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“humans have become a geologic agent
comparable to erosion and eruptions…
it seems appropriate to emphasize the
central role of mankind in geology and
ecology by proposing to use the term
'anthropocene' for the current
geological epoch."

Paul J. Crutzen

The The AnthropoceneAnthropocene



Human Transformation of the Land Surface

The current land surface little resembles what
existed 100,000 years or even 3,000 years ago

• Fire for ecosystem management
• Grazing
• Deforestation for metal smelting
• Agriculture
• Urbanization/infrastructure
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World Population

6 -10 Million

Global Land CoverGlobal Land Cover

Pre-AgriculturePre-Agriculture
Approx. 10,000 BCEApprox. 10,000 BCE

% of Land Area 

Transformed for Agriculture

(Negligible)



Post AgriculturePost Agriculture

World Population

6 Billion

Land Cover Type

Global Land CoverGlobal Land Cover

Post-AgriculturePost-Agriculture
PresentPresent  

World Population

6.5 Billion

43% of Land Area 

Dominated by Agriculture



UrbanizationUrbanizationGlobal Land CoverGlobal Land Cover

UrbanizationUrbanization
PresentPresent  

World Population

6.5 Billion

% of Land Area 

Built-up

3 - 6%



Earth’s “Bio-Engine”
Net Primary Production (NPP)

NPP is the amount plant material produced on Earth.
It is the primary fuel for Earth’s food web.
Represents all available food and fiber.

NPP can be measured in terms of Carbon
 (photosynthesis - CO2  exchange between atmosphere and
biosphere (global climate change).

Land use strongly impacts NPP
Humans require almost 20% of Earth’s NPP capacity on land

NPP is the “Common Currency” for  Climate Change,
Ecological, & Economic Assessment.



The Link Between Vegetation and ClimateThe Link Between Vegetation and Climate



Malthus’s Dismal Theorem:

Thomas Malthus, a 19th Century economist, 

postulated that since human populations 

increase geometrically and food supplies 

grow arithmetically, human populations 

will undergo a cycle of growth

 and catastrophic decline.



Time Magazine – Special Millennium Issue,  November 8, 1999



  1st - Don’t Panic
Avoid the extremes -Doomsday and Denial are

poor choices

2nd - Use our best tools - address the issue.
Past attempts failed because the system  could not

be “closed”.

Treat  Earth as a system.
Satellite technology enables this perspective for

the 1st time in human history

So What do we do with Malthus?





Apollo 17
Dec.7, 1972, 45,000 km from Earth,

70mm Hasselblad, 80mm lens

We’ve Come A Long Way

TIROS
April 1, 1960

700 km Altitude

Blue Marble
EOS Terra/Aqua 2000 -



•True color satellite
data visualization
–June-August 2001
–MODIS (TERRA)
–1km (30”) spatial resolution
–Layers:
•land
•ocean
•sea-ice
•clouds
•lights
•topography

Blue Marble 2002

Credits:
Reto Stöckli, Rob Simmon and MODIS science team



Satellite Tools for Observing
Land Cover Change and NPP

• Day time observations (daily, monthly
composites)
–Vegetation density

–Climate (temperature, precipitation etc.)

• Nighttime observations “City Lights”





NPP “Supply”
Earth’s Current Terrestrial Production

Above and Below Ground

• Satellite Observation using 17 Year Baseline
– NDVI-monthly composite (AVHRR) 1982-1993

   at (0.25x0.25 degree horizontal resolution)

• NDVI = IR+R/IR-R

• Terrestrial Carbon Model -Carnegie Ames Stanford
Approach – CASA

• Calculates NPP in g/m2 [above & below ground].

• NDVI + vegetation map            !  FPAR (0.4-
0.7mm)

• FPAR + solar surf. Irradiance  ! IPAR

• IPAR  + light use efficiency      !  NPP rates (g m-2)

• Climate drivers (Temperature, Precipitation, etc..)



How is the Urban Environment

Affecting Earth’s Weather, Climate, and

Global Water Cycle?

