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1. Southern Ocean carbon cycle

Fig. 1: Contemporary air-sea CO; flux (FCO,) in the Southern Ocean.
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Obtained from a the ensemble mean of six pCO; products and ¢ nine CMIP6 ESMs for the historical

period (1995-2014), and b, d their variability computed as one standard deviation. FCO; is given gC m~
2 yr''in all panels. Negative values indicate a flux into the ocean. The fronts are defined according to

Orsi et al.ZL as black lines with the Subtropical Front to the North and the Polar Front to the South. The
zones are defined as the subtropical region north of the Subtropical Front {outer line) to 30°S, the Sub-

Antarctic region between the two fronts, and the Antarctic region to the south of the Polar Front (inner

line). Individual models are shown in Fig. Supplementary Fig. 7.

The Southern Ocean is a strong carbon sink, about 40
percent of the human-produced CO, in the ocean
worldwide was originally absorbed from the atmosphere
into the Southern Ocean, making it one of the most
important carbon sinks on our planet. But measuring the
flux, or exchange, of CO, from the air to the sea has been
challenging.

The carbon sink is attributed to upwelling of cold water from
the deep ocean. Once at the surface, colder, nutrient-rich
water absorbs CO, from the atmosphered usually with the
help of photosynthesizing organisms (Phytoplankton) o
before sinking again.

The warming-driven sea-ice melt, increased ocean
stratification, mixed layer shoaling, and a weaker vertical
carbon gradient is projected to together reduce the winter
de-gassing in the future, which will trigger the switch from
mixing-driven outgassing to solubility-driven uptake in the
Antarctic region during the winter season.



1. Southern Ocean carbon cycle
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The warming-driven sea-ice melt, increased
ocean stratification, mixed layer shoaling, and a
weaker vertical carbon gradient is projected to
together reduce the winter de-gassing in the
future, which will trigger the switch from mixing-
driven outgassing to solubility-driven uptake in
the Antarctic region during the winter season.

The anthropogenic ice sheet melt in Antarctica is projected to slow down the Southern Ocean
overturning and enhance surface stratification which may weaken the northward DIC advection.
Stronger stratification may continue to constrain winter DIC surface-subsurface mixing and
allowing the surface ocean to take up CO, through solubility in winter although sea-ice is abundant,
but this CO, sink may eventually be weakened by poor overturning.



2. Permafrost carbon storage

Permafrost is any ground that remains completely frozend 32£ F (O£ C) or
colderd for at least two years straight.



2. Permafrost carbon storage

Permafrost zone
Glaciers

Il Continuous permafrost (90-100%%)
Il Discontinuous permafrost (50-90%)
I sporadic permafrost (10-50%)
| Isolated permafrost (0-10%) e
Subsea permafrost ”

Biome (“V g

{7 Boreal forest »
7777 Tundra

The permanently frozen grounds are most
common in regions with high mountains
and i n Earthodndan gher
the North and South Poles.

Permafrost area: ~13*10%km?
Permafrost regions 21*10%km?

Subsea Permafrost x

Subsea permafrost in the Arctic is

generally relict terrestrial permafrost,
inundated after the last glaciation and now
degrading under the overlying shelf sea.
Permafrost may, however, also form when the
sea is shallow, permitting sediment freezing
through bottom-fast winter sea ice.

~2.50 *10%km?, original was about 4.7*105km?

The subsea permafrost was inundated since Last Glacial Maximum (LGM, around 21,000 years ago) ¢



2. Permafrost carbon storage

Permafrost
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carbon storage (Gt)

Permafrost carbon is important, while there are
large uncertainties in storage and future emissions.

Permafrost underlies ~25% of
the Northern Hemisphere
land surface and stores an
estimated ~ 1, 79 0

(1, 700 Gt ) of
ground, twice the atmospheric
carbon pool.

The permafrost thaw will
cause a large amount of
carbon to decompose,
Increase atmospheric carbon
dioxide concentration, further
accelerate warming, and form
a positive feedback.

C .



