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Abstract 

Human influenced climate change is perhaps the most important issue of our time.  

Yet, the causes and likely effects of climate change remain incompletely understood.  

The earth's climate systems are very chaotic.  Global climate is complex and difficult to 

quantify.  Yet quantitative assessments are critical to improving our understanding of the 

climate and its controls.  Experts often disagree about important aspects of this problem.  

The absence of consensus among scientist has served to delay effective policy change.   

One component of climate change is the rate of carbon dioxide emission.  An important 

factor in atmospheric carbon dioxide concentration is its sequestration by plant growth.  

Thus, the rate of plant growth can be an important factor in global climate change.   But 

the effect of global warming on vegetation growth is difficult to predict. 

This study sought to extend our understanding of the effects of global warming by 

analyzing the relationship between temperature change and vegetation in North America 

and South America over recent twenty-two year periods.  Normalized Difference 

Vegetation Index (NDVI) image sequences (over twenty years of satellite derived 

vegetation maps) and dynamic temperature anomaly maps provided the bases for further 



analysis. Correlations between these data sets were analyzed. 

Unexpected differences in the relationships between plant growth and global 

warming in the two continents were exposed.  The net relationship between temperature 

and NDVI is positive in South America but negative in North America.  The sign of the 

correlations also differ among biome types.  This inconsistency indicates the complexity 

of climate system components.  Generalizations about effects of global warming that 

predict similar outcomes for the entire continent are likely to be inaccurate. 

1: Introduction  

Human influenced climate change is perhaps the most important issue of our time.  

All other issues, such as energy, political unrest, weather disasters, and economies will 

continue to be influenced by climate and climate change.  Yet, the scope and rate of 

climate change is incompletely understood.  Recent and ongoing international 

negotiations have focused on carbon dioxide production and absorption.  

A large fraction of the planet is not productive simply because it does not receive 

enough energy from the sun.  These areas have short growing seasons are frozen for a 

large fraction of the year.  Even during the brief growing season, they remain relatively 

cool.  For these areas, it may seem reasonable to hope that global warming will have 

some desirable effects.  This hypothesis, in spite of its common sense appeal, may be 

nothing more than the latest in a series of excuses for humanities failure to mitigate the 

effects of global climate change.   



The United States government has taken little action to confront the issue of 

global climate change.   Policy makers have sought to justify this inaction through a 

series of inaccurate or incomplete assertions.  Some of these assertions can be 

paraphrased “Global warming is not happening”, “Global warming is not caused by 

human activity”, and “Global warming doesn’t have significant consequences”.   

Meanwhile, at the international level, treaty negotiations seek to reward or punish nations 

in proportion to their green house gas emissions.  Naturally, the countries involved in 

these negotiations may benefit from different perspectives on the interpretation of the 

available data as it pertains to their CO2 emission or absorption.  Some scientists (notably 

affiliated with developing pre-industrial nations) have asserted that ongoing climate 

change has contributed to a net decrease in CO2 emission by some regions due to 

increases in vegetation. (Paruelo, 2004). 



There are many factors that influence the rate of photosynthesis.  These include 

the amount of available 1) fertile land, 2) water, 3) CO2 from the air, 4) incident 

photosynthetically active solar energy, and 5) growing season length.  It is not possible to 

assess interactions between these factors or the individual contributions of each.  Climate 

change may effect the amount of available water in positive or negative ways depending 

on how weather patterns react.  The amount of water available for irrigation, the length of 

the growing season, and the amount of tillable land limit agricultural production.  At 

higher latitudes, the length of the growing season is often the limiting factor.  Population 

growth (urbanization) often has a negative impact on the amount of tillable land and 

water.  Cities often occupy fertile and level land forcing agriculture into suboptimal 

areas.  Increases in industrialization can (although they often fail to) increase the amount 

of available water through the construction of reservoirs and irrigation systems. 

As the global mean temperature rises, growing seasons may lengthen. Climate 

change may also bring increases in annual rainfall and snowfall to arid steppes.  

Coincident evolution of agricultural practice seeks to increase the production per acre in 

US farmland.  These changes, if present, may contribute to an increase CO2 

sequestration.   All of these interrelated factors contribute to the difficulty of assessing or 

forecasting climate change.   



