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Outline	  

•  Intro:	  how	  do	  high-‐la4tude	  terrestrial	  
ecosystems	  fit	  into	  the	  global	  carbon	  cycle?	  

•  Boreal	  forest,	  tundra,	  and	  vegeta4on	  C	  
dynamics	  

•  Permafrost	  and	  soil	  C	  dynamics	  



High	  la4tude	  C	  cycle:	  	  
Large	  stocks,	  Small	  fluxes	  
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Figure 27: Data-driven ranges and individual results of latitudinal GPP means.
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Beer	  et	  al.,	  2010	  

…plus	  permafrost	  
	  C	  below	  1m	  

GPP	  
Vegeta4on	  C	  

Soil	  C	  to	  1m	  

m = fτ
Poleward	  trend	  in	  decomposi4on	  	  
goes	  to	  zero	  faster	  than	  produc4vity	  	  



Problem:	  Huge	  amount	  of	  organic	  carbon	  in	  
permafrost	  soils.	  	  How	  does	  this	  carbon	  interact	  

with	  climate	  change?	  

515

Chapter 7 Couplings Between Changes in the Climate System and Biogeochemistry

change (primarily deforestation) (Table 7.1). Almost 45% of 
combined anthropogenic CO2 emissions (fossil fuel plus land 
use) have remained in the atmosphere. Oceans are estimated to 
have taken up approximately 30% (about 118 ± 19 GtC: Sabine 
et al., 2004a; Figure 7.3), an amount that can be accounted for 
by increased atmospheric concentration of CO2 without any 
change in ocean circulation or biology. Terrestrial ecosystems 
have taken up the rest through growth of replacement vegetation 
on cleared land, land management practices and the fertilizing 
effects of elevated CO2

Because CO2
in the ocean, the biological pump does not take up and store 
anthropogenic carbon directly. Rather, marine biological cycling 
of carbon may undergo changes due to high CO2 concentrations, 
via feedbacks in response to a changing climate. The speed with 
which anthropogenic CO2 is taken up effectively by the ocean, 
however, depends on how quickly surface waters are transported 
and mixed into the intermediate and deep layers of the ocean. A 
considerable amount of anthropogenic CO2 can be buffered or 
neutralized by dissolution of CaCO3 from surface sediments in 
the deep sea, but this process requires many thousands of years. 

The increase in the atmospheric CO2 concentration relative 
to the emissions from fossil fuels and cement production only 

2 Land emissions, 

complication that much land emission from logging and 
clearing of forests may be compensated a few years later by 

uptake associated with regrowth. The ‘airborne fraction of total 
2 increase as a 

fraction of total anthropogenic CO2 emissions, including the net 

mainly due to the effect of interannual variability in land uptake 
(see Section 7.3.2). 

7.3.1.3 New Developments in Knowledge of the Carbon 
Cycle Since the Third Assessment Report

Sections 7.3.2 to 7.3.5 describe where knowledge and 

Assessment Report (TAR). In particular, the budget of 
anthropogenic CO2
can be calculated with improved accuracy. In the ocean, newly 
available high-quality data on the ocean carbon system have 
been used to construct robust estimates of the cumulative 
ocean burden of anthropogenic carbon (Sabine et al., 2004a) 
and associated changes in the carbonate system (Feely et al., 
2004). The pH in the surface ocean is decreasing, indicating the 
need to understand both its interaction with a changing climate 
and the potential impact on organisms in the ocean (e.g., Orr 
et al., 2005; Royal Society, 2005). On land, there is a better 
understanding of the contribution to the buildup of CO2 in the 
atmosphere since 1750 associated with land use and of how 
the land surface and the terrestrial biosphere interact with a 
changing climate. Globally, inverse techniques used to infer the 

Figure 7.3. The global carbon cycle for the 1990s, showing the main annual fluxes in GtC yr–1: pre-industrial ‘natural’ fluxes in black and ‘anthropogenic’ fluxes in red 
(modified from Sarmiento and Gruber, 2006, with changes in pool sizes from Sabine et al., 2004a). The net terrestrial loss of –39 GtC is inferred from cumulative fossil fuel 
emissions minus atmospheric increase minus ocean storage. The loss of –140 GtC from the ‘vegetation, soil and detritus’ compartment represents the cumulative emissions 
from land use change (Houghton, 2003), and requires a terrestrial biosphere sink of 101 GtC (in Sabine et al., given only as ranges of –140 to –80 GtC and 61 to 141 GtC, 
respectively; other uncertainties given in their Table 1). Net anthropogenic exchanges with the atmosphere are from Column 5 ‘AR4’ in Table 7.1. Gross fluxes generally have 
uncertainties of more than ±20% but fractional amounts have been retained to achieve overall balance when including estimates in fractions of GtC yr–1 for riverine transport, 
weathering, deep ocean burial, etc. ‘GPP’ is annual gross (terrestrial) primary production. Atmospheric carbon content and all cumulative fluxes since 1750 are as of end 1994.

