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Lecture outline

» Land-sea-atmosphere connectivity in the global Earth system

« Carbon export from land to sea — possible impacts on coastal
ecosystems and biogeochemistry

» Terrestrial vegetation and carbon cycling — recent trends and underlying
causes

» Modelling climate change effects on vegetation and carbon cycling —
introducing dynamic global vegetation models (DGVMSs)

» Case study modelling land-sea carbon export and possible impacts on
biogeochemistry of the Baltic Sea

» Future outlook: coupled models of regional Earth system dynamics

Supporting exercise (in own time)

» Modelling ecosystem response to climate change using the LPJ-GUESS
DGVM



Compartments and fluxes of the global carbon cycle
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Effects of riverine C input to coastal seas*

Browner, more turbid water, steeper light attenuation

*Riesebell 2004
J. Oceanography
60: 719-729

Substrate for bacteria, increased respiration and pCO,

Lower pH, decreased carbonate saturation state, represses calcifying organisms

Cascading effects on overall biogeochemistry and ecology

Few detailed system-level studies
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River runoff is the main source of C to the Baltic Sea*
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*Kulinski & Pempkoviak 2011
Biogeosciences 8: 3291-3230



Vegetation cover and productivity have increased
In concert with recent decades’ climate warming

Likely causes:

e increased primary production

* longer growing season

» expanded distribution of trees and shrubs

normalised difference
vegetation index

- NIR-R
NDVI = NIR = R

\

Change in land surface greenness 45

1982-1999*
-0.156 -0.10 -0.05 0.00 0.05 0.10 0.15 R
*Tucker et al. (2001)

increasing 'greenness’ — Int. J. Biometeorol. 45: 184



Earlier and longer growing season

Trends in 644 plant phenological time series
for Estonia 1948-1999*
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Species distributions track climate shifts

Changing distribution of holly, llex aquifolium*

1981-2000 4

*Walther et al. 2005
Proceedings of the Royal Society B 272: 1427

previous distribution

S8 recent distribution

A recent observations

— 0°C january isotherm




Parameter estimate

Treelines are rising on average
across the globe

treeline

diffuse <«

. type abrupt

o

Temperature tren

Effect of temperature change on tree limit
elevation shift for 166 near-treeline sites
+ = warming associated with upslope shift*

Treeline advance, Mt Nuolja, Sweden
(Van Bogaert et al. 2011. J. Biogeog.)

*Harsch et al. 2009, Ecology Letters 12: 1040



Woody biomass is increasing in many shrublands,
savannahs and extra-tropical forests

Above-ground biomass change
1993-2012
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Satellite passive microwave measurements

Liu et al. 2015
Nature Climate Change 5: 470-474

Likely causes include increased water-use efficiency
under elevated CO,

Eastern Cape Province
South Africa (Welz 2013)



NPP at 500 ppm (gC m=2 yr1)

CO, is food for plants

Increased atmospheric CO, - higher NPP, at least in short term ...
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Norby et al. 2005
PNAS 102: 18052-18056 :
CO, + H,0 + sunlight — CH,O + O,

carbon water carbohydrate oxygen
dioxide




Reduced stomatal conductance under elevated CO,
may enhance water-use efficiency (WUE)

reduced stohTatal conductance
in response to higher ambient CO, reduces
transpirational water loss

CO, uptake by photosynthesis

WUE = .
H,O loss by transpiration




Forests around the world show a positive trend
In water-use efficiency of growth*

WUE anomaly (gC / kg H,O hPa)

20+

10+

mean of 13 models

Y
o

Frequency
()]

0

-1 0 1 2 3 -
Change in W, o

(9 C per kg H,O hPa yr) i -

Mean slope = 0.96 (+0.17) g C per kg H,O hPa yr

1995 2000 2005 2010

Year *Keenan et al. 2013
Nature 499: 324-372



Net ecosystem exchange of CO,

(9C m=2 yr)
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Carbon balance of woody ecosystems
responds slowly to changes in structure, cover

or distribution

Young forests are a sink
for CO,, storing
assimilated carbon in the
stems of growing trees.

uptake Over time, phenology and
T mortality augment soil
~$ T carbon pools, causing
\l, decomposition losses to
release balance CO, uptake