This work seeks to assess changes in vegetation that have accompanied global 

climate change in recent years.  For more than two decades, a series of very similar 

instruments, operated by the National Oceanic and Atmospheric Administration, have 

been scanning the earth’s surface in optical and infrared wavelengths from low earth 

orbit. (Hastings, 1992) This remarkably long series of consistent quality satellite based 

observations has made it possible to assess changes in vegetation growth with 

consistently applied technique.  This technique creates a metric, called ‘Normalized 

Difference Vegetation Index (NDVI), that is the ratio of the difference between near 

infrared and visible frequency bands and their sum.    

Surface temperature observations have been collected and summarized into 

temperature anomaly maps (Hanson, 1999).  These form another powerful data set. 

One of the main objectives of this work was to expand my understanding of some 

of the complexity of global climate.  But my primary aim was to confirm the assertion 

(Paruelo, 2004) that South America is increasingly becoming a CO2 sink and to perform 

equivalent analysis of North America.  This involved correlating warming (surface air 

temperature anomaly trend) data with satellite derived vegetation index, NDVI.  I 

expected these correlations to be very weak but positive.  I also expected to find that 

some biomes are more sensitive to temperature changes than others. 



The principle hypothesis that this work addresses is “Local temperature anomalies 

are positively related to NDVI.”  Locations that are warmer than normal are also 

‘greener’ than normal.  The extent to which this hypothesis is true varies geographically.  

Mapping the correlation of temperature anomaly and NDVI identifies areas where global 

warming leads to an increase in CO2 uptake and areas where the opposite is true.  Both 

immediate (monthly), and annual (last 12 months) temperature anomalies will be 

analyzed.  In addition, to minimize the effects of seasonal variations, the annual NDVI 

integral will be correlated to 12 month mean of temperature anomalies. 

The final analysis of these data could have been done using in a GIS to leverage 

the power of its spatial data analysis tools.  However, since the input data are time series 

consisting of several hundred images, almost the entire project was done using programs 

developed specifically for this work. 

2: Methods 

Large-scale climate change is difficult to quantify.  One of the challenges to this 

analysis is that short-term (decade long) climate fluctuations mask the long-term trends.  

Further, assessment of relationships between any detected changes is beyond the scope of 

this work.  Climate systems are remarkably complex and chaotic. The data analyzed span 

only 22 years, which is not long enough to analyze the myriad interacting cycles. 



It has long been recognized that small grain production levels are cyclic in 

coincidence with the 11 and 22-year sunspot cycles.  Climates are also influenced by 

periodic changes in the currents of the Pacific Ocean (ref: Walker, ENSO, El Nino, La 

Nina, etc).  ENSO has a period of 3-8 years with fluctuations in its period coincident with 

the sunspot cycles.  Other long period fluctuations are also likely but difficult to quantify.  

In recent decades, the sun’s behavior has changed.  It is giving off more heat, and sun-

spot cycles are more extreme, than has ever been observed before.(Warren, 1997) 

 These periodic and quasi-periodic fluctuations mask the smaller effects 

contributable to green house gas concentrations.  Changes in other circumstances further 

complicate attempts to assess climate change.  While US population has increased 

throughout the study period, there has been a small decrease in the population of some 

high latitude, rural areas.  Agri-science has developed hybrid grains and developed new 

cultivation and irrigation practices to produce higher yields with lower biomass.  



Global maps of temperature anomaly at 1-month intervals from the ‘GISTEMP’ 

dataset were derived from data that was acquired from http://data.giss.nasa.gov/gistemp/, 

a NASA-Goddard server (Hansen, 1999).  The resolution of  these data are only 1 degree 

by 1 degree pixels by 1 month.  A similar dataset, “CRUTEM3” could have been 

acquired at www.hadobs.org.  The resolution of these data is only 3 degree by 3 degree 

by 1 month.  This work was done using the GISTEMP data.  Normal temperatures are 

derived from the average of monthly data acquired from 1951 through 1980.  

Temperature anomalies are measured from these means.  Although local climate variation 

makes it impossible to interpolate temperature surfaces from these readings, it is possible 

to interpolate temperature anomaly surfaces.  The GISTEMP data are made available to 

the public.  They have been transformed into band interleaved by pixel images.   They are 

delivered with sufficient documentation to facilitate unpacking.  I used this included 

documentation to develop a special program to extract images and transform them into 

the projection used by the corresponding NDVI images.  