2 This definition follows the usage of C. Keeling, distinct from that of Oeschger et al. (1980).

IPCC,	  2007	  

Permafrost	  
1500	  



Classic	  view	  of	  terrestrial	  carbon-‐
climate	  feedback	  

transport of carbon and nutrients to the surface layer lead to
reduced biological production and surface phosphate (data not
shown); the net biological effect is to lower surface pCO2 and
increase ocean uptake, thus partially compensating for the
slower physical circulation. Integrated production in the South-
ern Ocean remains about the same, although it tends to shift
poleward because of a change in ocean upwelling patterns.

Land Carbon Sink. The cumulative land sinks in the transient
experiments result from the differing sensitivities of NPP and
respiration to changes in CO2, light, temperature, and moisture
regimes, and their competitive effects on carbon inventory in
vegetation and soils. In general, warming and moistening would
accelerate NPP and increase vegetation biomass, and would
shorten the turnover time of soils.

For both A1B and A2 emission scenarios, the CO2 fertilization
sink on land is only slightly lower, by !20 PgC, in the experi-
ments with carbon–climate coupling than in those without
(Table 2). For experiments without CO2 fertilization (A2!RO
and A2!O), the land acts as a small net source to the atmosphere
with carbon–climate coupling. This result is very different from
those of other similar models (1–3, 20, 21), in which climate
feedbacks lead to massive destabilization of the land sink. Here,

we focus on the experiments with the higher emission scenario
(A2) and hence greater potential for carbon–climate feedback.
Experiment A2!OL shows a cumulative net flux (or biomass
increase) of 445 PgC into the biosphere in the 21st century,
because there is CO2 fertilization. The effect of carbon–climate
coupling on the land sink is shown as !Biomass (sum of
vegetation and soil carbon pools) at an atmospheric CO2 con-
centration of 765 ppmv (Fig. 2b). Compared with A2!OL,
A2!ROL has less uptake in the tropics and greater uptake in high
latitudes, so that globally there is little change between the two
experiments.

Soil moisture is the difference between precipitation and
temperature-dependent evapotranspiration. With warm cli-
mates, the demand for moisture exceeds the supply even though
there may be an increase in rainfall, so that there is a tendency
in the model for warming to lead to drier regimes in warm
regions (tropics, summer) and to wetter regimes in cold regions
(Fig. 3a). The consequence of these differing hydrologic regimes
is seen in Fig. 3b, the regression of annual mean !NPP against
annual mean !Tair. At low latitudes, the regression coefficient is
negative; i.e., NPP is lower in the warmer world because of soil
dessication. At middle to high latitudes, NPP is higher in
A2!ROL compared with A2!OL because of more favorable

Fig. 2. The impact of carbon–climate feedback on carbon storage. (a) Difference in column inventory of dissolved inorganic carbon between experiments
A2!ROL and A2!OL due to effects of changing ocean circulation and ocean biogeochemistry. The inventories are averaged over times when the atmospheric CO2

mixing ratio is 765 ppmv (i.e., 2094–2098 AD in A2!ROL and 2096–2100 in A2!OL). (b) Like a, but for terrestrial carbon inventory. Unit is gC!m2.

Fig. 3. Regional differences in the change in hydrologic regime and ecosystem productivity with global warming. (a) Correlation between annual mean !Tair

and !"iran for the 21st century. "iran is an index (between 0 and 1) of soil moisture saturation. (b) Regression (in kgC!m2 per yr per K) of annual mean !NPP against
annual mean !Tair. ! is defined as the difference between experiments A2!ROL and A2!OL for the 21st century.

11204 " www.pnas.org!cgi!doi!10.1073!pnas.0504949102 Fung et al.
Fung	  et	  al.,	  2005	  



C4MIP	  (Friedlingstein	  et	  al.,	  2006)	  genera4on	  of	  global	  coupled	  carbon-‐
climate	  models	  mostly	  show	  weak	  high-‐la4tude	  terrestrial	  carbon	  sink	  due	  

to	  warming.	  	  

