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Multi-model mean warming and uncertainty
for 2090 to 2099 relative to 1980 to 1999:

A2: +3.4°C (2.0°C t0 5.4°C)
A1B: +2.8°C (1.7°C to 4.4°C)
Bl: +1.8°C (1.1°Cto 2.9°C)
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Meehl et al. (2007) in Climate Change 2007: The Physical
Science Basis, Solomon et al., Eds., 747-845

For 5th assessment report
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As land cover change and the carbon
cycle are added as climate forcings and
feedbacks, will uncertainty in these
simulations increase?

Can ecosystems be managed to mitigate
climate change?
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Future IPCC SRES Iand cover scenarios for NCAR LSM/ PCM

a) Present day land cover
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A2 - Widespread
agricultural expansion
with most land suitable
for agriculture used for
farming by 2100 to
support a large global
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13 - Bvemrean forest tundra 28 - Mon-forest watland

population

BI - Loss of farmland
and net reforestation
due to declining global
population and farm
abandonment in the
latter part of the

century
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» Weak temperate warming *Temperate cooling
» Weak tropical warming Tropical warming

Feddema et al. (2005) Science 310:1674-1678



Biogeophysical

A2 - cooling with
widespread cropland

B1 - warming with
temperate reforestation

22 o2 3

$ 8 o8

Biogeochemical

A2 - large warming with
widespread deforestation
B1 - weak warming; less

tropical deforestation;
temperate reforestation
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Net effect

A2 - BGC warming offsets
BGP cooling

B1 - moderate BGP
warming augments weak
BGC warming
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Sitch et al. (2005) GBC, 19, doi:10.1029/20046B002311
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MuITiple compeTing influences

. STRONG CO :

TROPICAL FOREST

Bonan (2008) Science 320:1444-1449
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of land cover change
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Credit: Nicolle Rager Fuller, National Science Foundation




Boreal forest - menace to society - no
heed to promote conservation

Tropical rainforest - planetary savior - promote avoided
deforestation, reforestation, or afforestation
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Biofuel
plantations to
lower albedo
and reduce
atmospheric
CO,
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Fluxes of energy,
water, and carbon and
the dynamical
processes that alter
these fluxes

Oleson et al. (2004) NCAR/TN-461+STR

Oleson et al. (2008) JGR, 113,
doi:10.1029/2007J6000563

Stockli et al. (2008) JGR, 113,
doi:10.1029/2007J6000562

Spatial scale
2.5° longitude x 1.875° latitude

Temporal scale

o <30-minute coupling with
atmosphere

o Seasonal-to-interannual
variability (phenology)

o Decadal-to-century climate
(disturbance, land use, succession)
o Paleoclimate (biogeography)

munlfy Land Model

A B C
Surface energy fluxes Hydrology Carbon Cycle
Precipitation
Diffuse solar ) \ P ' .
Fadiation Interception. N . Photosynthesis Autotrophic
Qe Momentum flux respiration
@S ;
=g wind speed
Direct 23 g Us
solar % -
radiation Transpiration
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Throughfall Fire ¢ Litterfall
-; b stemflow
b, ¥ Evaporation Heterotrophic
Melt Surface runoff respiration

Infiltration |

Soil carbon

uptake '/

Mineralization

Competition
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%‘w Land % % Ské $
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Farm abandonment
Establishment

Bonan (2008) Science 320:1444-1449

Vegetation
dynamics
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Subgrid land cover and CLM represents a model grid cell as a mosaic of up
plant functional types to 6 primary land cover types. Vegetated land is
further represented as a mosaic of several plant
functional types

Glacier
16.7%

1.875° in latitude (~200 km)

n

A

Bonan et al. (2002) GBC, 16, doi:10.1029/20006B001360
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Local land use is spatially heterogeneous

I Tropical Forest

[ Temperate Forest
Natural - Boreal Forest

Vegetation Savanna

Grassland/Shrubland
Tundra
[:I Semi-Desert/Desert/Ice

Croplands

NSF/NCAR C-130 aircraft above a patchwork of agricultural land
during a research flight over Colorado and northern Mexico