The most important dataset for this analysis is the normalized difference 

vegetation index (NDVI) series from the United States National Oceanographic and 

atmospheric administration (NOAA) satellite images.  The NOAA series satellites have a 

scanner that sweeps its approximately 1 kilometer square field of view back and forth 

(east and west) as the satellite travels north or south.  The scanner, called an Advanced, 

Very High Resolution Radiometer (AVHRR), measures the intensity of light from within 

the field of view in several frequency bands including visible and near infrared and 

broadcasts these intensity values in a digital data stream.  These data are received by a 

satellite tracking and ground receiving facility near Sioux Falls SD and processed by the 

AVHRR data acquisition sub-system of the AVHRR data acquisition and processing 

system. (http://edc.usgs.gov/guides/avhrr.html#avhrr3)  This real-time software system, 

which I designed and implemented over twenty years ago, transforms the received data 

stream into multiband digital images. 

   NOAA satellites image the entire globe daily.  From this plethora of data, the 

Global Inventory Modeling & Mapping Studies (GIMMS) group at the Goddard Space 

Flight Center (GSFC) has selected cloud free areas and combined these into single, 

continent wide, cloud free, images for each semi-monthly interval over the past two 

decades. (http://gimms.gsfc.nasa.gov) computed the NDVI, the difference between the 

near infrared and the visible bands divided by their sum.  GIMMS also took steps to 

minimize the impact of artifacts in the data due to events such as changes in the sensors 

and large volcanic eruptions.  The AVHRR’s can operate at either 1 kilometer or 4-

kilometer minimum spot sizes.  Apparently GIMMS interpolated their data set down to 8 

km pixels. 



The NDVI data cover both North America and South America over the period 

from July 1981 through December of 2003.  The 1981 data will be excluded from the 

North American dataset and the last 6 months will be deleted from the South American 

dataset.  This leaves 22-year intervals that are aligned with both the 11-year sunspot cycle 

and the growing season of each hemisphere. 

Land cover data derived from MODIS imagery from NASA’s Terra satellite will 

be used in the last steps of the analysis.  Images with 1 KM resolution were developed at 

Boston University using data from November 2000 through October 2001.  These data 

were acquired from http://eobglossary.gsfc.nasa.gov//Newsroom/LCC/index.html. 

2.3: Tools used 

This project was performed almost exclusively using custom software.  My 

intention was to learn to meld ArcGIS tools and my own routines. Once the project was 

underway, time constraints made it easier to simply complete the project with custom 

routines.  It would be desirable, or at very least educational, repeat as much of the 

analysis as possible in ArcGIS. 

2.4: Analysis 

This is largely an image-processing project.  All or nearly all of the input data 

originate in raster form.  Most of these data are time series samples in 3 dimensional 

arrays (i.e.: F(x,y,z) ).  Since these data are not well supported by ArcMap, most of the 

processing had to be performed with programs developed specifically for this purpose. 



Execution of the image processing, and development of the required software was 

controlled by the UNIX make facility.  This is an archaic tool but a powerful one.  A text 

programs to be executed are all listed.  The ‘make’ utility uses this structured list and the 

relative ages of all files to determine what processing steps to perform. 

2.4.1: Preprocessing  

The first processing step was to reformat the NDVI images.  They were received 

in a single huge file with long line headers and floating-point pixel values plus an 

additional header file.  The header claims that the images are in ‘GeoTiff’ format but that 

does not seem to be true.  A small program was written that interprets the header and 

image files.  It breaks the images into a series of separate, single image, files of 16-bit 

integer pixels.  Since the continents only cover a small fraction of the image space, a 32-

bit line headed was used to mask off border pixels.  This reduces file size, and therefore 

processing times, by roughly 80% with no loss of precision!  

The global temperature anomaly data are acquired with directions describing how 

to extract anomaly samples for any time and location.  These directions guided the 

development of a program, which generates surface temperature anomaly images at the 

same spatial and temporal resolution as the NDVI data.  These data begin one year before 

the NDVI.  The 1-degree by 1 degree by 1-month temperature anomaly sequences are 

transformed from GCS to the Albers Conical Equal Area projecting and resampled to 

register with NDVI data in 3 dimensions.  The land cover data are similarly transformed 

to the projection of the NDVI images. 



