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NDVI = 
NIR - VIS 

NIR + VIS 



Green leaves 
absorb strongly 
in the visible

http://earthobservatory.nasa.gov 
http://www.geoinformatics.com/ 
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NIR + VIS 

VIS NIR
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Calculating Sensitivity of Vegetation 
to Temperature and Precipitation



Robust Multiple Regression, 1997 - 2012

%∆NDVI = βo + TMAT βTemp + PMAP βPrecip 

Sensitivity



Example of sensitivity to temperature

Sensitivity = 
%∆NDVI

∆Temp

Greener when 
warmer

Browner when 
warmer
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Project from 
geographic to 
climate space

-20 -10
0

1000

2000

3000

4000

5000

0 10 20 30

Temperature [°C]

Pr
ec

ip
ita

tio
n 

[m
m

/y
ea

r]

Non-vegetated Land

Less than 10 spatial points in a bin

Vegetated spatial points



Collect spatial 
grid cells into 
bins

Non-vegetated Land

Less than 10 spatial points in a bin

Vegetated spatial points

-20 -10
0

1000

2000

3000

4000

5000

0 10 20 30

Temperature [°C]

Pr
ec

ip
ita

tio
n 

[m
m

/y
ea

r]

An average of the sensitivity of 
vegetation to climate is taken in 
each bin with at least 10 
vegetated spatial points in it.



Sensitivity, Temperature and Precipitation

Sensitivity
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Aggregated Global Patterns
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Aggregated 
Patterns
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Empirical 
Global Regions
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4 Distinct regions emerge 
when the sensitivity of 
vegetation to both temperature 
and precipitation are combined.
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• Cold Region

The cold region is greener 
during warmer and drier years. 
These annual changes primarily 
effect the length of the growing 
season through growing degree 
days and snow cover.
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• Cold Region
• Transition Region

The transition region separates 
cold regions from warm 
regions and is bounded by two 
linear contours that show a 
proportionality between 
temperature and precipitation 
in the sensitivity of vegetation.
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Empirical 
Global Regions
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• Cold Region
• Transition Region
• Hot-Dry Region

The hot-dry region is primarily 
found on the edge of deserts 
where there is no vegetation. 
Over a broad range of 
temperatures, these places are 
greener when it is wetter or 
cooler.
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Empirical 
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• Cold Region
• Transition Region
• Hot-Dry Region
• Hot-Wet Region

The hot-wet region suggests 
that water stress, rather than 
the absolute temperature in 
the main constraint on 
vegetation. It seems probable 
that clouds play a major role in 
offsetting the costs of warmer 
years so that vegetation is 
greener when warmer and 
dryer.
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Conclusions



Conclusions

There are a number of emergent patterns observed in the sensitivity 
of vegetation to temperature and precipitation.

Empirical Functional constraint built from vegetation and climate 
observations.
• The observed sensitivity of vegetation to climate is another way to constrain models using 

the growing time series of satellite observations.
• Analyzing these observed relationships in climate space allows mechanisms to be 

hypothesized.

• Parallel proportional relationships in both the sensitivity of vegetation to temperature and 
precipitation.

• A region of strong sensitivity of vegetation to temperature suggesting unique ecoclimate 
dynamics.

• Four distinct regions resulting from analyzing the signs of both the sensitivity of vegetation to 
temperature and precipitation across climate
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Comparison of 
Whittaker 
Ecoregions 
with observed 
Vegetation 
Function. 
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Vegetation sensitivity global distribution

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
0

500

1000

1500

2000

2500

Histogram of Vegetation Response

Standard Deviation

N
um

be
r

 

 

1-18-2015

NDVI v. Temp
NDVI v. VPD
NDVI v. Shortwave

‘too little’‘too much’



-0.02

-0.016

-0.012

-0.008

-0.004

0

0.004

0.008

0.012

0.016

0.02

-3

-2.4

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

2.4

3

ß
T

E
M

P
 [

%
N

D
V

I/
°
C

]
ß

P
R

E
C

IP
 [

%
N

D
V

I/
m

m
]

D

B

-15 -10 -5 10 15 20 25

Temperature [°C]

500

1000

1500

2000

2500

3000

3500

4000

4500
P

re
c
ip

it
a
ti
o
n
 [

m
m

/y
e
a
r]

50

High ß
TEMP

A

-15 -10 -5 10 15 20 25

Temperature [°C]

