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T
ropical forests are critically impor-

tant for human livelihoods, climate 

stability, and biodiversity conserva-

tion but remain threatened (1). Re-

cent years have seen major strides in 

documenting historical and annual 

tropical forest loss with satellites (2). Now, 

a convergence of satellite technologies and 

analytical capabilities makes it increasingly 

possible to monitor deforestation in near 

real time, on the scale of days, weeks, or 

months, rather than years (3, 4). This ad-

vance creates greater potential for near–

real-time action as well and could play a 

key role in achieving local, national, and in-

ternational forest, biodiversity, and climate 

policy goals, as there is a global imperative 

to address deforestation. Challenges re-

main, however, to attaining effective policy 

action based on the new technology. On 

the basis of lessons learned from pioneer-

ing work in Brazil and Peru, we suggest at 

least two key factors for successfully link-

ing the technical and policy realms. On the 

technical side, it is critical to capitalize on 

continually improving satellite technology 

to better detect, understand, and prioritize 

deforestation events. On the policy side, in-

stitution building, along with related civil-

society engagement, is needed to facilitate 

effective action within complex government 

frameworks. We outline a five-step protocol 

for near–real-time tropical deforestation 

monitoring, with the goal of bridging the 

gap between technology and policy.

MORE AND BETTER EYES IN THE SKY

The number of Earth observation satellites, 

and the quality and accessibility of the im-

agery they provide, has greatly improved in 

recent years (see the first figure) (5), making 

satellite imagery the most consistent and 

effective tool for large-scale forest monitor-

ing. Satellite-based monitoring has four key 

considerations: spatial resolution, temporal 

resolution, sensor type, and data access. 

Spatial resolution (that is, pixel size) has 

been steadily increasing since the 1970s (see 

the first figure), trending from coarse (>250 

m) to medium (10 to 30 m) to high (<5 m). 

Temporal resolution (frequency of imagery 

for any given location) has also improved. 

Until recently, there had been a trade-off be-

tween spatial and temporal resolution, with 

higher-resolution sensors covering less area 

per day. For example, NASA’s coarse-resolu-

tion MODIS (Moderate Resolution Imaging 

Spectroradiometer) sensor collects optical 

imagery of every point daily, whereas me-

dium-resolution Landsat has a revisit time 

of 16 days. However, constellations of min-

iature satellites (such as the 175 satellites of 

the company Planet) address the trade-off, 

by providing high-resolution (3 m) optical 

imagery with near-daily frequency (6). 

Though cloud cover often limits the 

availability of usable optical satellite im-

agery, radar sensors can penetrate clouds. 

The European Space Agency’s new Sentinel-1 

satellites offer medium-resolution radar 

data on a regular basis for every point 

on Earth (for example, every 12 days in 

the Amazon), regardless of the weather 

conditions.

Cost can limit access to some imagery. 

Although coarse- and medium-resolution 

imagery from U.S. and European govern-

ments is freely available (MODIS, Land-

sat, and Sentinel), high-resolution imagery 

from companies such as Planet (including 

RapidEye), DigitalGlobe, and Airbus is avail-

able commercially and tends to be costly. 

However, the public- versus commercial-

access gap is closing. For example, Europe’s 

new Sentinel-2 satellite freely offers 10-m-

resolution optical imagery every 4 days (7), 

and Sentinel-1 is the first radar satellite that 

provides freely available data. Planet now 

displays monthly 5-m-resolution cloud-free 

mosaics online.

Along with improvements in resolution 

and access, increased computing power, 

such as by Google Earth Engine, has en-

abled effective processing of the massive 

amounts of satellite data. 

POWER IN THE PROTOCOL

The challenge remains to harness improv-

ing satellite technology and unprecedented 

data streams into a strategic and effective 

monitoring system that can ultimately be 

used by decision-makers to reduce defor-
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Trends in earth observation satellites
Data reflect 488 earth observation satellites launched since 1972 by commercial and government 

providers (excluding military). We followed methods established in (5) and added satellites from the Union 

of Concerned Scientists database and public launch information from SpaceFlightNow and Planet. 
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estation. We propose a five-step near–real-

time deforestation-monitoring protocol 

designed primarily for government and civil 

society. This comprehensive protocol, based 

on recent monitoring initiatives in the Am-

azon (8, 9) and insights from the interna-

tional Global Forest Watch partnership, is 

particularly aimed at tropical countries that 

are designing strategies to confront defor-

estation. One of our main motivations is 

to help convert cutting-edge technological 

data into actionable information, a trans-

formation that has thus far been lacking on 

a global scale. 

