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New Resolution
0.25° grid-cell fraction

New History

Hyde 3.2, FAO based

Landsat F/NF

Multiple crop types (5)

Multiple pasture types (2)
Updated Forest Cover/Biomass
Updated Wood harvest

Updated Shifting Cultivation
Extended time domain (850-2015)

New Management Layers
Agriculture

Fraction of cropland irrigated
Fraction of cropland flooded
Fraction of cropland fertilized
Industrial Fertilizer application
Fraction of cropland for biofuels
Crop rotations

Wood Harvest

Fraction industrial products
Fraction commercial biofuels
Fraction fuelwood

New Future Scenarios
Six futures, SSP-based
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CLM5 New Human Landscape Management

The new CLMS5 capabilities and the LUMIP/CMIP6 scenarios require that
annual grid cell data is provided that represents:

- Changes in forest cover through time from the Forest / non forest
information provided by the LUH2 time series (this was inferred in CMIP5).

- Wood Harvest prescribed in a carbon amount to be extracted as biomass
rather than a fraction of trees as was done in CLM4 CN

- The transient C3/C4 Crops of the LUMIP time series modeled with the
CLM5 Crop model which specifies planting dates, life histories and harvest

rules for individual crops for each grid cell and each year

- Crops all simulated by: Temperate corn, tropical corn, cotton, rice,
sugarcane, temperate soybean, tropical soybean, spring wheat

- Fertilizer and irrigation management is specified by crop and grid cell every
year

- New Gross Unrepresented LULCC to capture Shifting Cultivation
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CLM5 New Human Landscape Management

Gridcell

Vegetated

Soil Sun Wall Pervious Irrig Unirrig Irrig
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The transient land use time series data set provides annual information on,
Natural Vegetation and Crop distributions as well as fertilizer and wood

harvest .
Gridcell

Landunit

Vegetated

Soil

PFT1 PFT2  PFT3...



CLMS5 LUMIP vs CLM4 CMIP5 Land Cover in 1850 — 2005

CLM5 CMIP6 Tree 2005 - 1850 %o CLM5 CMIP6 Crop 2005 - 1850 %
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CLMS5 LUMIP vs CLM4 CMIP5 Land Cover in 1850 — 2005
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CLM5 Carbon Cycle impacts of Land Use Land Cover Change

1. Assess the Carbon Cycle response of CLM5 to LUMIP Land Use Land Cover
Change (LULCC) data for the Historical under changing climate and CO,.

2. To do this we run CLMS5 simulations with transient LULCC compared to the
same simulations performed with no LULCC.

3. The CLM5 LULCC results are then compared to same experiments run with
CLM4 and the CMIP5 Historical LULCC data against CLM4 with no LULCC.

4. All experiments use 1850 — 2010 GSWP3 Prescribed Meteorology which
has been shown to provide the best forcing and transient model response

5. There are no larger scale climate feedbacks in these studies.



NeW CLMS5 LUMIP vs CLM4 CMIP5 LULCC — NBP Carbon
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CLMA4 Global Cumulative Net Biosphere Production (PgC)
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CLMS5 NoLUC had much
larger uptake of carbon
from CO, fertilization,
Climate and N Deposition
CLM5 +139 PgC

CLM4 +72 PgC

Global Historical LULCC
Estimates ~160 PgC
CLM5 =173 PgC

CLM4 =129 PgC

CLM5 had an additional
44 PgC of LULCC

*Global Carbon Project
Land Sink - LULCC
1959 — 2016

CLMS5 has very similar net
uptake of carbon from 1959
onwards

CLM4 has continued loss
carbon as LULCC larger
than residual sink



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Conversion C
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CLM5 conversion of PFTs
and CFTs resultsin a
cumulative loss of 60.4 PgC

CLM4 conversion of PFTs
results in a cumulative loss
of 63.8 PgC

CLMS5 loses -3.4 PgC less
carbon through conversion
than CLM4 despite losing
20% more trees over the
period

CLMS5 tree biomass is lower
than CLM4

LUMIP data has much
stronger decadal signal and
reduced clearing in the 1950s
and 1980s.