2.4.2: Temporal Processing of NDVI Images 

A set of summary images was derived from the NDVI series.  The first of these is 

the slope of the linear regression of NDVI at each pixel location.  A similar image was 

generated that is the average of all the differences between pairs of samples acquired 11 

years apart.  The purpose of this approach is to offset the effect of the periodic climate 

cycle that coincides with sunspot activity.  If significant increases in NDVI were seen in 

the first dataset but not in this second, it would bring into question the conclusions by 

Paruelo et al.     

2.4.3: Correlation of NDVI trends with Temperature Anomaly Data  

In a manner similar to that used on the NDVI trend images, the temperature 

anomaly trend images were generated which do, and do not, dampen the 11-year cycle 

component.  The correlation of NDVI and temperature anomaly over the entire sample 

22-year period is also recorded. 

The map of biomes was somewhat damaged in its preprocessing or download 

from the web.  I used a maximum likelihood classifier.  Careful subjective comparison of 

the results exposed no change in biome boundaries.  With the preprocessing complete, it 

was possible to use the biome maps in raster zonal analysis of the temperature and 

greenness change rate images and their cross correlations. 



A special program was built to correlate NDVI samples and the average of the 

temperature anomaly samples over the preceding 12 months.  A single image is generated 

with pixels representing the sum (or average) of all the NDVI and temperature change 

samples at the location for the entire twenty-two year duration of the study.  A bright 

value in the this image (strong positive correlation) would indicate that warmer than 

normal years lead to increased vegetation and cool years lead to reduced growth at that 

location.  The purpose of this image is to establish the sign of the relationship between 

temperature and growth.  It was expected that this would vary with vegetation type and 

latitude. 

At this point the analysis had produced 5 summary images and the land cover 

image for each continent. Since it is no longer necessary to manage temporal series, 

correlation could have been investigated using ArcGIS’s raster calculator and spatial 

analysis tools.  However, I chose to continue to use custom analysis tools.   



Four images of each continent were used for further analysis.  These are the 

classified land cover, NDVI trend, surface temperature trend, and the correlation between 

these.   Zonal analysis was performed using cover type zones.  The result of this analysis 

is a table that includes entries of area, mean warming rate, and mean ‘greening’ rate of 

each biome type in each continent. The signs of the two rates of changes being the same 

would support the hypothesis that global warming has the positive effect of increasing 

vegetation.  Conversely, if temperature is increasing and vegetation index is decreasing 

for large sections of the continent, it would bring the hypothesis into question.  

Additionally, a quantitative assessment of the relationship between changes within a zone 

(vegetation type) will indicate adaptations that have occurred.  For example, it MIGHT 

be found that some biomes are becoming ‘greener’ and warmer and yet the locations 

within them where the temperature is increasing most rapidly are loosing vegetation.  

This possibility was explored by computing correlations at all sample locations as well as 

for biomes as a whole.  

3: Results  

Twenty-two years is not a long enough period to accurately assess large-scale 

climate change.  It is completely possible that objective interpretation of this work could 

suggest incorrect conclusions. 



It is most likely that there was a net decrease in the ‘greenness’ in North America 

during the study period.   The Great Plains suffered severe drought during the late part of 

the study period(Espy, 1994).  There is a growing shortage of wheat.  These changes are 

discernable in the NDVI data but counter to the published results for South America.  It is 

possible that the relationship between temperature and plant growth is not similar 

between the two continents.  To test this hypothesis, each NDVI sample was correlated 

with the temperature anomaly at that location averaged over the proceeding twelve 

months.  These correlation data were averaged for each biome zone.  The resulting mean 

correlations are very weak.  But, given the large number of samples, interpretation of the 

analysis remains valid.  The two continents experience opposite signs of correlation.  On 

average, warmer years lead to an increase in vegetation growth in South America but a 

decrease in growth North America.  In South America, the sign of this correlation varies 

among biomes with six of sixteen classes experiencing a negative relationship.  In North 

America, all biomes have a negative or very small correlation.  The most negatively 

correlated biome is the North American Savanna.  This finding is consistent with the 

reported drought conditions mentioned above.   

The relatively strong negative correlation of the Snow and Ice regions in North 

America is unexplained.  It is possible that this change reflects, at least in part, the 

recession of glaciers and perhaps a shortening of arctic winter.  



 

 

The rate of warming and the rate of change in NDVI were computed for each 

sample location. The sample size was 8 km by 8 km.  So there were thousands to 

hundreds of thousands of samples in each biome.  The change rate data were averaged for 

all samples with each biome.  Results from both methods of computing slopes were used.  