50

100 150 200 250
Stand age (yr)

*Hyvonen et al. 2007
New Phytologist 173: 463-480




Land ecosystems are a sink for atmospheric CO,
— atemporary anomaly not expected at steady state

10 = fossil fuel and cement from energy statistics N
i land use change from data and models |
| residual land sink ]
i measured atmospheric growth rate |

5 | -ocean sink from data and models B

L emissions

25% of C emissions are
taken up by terrestrial
ecosystems due to

Global C flux (Pg C yr1)

partitioning surplus of photosynthesis
i |J relative to respiration and
s L | emissions from wildfires
10 — —
| | | | | | | | | | | | | | | | | | | | | | | | | | | L
1750 1800 1850 1900 1950 2000 *Ciais et al. 2013.

IPCC-AR5



Climate response of terrestrial ecosystems is
Intricately tied to their role in the global carbon cycle

( atmosphere
— plant gross primary
[ GPP < bproduction
net flux from
atmosphere plants (— heterotrophs)
to plants s s0il
netflux from | NPP = GPP-R, | Plant - litter production
atmosphere \ atmoF32p ere
to ecosystem , A
net primary \
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Scales of terrestrial ecosystem processes
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Dynamic Global Vegetation Model (DGVM)

globally-applicable coupled model of
terrestrial vegetation dynamics and ecosystem biogeochemistry

CO, climate

* link structure to function, accounting for
feedbacks between them

time
primary _
production bioggljagnrtaphy Functions
& growth Space

s=mm{  soilbio-
geochpemistry

* link 'fast’ (physiology, biogeochemistry)
and 'slow’ (demography, compaosition)

population I
ecosystem processes

dynamics
& disturbance ' « account for transient ecosystem
[ Soil organic dynamics when driving conditions
matter (climate, CO,) are changing rapidly

Vegetation » based on generalised global (or biome-
specific) parameterisations and plant
functional types (PFTs)



Vegetation representation in the LPJ-GUESS DGVM*

*Smith et al. 2001
Global Ecology & Biogeography
10: 621-637




Trait differences influence functioning and interactions
among plant functional types (groups of similar species)

ha }
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Parameter ORI

X \ln )

1
',
bioclimatic -
distribution boreal temperate boreal-temperate no limits
optimal temp for ] ] i i
photosynthesis (°C) 10-25 15-25 10-25 10-30
leaf phenology evergreen summergreen summergreen summergreen-
raingreen

Iea_f:sap;/voo?lz area 03 04 0.4 i
ratio (m? cm—2)
crown spreading 150 250 250 -
allocation to stem
growth 0.05 0.05 0.1 -
survival in shade high high low low
max longevity (yr) 900 900 300 -
max establishment 1250 1250 2500 i

rate (ha-t yr1)




arctic/alpine tundra
desert

arid woodland/steppe
xeric woodland/shrubland
dry grassland

tall grassland

dry savannah
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Smith et al. 2014
Biogeosciences 11: 2027-2054



Potential vegetation change in Sweden*

Relative cover (leaf area index)
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* Smith et al. 2007
SOU 2007:60



conifer NPP (kgC m) conifer NPP (kgC m2)

model + satellite FPAR

conifer NPP (kgC m2)
model + satellite stand structure

ecosystem model

Conifer forest NPP 1996-2000*
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Climate and CO, effects on NPP*
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* Smith et al. 2007
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Net ecosystem CO, exchange (NEE)
Deger0 mire, northern Sweden*

2+ " measured simulated a -

QO

NEE, gC m~°day "

¢ observed — —
x modelled

-30 -20 -10 0 *Yurova et al. 2007
Water table depth (cm) J. Geophysical Research 112



Globally, past net ecosystem C balance (NECB)
reflects land use and CO, trends

2.0

flux to
1.5 atmosphere IPCC-AR4
estimates
1.0- T
0.5+
0.0 ---f------------ M

|
o
o1
1

|

flux to

biosphere
—20 I I I I I I I I I

I
1900 1920 1940 1960 1980 2000

Global NECB (GtC)

| |
==
o O
1 1

g g

t 4§ 8
0OD] suaydsowne

;