2. Permafrost carbon storage

Carbon pools

Arctic regions

Tarnocai et al., 2009, 1672 Pg 18,782 |

Table 8. Soil Organic Carbon Mass Values to a Depth of 300 cm
for Major Soil Groups

SOCM (Pg)

Soil* 0-100 cm  100-200 cm  200-300 cm 0—-300 cm

Gelisols 351.5 818.0

Turbels 211.9 207.2 162.2 581.3

Orthels 51.3 1.7 0 53.0

Histels 88.3 183.7"
Alfisols 4.6 1.4 0 6.0
Inceptisols 23.2 10.8 0 34.0
Spodosols 28.4 9.4 0 37.8
Aquic suborders 42 28 0 7.0
Mollisols 10.7 2.1 0 12.8
Entisols 6.6 2.1 0 8.7
Histosols 62.2 94.3"
Andisols 1.3 03 0 1.6
Vertisols 0~ 0 0 0
Andisols 2.9 0.7 0 36
Natric suborders 0.2 0 0 0.2
Total 495.8 1024.0

103 km?, 16% of global land area

Table 9. Arcas and Total Organic Carbon Mass Below 300 ¢cm for
Major Deltas in the Northern Permafrost Region

River Delta Area {kmzl Total Carbon Mass® (Pg)
Yukon 5.280" 16

Colville 1,687" 5

Mackenzie 13,500° 41

Lena 43,563" 131

Pechora 8,737° 26

Ob 4,000¢ 12

Kolyma 3.,000° 10

Total 79.767 241

Additionally, deep layers ofyedoma 407Pg

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 23, GB2023, doi:10.1029/2008GB003327, 2009

Soil organic carbon pools in the northern circumpolar permafrost
region

C. Tamnocai,' J. G. Canadell,” E. A. G. Schuur,® P. Kuhry,* G. Mazhitova,>®
and S. Zimov’
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Open Journal of Soil Science, 2013, 3, 132-142

+23* Scientific
http://dx.doi.org/10.4236/0j55.2013.3201 5 Published Online June 2013 (http://www.scirp.org/journal/ojss)

*
*s%» Research

Soil Pedon Carbon and Nitrogen Data for Alaska: An
Analysis and Update

Gary J. Michaelson’, Chien-Lu Ping’, Mark Clark®

Table 1. Properties of the combined USDA-NRCS and UAF updated soil organic carbon (SOC) and nitrogen (N) data set for

Alaska.
Pedons 1n updated data set with
Pedons in updated data set full data to calculate stores

Total Ave. stores’

Region e e e U™ soc N soc N
cm L 11 1/ —-number-- —kg-m -
Arctic 126 (29 - 355) 124 53F 71 124 113 47 2.7
Interior/ Western 111 (14 - 250) 228 193 35 218 171 25 1.5
Aleutians 127 (34 - 183) 14 3 11 12 8 34 23
Southecentral 112 (20 - 254) 136 136 ] 108 65 40 3.0
Southeast 92 (13-177) 156 156 0 147 111 60 32
All areas 110 (13 - 355) 658 541 117 609 468 42 24

TAverage of all pedons, stores averaged are to 100 cm depth or to depth sampled if <100 cm: *30 of these pedons sampled jointly by USDA-NECS in coopera-
tion with TTAF/NSF sponsored projects and samples analyzed by both UAF and USDA-NRCS Nat. Soil Survey Lab.



2. Permafrost carbon storage

Biogeosciences. 11, 6573—6593, 2014
www.biogeosciences.net/11/6573/2014/
doi:10.5194/bg-11-6573-2014

© Author(s) 2014. CC Attribution 3.0 License. Table 4. Summary of areal coverage (% of total permafrost region
CoOod coverage) and total estimated SOC stocks (with % of total) of soil

upscaling classes with reduced thematic resolution.

Estimated stocks of circumpolar permafrost carbon with quantified Soil classes Area SOC stocks

uncertainty ranges and identified data gaps in 0—3 m
. 2 3 . 4 567 g . S0 k.’[lll Po

G. Hugelius", J. Strauss-, S, Zubrzycki”, J. W, Harden”, E. A. G. Schuur”’*’, C.-L. Ping®, L. Schirrmeister-, =

G. Grosse?, G, J. Michaelson®, C. D. Koven®, J. A. O’Donnell'?, B, Elberling!!, U. Mishra!2, P. Camill’?, Z. Yul¥,

J. Palmtag', and P. Kuhry' Turbels® 5.5(31%) 454 (44 %)
Orthels? 2.3(13%) 92 (9 %)
Histels? 1.2 (7%) 147 (14 %)
Total estimated SOC storage for the permafrost region High Arctic soils” 1.1 (6 %) 34 (3 %)
is 1300Pgwith an uncertainty range af100 to g%%'; i‘f“_f EEEE:S gz ET Ejﬂ; é%{i E;’fj?;
. S . 1o Ctie els ; () 6%
1500 Pg. Of thls,SOQ Pgis in nonpermafrqst sons., High Arctic Histels 0.2 (1%) 6(0.6%)
seasonally thawed in the active layer or in deégiis, Gelisols sum-© 10.1 (57%) 727 (70 %)
while 800Pgis perennially frozen Histosols 0.9 (5%) 149 (14 %)
Non-Gelisols, mineral 6.8 (38 %) 158 (15 %)
Total 17.8 x 10°km®>  1035Pg