Forest loss detection 

The first step is to detect forest loss as pre-

cisely and quickly as possible. Advances 

in automated forest-loss detection have 

followed those of satellites. The original 

near–real-time detection systems, start-

ing in the early 2000s, utilized coarse-

resolution MODIS imagery, including 

well-known systems in Brazil [DETER 

(Real-Time System for Detection of De-

forestation; government) and SAD (Defor-

estation Alert System; civil society)] and 

Terra-i and FORMA (Forest Monitoring for 

Action) from international organizations.

More recently, detection systems have 

incorporated medium-resolution Land-

sat imagery. In 2009, researchers at the 

Carnegie Institution for Science devel-

oped CLASlite (Carnegie Landsat Analysis 

System–Lite), pioneering Landsat-based 

forest-loss detection software. In 2016, re-

searchers at the University of Maryland de-

veloped GLAD (Global Land Analysis and 

Discovery), the first fully automated, Land-

sat-based alert system (10). In 2017, the Pe-

ruvian government, which previously used 

GLAD, developed its own Landsat-based 

alert system. 

Most recently, the Brazilian SAD alerts 

were further innovated by incorporating 

Sentinel imagery, both optical and radar. 

Thus, sensing capability for automated 

forest-loss alerts has improved resolution 

by two orders of magnitude (from 1000 to 

10 m) in less than a decade and can see 

through clouds. Future alerts may improve 

to 3 m, with Planet imagery.

Given the widespread nature of small-

scale deforestation events (11), medium-

resolution (Landsat and Sentinel)–based 

alerts have replaced coarse-resolution 

(MODIS)–based alerts as the standard. 

As a practical option, GLAD alerts now 

cover more than 20 tropical countries, es-

sentially providing pantropical coverage. 

These alerts are free datasets, updated 

weekly, that indicate 30 m–by–30 m pixels 

of likely forest loss. For Brazil and Peru, 

there are also more specialized alerts. 

Prioritization of data

Alerts may yield thousands, even millions, 

of raw data points (pixels) on a regular ba-

sis and can quickly become overwhelming, 

especially at larger scales. Thus, prioritizing 

alert data is often necessary, for example, by 

incorporating important spatial data such 

as protected areas, indigenous territories, or 

any specific area of interest. Kernel density 

analysis identifies deforestation hot spots, 

allowing users to focus on geographic areas 

with the highest concentrations of recent 

forest loss (12). Other prioritization tech-

niques include visually scanning for large 

clusters or linear features that indicate an-

thropogenic clearing and adding river and 

terrain information to screen for forest loss 

that is likely due to natural causes. In the 

future, machine learning may aid prioriti-

zation by highlighting the most important 

alerts on the basis of pattern (size and den-

sity), shape (linear), and location (overlap 

with areas of interest).

Identif cation of drivers

To convert priority alerts to actionable in-

formation, they need to be validated, to 

verify that the highlighted pixels are indeed 

deforestation, and investigated, to deter-

mine the driver (cause). 

Alerts can typically be validated by visu-

ally checking the underlying medium-reso-

lution imagery (Landsat or Sentinel). Also, 

new mobile apps, such as Forest Watcher, 

facilitate field verification. Drones, which 

can fly targeted missions under cloud cover, 

will likely play increasing roles in providing 

local information.

After validation, visual analysis of high-

resolution imagery is an effective and ef-

ficient technique to determine the driver. 

Our protocol focuses on identification of 

the direct driver, the immediate action at 

the local level that is causing the forest loss. 

For example, important direct drivers in the 

Amazon include agriculture (both large and 

small scale), logging roads, and gold mining 

(see second figure). In turn, identification of 

the direct driver aids identification of the 

indirect driver, such as a market force, that 

often determines the appropriate policy ac-

tion. For example, the response to a new 

mining operation will be different, and in-

volve different government agencies, than 

the response to a new oil palm plantation. 

In cases where high-resolution imagery 

is cost-prohibitive, there are improving free 

alternatives. At 10-m resolution, Sentinel-2 

is sufficient to distinguish most drivers. 

Further, Planet now offers 5-m-resolution 

visual maps online, updated monthly.

In the future, machine learning could 

greatly enhance identification of major 

deforestation drivers (such as mining and 

agriculture) and even identify specific crop 

types (oil palm, cacao, coffee, soy, and so on) 

from satellite imagery. 

Timely communication of results

The next challenge is to communicate im-

portant results when traditional methods, 

such as published reports or peer-reviewed 

articles, are not time-effective options. Al-

though the operative audience is govern-

ment officials, as described in the next step 

below, there is scientific, educational, and 

governance (transparency) value in reach-

ing a wider public audience that includes 

civil society, journalists, researchers, and 

the private sector. It is often difficult to 

predict the exact group of actors that will 

seize on any given set of new findings, so it 

is strategic to cast a wide net, as this step is 

important in bridging the gap between the 

technical and policy components. 