- 90%
- 100%

-

Global land use is abstracted to the .
fractional area of crops and pasture — oo

20 - 30%
Pastures 30 - 40%
and 40 - 50%

Rangelands [~ 50 0,
60 - 70%
[ 70- 80%
B 50 - 90%

90 - 100%

Foley et al. (2005) Science 309:570-574



== Mukbimmode| ensemble of global
iR = =—and-use climate forcing

The LUCID inter-
comparison study of
the land use forcing

(1992-1870)

Cropland fraction
=< (L1
0.01-90.2
02-0.4
B 04-08
Bl os-08
Bl 0s-10

Models
Atmosphere - CAM3.5

Land - CLM3.5 + new datasets for present-day vegetation + grass optical properties
Ocean - Prescribed SSTs and sea ice

Experiments

30-year simulations (CO, = 375 ppm, SSTs = 1972-2001)
PD - 1992 vegetation
PDv - 1870 vegetation

30-year simulations (CO, = 280 ppm, SSTs = 1871-1900)
PT - 1870 vegetation
PIv - 1992 vegetation

No irrigation

Pitman et al. (2009) Land use and climate via the
5-member ensembles each LUCID intercomparison study: Implications for

Total of 20 simulations and 600 model years experimental design in ARS. Geophysical
Research Letters, submitted.
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Extent of land cover change between experiments PD and PDv (PD - PDv) expressed as the
difference in crop and pasture cover between the two experiments. Blue colours represent
changes that decrease pasture and crop cover while yellows and browns are increases (25%-50%
and 50-100% respectively).

Pitman et al. (2009) GRL, submitted
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Change in JJ A near-surface air temperature (PD - PDv)

Near—Surface Air Temperature Difference
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Land cover change can
be regionally significant
relative to other
anthropogenic climate

_ : : i _ : forcings, but the

e w5 w w % “w w w ¢ & = = | uncertainty in the land
use forcing is large
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Latent Heat Flux Difference
IPSL—-ORCHIDEE

sond A
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Change in JJA latent heat
flux (W m-2) resulting from
land cover change (PD - PDv)

Pitman et al. (2009) GRL, submitted
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Present Day - 1870 MAM Surface Albedo
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1992 - 1870 JJA PBL height
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Climate models simulate the large-scale
response and include feedbacks with the
atmosphere:

o Increased rainfall enhances latent
heat flux

o Increased cloudiness reduces solar
radiation

o Reduced PBL height

Flux towers measure local response
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Net solar radiation (W m™®)

122 grid cells, 30-50 °N, east of 100 °W

North America (June-August)
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-0.8

Latent heat flux (W m?)

AT =-0.27 - 0.04 ALH, r2=0.48
AT =-0.46 - 0.02AS,,, 12 = 0.05

elationships to explain
pdel“response

119 grid cells, 45-60 °N, 15-50 °E

Europe (June-August)
Atmospheric temperature (°C)
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Land cover change wu‘rh CO2 = 375 ppm (1992) Land cover change with CO, = 280 ppm (1870)
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North America: 122 grid cells east of 100 °W and between 30-50 °N

Forest Grassland Savannha
(n=69) (n=18) (n=35)
1870
Tree (%) 78 4 50
Grass (%) 4 83 42
Crop (%) 10 0 6
1992-1870
ATree (%) -21 -3 -21
AGrass (%) 3 -40 -16
ACrop (%) 18 44 37
ALATI (m? m-2)e -0.29 0.07 -0.43
ASAT (m? m-2)e -0.15 -0.10 -0.25
@ June-August
z0 (cm)
Decrease in LAI, SATI, and roughness explain part NET 94
of the surface forcing BDT 110
Grass 6
Crop 6
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Leaf and stem albedo

NET BDT Grass Crop
Leaf
Direct
VIS 0.02 0.03 0.03 0.03
NIR 0.11 0.24 0.20 0.20
Diffuse
VIS 0.03 0.04 0.04 0.04
NIR 0.16 0.31 0.28 0.28
Stem
Direct
VIS| 0.03 0.03 0.09 0.09
NIR| 0.09 0.10 0.26 0.26
Diffuse
VIS| 0.05 0.06 0.14 0.14
NIR 0.15 0.16 0.37 0.37

Light-saturated photosynthesis and stomatal

conductance under optimal conditions

A (umol CO, m2s1) | g.(mms?)
NET 11.5 4.6
BDT 9.4 5.6
C3 grass 10.6 6.3
C4 grass 312 10.5
Crop 11.8 7.0

lant functional types

Albedo depends on: leaf and stem
reflectance and transmittance, leaf
orientation, leaf area index, stem area
index, soil color, soil water, snow, and
zenith angle. Calculations are for LAI =
6 m2m=2or SAL = 6 m2 m2, soil albedo
of 0.1 (visible) and 0.2 (near-infrared),
and zenith angle = 30°.