How	  does	  response	  to	  warming	  change	  if	  we	  add	  more	  complex	  
representa4ons	  of	  these	  ecosystems?	  



Boreal	  forest,	  tundra,	  and	  vegeta4on	  C	  
dynamics	  



Climate	  Analogs	  

(19), and neotropical cloud montane forests (16, 17). Our
analysis places these regional alarms in a global context and goes
further by showing that, in many cases, these climates may
disappear entirely from the global set of end-21st-century cli-
mates. The areas of disappearing climates closely overlay regions
identified as critical hotspots of biological diversity and ende-
mism, including the Andes, Mesoamerica, southern and eastern

Africa, Himalayas, Philippines, and Wallacea (28). In these
areas, elevated risks of extinction are likely, as is the disruption
and disaggregation of extant communities (8).

Even with a conservative estimate of dispersal constraints, dis-
persal limitations greatly increase the risk that species will experi-
ence the loss of extant climates or the occurrence of novel climates
(Figs. 2 and 3). Efforts to conserve biological diversity in the face

Novel Climates

A2 B1

Disappearing Climates

Local Change

A B

D

F

C

E

Fig. 2. Mapped indices of climate change risk for
local climate change (A and B), novel 21st-century
climates (C and D), and disappearing 20th-century cli-
mates (E and F). (A) Local climatic change for the A2
scenario, represented by the SED between the 20th-
and 21st-century climate realizations for each grid-
point. The color bar is scaled so that SED3SEDt (see
Materials and Methods) are yellow to red. (B) As in A
but for the B1 scenario. Locally high values over the
Sahara, Arabian Peninsula, and southwestern Asia are
an artifact of zero precipitation and precipitation vari-
ance simulated by the MRI–CGCM2.3.2 and CCSM3
models. In other models, the SED scores for these lo-
cations are similar to those of neighboring gridpoints.
(C) Maps of the SEDmin between the 21st-century real-
ization for each gridpoint and the set of 20th-century
climate realizations (A2 scenario). High dissimilarities
indicate risk of novel climates. (D) As in C but for the B1
scenario. (E) Maps of the SEDmin between the 20th-
century realization for each gridpoint and the set of
21st-century climate realizations (A2 scenario). High
dissimilarities indicate risk of disappearing climates. (F)
As in E but for the B1 scenario. (C–F) The pool of
potential climatic analogs is global.

A2 B1Novel Climates

Disappearing Climates
A B

DC

Fig. 3. A–DcorrespondtoC–F inFig.1,except,here, thepoolofpotentialanalogs is restrictedtogridpointswithin500kmofeachtargetgridpoint. (A) SEDmin between
the 21st-century realization for each gridpoint and the set of 20th-century climate realizations (A2 scenario). High dissimilarities indicate risk of regionally novel
21st-century climates. (B) As in A but for the B1 scenario. (C) SEDmin between the 20th-century realization for each gridpoint and the set of 21st-century climate
realizations (A2 scenario). High dissimilarities indicate risk of regionally disappearing 20th-century climates. (D) As in C but for the B1 scenario.

5740 ! www.pnas.org"cgi"doi"10.1073"pnas.0606292104 Williams et al.

Williams	  et	  al.,	  2007	  

SED:	  Standard	  Euclidean	  Distance	  
µi,ref	  and	  µi,mod:	  means	  of	  variable	  I	  
σi,ref:	  standard	  devia4on	  variable	  i	  

Compare	  across	  two	  4me	  periods	  
(reference	  and	  modified):	  

SED =

�
�

i

(µi,ref − µi,mod)
2

σ2
i,ref



Climate	  Analog	  Velocity:	  
Mean	  change	  across	  21	  CMIP5	  climate	  models:	  

(Hist:	  1960-‐1989)	  -‐>	  (RCP4.5:	  2040-‐2060)	  

Speed	  (km	  /	  yr)	  
Arrow	  length	  =	  distance	  travelled	  by	  best	  climate	  analog	  in	  between	  2	  periods	  

Koven,	  Nature	  Geosci.,	  2013	  



Two	  senses:	  where	  is	  climate	  going	  to	  
and	  where	  is	  climate	  coming	  from?	  

Koven,	  2013	  



Assume	  that	  equilibrium	  carbon	  stocks	  are	  best	  es4mated	  by,	  
and	  move	  with,	  their	  reference	  historical	  climate—carbon	  
change	  then	  becomes	  analogous	  to	  a	  transport	  problem	  

Ini4al	  Cveg	  with	  climate	  vectors	  (kg	  C	  m-‐2)	  

Compare	  this	  idea	  of	  carbon	  change	  to	  tradi4onal	  fixed-‐grid	  perspec4ve	  of	  ESMs.	  Do	  they	  agree?	  