500

1000

1500

2000

2500

3000

3500

4000

4500

P
re

c
ip

it
a
ti
o
n
 [

m
m

/y
e
a
r]

50

High ß
TEMP

C

ßPRECIP
 = 0

ßTEMP
 = 0

ßPRECIP
 = 0

ßTEMP
 = 0

ß TE
M

P
ß PR

EC
IP

0

0

30

30



Climate Classification



Bioclimatic Map

Metzger et al. 2013

Growing Degree Days

Aridity Index
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Koppen-Geiger 
Climate 
Classification 

Kottek et al. 2006

Climate boundaries established 
along biome boundaries

Classifications built around  
temperature and precipitation.

No observation of vegetation 
processes.



Threshold in 
Temp & Precip

Kottek et al. 2006

Dfb minimum Temperature ≤ -3 °C

Climate boundaries established 
along biome boundaries

Classifications built around  
temperature and precipitation.

No observation of vegetation 
processes.

Continental/microthermal climates



Climate 
Controls 
Vegetation

Rubel et al. 2010
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Vegetation Sensitivity to Temperature
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Hot dry regions
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Trading Water for Carbon

Ball et al 1987

Photos: Wikimedia Commons



Trading Water for Carbon

Shortwave radiation heats canopy and drives photosynthesis
Ball et al 1987

Photos: Wikimedia Commons

Solar Radiation



Trading Water for Carbon

Photosynthesis - Carbon in

Transpiration - Water out

Stomata

Ball et al 1987

Photos: Wikimedia Commons

Solar Radiation

CO2 comes in through stomata, water goes out



Hot dry regions
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Cold regions
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Hot wet tropics: greener in warmer years
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Vegetation sensitivity projected spatially
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Water driven high latitudes

Regression of NDVI and Temp
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Amazon Basin - Greener when warmer

Regression of NDVI and Temp
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Vegetation Sensitivity to Precipitation
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Water Limited Vegetation
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βPrecip

Across a broad temperature range, 
low precipitation (<1000mm/year) 
is greener in wetter years.
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Energy Limited Region
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βPrecip

Cold regions are energy limited, 
increased precipitation brings 
more snow or less sunlight.
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Low Vegetation Sensitivity to Precipitation

Temperature [C]
255 260 265 270 275 280 285 290 295 300 305

Pr
ec

ip
ita

tio
n 

[m
m

/y
ea

r]

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000
Regression of NDVI and Precip

%
N

D
VI

/m
m

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

4-10-2015

βPrecip

High rainfall allows for high 
evaporative cooling in relatively 
warm regions, including the 
tropical rainforests.
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Vegetation sensitivity projected spatially

Regression of NDVI and Precip
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Energy limited high latitudes

Regression of NDVI and Precip
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Low vegetation sensitivity to precipitation

Regression of NDVI and Precip
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Comparison with traditional biome map
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Data driven view of vegetation function
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Vegetation negative response to 
temperature pushed to warmer 
places with enough rainfall. 



Functional relationships to constrain models

Regression of NDVI and Temp
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High latitudes vegetation sensitivity depends on water as well as 
temperature, less positive sensitivity where dry

Tropical Rainforests do not show negative vegetation sensitivity to 
interannual variations of warming

βTemp

βTemp



Climate Fields
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Annual Anomalies of NDVI



1983 to 2012 (only Temp regression)
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Temperature and Water Availability
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Vegetation sensitivity across temperature

‘too cold’

‘too hot’



Highest positive sensitivity not at coldest

4°C
Storm TracksPrimarily High Latitude



Switch from ‘too cold’ to ‘too hot’ at 16°C

16°C

Storm Tracks Near 
Desert

Primarily High Latitude



Hot places that are ‘greener when hotter’

23°C

Storm Tracks Near 
Desert

TropicsPrimarily High Latitude



Sensitivity across mean annual precipitation

>1100 mm/year always positive

Wet



Sensitivity across shortwave radiation

<190 W/m^2 little effect



Sensitivity across vapor pressure deficit

>7.5 hPa ‘too dry’

Dry



Sensitivity to temperature at 300 mm/year
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Temperature of ‘too hot’ climate constraint
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Water limited vegetation in cold places

Energy Limited

Water Limited



Energy Limited

Water Limited

More than cold limits high latitudes



Vegetation sensitivity to temperature

‘too cold’

