The Amazon’s Seasonal Secret
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Earth scientists who work with satellite data often fall into one of two categories. Some are
driven by questions that can only be answered by viewing Earth on the planetary scale. How
fast are people clearing tropical forests? Is the Earth more or less cloudy today than it was 20
years ago? For these scientists, satellite data are stepping stones.

In the second category are scientists who are driven to invent—the technophiles, the space
junkies. For these scientists, the thrill is in figuring out how to observe things from space that
no one has been able to observe before. Perfecting the picture of Earth that satellites provide is
an end in itself.

Scientists use satellite data to gain a long-term,
wide-scale view of the Earth not possible from
the surface. Recent research with these data is
revealing unexpected seasonal changes of
vegetation in the Amazon—changes that might
explain puzzling questions about the onset of
the Amazon rainy season. (NASA image by
Robert Simmon.)




Tropical climatologist Rong Fu, of Georgia Institute of Technology, is more of the former.
Remote-sensing scientist Ranga Myneni, of Boston University, is more of the latter. Fu’s
research group is trying to understand what causes the length and timing of the rainy season in
South America to change from year to year. Myneni’s makes global estimates of leaf area from
data collected by NASA’s Terra and Aqua satellites.

Rong Fu and her colleague Robert
Dickinson visited the Amazon Rainforest
during the 2nd science conference.
(Photograph courtesy Rong Fu, Georgia
Institute of Technology.)

In 2005, the attention of these two scientists and numerous collaborators converged on a
project to look for seasonal patterns in the amount of leaf area in the Amazon Rainforest. Their
efforts revealed a previously unknown connection between the rainforest and the rain. Despite
the evergreen nature of the forest, the team found, the Amazon’s trees and plants have an
unmistakable seasonal side. Seasonal swings in the leaf area of the forest not only help make
the case that light, rather than water, really limits plant growth in the tropics, but they also
provide evidence that the link between the forest and the climate of the Amazon is even more
intimate than scientists once supposed. In the Amazon, it seems, it’s not just the rain that
makes a rainforest; the rainforest makes it rain.

A series of surprises

For nearly a decade, Ranga Myneni has been leading a team of scientists who were developing
and fine-tuning the step-by-step, problem-solving calculations that translate satellite
observations of light reflected from Earth’s surface into measurements of how many layers of
leaves are within a satellite sensor’s field of view.

A plant’s leaves are the gatekeepers of the exchange of carbon dioxide and oxygen, energy, and
water vapor between vegetation and the atmosphere; leaf surface area plays a critical role in
carbon, water, and climate cycles on local and global scales. Before NASA’s launch of the Terra
satellite in 1999 with an onboard sensor called MODIS (short for Moderate Resolution Imaging
Spectroradiometer), no one had ever tried to measure leaf area on a global scale from space.


http://earthobservatory.nasa.gov/Features/LBA/
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Leaf Area Index (LAI) values are high (dark green) throughout the majority of Amazonia. The grasslands south of
Amazonia have sparse vegetation (light green) while the Andes to the west are almost completely barren (beige).
LAl is defined as the proportion of the Earth’s surface covered by leaves. Values above 1 indicate multiple
overlapping leaves, like the multi-tiered branches of a tree’s crown or multiple layers of vegetation. (NASA map by
Robert Simmon, based on MODIS data.)

For Myneni, the Amazon project was sort of a maiden voyage for the leaf area product—a chance to
really test the performance of a product to which he had devoted the past eight years of his life. But the
choice to look for seasonal changes in Amazon leaf area wasn’t random. Myneni describes it as part of a
continuing story, one with a series of surprises. The backdrop of the story is the Amazon rainfall cycle.

Contrary to many people’s imagination, in most parts of the rainforest, it doesn’t actually rain
all year long. Rong Fu describes how variable the rain in the Amazon Rainforest really is. “To the
north of the equator, the rainy season is in the summer—June, July, August,” she says. “But the
majority of the Amazon is south of the equator, and over these areas, the rainy season starts
somewhere around October or November and ends somewhere between March and April,
sometimes May.” There are east-west differences as well. In the west, the dry season may only
last one to three months, while in the east and southeast, it may last five, or even seven
months. The forest stays evergreen because many trees extend roots several meters into the
soil, and they redistribute the water stored deep underground to places where the soil is dry.
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Rainfall in the Amazon varies in an annual cycle, with high rainfall north of the equator (aqua) in June,
July, and August, and high rainfall south of the equator (red) in December, January, and February.
(Graph by Robert Simmon, based on data from the TR\MIM Online Visualization and Analysis System.)