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Conversion C
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and CFTs resultsin a
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CLM4 conversion of PFTs
results in a cumulative loss
of 63.8 PgC

CLMS5 loses -3.4 PgC less
carbon through conversion
than CLM4 despite losing
20% more trees over the
period

CLMS5 tree biomass is lower
than CLM4

LUMIP data has much
stronger decadal signal and
reduced clearing in the 1950s
and 1980s.



CMIP6 — CLM5 Carbon Cycle impacts of Shifting Cultivation

One element not included in the current CLM5 or CLM4 simulations is the
impact of Shifting Cultivation.

Clear Abandon
Forest —_—> —_—

Forest Regeneration

In a Shifting Cultivation
regime clearing of forest
and abandonment of
crop land can occur at
the same rate so there
can be no net change
forest area or crop area
from year to year. The
state of the forest
however is continually
degraded.




CMIP6 Gross versus Net LULCC in CLM5 - Shifting Cultivation

Initial State Yr 1.

Broadleaf Evergreen Crop 30%
Tropical Tree 70%

Gross Transitions
1. Broadleaf Evergreen Tropical Tree -> Crop 20%
2. Crop -> Broadleaf Evergreen Tropical Tree 20%

Net Transitions: Unrepresented Gross Transitions:
0% Change BET 20% Crop 20%

Updated State Yr 2.

Crop 20% Broadleaf Brd Crop Even though there are no
Evergreen Evg 10% Net Transitions we can still
Tropical Tree Trop remove vegetation biomass
50% Tree for the Unrepresented Gross
20% Transition area . Additional

LULCC fluxes done in the
same manner as wood

harvest
New Old Mew Old




CMIP6 Gross versus Net LULCC in CLM5 - Shifting Cultivation

Initial State Yr 1.

_Er‘rrgagza;r?:%ﬂ?‘i” Crop 30% New Historical Simulations with a
P ’ modified version of CLM5 - SC that
represents Shifting Cultivation

New PFT grid level field on the
landuse.timeseries file:

UNREPRESENTED_PFT_LULCC

Gross Transitions
1. Broadleaf Evergreen Tropical Tree -> Crop 20%
2. Crop -> Broadleaf Evergreen Tropical Tree 20%

Net Transitions: Unrepresented Gross Transitions:
0% Change BET 20% Crop 20%

Updated State Yr 2.

Crop 20% Broadleaf Brd Crop Even though there are no
Evergreen Evg 10% Net Transitions we can still
Tropical Tree Trop remove vegetation biomass
50% Tree for the Unrepresented Gross
20% Transition area . Additional

LULCC fluxes done in the
same manner as wood

harvest
New Old Mew Old




CLM5 — SC — Gross Unrepresented Land Use C
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CLM5 SC Gross
Unrepresented Land Use
Flux results in a cumulative
loss of 29.3 PgC

Compares to the CLM5
conversion flux
cumulative loss of 60.4 PgC

Compares well with the
model mean Shifting
Cultivation flux of 0.2 — 0.3
PgClyr found in the study
by Arneth et al 2017.



CLM5 — SC — Gross Unrepresented Land Use C
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Flux results in a cumulative
loss of 29.3 PgC

Compares to the CLM5
conversion flux
cumulative loss of 60.4 PgC

Compares well with the
model mean Shifting
Cultivation flux of 0.2 — 0.3
PgClyr found in the study
by Arneth et al 2017.



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Wood Harvest

CLMS5 vs LUH2 Global Wood Harvest (PgC/yr)

Cumulative CLM5 Wood Harvest = 62 PgC P CLMS5 wood harvest of tree
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New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Wood Harvest
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CLM4 wood harvest results
in a cumulative loss of
69 PgC

CLMS5 LUMIP loses -7 PgC
less carbon from wood
harvest than CLM4



New CLM5 LUMIP — Missing Wood Harvest
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CLM5 wood harvest of tree
PFTs results in a cumulative
loss of 62 PgC over the
period.

Despite prescribing wood
harvest as biomass CLM5
achieves only 83% of LUH2
wood harvest of 74 PgC

Analysis found that major
contribution was coming
from prescribing large
biomass values in low
tree fraction areas



New CLM5 LUMIP — Missing Wood Harvest
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Grid Cell Tree Fraction

By redistributing excessive
wood harvest in low tree
fraction grid cells to nearby
wood harvest with higher
tree cover, wood harvest
was increased to 71 PgC or
95% of the LUH2 amount.