This represents a substantial300Pglowering of the previous findings



2. Permafrost carbon cycle

Table 1. Average SOC stocks, prediction error, and total predicted SOC stocks for different depth intervals and permafrost regions. Values in
parenthesas are the 95% confidence interval of predictions. RMSE, root mean sguare error.

Maorthern circumpolar permafrost region 5
7.7 %1 I}E:rmi} Tibetan permafrost region (1.1 x 10 km

%

Average Coafficiant Taotal 50C Average Coefficient  Total SOC
ﬁﬂal imj I_?Smﬂ: S0 stni::k I:kRMn?I_E 3 of variation stock jﬂmﬁ; S0 sm;:k I:kRMn?I_E 2 of variation stock
(kg m~) g (%) (Pg C) (kg m ) g 96) PaC

0-0.3 2530 13 (10-25) 6.5 37 (183_447) 173 6(3.5-9) E 105 7410

29 510
(24.5-33.5) 135 48 (432_589) 114 B (6-9.5) 55 119 9.2(7-11)

: 15;15??] 114 2(03-5) 5 65 25 (0.4-6)

175
2-3 538 86100 17.5 100 (142-220] 114 2(1-35) & 42 27 (1-43)

1000
Total (830_1186) 14.4 (9-22)

0-1 2530

1-2 875 15 (12-18) 18 86

SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED ECOLOGY

regression kriging Spatial heterogeneity and environmental predictors
of permafrost region soil organic carbon stocks

Umakant Mishra'*', Gustaf Hugeliusz, Eitan Shelef?, Yuanhe Yang4, Jens Strauss®,

Alexey Lupachev®, Jennifer W. Harden’"?, Julie D. Jastrow’, Chien-Lu Ping®, William J. Riley'’,
Edward A. G. Schuur'’, Roser Matamala', Matthias Siewert'?, Lucas E. Nave'?, Charles D. Koven'®,
Matthias Fuchs®, Juri Palmtag'®, Peter Kuhry? Claire C. Treat®, Sebastian Zubrzycki'®,

Forrest M. Hoffman'®'7, Bo Elbetling'®, Philip Camill'®, Alexandra Veremeeva®, Andrew Orr’



2. Permafrost carbon cycle Carbon pools

. o Storage, patterns, and environmental controls of soil organic carbon stocks in ()

0-30cm 150" W 0-100crtF0° the permafrost regions of the Northern Hemisphere oy

Tonghua Wu *>*, Dong Wang ¢, Cuicui Mu 9, Wenxin Zhang ®¥, Xiaofan Zhu ?, Lin Zhao *#, Ren Li ?, Guojie Hu?,
Defu Zou ?, Jie Chen ?, Xianhua Wei *°, Amin Wen €, Chengpeng Shang *°, Yune La *¢, Peiqing Lou *,
Xin Ma *€, Xiaodong Wu *¢

120° W vl : 120°E  120°W

Table 1. SOC stocks for different permafrost zones

Average SOC stock (kgnr?)

Permafrost type Area (km?) - - - -
- ; A, 0130 cm 01100 cm 01200 cm 071300 cm
Continuous 10.7 1o 9.87 26.23 40.60 48.73
Discontinuous 31 1 12.13 31.34 46.85 56.55
" = Sporadic 35 1 10.99 28.47 44.02 54.19
180° 180° Isolated 35 1o 10.33 24.95 36.93 46.52
Total 20.8 10F 10.47 27.05 41.05 50.23

Table 2. SOC stocks for different permafrost zones

120° W 120°E  120° W - v . 120° E

Average SOC stock (kgnt?)