Koven,	  2013	  
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CMIP5	  “esmfdbk2”	  models	  

Koven,	  2013	  

Ini4al	  vegeta4on	  C	   Transport	  ∆C	   ESM	  ∆C	  



CMIP5	  “esmfdbk2”	  models	  

Koven,	  2013	  

Ini4al	  vegeta4on	  C	   Transport	  ∆C	   ESM	  ∆C	  



Observa4ons:	  greening/browning	  
trends	  from	  remote	  sensing	  
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Due to an error in our implementation of the Vogelsang
test (Vogelsang 1998), the criterion used to determine
where trends in remotely sensed gross productivity (Prs)
were deemed deterministic at α = 0.05 was overly le-
nient. This resulted in an overestimation of the total
geographical area exhibiting deterministic Prs trends at

Figure 2. Trends in remotely sensed gross productivity (Prs) between 1982 and 2008. Gray shading indicates the trend was
non-deterministic based on a Vogelsang test (α = 0.05 in the top panel and α = 0.1 in the bottom panel). Areas in white were excluded
from the analysis, as described in the text.

α = 0.05. This error affected figures 2, 3, 4 and 5 but
does not modify any of the conclusions drawn from the
analysis.

Corrected versions of the figures are included below.
In addition, but unrelated, titles of the panels in figure 3

were inadvertently omitted. They are included here.

11748-9326/12/029501+03$33.00 c� 2012 IOP Publishing Ltd Printed in the UK

Beck	  and	  Goetz,	  2011	  



Conclusions—Part	  1	  

•  Climate	  analog	  approach	  may	  be	  a	  useful	  qualita4ve	  
constraint	  for	  comparing	  to	  process-‐based	  models:	  	  
–  Are	  the	  relevant	  processes	  included?	  

•  Majority	  of	  CMIP5	  models	  show	  broad	  vegeta4on	  C	  gains	  
throughout	  boreal	  region	  as	  forest	  expands	  northward	  

•  Climate-‐analog	  view	  suggests	  that	  this	  will	  be	  a	  poleward	  
shio	  rather	  than	  an	  expansion,	  with	  C	  gains	  at	  northern	  
edge	  offset	  by	  losses	  at	  Southern	  boundary	  

•  Models	  need	  to	  increase	  mechanis4c	  representa4on	  of	  the	  
forest	  disturbance	  and	  mortality	  processes	  that	  would	  lead	  
to	  this	  shio	  to	  beqer	  es4mate	  the	  likelihood,	  magnitude	  
and	  4mescale	  of	  these	  losses	  



Permafrost	  and	  soil	  C	  dynamics	  



What	  is	  Permafrost?	  
Con4nuous	  

D
iscon4nuous	  

Sporadic	  

Isolated	  



Why	  so	  much	  C	  in	  permafrost	  soils?	  



High	  concentra4ons	  of	  C	  in	  permafrost	  soils,	  in	  both	  surface	  
and	  deeper	  soil	  layers	  

Data	  from	  NCSCD:	  Tarnocai	  et	  al.	  (2007),	  Hugelius	  et	  al.	  (2012)	  



…	  but	  there	  are	  vast	  areas,	  par4cularly	  in	  Siberia,	  where	  we	  
have	  no	  pedon	  observa4ons	  

!"

Figure 1. Geographical distribution of pedons with data in the 100–300 cm depth range in the northern #$%
circumpolar permafrost region. Pedons are shown according to NCSCD upscaling classes. Permafrost #&"
zonation from Brown et al. (2002). Exact pedon locations have been manipulated for cartographic #&!
representation; projection: Azimuthal Equidistant, datum: WGS84.#&'

 #&( Hugelius	  et	  al.,	  ESSDD,	  2013	  



Cryoturba4on:	  Turbel	  soils	  

• 	  Warping	  of	  soil	  horizons	  by	  
freeze-‐thaw	  processes	  
• 	  Buries	  surface	  organic	  material	  
into	  permafrost	  layers	  
• 	  Mixes	  organic	  and	  mineral	  soil	  
material	  to	  make	  C-‐rich	  mineral	  
soil	  layers	  
• 	  Responsible	  for	  forma4on	  of	  
much	  of	  the	  frozen	  C	  pools	  in	  
permafrost	  soils	  