Missing WH in CLM5 goes
From 12 PgC to 3 PgC

Analysis also shows
biomass values in low

tree fraction areas were
now much closer to
requested yet there are still
areas where target can not
be met



New CLM5 LUMIP — Missing Wood Harvest
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New CLM5 vs CLM5 Shifting Cultivation Re WH — NBP

CLMS5 Global Cumulative Net Biosphere Production (PgC)

+139 PgC

w0 CLMS5 SCRW - NoLUC = -186 PgC
CLMS5 Hist - NoLUC = -173 PgC

CLMS5 with the addition of
Shifting Cultivation cumulative
flux of 29.3 PgC and
Redistributed Wood Harvest
of another 9 PgC results in

a decrease of cumulative
NBP of only -13 PgC.
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New CLM5 vs CLM5 SC Re WH — NBP Hoffman et al 2014.

CLMS5 Global Cumulative Net Biosphere Production (PgC)

+139 PgC
CLM5 SC RW - NoLUC = -186 PgC

CLM5 Hist - NoLUC = -173 PgC

100 | CLM5 with the addition of
Shifting Cultivation cumulative
flux of 29.3 PgC and
Redistributed Wood Harvest
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New CLM5 LUMIP vs CLM4 CMIP5 LULCC - Fire

CLM5 Global Fire (PgC/yr)
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CLMS5 LULCC results in
large increase in carbon
loss through increased fire
of +60.4 PgC

CLM4 LULCC results in
reduced carbon loss due
lower fuel loads and reduced
fire of -29.4 PgC

CLM5 LULCC impact of
fire is +89.8 PgC larger than
in CLM4



New CLM5 LUMIP vs CLM4 CMIP5 LULCC - Fire
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CLMS5 LULCC results in
large increase in carbon
loss through increased fire
of +60.4 PgC

CLM4 LULCC results in
reduced carbon loss due
lower fuel loads and reduced
fire of -29.4 PgC

CLM5 LULCC impact of
fire is +89.8 PgC larger than
in CLM4

Biggest difference comes
from the introduction of
deforestation fires Li et al 2013
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(Reg B: tropical
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trace gas and aerosol emissions adjustment of C/N pools



New CLM5 LUMIP vs CLM4 CMIP5 LULCC - Fire
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CLMS5 LULCC results in
large increase in carbon
loss through increased fire
of +60.4 PgC

CLM4 LULCC results in
reduced carbon loss due
lower fuel loads and reduced
fire of -29.4 PgC

CLM5 LULCC impact of
fire is +89.8 PgC larger than
in CLM4

Biggest difference comes
from the introduction of
deforestation fires Li et al 2013
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New CLM5 LUMIP vs CLM5 No Deforest Fire — Fire
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New CLM5 LUMIP vs CLM5 No Deforest Fire — Fire
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CLM5 LULCC with out
deforestation fires results in
a decrease in carbon

loss through reduced fire

of -12.7 PgC compared to an
increase of 60.4 PgC with
deforestation fires

This means that deforestation
fires in CLM5 are contributing
73.1 PgC to LULCC. This is
greater than wood harvest or
the conversion flux

Suggest the conversion flux is
supposed to account for
deforestation through LULCC.
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New CLM5 vs CLM5 SC Re WH No Def Fire — NBP
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CLMS5 with the addition of
Shifting Cultivation cumulative
flux of 29.3 PgC,
Redistributed Wood Harvest
of another 9 PgC and
removing Deforestation Fires
of 73.1 PgC results in an
increase in cumulative

NBP of only 6 PgC.

The reduced NBP loss
results in an decrease in
The Land Use flux to

167 PgC over the Historical
Period

The timing and change from
carbon loss to carbon gain
in NBP is similar unchanged

Compared to Hoffman et

al 2014 from ILAMB and

GCP cumulative

NBP these combined changes
have only a small impact on
the net global carbon flux to
the atmosphere.



CLM5 LULCC - Carbon Investigation Summary

1.