Source: United Nations Population Fund
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Defense Meteorological SatelliteDefense Meteorological Satellite
Operational Linescan System (OLS)

•• 833 km, sun-synchronous,833 km, sun-synchronous,
near circular, polar orbit.near circular, polar orbit.

•• Nighttime data (PMT)Nighttime data (PMT)

––  0.47 - 0.95 um 0.47 - 0.95 um

–– 1010-5-5 to 10 to 10-9-9 Watts per cm Watts per cm22

perper sterradian sterradian..

•• Pixel resolution:Pixel resolution:

––  0.55 km at high resolution 0.55 km at high resolution
(fine mode)(fine mode)

–– 2.7 km at low2.7 km at low
resolution(smooth mode).resolution(smooth mode).



Nighttime Lights of the WorldNighttime Lights of the World
DMSP Global Composite    Oct. 1994 - March 1995DMSP Global Composite    Oct. 1994 - March 1995



Korean PeninsulaKorean Peninsula
Day - MODIS, April 6, 2000Day - MODIS, April 6, 2000 Night - DMSP, Oct., 2000Night - DMSP, Oct., 2000



DMSP Views Katrina

August 28, 2005

September 10, 2005

Before/After

Damaged area



Consequences of Urbanization on 
NPP-Carbon in the United States

What is the overall impact in
North America?

–Has the NPP-carbon sink
been reduced?
–What are the consequences?

How does urbanization interact
with climate locally?

–Is there a recognizable
effect in the NDVI signal at
1km spatial resolution?
–What are the seasonal
dynamics?
–Is urbanization’s impact on
NPP balance positive or
negative?



DMSP Urban Map

AVHRR/MODIS Land Cover

NDVI/NPP

WWF  Ecoregions

Geo-spatialGeo-spatial

DataData

FusionFusion



Consequences of
Urbanization on NPP

DMSP/OLS Urban Map

 Urban, Peri-urban, Non-urban

AVHRR/MODIS
Monthly  NPP (g Cm-2)

NPP  and Local Climate:

Urban Heating Extends

Satellite Observations
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Winter NPP

gain negated

in peak

season by

reduced

vegetation

and heat

stress.

Seasonal

Offset

diminishes in

tropics

Length of growing season

locally in cold climates.

In semi-arid regions cities

enhance NPP relative to

surrounding areas

North East

Mid-Atlantic

South East
South West

Measuring Human Impacts on the Biodiversity and Carrying Capacity of Ecosystems [LCLUC99-0004-0016]  M. L. Imhoff, PI



NPP Lost or Gained (annual)
Due to Urbanization

Going from a pre-urban to a post urban world

Consequences of Urbanization
on NPP-Carbon in the U.S.

Urbanization and NPP
-  NPP decreased 41.5 M tons C / year.
-  Roughly equivalent to the increase
       created by 300 years of agricultural
       development.

How can this happen when urban areas
occupy only 3% of the land surface and

agriculture occupies 29%?

Location, Location, Location.
Urbanization is taking place on the most

fertile lands

Reduction of NPP may have biological
significance:

-Annual loss of food web energy  400 Trillion kilocalories
      (roughly equal to food energy requirement for 448 million people).
- Reduction of actual food products  equivalent to needs of 16.5 million persons annually
      (about 6% of US population).

Total Reduction

41.5 Mt C

From Ag Lands

25.5 Mt C



Human Consumption of NPP:
 Can the Earth Keep Up?

M. L. Imhoff,  L. Bounoua, Taylor Ricketts, and Colby M. L. Imhoff,  L. Bounoua, Taylor Ricketts, and Colby LoucksLoucks

  NASANASA’’s GSFC, UMD ESSIC, WWFs GSFC, UMD ESSIC, WWF



Average Annual NPP on Land 
(1982-1998)

56.8 Pg Carbon56.8 Pg Carbon



NPP Global NPP Global ““DemandDemand””
Amount of total NPP required for food and fiber products

• Sympathetic with AVHRR NPP supply

• Two approaches both using United Nations Food and Agricultural
Organization data (UNFAO-STATS)

– Per capita Consumption - ‘Lateral’

– Land area harvest index - ‘Vertical’



NPP Global NPP Global ““DemandDemand””
Per capita Consumption

• Shows population pressure ‘laterally’ on NPP
– NPP consumed in situ not produced in situ.
– Indicates vulnerability (reliance on transport)

•  Product Specific
– Vegetal Foods, Livestock-based Products, Wood, Paper, and Fiber.