‘too hot’



Whittaker plot of vegetation sensitivity



Whittaker plot of vegetation sensitivity



The Future of  Vegetation



Timescales of vegetation dynamics

5-10 years 35-45 years 60-70 years 200-225 years

Phenology

Minutes - Hours Days - Weeks Years

Stomata Inter-annual variation

http://media.treehugger.com

http://farm8.staticflickr.com/7042

G. Bonan 2002, Ecological Climatology, Chapter 11

http://media.treehugger.com
http://farm8.staticflickr.com/7042


Sensitivity to inter-annual variation

5-10 years 35-45 years 60-70 years 200-225 years

Phenology

Minutes - Hours Days - Weeks

Stomata

Years

Inter-annual variation

http://media.treehugger.com

http://farm8.staticflickr.com/7042

G. Bonan 2002, Ecological Climatology, Chapter 11

http://media.treehugger.com
http://farm8.staticflickr.com/7042


Decades long records of vegetation

http://media.treehugger.com

http://farm8.staticflickr.com/7042

G. Bonan 2002, Ecological Climatology, Chapter 11
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Phenology
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Stomata Inter-annual variation
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http://media.treehugger.com
http://farm8.staticflickr.com/7042


Project 
trajectories 
from climate 
sensitivity

from Charlie Koven

Use anomalies in temperature, 
shortwave radiation, vapor 
pressure deficit and precipitation

Where is vegetation going 
tomorrow? How does it compare 
to climate classification?



Models and 
Climate to 
Predict Land 
Carbon

Koven 2013

Climate Classification Prediction

Process Model Prediction



Masking for 
Vegetation 

Zhou et al. 2001

NDVI Values
Maximum 3 months > .1
Mean of Maximum 3 months > .3



Climate Classification



BWh

Arid - Desert - Hot

Af

Tropical - Rainforest

Aw

Tropical - Savannah

Tmin > +18 C; Pmin (month) > 60 mm

Tmin > +18 C; Pmin (month) < 60 mm in winter

Pann < 5th Percentile



Koppen-Geiger 
Climate 
Classification 

BWh
Arid - Desert - Hot

Af
Tropical - Rainforest

Aw
Tropical - Savannah

Dfc
Cold - Without dry 
season - cold summer

Climate Defined

Peel et al., 2007



Kottek, Markus, Jürgen Grieser, Christoph Beck, Bruno Rudolf, and Franz Rubel. 2006. “World Map of the Koppen-Geiger Climate Classification Updated.” Meteorologische Zeitschrift 15 (3): 259–64.



Trends in NPP  
1981 - 1999

Running, Steven W., Ramakrishna R. Nemani, Faith Ann Heinsch, Maosheng Zhao, Matt Reeves, and Hirofumi Hashimoto. 2004. “A Continuous Satellite-
Derived Measure of Global Terrestrial Primary Production.” BioScience 54 (6): 547–60. doi:10.1641/0006-3568(2004)054[0547:ACSMOG]2.0.CO;2.



Nemani, R. R., C. D. Keeling, H. Hashimoto, W. M. Jolly, S. C. Piper, C. J. Tucker, R. B. Myneni, and S. W. Running. 2003. “Climate-Driven Increases in Global Terrestrial Net Primary Production from 1982 to 1999.” Science 300 (5625): 1560–63.



Churkina, Galina, and Steven W. Running. 1998. “Contrasting Climatic Controls on the Estimated Productivity of Global Terrestrial Biomes.” Ecosystems 1 (2): 206–15. doi:10.1007/s100219900016.



Saatchi et al.2011

Above Ground 
Biomass

2.6 PgC/yr into land
~550 PgC Vegetation
~2000 PgC Soil

Land + Soil ~3x Atmosphere Carbon
0-25

76-100

251-250

>400

MgC/ha



Vegetation 
Performance 
Curve
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Adapted from Ecological Climatology 2008 G. Bonan Figure 20.1

Low

High

Temperature [°C]

Temperature and precipitation 
control the performance of 
vegetation.

Combine gridded data sets to 
measure a point on this curve.

Precipitation [mm]



Positive sensitivity - ‘too cold’

Precipitation [mm]



Neutral sensitivity - ‘just right’

Precipitation [mm]



Negative sensitivity - ‘too hot’

Precipitation [mm]