Explicit prescription of forest areas in LUMIP data resulted in larger tree
losses in CLM5 through the Historical time period than CMIP5 and CLM4.

Historical crop area is very close in CLM5 LUMIP and CLM4 CMIP5 but we
now have crop model with transient crop specific fertilizer, irrigation
management and grain harvest at the grid cell.

Shifting cultivation (Gross Unrepresented LULCC) is now developed for
CLMS5 but not in current model release or default simulations. Consistent
with other modeling groups at 0.2-0.3 PgC/yr

The LUH2 prescription of wood harvest biomass results in prescription of
large amounts of wood harvest to low tree fraction areas. This can be
addressed in the Land Use data sets through redistribution based on tree
fraction

LULCC in CLM5 increases fire through Deforestation fires. This appears to
be a double counting as this carbon is already being removed through
conversion fluxes in the LULCC code.



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Cumulative
Historical Global Carbon Cycle Impacts 1850 — 2005

_ CLM5 CLM4 Diff CLM5 — CLM4

Conversion Flux 59.3 PgC 63.8 PgC -4.5 PgC
Wood Harvest 60.0 PgC 69.0 PgC -9.0 PgC
> Direct LULCC 119.3 PgC 132.8 PgC -13.5 PgC
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> LULCC + A Fire 179.8 PgC 103.4 PgC +76.4 PgC



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Cumulative
Historical Global Carbon Cycle Impacts 1850 — 2005

_ CLM5 CLM4 Diff CLM5 — CLM4

Conversion Flux 59.3 PgC 63.8 PgC -4.5 PgC
Wood Harvest 60.0 PgC 69.0 PgC -9.0 PgC
> Direct LULCC 119.3 PgC 132.8 PgC -13.5 PgC

_ CLM5 CLM4 Diff CLM5 — CLM4

A Fire (LULCC) +60.5 PgC -29.4 PgC +89.9 PgC
> LULCC + A Fire 179.8 PgC 103.4 PgC +76.4 PgC

_ CLMS5 CLM4 Diff CLM5 — CLM4

A NBP (LULCC) -172.6 PgC -128.5 PgC -44.1 PgC



New CLM5 LUMIP — Crop Harvest Grain C
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New CLM5 LUMIP vs CLM4 LULCC — Net Primary Prod NPP
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CLMS5 LULCC results in
Increased Net Primary
Productivity uptake of
carbon by the land of
+31 PgC

CLM4 LULCC results in lower
Net Primary Productivity by
-62 PgC

CLMS5 LULCC cropping with
N fertilizer and irrigation
increases NPP over previous
vegetation

CLM4 LULCC replaces high
NPP forests with lower NPP
pastures and crops

CLM5 NPP responds more
strongly to elevated CO,,
increased N deposition, and
warming climate than CLM4



New CLMS LUMIP vs CLM4 CMIP5 LULCC — NPP

CLM 5 Historlcal No LUC NPP gC/m2/year

QON | | I | | | | | L | | I | | I | | I | | I | | I | | I | | I | |
60N — jzﬁ_/ﬁ_
30N ' |
0 — fa =
308 — }—
60S — —
i — |
i = |

90s L e A AL LA L A N Sy B s N B By S S B m
180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180

CLM 4 Historical - No LUC NPF‘ gC/m2/year
QON 1 1 I 1 1 I 1 1 I 1 1 I I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I L 1 I 1 1

rmSE T F
P A

6ON - % TS rwgﬁri\u’f =
o \ % . ﬁ :
i 5 mr

=

w
S

%) o
|
- !

| \K&j

T — —— e —
1 35 e T s

TR

—_ — S
1 === - &

90S L A AL LA Ly Sy B N By B S B
180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180

-100 -50 -25 -10 -2 2 10 25 50 100




New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Cumulative
Historical Global Carbon Cycle Impacts 1850 — 2005

_ CLM5 CLM4 Diff CLM5 — CLM4

Crop Harvest 159.3 PgC 159.3 PgC
A NPP (LULCC) +31.1 PgC -62.4 PgC +93.5 PgC
A Het Respiration* -128.2 PgC -29.6 PgC -98.6 PgC

SCrop - ANPP + AHR 0.0 PgC 32.8 PgC 32.8 PgC
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New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Cumulative
Historical Global Carbon Cycle Impacts 1850 — 2005
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_ CLM5 CLM4 Diff CLM5 — CLM4

A NBP (LULCC) -172.6 PgC -128.5 PgC -44.1 PgC



CLM5 LUMIP vs CLM4 CMIP5 LULCC — Carbon Summary

1.