Against this backdrop of regular seasonal droughts, scientists originally thought that plant and
tree growth would slow down in the dry season. But in the mid-1990s, people began building
research towers that reached as high as the forest canopy. When they measured the flow of
carbon dioxide into and out of the forest from those towers, they got a surprise. “They
reported seeing the ecosystem storing carbon during the dry season,” says Myneni. Either
photosynthesis increased during the dry season, or processes that release carbon dioxide, like
decay and respiration, decreased.

Because the idea of better growth during the dry season seemed counterintuitive, the leading
explanation for the dry-season carbon surplus was not increased photosynthesis. Instead, says
Myneni, scientists speculated that hot, dry conditions slowed respiration, the physiological
“flip-side” of photosynthesis. When plants, microorganisms, and fungi respire—break down
sugars and starches for energy—they release carbon dioxide. If soil respiration slowed down in
the heat, the forest would have a net gain of carbon.

But over time, that explanation wasn’t able to account for all the evidence. In 2003, remote-
sensing ecologist Rama Nemani of NASA’s Ames Research Center and seven other scientists,
including Myneni, analyzed two decades of global satellite observations of clouds, sunlight, and
vegetation. They found that while tropical cloudiness had declined, tropical vegetation had
grown greener. These results suggested that tropical forest growth was limited not by dry-
season water shortages, but by rainy season “sunlight shortages.”

This map shows which of three key
climate factors most limits plant growth
in an area (red is water; green is
sunlight; blue is temperature). The
Amazon is strongly limited by the
availability of sunlight: there is plenty of
water and it’s always warm, but clouds
often veil the Sun, slowing
photosynthesis. (Image by Robert

= Simmon, NASA Earth Observatory, based
Temperature on data provided by the University of
Montana NTSG.)

Potential Climate Limits
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Increasingly, the idea that rainforests might actually be more productive in the dry season
gained traction. The thing that finally motivated Myneni to investigate whether the Amazon
had a detectable seasonal pattern of leaf area was a 2006 paper by fellow MODIS teammate
Alfredo Huete.

Huete used MODIS data to make maps of something remote-sensing scientists call greenness, a
ratio of the relative amounts of red and near-infrared light that vegetation on the Earth’s
surface reflects back to a satellite. Because plants absorb red (and other visible light) and
reflect near-infrared light, a scale of vegetation greenness is a general indicator of the extent


http://disc2.nascom.nasa.gov/Giovanni/tovas/
https://earthobservatory.nasa.gov/Features/GlobalGarden/
http://www.ntsg.umt.edu/
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Satellite measurements collected over the Brazilian Amazon show seasonal changes in plant growth. The
value of the enhanced vegetation index (a measurement of greenness) rises during the dry season, and
falls during the wet season. (Map by Robert Simmon and Jesse Allen, based on data from the

)

“A vegetation index is an intangible measurement of the greenness of the land surface,”
explains Myneni. “It’s something that we measure with a sensor, but not a physical attribute of
plants you can go out into the field and measure, like leaf area.” Huete had demonstrated that
areas of increased greenness matched the carbon uptake and release cycles measured at
research towers, but Myneni wanted to see if the increased greenness Huete had discovered
had a forest-wide, physical dimension. Was leaf area changing with seasons?

Orchestrated Chaos

As Myneni and his colleagues began to read up on the subject of Amazon Rainforest ecology,
they became aware of a paradox. Perhaps the most basic assumption about the rainforest is its
evergreen nature, its lack of obvious seasonal change. “And yet, anytime people went in on the
ground and looked specifically at when certain trees would flower, or bud, or when they put
out leaves, they would always find some kind of seasonality,” Myneni explained. Still, the
seasonal patterns of individual species apparently didn’t synch up to produce an obvious,
forest-wide seasonal pattern. Given the conflicting evidence, the team wasn’t sure what they
would discover.