Increase in albedo and stomatal
conductance explain part of the
surface forcing




Grass cover (%)

Grass cover (%)
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-40 -

Leaf arela index

North America (June-August)

(m? m?)
|
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Latent hleat flux

-60 -40 -20

Tree cover (%)

North America (June-August)
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Tree cover (%)

Grass cover (%)

Grass cover (%)

20
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North America (June-August)

Absorbed solar radia}ion

20

-20

40 -

-60

20

-60

Sensible heat flux

-60 -40 -20

Tree cover (%)

North America (June-August)

Offline CLM3.5
simulations with
NCEP-derived
forcing (1972-
2001) using 1870
and 1992 land
cover

Contour plots
(PD-PDv) for
122 grid cells
east of 100 °W
and between 30-
50 °N

-60 -40 -20
Tree cover (%)

Loss of tree cover
*Decreases LAI
*Decreases S, ;
*Increases LH flux
*Decreases SH flux
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Land cover change has cooled temperature of mid-latitudes, especially in summer
0 Increased albedo, increased latent heat flux, and decreased sensible heat flux

0 Atmospheric feedbacks: clouds, precipitation, PBL height

0 The climate forcing is robust with respect to atmosphere (1870 vs 1992)

0 Can be regionally important relative o greenhouse gas warming

The surface forcing
o0 Relatively small: ~10 W m-2 changes in R,,, LH flux, SH flux
0 Related to changes in roughness, LAT, SAT
0 Related to higher albedo and stomatal conductance of crops relative to trees
NET vs crop is particularly important
0 Rooft profile is not important but
Relatively minor differences among plant functional types
Soils are wet
No deep roots or hydraulic redistribution
0 Latent heat flux increases, mostly in soil evaporation
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LSM biome dataset

y
60N —|

NCAR LSM

20N | .

Oleson et al. (2004) Climate Dynamics 23:117-132

PFT dataset
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60N —

40N —

20N
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Summer air ‘remper'a‘rur'e duffer'ence (presenT day - naTural vegetation)

Four paired climate
simulations with CAM2
using two land surface
models

* NCAR LSM
+ CLM2

and two surface datasets

* Biome dataset without
subgrid heterogeneity

* Dataset of plant
functional types with
subgrid heterogeneity

Conclusion
Magnitude of cooling
associated with
croplands is sensitive
to surface datasets
and model physics
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RAMS with LEAF-2
6-member July simulations

Land cover S
N
i
o = Ve Temperature (°C)
S - : o
N Dominant vegetation - I
+0.6
Cropland
I P — +0.3
o
Desert N | 0
|
Semi-desert Q — -0.3
o o) -0.6
o) Grassland
-0.9
I Woodland P
o
- | Broadleaf e
_ | deciduous tree =
I Needleleaf o
= evergreen tree &
=
Grass — crop: Increased ET
Forest — crop: Increased albedo,

reduced z0, reduced ET (rooting depth)
Baidya Roy et al. (2003) JGR, 108, doi:10.1029/2003JD003565
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Observations: FLUXNET, a global network

USED SITES IN OUR STUDY: - 55
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: Morgan Monroe (1999-2005) e 15 SiTCS

Fort Peck (2000-2005) .
*  Harvard Forest (1994-2003) Color Legend:
*  Niwot Ridge (1999-2004) . .
. BOFE‘GSI (1994_2005) 1empercﬂ'e CI|ma1.e gr‘ad'ent )
S i=ibbrdgc (1998 2004) tropical Tundra, boreal, subalpine,
*  Sanfarem KMB83 (2001-2003) boreal '™ temperate, Mediterranean,
*  Tapajos KM67 (2002-2005) sub-alpine tropical
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L Sosisbeniane 200205 mediferranear ' . .
*  El Saler (1999-2005) Ecological gradient
. e 00 S 1es oSN Evergreen broadleaf forest
< yytiéla -2005 + .
*  Tharandt (1998-2003) 9 Deciduous broadleaf forest
*  Vielsalm (1997-2005) global range of