Civil society has developed approaches 

that may serve as a model. Launched in 

2015, Monitoring of the Andean Amazon 

Project (MAAP) specializes in publishing 

concise, timely, web-based reports about 

ongoing near–real-time monitoring efforts 

in the Andean Amazon. Reports often fea-

ture high-resolution imagery both before 

and after recent deforestation events. All 

reports are reviewed by preselected expert 

committees before publication. Particularly 

sensitive findings, such as illegal activity 

that may be subject to an intervention, are 

passed directly to relevant government enti-

ties before being made public.

Global Forest Watch has recently built off 

this approach, expanding to a global scale 

with the “Places to Watch” initiative (13). 

Brief, web-based reports highlight the most 

consequential cases of recent deforestation 

identified by GLAD alerts around the tropics.  

Impact to reduce deforestation

The ultimate goal is that the steps above lead 

to actual policy or conservation action. On 

the basis of recent experience in the Amazon, 

first in Brazil and now also in Peru, effective 

government-institution building is the key ele-

ment to ensuring that near–real-time forest 

monitoring information is utilized.

“…effective government 
institution building is the 
key element to ensuring 
that near–real-time forest 
monitoring information 
is utilized.”

1304    22 JUNE 2018 • VOL 360 ISSUE 6395

DA_0622PolicyForum.indd   1304 6/20/18   11:46 AM

Published by AAAS

on June 21, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


SCIENCE   sciencemag.org

IM
A

G
E

S
: 

(T
O

P
 R

O
W

) 
G

L
O

B
A

L
 F

O
R

E
S

T
 W

A
T

C
H

; 
(B

O
T

T
O

M
 R

O
W

) 
P

L
A

N
E

T

Streamlined coordination between the 

array of government ministries and agen-

cies to process and respond to the techni-

cal information is critical. In a pioneering 

effort, the effective use of MODIS-based 

deforestation alerts (DETER) was widely 

credited with helping to curb surging de-

forestation in the Brazilian Amazon in the 

early 2000s. Notably, the Brazilian govern-

ment increased its capacity to physically 

and legally respond to the alerts by improv-

ing coordination across 15 ministries (in-

cluding the federal police, army, and public 

prosecutor) (14, 15).

Similar institution building is now tak-

ing place in Peru, which is constructing a 

National System of Monitoring and Con-

trol, led by the National Forest Service and 

Wildlife Authority (SERFOR), to coordinate 

actions related to the generation, analysis, 

and response to deforestation informa-

tion among government entities. This sys-

tem is specifically designed to build the 

government infrastructure for efficient, 

data-driven policy action, including laying 

out responsibilities and pathways for the 

complex array of actors. Notably, in addi-

tion to generating and receiving forest-loss 

information (that is, detection), SERFOR 

conducts both a technical and legal analysis 

of the data before sending the information 

to decision-makers. This technical and legal 

analysis also provides detailed guidance to 

authorities on how to prioritize deforesta-

tion events, on the basis of factors such as 

driver, area, and land designation, to facili-

tate prompt decision-making. 

Although Brazil and Peru are the most 

advanced examples, other countries are 

making progress as well. Colombia is now 

producing quarterly early-warning reports 

to identify the most-active deforestation 

fronts across the country. These reports 

are an input for the strengthening of coor-

dinated actions between the environment 

ministry, regional authorities, and the mili-

tary. The Indonesian government is also us-

ing near–real-time monitoring data as an 

additional source of information to improve 

law enforcement in the forestry sector.

Civil society has also emerged as a key 

actor related to institution building. Brazil, 

again, led the way with the development of 

an independent alert system (SAD) in ad-

dition to the government-generated alerts. 

This independent data generation and 

analysis by civil society set an important 

precedent, with implications for improving 

transparency, spurring innovation, and cre-

ating public pressure.

In Peru, the civil society–designed protocol 

presented in this paper served as an initial 

model for the emerging National System of 

Monitoring and Control. The protocol was 

modified and expanded on to fit Peru’s com-

plex government structure but serves as a 

good example of how civil society, and the 

protocol itself, may assist institution build-

ing. In Uganda, civil society (led by the Jane 

Goodall Institute) is training government 

rangers to use GLAD alerts to identify and 

respond to new deforestation fronts.

Advancing satellite technology has made 

n e a r–r e a l-t i m e d e f o r e s t a t i o n m o n i t o r i n g 

increasingly feasible for a growing number 

o f c o u n t r i e s a n d a c t o r s . O u r p r o t o c o l 

m a y s e r v e a s a f o u n d a t i o n f o r e f f o r t s t o 

effectively link the technological advances 

with the ultimate goal of policy action to 

reduce deforestation.        j 
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Detecting deforestation and identifying drivers in the Peruvian Amazon
Detecting forest loss with Landsat-based GLAD alerts (top) and identifying deforestation drivers with high spatial and temporal resolution Planet imagery (bottom).
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