• Bio-agronomic modules
– Back-calculate the NPP required in grams Carbon.

• Country level - spatially constrained
– Domestic Supply = Production + Imports – Exports
– Separate parameterization for Developing and Industrialized countries.



Annual Human NPP Carbon Demand 
Terrestrial NPP Required for Food and Fiber (1995)

11.54 Pg Carbon



NPP Required (g C) - Meat Consumption (1995)

2.0 Pg2.0 Pg



(Grams Carbon)

NPP Required (g) - Milk Consumption (1995)

0.14 Pg



NPP Supply

NPP Demand

NPP Balance

_

=

NPP Carbon Balance



NPP Demand as % of Supply
Global NPP Demand is 20% of Supply (land)Global NPP Demand is 20% of Supply (land)

There are large regional and local variationsThere are large regional and local variations

84%

6%

24% 72%
300%

North

America

South

America

W. Europe

S. Central Asia

[Locating Risks to Biodiversity: A Carbon Balance Approach CARBON-0000-0009]  M. L. Imhoff, PI



Annual NPP Carbon Demand
 Human Population 1995  (5.69 Billion people)  

Consumed Products
(Pg Carbon)

Low
Estimate

Intermediate
Estimate

High
Estimate

Vegetal Food 0.89 1.73 2.95
Meat 1.69 1.92 2.21
Milk 0.15 0.27 0.43
Eggs 0.09 0.17 0.26
           Food (subtotal) 2.83 4.09 5.85
Paper 0.20 0.28 0.38
Fiber 0.32 0.37 0.42
Wood Products (including fuel) 4.64 6.81 8.15
         Commodities (subtotal)     5.17         7.45      8.95

Total “Demand” 8.00 11.54 14.81

Demand as % of Supply (56.8 Pg) 14% 20% 26%



Region Population

(millions)

Per

Capita

NPP

Demand

(MT C)

Regional

NPP

Supply

( Pg C)

Regional

NPP

Demand

( Pg C)

Demand

%

Supply

Africa 742 2.08 12.50 1.55 12%

East Asia 1400 1.37 3.02 1.91 63%

South-Central

      Asia 1360 1.21 2.04 1.64 80%

Western

Europe 181 2.86 0.72 0.52 72%

North

America 293 5.40 6.67 1.58 24%

South

America 316 3.11 16.10 0.98 6%

Regional NPP Carbon  Supply versus DemandRegional NPP Carbon  Supply versus Demand

(Intermediate Estimate of Demand)



I = PATI = PAT

• The overall ecological impact [ II ] of human
activities involves the tight interplay of
population size [ PP ],     consumption level or
[ AA, for “affluence”]   and the technologies
employed [ TT ] (Holdren and Ehrlich, 1976).



Scenario P* A** T*** HANPP (PgC)

1 ! " " 17.42

2 " ! " 20.19

3 " ! ! 16.26 †

4 ! ! " 31.59

5 ! ! ! 25.5 †

!(increase), " (no change from the baseline 1995 intermediate estimate). 

* Population increase from 5.69 Billion (global population in 1995) to 8.92 Billion (estimated global population in

2050; Ref 18).

** Affluence increase applies average per capita consumption of industrialized countries (in 1995) for all countries.

*** Technology increase applies technological efficiencies of industrialized countries (in 1995) to all countries.

† Per capita fuel wood use in developing countries reduced to average for industrialized countries in 1995.

How HANPP Changes as a Function of: 
Population, Affluence, and Technology

I = PAT
•The ecological impact [ II ] of human activities involves population

size [ PP ], consumption levels [ AA, for “affluence”], and the
technologies employed [ TT ] (Holdren and Ehrlich, 1976).