Myneni and his research team gathered leaf area data from the Terra MODIS sensor collected
between 2000 and 2005. The data come in small squares called pixels; each pixel contains the
8-day average of the leaf area index of every square kilometer of the Amazon. (Leaf area
index is the ratio of leaf surface area to ground surface area.) First Myneni averaged the 8-day
data into monthly composites.

Then they tackled the problem of the Amazon’s incessant cloudiness. When computers at
NASA’s Goddard Space Flight Center process MODIS data, special computer programs flag
pixels that might be cloudy. Myneni wanted to be especially careful that the Amazon’s
abundant wet-season clouds wouldn’t get in the way of an accurate leaf area measurements,
so he took the 1-kilometer squares and grouped them into larger, 8-kilometer squares. To come
up with a leaf area value for the big square, he selected and averaged only the pixels that the
algorithm was confident were cloud-free.


https://earthobservatory.nasa.gov/Features/AmazonEVI/
http://www.modis.ornl.gov/modis/index.cfm
http://www.modis.ornl.gov/modis/index.cfm

1000 km

Seasonal Amplitude of Leaf Area Index
greenerinwetseason [ T NN greener in dry season
-2 -66 .66 y
Most of the Amazon has greater leaf area in the dry season than the wet season. This map shows how
many layers of leaves the forest gained (green) or lost (red) in the dry season compared to the forest’s
annual average. The variability of light gray regions was too low to be measured with current satellites,
while dark gray represents non-forest areas. (Map adapted by Robert Simmon from Myneni et al. 2007.)

The team compared monthly leaf area amounts to estimates of incoming sunlight and rainfall
(also based on satellite data). The majority of the rainforests had a clear seasonal cycle. A
gradual crescendo in leaf area began just before the onset of the dry season and peaked a few
months later. The peak dry-season leaf area was about 25 percent greater than the annual

average. Once the wet season began, leaf area gradually declined.
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In the Amazon the amount of sunlight that reaches the forest canopy and leaf density vary together:
high in the dry season (yellow bars), low in the wet season. Rainfall exhibits the opposite behavior: low
in the dry season, high in the dry season. The same clouds that bring rain block sunlight to the forest.
The trees appear to anticipate the arrival of the light-rich dry season, putting out new leaves a little
ahead of time. (Graph adapted by Robert Simmon from Myneni et al. 2007.)



To Myneni, one of the most interesting features of the trend is that it does not appear to be the
sunlight itself that cues the trees to make new leaves. “They actually flush [grow new] leaves a
little before the arrival of the dry season. It seems to be something in their genetic
programming that allows them to anticipate the coming of the light-rich dry season, to prepare
for enhanced photosynthesis.”

It might seem surprising that such a fundamental characteristic of a forest—the cycle on which
it sheds and grows leaves—could have escaped scientists’ attention before now. Partly it’s
because the sheer size and remoteness of the Amazon prevents widespread, routine ground
observations. But the other reason, Myneni explains, is the nature of the trees themselves.

“Most of these Amazon trees are what we call leaf-exchanging trees.” Unlike deciduous trees,
they don’t shed all their leaves over a short time span at a specific time of year. Instead, he
says, “What they do is drop a leaf and then put on a new leaf, nearly instantaneously. Well,” he
amends, “not like ten minutes or anything, but you know, a few days, or maybe a week.
Depending on the type of tree, a leaf can live anywhere from 12 months to nearly 4 years,” he
says.

Despite the fact that the Amazon
Rainforest overall remains evergreen
year round, many trees display
dramatic seasonal cycles in leaf area.
In anticipation of the light-rich dry
season, many trees, such as those
pictured at left, put out a flush of
new leaf growth. (Photographs
courtesy Sassan Saatchi, NASA JPL.)

From the ground, what someone would see is a forest filled with millions of trees, each
shedding and making new leaves on their own schedule. Sometimes, even trees of the same
species are completely asynchronous, putting out new leaves or flowers at different times of
the year. So how can the gradual, forest-wide changes in leaf area that MODIS measured
emerge from this seeming chaos?