B &
&
1aA09 pue|doid

&
=
=]

i

[Z

- ! ! ! !
1800 1825 1850 1875 2004



Future land ecosystem carbon balance*

Business-as-usual ' ' . T

em|SS|0nS CANESM 2 IPSL CM5A LR
(RCP8.5) 2200 }
W/m?2 —

FGOALS s2 — MIROC ESM CHEM

8 5 GFDL CM3 -~ MIROCS
—— —— GFDL ESM2ZM MPI ESM LR
21 DD = GISSEZR MRI CGCM3
HADGEM2 CC NORESM1 M

—— —— HADGEM2 ES s CRLU TS3.0

O—
1900 2100 2300

2000 £~

Ecosystem C pool (GtC)
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1850 1900 1950 2000 2050 2100

* Ahlstrom et al. 2012
Environmental Research Letters 7



Robust sign of change for some regions

A Net biome C exchange
(2071-2100)—(1961-1990)

| |
7777 >= 14/18 agree

|
i | i

N

reduced sink /
increased source

increased sink /
reduced source



Some robust seasonal and regional trends

earlier leaf-out milder autumn increased sink /  reduced sink /
N Tphofosynthesis — Tr'espir'a'l'ion reduced source increased source
< _—>

jan feb mar apr may jun_jul aug sep okt nov dec

latitude

CanESM 2
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- GISS-E2-R MPI-ESM-LR
reduced source
HadGEM2-CC MRI-CGCM3
— HadGEM2-ES NorESM1- M

J FM A MJ J A S ON D
month



Carbon in runoff from land is a major input
to Baltic Sea biogeochemistry

Alkalinity

(mainly weathering
Dissolved CO, products)
(mainly respiration) CO,

pCO N\ T "

Y NN e/ ?’

D E— G el coer catchment
C, A, Corg biological production C o0 2N area m
A
North Sea C;—=>C,y + O,
mixing sinking 0’790”‘C carbon-
¢ fi) (dissolved, particulate)
CT‘_Corg + 02 _ _
bacterial decomposition .7~  Dissolved organic carbon (DOC)
C. o comprises a relevant part of the
IR R carbon transported to the Baltic Sea
surface N\ o tteeel |iie--- . Ry A _ |
sediment .\ . C « Main source: wetlands
L org

q T . i » DOC is generated by decay of soll
€eP "IN C._C. A organic matter and transported by

sediment . -2 org' T A : :
AT runoff and rivers to the Baltic Sea

www.oceanclimate.se



Land cover of the Baltic Sea Basin

Urban areas

Bare areas
Cultivated land

Pastures and natural grassland

Open herbaceous vegetation with shrubs
Lichens and mosses

Cropland-woodland mosaic

Wetlands

Snow and ice

Sparse vegetation

Broadleaved deciduous closed forest

Broadleaved deciduous open forest
Mixed closed forest

Mixed open forest

Needleleaved closed forest
Needleleaved open forest

Water

BIRRRRREC ROCRACEN

Ledwith (2003), GLC2000 project



Land cover of the Baltic Sea Basin

B Mixed open forest
B Needieleaved closed forest

B Needleleaved open forest

B water




Land cover of the Baltic Sea Basin

B Mixed open forest
B Needieleaved closed forest

B Needleleaved open fores




Land cover of the Baltic Sea Basin

B \eedleleaved closed forest
B Needleleaved open forest

B water




Land cover of the Baltic Sea Basin




DIP (umol L)

Vegetation cover/type affects
export of organic carbon and weathering products*

0.2 5
Mechanisms?
- » Vegetation effect on water residence time RéneatveF
* « Decomposition influence on soil water CO, s Torneilven
: concentration and pH PR
Sjlunj::tm}
0.1 — * Root exudate effect on soil pH Piteiilven
 Direct weathering by DOC
7 1lmt‘n'h'en
0.05 — Weathering reaction (plagioclase): alkalinity
Tarfalajakka . .
N K.Si*ﬂjihki + 3H20 + CazAlzslzog —> A|28|205(OH)4 + Ca2+
_Upmasjikka _
"'\r’lltnjil:h
0 L L T T T T T T T T T T B
0 100 200 300 400 500 600 0 100 200 300 400 500 600
TOC (umol L) TOC (pmol L)

high veg cover (more conifers & wetlands)
high veg cover (less conifers & wetlands)

large lakes/reservoirs .
open highland Humborg et al. 2004

alpine + subalpine birch forest Limnology & Oceanography
glacier 49: 1871-1883.