Evergreen needleleaf forest
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A~ Mixed forest
E &, Grassland
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Staockli et al. (2008) JGR, 113, doi:10.1029/2007J6000562
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Latent heat flux (W/m2)

100F
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CLM3 - dry soil, low latent heat flux, high sensible heat flux

Stockli et al. (2008) J6R 113, CLM3.5 - wetter soil and higher latent heat flux
doi:10.1029/2007J6000562



Normalized latent heat flux

Pelatent heat flux

Growing season evaporative cooling
is greater over watered crops
compared with forests and these
plants exert less evaporative
resistance

® Wheat

m Corn

¢ Deciduous forest
Jack pine

x Oak savanna

10 100 1000 10000
Canopy resistance (s m™)

Bonan (2008) Science 320:1444-1449

Evapotranspiration normalized by its equilibrium rate in relation to canopy resistance for wheat, corn,
temperate deciduous forest, boreal jack pine conifer forest, and oak savanna. Shown are individual data
points and the mean for each vegetation type.

Original data from: Baldocchi et al. (1997) JGR 102D:28939-51; Baldocchi & Xu (2007) Adv. Water Resour.
30:2113-2122
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Annual mean temperature change

and aerodynamics

OF to PP | OF to HW
Albedo +0.9°C +0.7°C
Ecophysiology -2.9°C -2.1°C

Juang et al. (2007) GRL, 34, doi:10.1029/20076L031296

Forest
Lower albedo (+)

Greater leaf area index,
aerodynamic conductance, and
latent heat flux (-)
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Central France

1 August 2000 10 August 2003 2000 | 2003 | Change
Surface reflectance Forest
s oW NDVI 0.87 0.87 0
’ 1 Albedo 0.19 0.17 -0.02
TR (°C) | 29 +11
Crops
NDVI 0.81 0.43 -0.37
Albedo 0.22 0.22 0
T, (°C) 30 +24
s Barren
| NDVI 0.27 0.29 +0.02
o Albedo | 0.24 022 | -0.02
i F. Ty (°C) 47 +11
e
H1 e "
L w — géglin bar indicates

m 42°C 32 °C . ol 47 °C

Surface temperature

Zaitchik et al. (2006) Int J Climatol 26:743-769
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NCEAS "Forest and Chma’re POIICY
working group

Croplands Deciduous Broadleaf
400 . . 400 T .
350 . 350 .
300 . 300+ =

Bartlett Experimental Forest
Chestnut Ridge

Duke Forest Hardwoods
Missouri Ozark

Morgan Monroe State Forest

ARM SGP Main
: Bondhille 250
Bondville Companion Site
Fermi Agricultural

Mead Irrigated

250

|
E
N
o
o
T

Mead Irrigated Rotation UMBS
Mead Rainfed 150 . 150 . Walker Branch
----- Ponca Winter Wheat ~~ 7~ Willow Creek
----- Walnut River
T 100 . 100 n
50t = 50t .
O i 1 | ] 0 i 1 1 ]
0 5 10 0 5 10
Month Month
Crops
Mead irrigated sites have highest LH
LH varies with crop rotation Thomas O"Halloran

. . . Oregon State University
LH varies with crop Type (meer' wheaT) Department of Forest Ecosystems & Society
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I |
= Heating | :
I
60 - T I -
I
40} | . .
2k | Irrigated crop
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= |
o 20 | - -
| Cooling
A0 I i
: O Grass to DB
B0 | Grass to EMN |7
| {  Cropto DB
-0 : X Crop to EN
_'“:":l | 1 | | | | | | 1
-100 80 B0 -40 20 1] 20 40 B0 80 100
Delta LE

urface energy balance

Vafforestation

NCEAS "Forest and Climate Policy”
working group

Differences in energy
fluxes among forest,
cropland, and grassland

Based on ~90 site-years
of AmeriFlux data.
O'Halloran et al., 2009.

In prep.