“First,” says Myneni, “imagine you have a tree that during the dry season drops 100 old leaves
and puts on 125 new ones. That’s a 25 percent increase in leaf area. Now, if all the trees did this
at the same time, what you would see is that, in the space of a week or so, leaf area would
suddenly jump 25 percent. But that is not what we see. We see a gradual build up. So now



imagine that you have 100 trees, and on day 1, maybe 5 of those trees will flush their new
leaves, and on the next, another 5 trees will put on new leaves, and so on. You can imagine,
then, that in 20 days, all these hundred trees will finally have more leaf area.”

With millions of trees over a seven-million-square kilometer area changing subtly from day to
day, it’s easy to understand how the pattern could be been missed from the ground. Only with
years of forest-wide satellite data did the Amazon’s seasonal secret become clear.

For Myneni, whose passion is the remote sensing itself, few scientific accomplishments could
be more rewarding than using a data product he helped invent to discover something that
hadn’t been known before. But for tropical climatologist Rong Fu, the discovery had additional
significance; it provided an explanation for yet another Amazon secret.

Monsoon Mystery

Among the mysteries of the South American Monsoon, explains Fu, is how the first
thunderstorms of the wet season get started. A monsoon is an atmospheric see-saw in which
the large-scale circulation of the atmosphere reverses direction on a seasonal basis. Winds that
previously blew in one direction now blow in the opposite direction. Areas that were dry for
months now receive months of steady rain.

The Amazon is in the realm of the trade winds, a belt of easterly winds that circles the globe a
few degrees north and south of the equator. The winds bring moisture-laden air from the
tropical Atlantic Ocean over the continent. Once that moisture-laden air is over the continent,
northerly or southerly winds determine where in the Amazon the moisture will wind up. It is
these winds that reverse during the monsoon.
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So what causes a monsoon to reverse directions? The key ingredient, Fu explains, is elevated
heating, heating of the atmosphere at high altitudes. The heated air rises, and air from farther



away flows in to replace it. It is the heat at high altitudes that drives the atmospheric flow to
overturn on a large scale. The question for the Amazon is where that heating comes from.

One way to get elevated heating is the presence of a large, high-altitude land surface. “For
example, in the Asian monsoon, you have the Tibetan Plateau to provide elevated heating.
When the seasons change, the Sun moves back to the Northern Hemisphere, back to the
Plateau,” Fu explains. With an average elevation of several thousand meters above sea level,
the Tibetan Plateau can heat the middle and upper layers of the troposphere—the atmospheric
layer nearest Earth, where most weather happens.

The Amazon, on the other hand, has no equivalent to the Tibetan Plateau. “In the Amazon
Basin the only way to inject heat into higher altitudes of the atmosphere is convection, or
thunderstorms,” says Fu. Repeated thunderstorms kick-start the large-scale overturning of the
atmosphere that causes the north-south winds to switch directions.

These facts left Fu with a riddle. In order for the wet phase of the monsoon to kick in over one
part of the Amazon, the north-south winds must reverse direction and bring moisture into the
basin. For the north-south winds to reverse direction, there must be heating at high levels of
the atmosphere. To get heating high in the atmosphere in the Amazon, you need
thunderstorms. “But how,” asks Fu, “can you have a thunderstorm before you have moisture
being transported into the basin?”

These satellite images
show the progress from
dry season to wet
season. During the
height of the dry season
there are few clouds
and little moisture
above the forest canopy
(above, top). As the
trees grow leaves and
photosynthesis
increases, the humidity
above the canopy
increases, leading to
popcorn-like clouds
(middle). The energy
released by the
5 condensation of water
g e : : < &4 Vapor into water
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droplets drives
convection and creates
thunderstorms (lower).
(NASA images from the
MODIS Rapid Response

System.)

August 7



http://rapidfire.sci.gsfc.nasa.gov/subsets/?AERONET_Alta_Floresta
http://rapidfire.sci.gsfc.nasa.gov/subsets/?AERONET_Alta_Floresta

This question is where Fu’s path intersected with Myneni’s. Back in 2004, Fu and one of her
students had published a paper, based on Amazon weather observations and models, in which
they hypothesized that the Amazon forest itself provided the trigger. “We showed that
evapotranspiration—the release of water vapor from vegetation leaves—increased near the
end of the dry season.”