Historical crop area is very close in CLM5 LUMIP and CLM4 CMIP5 but we
now have crop model with transient crop specific fertilizer, irrigation
management and grain harvest at the grid cell.

The CLM5 BGC results show a larger Historical Land Use flux with LUMIP
but the model also has much stronger response to CO,, climate, fertilizer
and irrigation than found in CLM4 CN.

Explicit prescription of forest areas in LUMIP data resulted in larger tree
losses through the Historical time period.

Despite the larger decrease in tree PFTs the conversion flux in CLM5 was
smaller than in CLM4 with CMIP5 LULCC.

The prescription of wood harvest as biomass amount rather than the
fraction of trees combined with the revised harvest amounts in LUMIP

resulted in lower wood harvest in CLM5 as well.

LULCC in CLM5 increases fire where as in CLM4 it decreases it



CLMS5 Surface Climate impacts of LULCC — Extra Slides

1.

Assess the Surface Climate response of CLM5 to LUMIP Land Use Land
Cover Change (LULCC) data for the Historical under changing climate and
CO,.

Again CLM5 simulations with transient LULCC compared to simulations
performed with no LULCC over the same periods. Only compare surface
climate for years 1996 — 2005.

Again CLM5 LULCC results are compared to same experiments run with
CLM4 and the CMIP5 Historical LULCC data against no LULCC.

All experiments have been run with 1850 — 2010 GSWP3 Prescribed
Meteorology, so there are no larger scale climate feedbacks in these
studies.



New CLM5 LUMIP vs CLM4 CMIP5 LULCC — 2m Air Temp
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New CLMS LUMIP vs CLM4 CMIP5 LULCC — Latent Heat

CLM5 Historical - No LUC (2000) Change in Latent wW/m2
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New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Albedo

CLMS5 Historical - No LUC (2000) Annual Albedo
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New CLM5 LUMIP vs CLM4 CMIP5 LULCC — Leaf Area

CLMS5 Historical - No LCC (2000) Change in Annual LAl m2/m2
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New CLMS LUMIP vs CLM4 CMIP5 LULCC — Tot Ecosys C
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New CLMS LUMIP vs CLM4 CMIP5 LULCC — Tot Ecosys C

CLMS5 Historical - No LCC (2000) Total Ecosys C gC/m2
gDN 1 1 I 1 | I 1 1 I 1 1 I 1 1 I 1 1 I | 1 I | 1 I 1 1 I 1 1 I 1 1 I 1 1

e —

60N

30N

30S

60S

(=]
L L I L L I L L I L L I L L I I L
T T I T T I T T I T T I T T I T T

908 T T I T T I T T I T T I T T I T T I T T I T T I T T I T T I T T I
180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180

CLM4 Historical - No LCC (2000) Total Ecosys C gC/m2
QDN 1 1 I 1 1 I 1 1 I | 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1

P PO g

e —

60N

30N

308

60S

o
T EETEEE BT EEEEE SR N
T T
LN LI N LN N N N Y LB N LI

905 T T I T T I T T I T T I T T I T T I T T I T T I T T I T T I T T I T T
180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180

-5000 -2500 -1000 -500  -100 100 500 1000 2500 5000




New CLMS LUMIP vs CLM4 CMIP5 LULCC — Het. Resp.
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New CLMS LUMIP vs CLM4 CMIP5 LULCC — Het. Resp.

CLMS5 Historical - No LUC Het Resp gC/m2/year
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New CLMS LUMIP vs CLM4 CMIP5 LULCC — Crops
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CMIP5 Current Day Land Carbon Simulations and
Historical Land Cover Change — Anav et al. 2012
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CMIP5 Current Day Land Carbon Simulations and
Historical Land Cover Change — Anav et al. 2012
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CMIP5 Current Day Land Carbon Simulations and
Historical Land Cover Change — Anav et al. 2012
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