Thomas O'Halloran
Oregon State University
Department of Forest Ecosystems & Society
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The type of land cover
change matters:

Forest — winter crop
Forest — spring crop
Forest — summer crop

Forest vs grassland

Wheat - Barley—_

Maize - Soybeans + Mived -
Wiheat - Sorghum + Mixed-

A A Eibatens - Barley - Maize

4['151!&'

T Soybeans - Maloe - Wheat
" Soyboans - Maize - Wheat
"~ Soybeans - Maize - Wheat
"~ Soybeans - Maize - Wheat
" Soybeans - Maize + Mixed
“Groundnuts - Cotton - Mixed
\ " Catban - Soyheans + Mixed

S canc “Sugar Cang - Maize - Groundnuts

J_

Cotton - Wheat - R'Ibc
Wheal - Catlan + Mixe
otbon - Wheat 4+ Mixed

Pulses - Malze + Mixed ™

ﬂ' R T

Maize = Sorghum + Mixed ™
Sorghum - Malze
Maize - Pulses + Mined”

! H.a_ e
Maize - Pulses - Sugar Cane Maize < Pulses - Sorghum

Barlay - Rya - F‘ut,abues\\
Rye - Wheat + I"-'Il\ced,\
Wheat - Rv{t 1 Mixed.

Bariey - Wheat._ ‘\\
Wheat - Barley - Rapeseed.,
Potatoes - Wheat.

- Wheat - Barley - che -
k- Pu:abues = Barley F‘

Barley - Wheat - Maize
Wheat - Maize + Mlxed

Wheat - Maize - Bc|:|'1t:'5|'_l

WhEat = Ea:l&y + Mixed -
Barléy, ﬁhr.gtnes ahc-“f {WF:.

i EéP‘I'é',l

Maize = Wheat + lee'd a
Whaat Malza ehs Hlxed

Maize -;Rnce + Mnmd

Wheat - Maize + Nunbd

Wheat - Maiza + Mixed™

r wheat Cottan + Mixed:

wheat Barlev ! DME.‘ Whes Whak - Malza k:

Barle-r' WHEM' Rice - Wheat + Mixed
i " Rice - Whiat

~Rice - Soyheans - Rapeseed

; Flu:sel Wheat - Maizae
wheal: Rlce + Mlxer..

ATMillet* Pals

|R||:e Ma:ze '|.'.I'|'|Ea|. le

R + Miked
= ! i ~, i 5 Rici
Maize - Sarghum £ Mixed, . '|""|I[|<‘-t 50‘9|1'.Im * T“INEC‘ i Gr\:mndrﬁl:zs I“g{fé: E%’ 4 ol Hice - Groundnuts - Sugar Cane
Sorghum:= Millat, i o) e A \; i
Millet - Sorghum - PULQ%\\ \, [ 2 snrghum Nalze + M::-:E.d - ,-'_5°.’.§"'”"" - Pulses + '| B -.Cassava = Rica - Malze
i 3 7 Pulses +- Mlxed
Groundnuts - Millet Sobghum Millet 'Rice - F e R e
Rica - Onlmrm Frult 7 ! Rlce - Grnundnuts + MIM"" | '»_.s

R“* - Malze - Bafley + Mixed Filce <

Leff et al. (2004) GBC, 18, doi:10.1029/20036B002108
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Eddy covariance flux tower
(courtesy Dennis Baldocchi)

CO, enrichment, Duke Forest

Hubbard Brook ™%
Ecosystem Study = %

Test model-generated hypotheses of earth system functioning
with observations

Incoming Solar
Energy Outgoing Heat
Energy

Transition from
Solid to Vapor

Evaporative
and Heat Energy
Stratus Clouds Aerosols Exchanges

Precipitation Snow Cover
Evaporation

Ocean
(Currents, Temperature, and Salinity)

<
¢ !
Marine Biology

Includes the Atmosphere,
Land, Oceans, Ice, and Biosphere

Cumulus Cirrus Clouds Atmospheric
Clouds GCMm

Atmosphere
(Temgerature, Winds,
and Precipitation)

o
)
=

Stratus Clouds 3
]
Evaporation §
2
5
2
&
2
8
£
1 <
Heat & Salinity
Exchange

and Waves.

Y

Planetary energetics
Planetary ecology
Planetary metabolism
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