Permafrost type Area (km?) " - - "
030 cm 0i 100 cm 0i 200 cm 0i 300 cm
Continuous 10.7 10° 105.60 280.64 432.32 521.30
Discontinuous 3.1 i 37.58 97.17 143.24 175.21
. | . Sporadic 35 10 38.46 99.67 152.04 189.56

607 W 3 60° T, 60° W 60° T =
Isolated 35 1ice 36.15 87.31 126.26 162.71
Total 20.8 1o¥ 217.79 562.62 853.86 1044.78
0° 0° . . a o
U ——— The total soil organic carbon storage in 0~300cm in the northern

(kgm?) 2 s 10 15 20 30 50 75 100 300

hemisphere permafrost area is about 1044.78 Pg, of which 521.30 Pg is
SOC stocks for different permafrost regions in the continuous permafrost area.



2. Permafrost carbon cycle Carbon pools

(@) 180° (b) 180°

World soil services
2500 sites

Hugeliuset al 524

QTP Yang 135
QTP Zhao 200

QTP Ding 113

0-30 cm 3422
0-100 cm 2290
0-200 cm 1296

o (o]
®  Samping sites - Forest l:l Grassland - Tundra D Bare land 0'300 cm 720 prOflleS
- Permafrost [:] Cropland - Wetland - Shrub l:] Non-Permafrost

There is a lack of standards for solil classification and vegetation types, it is difficult to collect
samples in permafrost, and it is difficult to obtain horizon information through drilling.



2. Permafrost carbon cycle

Several definitions:

Soil organic carbon
Soll organic matter
Carbon decomposition

Carbon content: %, g/kg
Carbon stocks: kg/m?
Carbon storage: Pg or Tg




How to sample in the meadow?




Pedon -assoil:samplingunit




b, T (S5
e o
B, D
w0 s




Field sketch of soll profile




How to calculate the SOC and TNStorage

1. C & N contents, %

2. Bulk density

3. % area of each horizon in the whole profile

4. Compress the odd shaped horizons into flat layer in the whole profile.
5. calculate C & N stocks of each layer

6. Total C & N stocks of the whole pedon.



3. Observation and monitor

Carbon budget

What we are talking about?

NPP NBP
Short-termMedium-term Long-term
carbon carbon carbon
uptake uptake storage

Mostly, we are talking about NEE

net biome production



3. Observation and monitor Carbon budget
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Jinzhi Ding"?, Leiyi Chen', Chengjun Ji3, Gustaf Hugelius*®, Yingnian Li¢, Li Liu"%, Shugi Qin"?, : ! & !
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Figure 1] Changes in soil organic carbon densit$QCD)
at 0¢30 cm depth from the 2000s to 2010s across

Supplementary Figure |Te picture of sampling design (a), and photos of the Tibetan pel’mafrOS[egiOﬂSRelativeChange rate iﬂ SOCD
original soil pit during the 2000s (b) and resampling soil pit during the 2010s (c). (| n un ItS Of % yi:)

The grassl and ecosystem I n t Hibet Pateaumnaafcarborssink, ar e
and warming will enhance its carbon sink capacity.



3. Observation and monitor Carbon budget
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After a 2-year warming experiment using open-top chambers (OTCs), the change rates of ERR (35.0i 35.2%)
were higher than those of gross primary production (GPP) (27.51 30.3%), while the absolute changes of GPP
were greater than ERR. The average daytime NEE decreased by 16.5% to 21.3%, indicating more carbon
assimilation was enhanced by the experimental warming.
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JGR Biogeosciences
. . . 0
RESEARCH ARTICLE  Tundra Underlain By Thawing Permafrost Persistently
10-1029/20201600604 Emits Carbon to the Atmosphere Over 15 Years of e .
Edward Schuur, Rosvel Bracho, and Measurements F
Gerardo Celis are co-equal authors.
e Edward A.G. Schuur' ©©, Rosvel Bracho?, Gerardo Celis' I, E. Fay Belshe?, Chris Ebert"
Key Points: Justin Ledman', Marguerite Mauritz™* ©, Elaine F. Pegoraro® (), César Plaza*®
+ Fifteen years of measurements Heidi Rodenhizer' 2, Vladimir Romanovsky” 1, Christina Schidel® (2,
reveal llUﬂ;ira tobe -'i[ PEf:islenl . David Schirokauer® (), Meghan Taylor"® (), Jason G. Vogel’, and Elizabeth E. Webb® -5
annual net source of carbon to the
atmosphere where permafrost is ‘Center for Ecosystem Science and Society, Department of Biological Sciences, Northern Arizona University, Flagstaff,
ifgradlng - AZ, USA, *School of Forest, Fisheries, and Geomatics Sciences, University of Florida, Gainesville, FL, USA, *School
+ Plant and microbial activity . ) . . P
increased from historical levels such of Natural Resources and Environment, University of Florida, Gainesville, FL, USA, *University of Texas, El Paso, TX, Fub il
that respiration losses in most years USA, *Departamento de Biologia y Geologia, Fisica y Quimica Inorgdnica, Escuela Superior de Ciencias Experimentales s
overwhelmed productivity gains y Tecnologia, Universidad Rey Juan Carlos, Mostoles, Spain, “Instituto de Ciencias Agrarias, Consejo Superior de T_
+ The longer successional ijnamicsof Investigaciones Cientificas, Madrid, Spain, "University of Alaska, Fairbanks, AK, USA, *Denali National Park and Nb-u
g:ims suggests that respiration may Preserve, Denali Park, AK, USA, "Yale School of the Environment, Yale University, New Haven, CT, USA 1 o
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How to monitor carbon flux