The table below shows the mean rate of warming found within each biome in each 

continent using both methods. 

  

 



Finally, the correlation between the rate of warming and the rate of change in 

NDVI was calculated for all of samples in each biomes.  These correlations are shown in 

the following table.  These results are distinct from those shown in the first table.  These 

are correlations between populations distributed in space of measured change rates.  The 

previous table presented averages over space of correlations between samples in time 

sequences at each location.    

 



4. Discussion 

Global CO2 emission from various sources have been summarized.(Maryland, 

2006)  While these data highlight the exponential increase in global CO2 emissions, they 

also include some other, less publicized facts.  The United States (US) contributes carbon 

dioxide (CO2) to the atmosphere at a much higher rate than other nations (about 1.58 

billion metric tons of carbon).  But, US per capita annual CO2 emissions (about 5.45 

metric tons of carbon), although about 4 times the global average is still lower than many 

other nations.  It is also important to note that in the US, as in the world as a whole, the 

per capita CO2 emissions remained almost constant from 1975 through 2003.  During this 

same period, some developing nations (most notably China), experienced an increase of 

nearly 300%.   US production of atmospheric CO2 is somewhat offset by immense 

agricultural production that consumes or ‘sequesters’ CO2 out of the atmosphere.  Yet, it 

has been observed that the carbon content of North American soils is not increasing.  This 

complex set of frequently contradictory facts indicates a need for great care in reaching 

conclusions.  

It was instructive to include both North America and South America in the study 

area.  The performance of identical, automated analysis on both continents was only 

slightly more difficult than it would have been to analyze just one continent.  The 

similarity of result for South America to published findings (Paruelo, 2004) validated this 

work.  Contrasting the climate change data from the two continents was instructive. 



 Similarly, the use of two methods to quantify rates of change was instructive.  It 

was expected that slopes from the technique designed to filter out cyclic components 

would not be more different from the direct regression slopes than observed.  The 

similarity of these results support the conclusion that the climate changes that have 

occurred are not explained variability of solar output. 

These analysis produced some surprises. First, there are significant differences 

between the rates of warming among biomes.  This fact, in itself, is not that remarkable.  

But the differences between changes in corresponding biomes in North America and 

South America were not expected.  One thing that is remarkable is the fact that four 

North American biomes experienced a net decrease in temperature while all biomes in 

South America warmed.   One of these, the ‘Snow and Ice’ zone, may be explained by 

geographic differences.  This zone is predominately alpine in the southern hemisphere.  

Contrastingly, North America has large areas of low altitude, high latitude, Ice and Snow.  

The other three biomes (Savannas, Deciduous Needle-leaf Forests, and Evergreen 

Broadleaf Forests) are not as easy to explain.  It is possible that cooling in parts of North 

America is caused by some weather phenomena (such as El Nino) that do not affect 

South America. 



The analysis employed in this study relied heavily on the use of correlation 

coefficients.  This statistic (frequently referred to as “Pearson’s R”) is only valid when 

both of the input distributions ore normally distributed.  No attempt to verify that the data 

meet this criteria was made.  In a fairly early step in the process, the correlations were 

normalized such that five standard deviations fit within the 256-unit range of unsigned 8-

bit integer pixels.   It is not known if this quantization and clipping of the data had any 

effect on the reported results. 

Future work could include a more detailed analysis of the change in the growing 

season between the earliest and the latest data available.  Five parametric images would 

be generated for each continent at both the earliest and latest several years for the 

analysis interval.  The first of these is the mean NDVI over the entire period.  The second 

is a measure of the length of the growing season.  The precise method of calculating these 

images has not yet been determined but it could involve searching for maximum changes 

in growth rates.  The third image encodes the date of maximum NDVI.  The remaining 

two images are the magnitude and phase of the term from the Fourier transform of the 

NDVI sequence that has a 1-year period. 

 

  

5. Conclusion 

This work demonstrated a number of the challenges of interpreting climate 

change.  It was successful at exploring the relationship between temperature and 

vegetation index changes.  It confirmed the conclusions of some of the published work 

while highlighting the inconclusiveness of much of the available data.  The GISTEMP 



and NDVI datasets are richly nuanced.  Much more detailed analysis of these would be 

rewarding.  I am somewhat disappointed that I have not yet mastered the concurrent use 

of ArcGIS and custom code.  Yet, this has been a very rewarding experience and I look 

forward to continued work in this area. 
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