The rate at which humans consume NPP-C is a powerful aggregateThe rate at which humans consume NPP-C is a powerful aggregate
measure of human impact on biosphere function.measure of human impact on biosphere function.

Human NPP-C Demand is between 10% and 20% of planetary supplyHuman NPP-C Demand is between 10% and 20% of planetary supply
with large regional and local variation.with large regional and local variation.

Population-based Population-based ‘‘LateralLateral’’ Supply and Demand approach illustrates the Supply and Demand approach illustrates the
degree to which local populations depend upon NPP degree to which local populations depend upon NPP ““importsimports””..

Land area-based or Land area-based or ‘‘VerticalVertical’’ analysis illustrates in situ landscape NPP analysis illustrates in situ landscape NPP
balance with direct implications for ecosystem function.balance with direct implications for ecosystem function.

Human harvests of NPP substantially reduce the amount of actual NPP
in many areas
On average, humans leave relatively less NPP in low-productivity
ecosystems than in high-productivity ecosystems

Reference: M. L. Imhoff, L. Bounoua, T. Ricketts, C. Loucks, R. Harriss, and W. Lawrence.

  Global patterns in human consumption of primary production. Nature, 24 June 2004, pp. 870-873.

ConclusionsConclusions



Land Area Based Assessment
‘Vertical’

• Estimates NPP balance in situ

– NPP removed for food and fiber vs, NPP left behind on
landscape

• Based on Harvested NPP (Darwin et al.) FAOSTATS
– Country and state-level data on crop, livestock, and wood products harvested.

• Distributed country- and state-level harvested products to 0.5°
lat./long. grids based on land-cover, agro-ecological, and population
factors.

• Estimated NPP by converting the measures of crop (mt), livestock
(mt), and wood (m3) products in 0.5° lat./long. grids into Pg C.



NPPact

(gC/m2)

Terrestrial NPP ‘Supply’ in 1997 

AVHRR/CASA 



 NPPh

(gC/m2)

NPP Harvested by Humans in 1997



  NPPt

(gC/m2)

NPP Remaining After Human Harvest 



Concluding Remarks

• Human NPP appropriation is a powerful measure of aggregate
human impacts on the biosphere.

• Global NPP demand is 20% of supply with large regional and
local variation:

• 6% (South America) to over 70% (Europe and Asia), and from
near 0% (e.g., central Australia) to over 30,000% (e.g., New
York City).

• Spatial data on NPP supply and demand illustrate the degree
to which local populations depend upon NPP “imports,”.

• The HANPP model structure allows quantitative assessment of
changes and potential impacts to NPP-carbon use resulting
from different policy and development scenarios.
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Population [P]

• Population is a powerful driver despite vast differences in
consumption among nations.
– Asia, with almost half the world’s population, appropriates 72% of

its regional NPP supply despite having the lowest per capita
consumption of any region (1.29 Metric tons C per year).

• Global population growth alone would cause an 83% increase in
total NPP demand over the next century.
– 18.1 Pg C or 32% of global supply by 2050 (8.92 billion people)

– 21.08 Pg C  or 37% of global supply by 2100 (10.4 billion people)



Affluence [A]
 Consumption Level

• If per capita NPP consumption in the developing countries is
increased to that

   of industrialized countries:
–  NPP demand increases from 11.411.4 to 18.4 Pg C

              (i.e.,  to 33% of current global NPP supply).

–  In South Central Asia, regional NPP demand grows from 80% to 224%
of supply.

• A change of this magnitude would:
– Increase ecological impoverishment in particular regions,

– Require substantial imports of NPP to those regions,

– Create greater pressure on natural and agricultural systems worldwide.



Technology [T]

• Reported efficiencies for wood production in developing countries
are roughly half those of industrialized countries.

• The global annual NPP demand for wood and paper would decrease
1.97 Pg C1.97 Pg C if the developing countries achieved the same harvest
and milling efficiencies as industrialized countries have now
(leading to a 17% total reduction in NPP consumption).