XIS 4E+



Dissolved organic carbon (DOC) production and export
In the LPJ-GUESS DGVM*

decom-

litter position | solid organic C

CO, emission

AT6) (M)
A
DOC
production
vegetation PpQIO(T—?lO)/lO mineralisation mineralisation
e Wk, ps
dissolved organic

I temperature C (6c¢) sorption

0  volumetric water content —tpKc

P microbial decomposition at 20°C \

: desorption

P peatbulk density os sorbed soluble

S SSOC concentration P organic C (pS)

0,y modifier to account for effect of 7

C DOC concentration in water p"v-\-fater

k,  constant reducing mineralisation export . flux

of SSOC o
K partitioning coefficient
describing sorption equilibrium v
T desorption Kinetic constant DOC runoff

*Yurova et al. 2008
Water Resources Res. 44



DOC production and export
Degero mire, N Sweden*

80
Storage
gm—zg 60 - - - 1 ——— modelled DOC storage
~ - ~ ~ | —— modelled DOC export
Export 401 |
mg I F + + + observed DOC export
20 ¢ + ' runoff basis mg/|
Production 20 .
Export - modelled DOC production
gm- 107 | - modelled DOC export
0 catchment area
1993 1995 1997 1999 2001 basis g/m?

*Yurova et al. 2008
Water Resources Research 44



Simulated DOC production 1961-2005
Wetland sources

Wetland fraction of landscape DOC in runoff gC m=2 yr!

1 | | sl I I I
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Simulated versus observed DOC concentration trends*

Rane alv Niemisel
Torne alv Mattila
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-01 00 01 02 03 Modelling: Guy Schurgers
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Scaling up: root zone to catchment

| Discharge
riﬁachargﬁ dred | area *‘

e CSIM catchment hydrochemistry
model*

» based on generalised watershed
loading functions (GWLF)

 basic model assumption

— water flow path is the most
important factor regulating river
chemistry

o climate
o Precipitation t heric CO
Evapotranspiration _ almospheric LU,
— acid deposition ...
| Lake and streams unoff >
Forest

i | Cultlvat:ed areas — vegetation
i L $ er ?cous DOC
| Ground water compartment 1 —
v
| Ground water compartment 2 = DOC, DIC

alkalinity

*Morth et al. 2007. Ambio 36: 124



Calibration results 1996-2000

point = watershed

Runoff (mm) DIC (CT, mmol/L)

80
® P 4
2
60 'S o 2
& 3
|2 R SS - 2
g 40 3
2 4 y = 0,986x e
* R? =0,8341 2 y = 0,9991x
20 1 o R2=0,9712
1 .
0 T T T 1
0 20 40 60 80
Modelled 0 . . T )
0 1 2 3 4
Modelled
DOC (mmol/L) boreal forest Alk (AT, mmol/L)
)e and peatlands
’ /\of the north
2 L
3
. o3 9&37& )
cea 1,5 24 §
g ¥ ol y = 1,0154x g 2
o ! / R?=0,8997 é
9.5 1 cultivated 1 -
0 . south . .
0 0,5 1 1,5 2 2,5 0 -
Modelled

Modelled

*T. Wallstedt, C.M. Mdrth, C. Humborg et al. unpublished



DIC

Alkalinity

DOC

Future climate scenarios

Se+10
4.5e+10
de+10 H
3.5e+10
Je+10 4
2.5e+10
2e+10 4

3.5e+1lil—-
3e+1III—-
2.59+1D—-
29+1III—-

1.5e+10 -
G.5e+10 4
Be+10
5.5e+10 4
Se+10
4.5e+10
de+10 H

~ +25%

1

2 5e+10 478

3e+10 5

2.5e+10

Runoff to Bothnian Sea

:ﬁ %

emissions

scenario

ECHAMS

1975 2000 2025

——— mean scenario (A1B)
——— business-as-usual (A2)
—— best case (B1)