Though chamber
methods have
limitations, including
sensitivity to chamber
design and sampling
conditions, this
methodology allowed
us to compare fluxes
among small scale
patch types to identify
the Recoand NEE

Chamber monitoring for
Ecosystem Respiration

Example NEE base and chamber for
measurement, thecustom bases had a
groove that we filled with water to assure an
airtight seal with the chamber.



How to monitor carbon flux

E Measurements occurred between 9:00 to 11:00 a.m. at local time, a time period that is
typically representative of daily mean temperature and gas flux

E In order to quantify CH, and Nitrous oxide (N,O) fluxes, the same custom bases and
chambers as for NEE can be used but after covering the chamber with an opaque
cloth.

E During each 15-minute measurement, air can be sampled at 5-minute intervals with an
airtight syringe that was used to inject into air sampling bags, bring back to the
laboratory for analysis of CH, and N,O by a gas chromatography

E Meanwhile, a small soil core (e.g. 5 cm diameter, 10 cm depth) adjacent to each site
should be collected to determine soil moisture, pH, SOC, total nitrogen (TN), water-
extractable dissolved organic carbon (DOC), and conductivity. Also, soil temperature,
photosynthetically active radiation within the NEE chambers should be measured.



How to monitor carbon flux

Eddy covariance tower fluxes

The CQeddy covariance flux data of can be
downloaded fronrAmeriFlux
(https://ameriflux.lbl.gow

Asia Flux
(https://db.cger.nies.go.jp/asiafluxdb/?page_id=16)
EuropeFlux(http://www.europe
fluxdata.eu/home/data/requekita).

The eddy covariance fluxes were calculated for
every 30min interval using the raw data
processing softwareddyPro(LI-COR Inc.)

CH, and CO, flux measurements carried out at the
NGEE-Arctic/AmeriFlux US-NGC Council, Alaska site,
which is a lichen-rich subarctic tussock tundra on
underlying continuous permarfrost.


https://ameriflux.lbl.gov/

3. Observation and monitor Carbon budget

a)

¢ Eddy covanance o : :
Monitoring sites in the Northern

Permafrost
1. Monitoring sites are sparse

e Borehole

§ 2. Lack of continuousmonitoring
data
) 3. Different frequency and indices
Permafrost % 4. Data were not calibrated

. Continuous

- Discontimuous
Sporadic

O S

Isolated 60y, AW



4. Simulation of permafrost carbon cycle
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4. Simulation of permafrost carbon cycle

Initial permafrost

Initial carbon pool Model

Permafrost degradation Carbon loss Pg,-2100

area
Simulated476Pg ~141 10P kP ORCHIDEE model ~ '° 210033(?/0”6336 2
. : To 2200 decrease by
Upper 3m414Pg 13 1P kn? SiBCASA model 20.59%
Upper 3 m600-1000Pg N.A. MAGICC6 e 210053(;”6""56 R
Upper 3'329”837'1206 N.A. UVic ESCM N.A.
N.A. Slmulatefr.r?ZS.El s CIMP5 models output N.A.
Upper 3m952 ~23 105k LPJImL To 210022(;crease 2
Simulated : : To 2080 decrease by
Upper 3m951Pg 23§ 108 kir? Simple regression 65%
N.A. _ >50E N VM TEM N.A.
PermafrOStp'gyemoqoo N. A OSCAR v2.2.1 NLA.
Permafrost regions NA Hector NA
825\150Pg o o
N. A. ~15.861 106 kn? Random forest N. A.
N.A. ~16.951 106 kn? Boosted regression tree N.A.