The water vapor makes the air above the forest more buoyant (water vapor is lighter than dry
air), allowing it to rise and initiate the season’s first thunderstorms. As water vapor in towering
thunderstorm clouds condenses into rain, it releases heat into the atmosphere, beginning the
process of overturning the atmosphere and reversing the monsoon.
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Roughly 90 days before the start of the wet season in the southern Amazon, latent heat flux (energy
released during condensation of water vapor) increases as evapotranspiration (water released into the
air from leaves) increases (first graph). Over the next 40 days, thunderstorms lift warm, moist air high
into the atmosphere, where additional water vapor condenses, releasing even more heat energy
(second graph). The heated air rises and overturns on an expanding scale, sucking in air from north of
the equator and reversing the flow of the prevailing winds (third graph). The winds carry Atlantic Ocean
moisture into the southern Amazon, resulting in steady seasonal rains (fourth graph). (Graphs adapted
by Robert Simmon from Fu and Li 2004.)

“We concluded that a surge of evapotranspiration from the forest itself at the end of the dry
season was needed to trigger the onset on the wet season. But we really didn’t
know how evapotranspiration could increase,” says Fu.

Then one day, she opened her e-mail and found a draft copy of the manuscript that Myneni
was preparing on his discovery of the Amazon’s seasonal leaf area pattern. A mutual colleague,
Robert Dickinson, who was helping to write and review the paper, had passed the draft along.



“I was so excited,” Fu recalls. “I couldn’t believe it. When | talked to Ranga, | told him, ‘This is
the missing piece; this is exactly what | didn’t know before.” | was convinced that increased
evaporation was necessary, but until | saw Ranga’s results, | did not know how we could get
that increase.” The satellite data had provided one possible answer: more leaves.

Since plants evaporate water from microscopic openings in their leaves, more leaves means
more surfaces for evapotranspiration. Leaf and evapotranspiration increase throughout the dry
season to maximize growth when sunlight is abundant. Evapotranspiration releases more and
more water vapor throughout the dry season until eventually, the air above the forest is
buoyant enough to trigger widespread, frequent thunderstorms. These thunderstorms flip the
monsoon switch, causing more and more moisture to be drawn into the area and perpetuating
the rainy season. In other words, the rainforest itself seems to make it rain. “I think it is

just so interesting,” says Fu, “that there is this connection between the rain and the underlying
ecosystem.”

The vegetation of the Amazon rainforest has a surprisingly intimate connection with the atmosphere.
Seasonal swings in the forest’s leaf area may not be just a response to seasonal rainfall cycles, but a
cause of them as well. (Photograph ©2006 zrim.)

The discovery of this connection has generated an explosion of questions for the project’s many
collaborators, each with the potential of spawning another chapter in the ongoing story of the
intimate connections between Earth’s tropical ecosystems and climate. Will ground-based
measurements of leaf area, evapotranspiration, and monsoon onset match up in the same way
that satellites suggest they do? What processes besides an increase in leaf area might cause
evapotranspiration rates to increase in the dry season? Will satellite-based leaf area
measurements of other tropical forests find seasonal patterns like the Amazon’s? How do El
Nifio events affect the seasonal leaf area and greenness patterns in the Amazon? Will
deforestation and global warming disrupt the connection between the rainforest and the rain?
As the stories unfold, who knows what other secrets tropical forests might reveal?


http://www.flickr.com/photos/zrimshots/289097057/
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Links

https://earthobservatory.nasa.gov/features/AmazonlLAl/amazon lai.php

Defying Dry: Amazon Greener in Dry Season than Wet. NASA’s Earth Observatory Website.
Global Garden Gets Greener. NASA's Earth Observatory Website.

Climate and Vegetation Research Group at Boston University

Rong Fu’s Research Group at the School of Earth and Atmospheric Sciences, Georgia Tech.
Alfredo Huete at the Department of Soil, Water, and Environmental Science at the University of
Arizona.

Ecocast NASA Ames Research Center Ecological Forecasting Lab.
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