2050 2075 2100 LPJ-GUESS

*T. Wallstedt, C.M. Mdrth, C. Humborg et al. unpublished



Future impacts on biogeochemical export to the Baltic Sea*

Change in riverine export x sub-basin
(2069-2098)-(1996-2005)
business-as-usual (A2) scenario

Northern basins:

DOC intPéases
more than
runoff4q O p——
o outhern basins:
S ( fluxes mainly Bl runoff
S 3‘( —fottowrunoff—  [li] pIC
= B2 akalinity
O 20
pas DOC
=
10 =
/
[
. A Ul
BB BS BP GF GR DS KA

*Omstedt et al. 2012
Tellus 64B: 19586

Baltic - C




pH change

Simulated effects on seawater pH*
PROBE-Baltic oceanography-biogeochemistry model

1 Kattegat Eastern Gotland Basin Bothnian Bay
S [Jtotal pH change
S f N o dditional pH change.
‘\.'
~ |
o  m W ] il 'II B
A
|
o =2
o))
o
N || I I I B
& —4 I - . .
S S = surface water - summer
D W = surface water - winter -
—-6f . _
D = deep water
SWD SWD SWD SWD||[SWD SWD SWD SWD|[SWD SWD SWD SWD

atm + + + atm + + + atm + + +
CO, climate nutrient Iland CO, climate nutrient land CO, climate nutrient land
loads use loads use loads use

Change factor combination

*Omstedt et al. 2012
Tellus 64B: 19586
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Future prospect: regional Earth system model
coupling land-atmosphere-ocean*
open loop for

- : climate at
biogeochemical LPJ-GUESS opera® co, domain
feedback dynamic vegetatio soil water  CH, boundaries

Co,

CH, Co, daily

climate

phenology
& growth

ll population

dynamics
_ & disturbance

(o) vg:0ssby Centre

\009‘ eed‘oac ospheric-Ocean
o Model

RCAO

fractional cover
Soil organic - broadleaved forest
matter - needleleaved forest

- open land vegetation

Vegetation albedq

leaf area index _
*Smith et al. 2011

Tellus 63A: 87-106



Vegetation change across the boreal zone

and Arctic*
Scandes Mountain YWilest Siberia

100 [] grass —tundra

80 : |

60 : B |Bs
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*W. Zhang et al.
in prep.



Albedo warming in spring,

evapotranspiration cooling in summer

Additional temperature change
(2071-2100)—-(1961-1990)

albedo feedback

— RCP 2.6

AT (°C)
o

(1O
L

-1
evapotranspiration
"2 - feedback
'3 I I I I I I I I I I I

JFMAMJI J ASOND

» Seasonality shift — longer growing season, earlier temperature peak
» Evaporative cooling evens out growing season temperature profile

— favours further shrub encroachment and treeline advance

max
+lo
mean among yrs
-lo
min

*W. Zhang et al.
in prep.



Vegetation-atmosphere feedback
reduces seaice cover*

Change in SIC 1992-2011 (feedback)—(no-feedback)
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*W. Zhang et al.
in prep.



Causality?
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Summary of main points

Land, sea and atmosphere are part of the Earth system, coupled via
biogeochemical (especially carbon), hydrological and energy fluxes. River runoff
carbon fluxes are in the ballpark 10% of anthropogenic emissions.

Vegetation patterns and ecosystem functions are changing in response to
climate change and elevated CO,

Models that resolve processes at a wide range of scales are needed to describe
potential future changes. DGVMs are built for this purpose.

Increasing temperatures and CO, will likely lead to vegetation distributional
shifts, effects on carbon cycling will vary by climate zone and uncertainties due
to forcing are large.

System models accounting for land-sea carbon exports and impacts on marine
biogeochemistry are emerging. One example for the Baltic Sea suggests 21st
Century changes in climate, vegetation and CO, concentrations will lead to
lower pH in the Baltic Sea

Regional Earth system models that fully couple land-sea-atmosphere matter
and energy fluxes may be needed to resolve complex responses to multiple
drivers
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