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PONDEROSA PINE

Diurnal stomatal
conductance and leaf
water potential, MS
thesis, Oregon 1973
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FIiG. 5. Environmental and physiological data for
Douglas fir, ponderosa pine, and grand fir, taken
August 20, 1974, on the Metolius River site. Each
leaf-conductance point represents a canopy average of
four measurements on 0- to 3-year needle-age classes,
three trees, 1 to 3 m tall (1 bar = 10° Pa, 1 ly min— =
69.8 mWcm™?),



First systems model of
tree water balance, 1975
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Fig. 1. Components of water flux model



Original FOREST-BGC flow diagram, emphasizing dual
time steps, critical role of LAIl, C-H20-N interactions,

and remote sensing applications, 1988
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Figure 1.2. Compartment flow diagram for the FOREST-BGC ecosystem simulation model. This diagram illustrates
the state variables of carbon, water, and nitrogen, the critical mass flow linkages, the combined daily
and annual time resolution, and the daily meteorological data required for executing the model. The
major variables and underlying principles associated with the model were developed specifically for
application at multiple time and space scales, and for compatibility with remote-sensed definition of key
ecosystem properties.
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Integrated, Multiple Constraints on the Biosphere
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Seasonal Growing Season Constraints

Russia, Boreal

Index Value

Feb-00 Apr-00 Jun-00 Aug-00 Oct-00 Dec-00
Date

Africa, Savannah

Index Value

0.0

Jul-99 Nov-99 Mar-00 Jul-00
D ate

B Vapor Pressure Deficit
[ Daylength

B Minimum Temperaure Jolly, Nemani, Running. Global Change Biology 2005




S Legend

Global Effective Growing Season Length

Effective Growing Season Length
(lays)
P bigh - 363858436

- Ly 01000000

Jolly, Nemani, Running. Global Change Biology 2005



GPP = Light X Conversion Efficiency

GPP = X

MOD17A2 (GPP) over Globe, May 1 - May 8, 2003

Average Daily GPP (gC/m?/day)

O 2 3 & st i g 0§ 0 A1 1 B M s
© 2003 NTSG, The University of Montana

MODIS, Version 4, 4km, April 2003
Sinusoidal Map Projection
rmyneni@crsa.bu.edu
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NPP = Annual GPP - Autotrophic
Respiration

NPP =

MOD17A3 v105 (Enhanced NPP) over the Globe, 2003

Annual NPP (kgC/m *year)

E 125 :
© 2004 NTSG, The University of Montana obe, May 1- May 8, 2003

Average Daily GPP (gC/m?/day)
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Comparison of GPP from Terra-MODIS
and AmeriFlux Network Towers

The AmeriFlux network, established in 1996, provides
continuous observations of ecosystem level
exchanges of CO2, water, energy and
momentum spanning diumal,
synoptic, seasonal, and
interannual time scales.

Biome types used in comparison: forests
: (evergreen needleleaf, deciduous broadleaf, and
mixed species), oak savanna, grassland, tundra,
and chaparral.
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Multi-scale Measurement Strategy
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Grassland, Vaira Ranch, CA, 2001

MODIS GPP = 1134.86 gC m™ Tower GPP = 776.37 gC m™
Biome-BGC GPP = 614.64 gC m™

12 T T T T T T T T T T
——  \|ODIS
- =y = Tower
10 r - =-m= = Bjome-BGC |
v ~ I
S 7% ""||‘ _
- 7
S A lI
QO 6r ) 4 * | . =
@) J Y
E_’ | I \\ .
n 4r 7 "I. \|| R‘ )
O \a-r/ I 1 5 : u‘
5 L ! \ N " \ |
c (] n N
0 -A‘-I.' \\" ol - r 4 n

0 30 60 90 120 150 180 210 240 270 300 330 360

Julian Day




Change in Terrestrial NPP from 1982 to 1999

Nemani et al., Science June 6t 2003



The global NPP dependence on ENSO: La Nifia and the extraordinary year of 2011
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Our first MODIS NPP over China, 2004