Photo:	  Soil	  Atlas	  of	  the	  
Northern	  Circumpolar	  
Region	  



Peat	  Accumula4on:	  Histosol,	  Histel	  soils	  

• 	  Accumula4on	  of	  organic	  
maqer	  in	  waterlogged	  and/or	  
frozen	  soils	  
• 	  Highest	  C	  contents,	  but	  
smaller	  frac4on	  of	  surface	  area	  
• 	  Saturated	  soils	  are	  important	  
CH4	  sources	  

Photo:	  Soil	  Atlas	  of	  the	  
Northern	  Circumpolar	  
Region	  



Yedoma:	  Deep,	  C-‐rich	  and	  ice-‐rich	  
Pleistocene	  permafrost	  sediments	  

Photo:	  Katey	  Walter	  

• 	  Deep:	  can	  be	  30m	  thick	  
in	  places	  
• 	  Very	  ice-‐rich	  
• 	  Formed	  during	  glacial	  
periods	  from	  wind-‐	  and	  
river-‐transported	  
sediments	  
• 	  Deposits	  in	  interior	  
Alaska	  and	  eastern	  
Siberia	  
• Not	  included	  in	  soil	  C	  
maps	  (which	  go	  to	  1-‐3m)	  



Of	  the	  three	  suborders	  of	  permafrost	  soils,	  largest	  amount	  of	  near-‐surface	  C	  is	  
in	  turbel	  soils,	  because	  they	  are	  both	  C-‐rich	  and	  widespread.	  

Harden,	  Koven,	  et	  al.,	  GRL,	  2012	  



CMIP5	  projec4ons	  of	  
permafrost	  extent	  

• Agreement	  among	  
models	  that	  
permafrost	  will	  thaw	  
with	  warming	  

• Large	  disagreement	  in	  
ini4al	  permafrost	  areas	  
indica4ve	  of	  
shortcomings	  in	  soil	  
and	  snow	  physics	  

• None	  of	  the	  models	  
include	  permafrost	  C	  

Koven	  et	  al.,	  J.	  Clim.,	  2012	  



Need	  to	  have	  model	  that	  can	  track	  carbon	  dynamics	  for	  
both	  surface	  and	  deep	  soils;	  here	  we	  modify	  land	  model	  
to	  explicitly	  represent	  ver4cal	  profile	  of	  soil	  carbon	  and	  
its	  temperature-‐,	  moisture-‐,	  and	  oxygen-‐dependent	  

residence	  4me	  



Effect	  is	  to	  make	  soil	  carbon	  cycling	  depth-‐dependant	  
with	  greatly	  reduced	  decomposi4on	  in	  permafrost	  

Example:	  10	  years	  at	  Barrow,	  Alaska	  (x-‐axes	  below	  are	  4me	  in	  months):	  	  
what	  are	  the	  depth-‐resolved	  environmental	  controls	  on	  C	  turnover?	  

Temperature:	  Q10=2	   Moisture:	  func4on	  of	  
soil	  (liquid)	  water	  tension	  

Oxygen:	  supply	  must	  meet	  
	  stoichiometric	  demand	  	  



•  Carbon	  input	  S,	  based	  on	  roo4ng	  profile,	  only	  in	  the	  ac4ve	  layer	  
•  k,	  decomposi4on	  rate	  constant,	  is	  func4on	  of	  temperature,	  

moisture,	  oxygen,	  depth	  
•  Mixing	  below	  ac4ve	  layer	  allows	  carbon	  to	  be	  subducted	  into	  upper	  

permafrost	  

Ver4cal	  mixing	  by	  cryoturba4on	  modeled	  as	  
diffusive	  transport	  

∂Ci(z)

∂t
= S(z)− kCi(z) +

∂

∂z

�
D(z)

∂Ci

∂z

�



Experiments	  using	  ORCHIDEE	  
land	  model	  

Experiment 
Name Processes included Parameter values tested 

Control 
Standard ORCHIDEE + vertical 
discretization of soil carbon; improved 
snow insulation and ice latent heat 

Freeze Control + Inhibition of soil C 
decomposition when frozen 

frozen resp func: Exponential, 
Q10=100,1000 
Linear, T0 = -1,-3 

Permafrost Freeze + Insulation by soil organic matter, 
vertical mixing of soil carbon, and Yedoma 

