ £ _
i £ o]
o o
- 2 _
11
[ s e e o T T T T
-4 -2 0 -4 -2 0
logio(Ksat) (kg/m?s) 10g+(Kyat) (kg/m?/s)
ImnavaitTussock Iskoras
} o ]
_ f 3
_ £ _
i : o
4 4% ~
_ a ,
i 0 |
I I T T I ﬂ? I T T T L
-4 -2 0 -4 -2 0
logro(Ksat) (kg/m’/s) logso(Ksat) (kg/m/s)
Merbleue PleistocenePark
: o ]
- =
. £ .
_ £ o]
_ B S
_ a _
’ 0 |
T i T T T T
-4 -2 0 -4 -2 0
log1o(Keai) (kg/mss) log1o(Ksat) (kg/m’/s)
Seidapeat Siikaneva
_ o]
_ -
_ £ _
i £ o]
o o
- 2 _
4 o]

LI B s s e
-4 -2 0 -4 -2 0
logio(Ksat) (kg/m?s) l0g+(Keat) (kg/m?/s)
Zackenberg
B I I I T I
-4 -2 0

logio(Keat) (ka/m?/s)



Depth (m) Depth (m) Depth (m) Depth (m)
-2.0

Depth (m)

Depth (m)

Figure S10: Saturated
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Figure S11: Trumpet curve of soil temperature in first 10 years of main run for Abiskomire_noSnowCor.
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Figure S12: Organic layer accumulation/degradation during spin-up (meters).
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