NPP (g C/m%y)
> 1000

. 500

Total NPP(Pg C)
China: 2.49
Globe: 56.04

. 0 China’s terrestrial carbon balance: Contributions from multiple
Pe rcent . 4 . 78 /O global change factors

Hangin Tian,"* Jerry Melillo,” Chaoqun Lu,'* David Kicklighter,” Mingliang Liu,'?
Wei Ren,"2 Xiaofeng Xu,"2 Guangsheng Chcn,"2 Chi thamg,"2 Shufen Paam,"2
Jiyuan Liu, and Steven Running?®

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 25, GB1007, doi:10.1029/2010GB003838, 2011
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Contribution of semi-arid ecosystems to interannual
variability of the global carbon cycle

Benjamin Poulter':?, David Frank™>%, Philippe Ciais?, Ranga 1\-'1}-’11(31'1i5. Niels Andela®, Jian Bi®, Gregoire Br()(|Llet2, Josep G. Canadell”,
Frederic Chevallier?, Yi Y. Liu®, Steven W. Running?, Stephen Sitch'® & Guido R. van der Werf®

doi:10.1038/naturel3376

For example, in Australia: a 7 i
* 45% increase in NPP (LPJ and MODIS) 3 Vo i < o i SRR
* 9% increase in Rh (LPJ) £ ‘..«v'w‘,\/;u,} |
* 29% decrease in fire emissions from TR e TR~ Y S

GFED & GFAS observations e R T, A . s “ﬁ =

"'—»,_\ 7 -~ : \{L. L - - > :‘:’,"
R el
Net effect 2011 MODIS NPP anomaly (z score)
S - ] [T [T

* 0.84 Pg Csink in Australia BT T T T

* Explained 60% of global anomaly
* Semi arid regions explained 51% of total
land sink in 2011

Climate attribution _
- Precipitation driven
- Regional lag effects
- Enhanced soil moisture from 2010
precipitation in semi-arid regions = =2 4 o° 1 2 3
- Decrease in tropical Rh after 2010 (Poulter et al 2014)
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GLOBAL Generalized Disturbance Index

Disturbance Index
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MODIS ANNUAL DISTURBANCE
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Agqua MODIS Maximum Annual
Land Surface Temperature (2003-2009)
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Global satellite monitoring
of climate-induced vegetation
disturbances

Nate G. WicDowvell', Nicholas C. Coops~, Pieter S.A. Beck?, Jeffrey Q. Chambers?®,
Chandana Gangodagamage’, Jeffrey A. Hicke®, Cho-ying Huang® Robert Kennedy”’
Dan J. Krofcheck?®, Miarcy Litvak®, Arjan J.H. Meddens®, Jordan NMuss"',

Robinson Negrén-Juarez?®, Changhui Peng®., Amanda IVI. Schwantes'?,

Jennifer J. Swenson'?, Louis J. Vernon', A. Park Wi illiams"'"', Chonggang Xu’,
Maosheng Zhao'Z, Steve VW. Running™®, and Craig D. Allen'?

Review Trends in Plant Science February 2015, Vol. 20, No. 2

TRENDS in Plant Science

Figure 2. Examples of global monitoring capabilities. (A) The Moderate Resolution Imaging Spectrometer (MODIS) Global Disturbance Index (MGDI; 500 m), and (B) the
Landsat-based global forest change detections (30 m). The approximate year of detection for each system is provided within each legend. Each of these maps represents
major breakthroughs for the time period. In (B), Hansen et /. [29] provided the first user-friendly, interactive web-based tool that allowed examination of the global patterns
of forest loss and gain since year 2000 via 30-m resolution Landsat analysis. (C—E) show a zoomed-in landscape near Manaus, Brazil. The ground-referenced data set (C) is a
Landsat 5 TM scene (30-m spatial resolution) collected on July 29 2010, comprising RGB using bands 5, 4, and 3, and the disturbance is a severe storm that hit the Amazon
basin on January 16-18 2005 [51]. Forest loss from [29] is shown in (D), and (E)} is the MGDI. (C,D) both show results from 30-m resolution imagery (Landsat); however, (C)
was improved using ground-truth data. Comparing (C) and (D) highlights that, while the new tool from [29] is a radical step forward, without ground evaluation it fails to
mortality at finer scales that may be a dominant component of global mortality. Nonetheless, the improvement of using 30-m resolution imagery is clear when
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Global Forest Cover Change 2000 - 2012