Diffusion constant D= 
1m2/100yr, 1m2/1000yr 

Heating Permafrost + exothermic heat release with 
decomposition 

Heat release term = 20, 40 MJ/
kg C for active pool C 

Koven,	  et	  al.,	  PNAS,	  2011	  



Ini4al	  steady-‐state	  carbon	  stocks	  (kg	  C	  m-‐2)	  to	  1m	  

Control	   Freeze	   Permafrost	  

Observa4ons	  (Tarnocai	  et	  al.,	  2007)	  

Ini4al	  carbon	  stocks	  
increase	  from	  200	  Pg	  
to	  500	  Pg	  for	  polar	  
region	  to	  3m	  depth;	  
however	  s4ll	  
underes4mate	  
because	  peatlands	  
and	  organic	  soils	  not	  
included	  

Koven,	  et	  al.,	  2011	  



Future	  climate	  change	  scenario:	  	  
ORCHIDEE	  run	  offline,	  forced	  by	  IPSL	  CM4	  model	  anomalies	  
(rela4ve	  to	  CRU)	  under	  transient	  (SRES	  A2)	  warming	  from	  

1860	  -‐	  2100	  

Large	  Warming	  at	  High	  
La4tudes	  

30%	  reduc4on	  in	  permafrost	  
extent	  by	  2100	  

Significant	  thickening	  of	  ac4ve	  
layer	  in	  remaining	  permafrost	  
areas	  

Koven,	  et	  al.,	  2011	  



21st	  century	  integrated	  CO2	  balance	  of	  high	  
la4tudes	  

CO2	  balance	   Integrated	  change	  due	  
to	  CO2	  fer4liza4on	  

Integrated	  change	  due	  
to	  warming	  

In	  Permafrost	  experiment,	  high	  la4tudes	  shio	  from	  C	  sink	  to	  source	  by	  2100	  
Koven,	  et	  al.,	  2011	  Literature	  	  es4mates	  of	  carbon	  loss	  (PgC)	  	  

	  	  62	  ±	  	  	  6	  	  	  ORCHIDEE	  (Koven	  et	  al.,	  2011)	  

100	  ±	  40	  	  SibCASA	  (Schaefer	  et	  al.	  2011)	  

	  	  72	  ±	  40	  	  MAGICC	  (Deimling	  et	  al.,	  2011)	  

	  	  12	  ±	  	  	  6	  	  TEM	  (Zhuang	  et	  al.	  2006)	  



Current	  research:	  CLM4.5	  

•  Included	  layered	  soil	  BGC	  into	  CLM4.5	  
•  More	  complex	  coupling	  between	  hydrology	  
and	  soil	  C	  

•  C-‐N	  feedbacks:	  to	  what	  extent	  can	  increased	  
mineraliza4on	  s4mulate	  produc4vity	  and	  
offset	  C	  losses?	  

•  Future	  scenario	  experiments	  s4ll	  ongoing…	  



Carbon	  stock	  trends	  in	  permafrost	  zone	  

13	  Pg	  of	  ‘old’	  carbon	  	  
lost	  by	  2100	  

PgC	  
∆Soil	  carbon	  since	  1850	  

Ecosystem	  Carbon	   Vegeta4on	  Carbon	   Soil	  Carbon	  

CLM4.5	  
CLM4	  

Pg
	  C
	  

Figures:	  D.	  Lawrence	  



Long	  term	  permafrost	  carbon	  vulnerability	  

Pg
	  C
	  

Pg
	  C
	  

yrs	  yrs	  

Soil	  carbon	  in	  ac4ve	  layer	  
(slow	  pool)	  

Soil	  carbon	  in	  ac4ve	  layer	  
(passive	  pool)	  

Soil	  carbon	  turnover	  4mescale	  
(slow	  pool,	  6.1	  yrs)	  

Soil	  carbon	  turnover	  4mescale	  
(passive	  pool,	  270	  yrs)	  

Figures:	  D.	  Lawrence	  



Conclusions—Part	  2	  

•  Permafrost	  C	  can	  be	  represented	  in	  ESMs	  by	  
considering	  the	  ver4cal	  profiles	  of	  C	  turnover	  
processes	  and	  the	  detailed	  linkages	  between	  soil	  
biogeophysics	  and	  soil	  biogeochemistry	  

•  Including	  these	  processes	  allows	  a	  C-‐only	  model	  
to	  shio	  from	  nega4ve	  C-‐climate	  feedback	  to	  a	  
posi4ve	  C-‐climate	  feedback	  over	  the	  21st	  century	  

•  Including	  N	  feedbacks	  may	  par4ally	  offset	  and/or	  
delay	  this	  shio;	  uncertainty	  is	  large…	  



Thanks	  