62 N7 Pg
104\37 Pg
63 Pg
174Pg
9-90 Pg
75-120Pg

50-250Pg
5-33Pg

59 Pg

408 Pg

~0Pg
N. A.

Reference
(Koven et al., 2011)

(Schaefer et al., 2011

(Schneider von
Deimling et al., 2012)

(MacDougall et al.,
2012)

(Burke et al., 2013)

(Schaphoffet al.,
2013)

(Burke et al., 2012)
(Zhuang et al., 2006)

(Gasser et al., 2018)

(Woodard et al., 2021

(Mu et al., 2023)
(Natali et al., 2019)



4. Simulation of permafrost carbon cycle

A Most of the models in the Earth system model are developed from the biogeochemistry
module. For example, CLM -CN was developed from Biome -BGC (Thornton et al., 2005)
and CENTURAY/DAYCENT (Parton et al., 1988).

A The descriptions of soil carbon decomposition are very similar, mainly divided into
different carbon pools, and then calculated based on the temperature sensitivity of
carbon decomposition. It is often expressed by Q 10 Or the Arrhenius equation with similar
effects.

A The carbon decomposition rate and moisture content both show a single upward trend
or an upward and then downward trend. In addition, some models such as CCSM4,

NorESM1 and BCC -CSML1.1 include nitrogen interactions (Todd  -Brown et al., 2013).



4. Simulation of permafrost carbon cycle

A MIROC developedn JapanMPI-ESM-LR developedn Germany,and HadGEM2-CC
In the United Kingdom alsoconsiderthe impactof permafrosto a certainextentin the
land module,but it is recognizedhat they cannotwell representhe physicalprocesses

andmulti-year processesf permafrost Frozensoil carbonprocess

A Two of the 11 ESMsusedin IPCG5 include permafrostcarbonmodules,oneis CESM
and the other is NorESM developedin Norway Both modelsuse CLM5 as the land

module Therefore the simulationresultsof thetwo modelsaresimilar



4. Simulation of permafrost carbon cycle

A In the permafrost regions, the freezethaw processof soil has a significant impact on
vegetationgrowth and carbon balance

A The freezing temperature usedto determine the occurrence of phasechangeshould not be a constant

A The virtual temperature and consideringthe phasechangeefficiency (Y18) in CLM 4.5 canimprove the
accuracy of soil temperature and moisture simulation accuracy.

A We selectedAlaskan tundra and forest sitesto evaluatethe simulation performance of CLM 5.0 in soil

temperature and carbon cycle To explore the impact of this scheme(Y 18) on the carbon cycle
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Fig. Alaskan permafrost distribution
(Jorgenson et al., 2008)

A Geographic location:

High-latitude (54 N~71 N 130 W~173 W)

A Climatic characteristics:

Abundant precipitation (mainly in snowfall).

A Permafrost characteristics:
Permafrost accounts forabout 80%
Continuous permarfrost (29%)
Discontinuous permafrost (35%)
Sporadic permafrost (8%)

Island permafrost (8%)
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Fig. Locations of the observation sites and
the land cover type in Alaska.
Table 1. Information of the observation sites in Alaska
) Average annual  Average annual
Vegetation
Site Period Longitude, latitude Elevation /m precipitation Temperature
type
P /mm /°C
US-Atq  2004-2008 Tundra 157.409° W,70.470° N 15 93 9.7
coniferous
US-Prr 2011-2013 147.488° W,65.124° N 210 275 -2
forest

Note: the data period of Average annual precipitation (mm) and Average annual Temperature (°C) is 1999-2008 for

US-Atg, and 2011-2016 for US-Prr.

A Vegetation type:

The main land cover types aregundra and forest.