Forest

Tree Loss

+
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Hansen, M. et al. Science 2013




SUSTAINABILITY

Ecosystem services lost to oil
and gas in North America

Net primary production reduced in crop and rangelands

By Brady W. Allred,'* W. Kolby Smith,*2
Dirac Twidwell,? Julia H. Haggerty,*
Steven W. Running,! David E. Naugle,!
Samuel D. Fuhlendorf®

From 2000 - 2012

50,000 new wells / year
3 million ha land lost

4.5 Tg C of NPP lost / yr

SCIENCE sciencemag.org

Publshied by ARAS

water use. Before this work, little has been
done in examining these types of data and
their relations with ecosystem services at
broad scales.

of carbon per year, we convert to equiva-
lent biomass-based measurements to pro-
vide context and discussion.

We estimate that vegetation removal
by oil and gas development from 2000 to
2012 reduced NPP by ~4.5 Tg of carbon or
10 Tg of dry biomass across central North
America (see the chart on page 402, left).
The total amount lost in rangelands is the
equivalent of approximately five million
animal unit months (AUM; the amount
of forage required for one animal for 1
month), which is more than half of annual
available grazing on public lands managed
bv the U.S. Bureau of Land Management

24 APRIL 2015 + VOL 348 188U 6233 401
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“The rise in C02 |proceed|ng soslowly that most
of us today will, very likely, live out our lives

without perceiving that a problem may exist”

Keeling CD, Harris TB, Wilkins EM, 1968. Concentration of atmospheric carbon dioxide at 500 and 700
millibars. J. Geophys. Res. 73:4511-28



GLOBAL CARBON

Persistent Growth - Global

PROJECT

Assuming emissions follow projected GDP growth and accounting for improvement in carbon intensity,
we project fossil fuel and cement emissions to grow 3.1%/yr to reach 43.2 GtCO,/yr by 2019

CO, emissions (GtCO./yr)

Data: CDIAC/GCP/Friedlingstein et al 2014

45 - i
e | 2019
e | 43.2 GtCO:
40 - 2013—-2014 "  [39.7-45.6]
+2.5% @
> 2014
37.0 GtCO,
35 - _ - [34.8—39.3]
2000—2009
+3.3%/yr 2012—2013
‘ +2.3%
30 - —
1990—1999
+1.0%/yr
25 - —
1990 1995 2000 2005 2010 2015 2020

Economic growth based on IMF projections, fossil fuel intensity based on 10-year trend

Source: CDIAC:; Friedlingstein et al 2014



http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://dx.doi.org/10.1038/ngeo2248

The Human Perturbation of the CO, Budget (2000-2009)

77£0.5PgCy" 4.1£0.1 PgC y"!
- 47%

Calculated as the residual |5

26%
2.3+0.4 PgC y!

Global Carbon Project 2010; http://www.globalcarbonproject.org/carbonbudget/index.htm



http://www.globalcarbonproject.org/carbonbudget/index.htm

NPP (PgC/yr)
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Efficiency of Natural Sinks

Land Fraction

006 lllllllllllllllllllllllllllllllllllllllllllllll

0.3
0.2 -
0.1 |-

0.0

o-‘ lllllllllllllllllllllllllllllllllllllllllllllll

C) Oceon

1960

Canadell et al. 2007, PNAS

o |lllllllll'lllllllll'lllllllll'lllllllll'llllll

1970 1980 1990 2000

b wan

&

vor WCRPa



http://www.ihdp.uni-bonn.de/
http://www.ihdp.uni-bonn.de/
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IS OUR CURRENT
CONSUMPTION OF Biospheric
NPP Sustainable*?
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CROP YIELDS WILL NOT KEEP UP WITH
POPULATION GROWTH to 2050

- Maize

o Il sice
- Wheat

= :I Soybean

Yiald tansha

1 1 I 1 1 1 1 1 1
E=lrals] 1980 pE=t=1n] 2000 2010 20320 20530 2040 =050
Wears

Figure 1. Global projections. Observed area-weighted global yvield 196 1-2008 shown using closed circle:
for maize, rice, wheat, and sovbean. Shading shows the 20% confidence region derived from 92 bootstap
trend of the —2 4% wvield improvement required each year to double production in these crops by 2050
cultivation startina_in_the base wvear of 2008,

D.K. Ray et al PlosOne 2013



GIobaI Water Supply Threat

Incident human water
security threat

" = No appreciable flow, -

Vorosmarty et al Nature 2010

The global percentage of dry areas has
increased by about 1. 74% (of global

land area) per decade (]]/) from 1950
L 90N0 S



Unsustainable groundwater withdrawal

Depletion rate 4cm/yr
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el PSS A REMOTELY SENSED GLOBAL
\. TERRESTRIAL DROUGHT
SEVERITY INDEX

A DECADE OF OSIRIS * QiaozHEN Mu, MacsHENG ZHao, Jorn S. KimeaLl, NaTtHan G. McDoweLL, anp Steven W. Running
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a' ; A new global index uses operational satellite remote sensing as primary inputs and enhances
‘ .' near real-time drought monitoring and mitigation efforts.
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GROWTH 1960 — 2000:
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Human Domination of Earth’s Ecosystems

Peter M. Vitousek, Harold A. Mooney, Jane Lubchenco, Jerry M. Melillo



PEN ACCESS

1OP Publishing Environmental Research Letters
Environ. Res. Lett. 9 (2014) 111003 (Spp) doi:10.1088/1 748-93268/9/11/111003
Pe rspectl ve

A regional look at HANPP: human
consumption is increasing, NPP is not

Steven W Running Abstract

‘V‘ume'”c"af Terrady"‘”’"“' ) Abdil er al (2014 Environ. Res. Lerr. 9 094003). have adapted the concept of comparing
i’;mufanonﬂfrr)uﬁ; [;t;zversny o supply and demand of annual plant production known as human appropriation of net
UE:K;’;‘:S,IZ e e Ll R primary production (HANPP) to a region of the Sahel with rapid population growth. They

found that HANPP more than doubled over the study period of 2000—2010. from 19% to
A41% . sugeesting increasing vulnerability of these populations to food insecurity.
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Terrestrial NPP = Planetary Boundary??

600 800 1000 1200 Barren Urban Water
MEAN NPP (2000_2006) gC/mz/yr by Maosheng Zhao @ NTSG

Zhao et al., 2005, Remote Sensing of Environment
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ECOLOGY From Running, SW. Science 337 p1458-1459, 2012
A Measurable Planetary Boundary et mipimeny o posucion

provides a measurable boundary for human

for the B i osphere consumption of Earth's biological resources,
Steven W. Running Availa b'e
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related To Npp
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Planetary Boundaries, Rockstrom et al 2009, NATURE,
Steffen et al 2015 SCIENCE



EJ

Future Bioenergy Potential
(estimated by economists)
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crosaL carson Observed Emissions and Emissions Scenarios

PROJECT

Our knowledge, modeling and monitoring is now
good enough for policy
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THE MOST DISTANT IMAGE OF EARTH EVER TAKEN, 1 BILLION KM

WE BETTER NOT SCREW THIS PLANET UP