A Site information:

US-Atg: continuous permafrost (about 100 km south
of Barrow, Alaska. The vegetation type is tundra(wet

coastal sedge)

US-Prr: discontinuous permafrost (central Alaska).
The vegetation type is evergreen coniferous forest
(black spruce forest)
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2. Materials and methods Methods

Data and Model experiments Table . Conversion of vegetation types between CLM

CLM_PFT IGBP

Evergreen needleleaf forests (ENF)

A Data:
Evergreen broadleaf forests (EBF)

FLUXNETZ2015 (GPP and NEE)

Deciduous needleleaf forests DNF~

. . . Decid broadleaf f ts (DBF
AmeriFlux (Forcing Data and Soil Temperature) selltions Ber g s (IEF
Mixed forests (MF)

9-11 Closed shrublands (CSH)

A Model: Biogeochemistre CLM5.0-BGC
9-11 Open shrublands (OSH)

A Calibration:

Woody savannas (WSA)
Savannas (SAV)

H

Soll texture data(Measured and GSDE)

12-14 Grasslands (GRA)

= | e
o o | = 0 N

Plant functional type (US-Atg: combination of shrubs Croplands (CRO)

and Arctic C3 grass; USPrr: Boreal Needleleaf _ _ _ _
A Aim: Simulating soil temperature

and carbon cycle o GPPY NEEJ _

evergreen tree



4. Simulation of permafrost carbon cycle

Modification of Freeze  -thaw Parameterizations

A Virtual temperature , phase change efficiency and the impact of phase change on soil thermal conductiere added
to CLM5.0 (Yang et al., 2018)

p T Y YO O'YWE Q m o QhL 0t Q
4 . — Virtual temperature
prv R — YOYGEQ @ p [ QQaQ: 0
f_ ~ ~
— QI QQ@MNEWQI i -
_ ~ T n N\ v hase change efficienc
- (@ (@Y®j 0 )("Ys  "Y)- g J 4
— N QML NE QOQI i
| —
. . O . . . . the impact of phase change
Y Y g8y )l co o) (p 1)(0 o )J- on soil thermal conduction
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4. Simulation of permafrost carbon cycle

Model experiments

Table 3. Designs of Single-Point offline Numerical Experiments by CLMS.0

Experiment Surface data Forcing data Freeze-thaw

Expl Default Observed Default EXpl uses default surface data and freezihaw processes

Exp2 Observed Observed Default EXP2 Uses observed surface data and default freezeaw processe:
Exp3 uses default surface data and Y18 schemes

Exp3 Default Observed YIS
Exp4 uses observed surface data and Y18 schemes

Exp4 Observed Observed YIS

Exp5 Default Observed Virtual Temperature EXP5 uses default surface data and Virtual temperature

Exp6 Observed Observed Virtual Temperature EXP6 Uses observed surface data and Virtual temperature

We should expect that Exp4 and Exp 6 have higher accuracy
because these experiments used observed site data, forcing data,
and improved the freezéhaw processes 37

Y18: phase change efficiency



4. Simulation of permafrost carbon cycle

Statistical Analysis

A Coefficient of determination(R2), Root Mean Square Error(RMSE), Mean Absolute Error(MAE),
Mean Bias Error(MBE) , Normalized NashSuitcliffe efficiency coefficient\NNSE)

2 _ Zi (Mi=0p2 _1|oN
=002 MAE = S[EZ,(M: = 0)] -

—IyYN (M. —0) -
RMSE — JﬁZ{V:l(M[ - 01)2_ s MBE _ NZ]‘:=1(M]': O[)

_ o X0 - My)?
L O o)
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4. Simulation of permafrost carbon cycle

A CLM 5.0 can effectively simulate

the seasonalchanges of surface

soil temperature at the tundra

b = .

~
n
Scm Soil Temperature (°C)

2¢m Soil Temperature (°C)
K
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=

A The simulation result during the
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W

accuracy compared to the

25
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~
n

freezing period.
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Fig. Simulated and observed Soil temperature values at the daily scale.

A For the tundra site, the simulation generally underestimatedthe temperature

during freezing period
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A Compared with the default simulation (Exp1), the error of simulating surface soil temperature using
replaced soll texture data and corrected for PFT (Exp2) has decreased,with an average RMSE

decreaseof about 0.12 (about 10%).

A After adding virtual temperature and other schemesn the model (Exp3 and Exp4), the R2 value for

the simulation results during the freezing period hasslightly improvement.
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2Ccm 5cm

Fig. Simulated and observed Soil temperature values at the daily scale.
A For the forest site, the model underestimated during freezing period and

overestimatedthe temperature during thawing period.

A The simulation result during the
thawing period showed higher
accuracy compared to the

freezing period.

A Compared with the results of the
forest site, CLM 5.0 has higher
accuracy for the tundra site, the
RMSE and MBE are lower by
258 and 0.06 ,respectively



