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6 Summary and outlook 
 

The overall objective of this thesis was to gain more insight in tropical 
deforestation patterns, fire dynamics, and their interaction, especially over 
the past decades. Consistent data on forest loss dynamics are important to 
study the global carbon cycle, for biodiversity studies, to estimate the 
potential of reducing deforestation for reducing greenhouse gas emissions, 
and to assess the relative importance of humans and climate in shaping fire 
regimes. One of the deforestation and fire hotspots of the world is South 
America. In the first research chapter, which will be summarized in Section 
6.2, I have quantified annual South American forest loss by developing an 
outlier detection algorithm using satellite remote sensing. To better 
estimate tropical fire dynamics that may be related to forest loss I also 
developed a method to estimate fire emissions in South America using 
visibility observations from weather stations throughout the Amazon and 
linked these to satellite-based fire emissions and deforestation. This way I 
could reconstruct fire emissions throughout the region from 1973 to 
present, which is further detailed in Section 6.3. Subsequently this dataset, 
along with other sources of data, was used to reconstruct a historic global 
fire emissions inventory since 1750. This dataset will be used in the 
Intergovernmental Panel on Climate Change’s (IPCC) Coupled Model 
Intercomparison Project phase 6 (CMIP6) and is summarized in 6.4. In the 
final study the results of the preceding chapters were used to identify how 
the uptake by the land and ocean sinks has changed over time using an 
indirect approach which was hampered before by uncertainty in forest loss 
carbon emissions (Section 6.5). 
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6.1 Quantify spatially-explicit deforestation rates over the past 
decades 

The first study, presented in Chapter 2, describes how forest loss can be quantified based 
on vegetation optical depth (VOD) for a 21-year period (1990-2010). VOD is a passive 
microwave satellite-based indicator of vegetation water content and vegetation density. 
The advantage compared to optical satellite data is that aerosols and cloud cover does not 
impact VOD severely. However, the spatial resolution is much coarser. I used a merged 
VOD dataset, based on two satellite datasets, which has the advantage that it covers a 
relatively long time period (1988-2011) and is globally available. I developed a change 
detection algorithm to estimate forest loss area from 1990s onwards which enabled me to 
quantify spatial and temporal variations in forest loss dynamics. 

A comparison with the Landsat-based Global Forest Change (GFC) maps over 2001-2010 
indicated that the new dataset compared reasonably well with existing high-resolution 
maps. Based on the results, Brazil was responsible for 56% of the total South American 
forest loss area. The results also confirmed the well-known decrease of forest loss in the 
Brazilian Amazon since 2005, partially driven by stricter conservation policies, but 
indicated no trend over the full time period for our whole study region. This is because in 
the regions south of the arc of deforestation, forest loss has increased over the full time 
period, offsetting the reductions in forest loss in Brazil. This includes Argentina, Bolivia, 
Chile, and Paraguay where trends up to 4% yr-2 were observed over 1990-2010. The added 
value of my work is mostly providing new annual forest loss estimates during the 1990s, 
a period not covered by GFC, MODIS and other satellite datasets, but a period with 
substantial changes in forest cover as shown in Chapter 2. 

6.2 Explore the use of proxy data to extend existing deforestation 
rate estimates backwards in time 

The next study (Chapter 3) also investigated deforestation, but now from a fire 
perspective making use of proxy data. The study domain was again the Amazon for which 
little is known about fire rates before the satellite-era. I reconstructed fire emissions with 
an annual time step from 1973 to 2014 based on visibility-observations from weather 
station across the Amazon. In this region, including the well-known arc of deforestation 
and Bolivia, visibility-observations could explain 61% of the variability in satellite-based 
estimates of bottom-up fire emissions since 1997, and 42% of the variability in satellite-
based estimates of total column carbon monoxide concentrations since 2001. These 
comparisons indicated that, with limitations, visibility can be a useful proxy for fire 
emissions in the Amazon. This enabled me to reconstruct the fire history of this region 
since 1973 when visibility information became available. In general, the use of visibility 
observations for fire reconstructions is most reliable towards the western part of the 
Amazon where smoke gets more concentrated leaving a stronger signal, because the 
Andes blocks the overall eastern winds. 

The results indicated that until 1987 relatively few fires occurred in this region and that 
fire emissions increased rapidly over the 1990s. The pattern agreed reasonably well with 
forest loss datasets and could explain 30% of the interannual variability in VOD-based 
forest loss, indicating that although natural fires may occur here deforestation and 
degradation were the main cause of fires. Compared to fire emissions estimates based on 
the Food and Agricultural Organization’s Global Forest and Resources Assessment (FAO-
FRA) data, the visibility-based results were substantially lower up to the 1990s, after 
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which they were more in line. The visibility-based fire emissions dataset can help 
constrain dynamic global vegetation models and atmospheric models with a better 
representation of the anthropogenic fire regime. 

6.3 Historic global fire emissions (1750-2015) 
This study (Chapter 4) describes how I developed a historic global fire emissions 
inventory since 1750 by merging several data streams, including those from Chapters 2 
and 3. Fires influence atmospheric composition and climate. Satellite data provide the 
most accurate overall global extent of fires. However, these datasets are only available 
from 1997 onwards. Before that time there is a suite of proxies available, including 
sedimentary charcoal records, measurements of fire-emitted trace gases and black 
carbon stored in ice cores and firn, and visibility observations (Chapter 3). These proxies 
provide opportunities to extrapolate emissions estimates before 1997, but each proxy has 
strengths and weaknesses. In this study I have merged satellite-based fire emissions for 
recent times, charcoal datasets of temperate and boreal regions, visibility-records from 
weather stations over tropical forest regions, and emission estimates from the FireMIP 
project. The aim was to make the best use of the strengths of the various datasets using a 
regional approach. 

According to this approach, global biomass burning emissions were relatively constant 
with 10-year averages varying between 1.8 and 2.3 Pg C year-1. Carbon emissions 
increased only slightly over the full time period and peaked during the 1990s after which 
they decreased gradually. Africa accounts for a large part (58%) of global fire carbon 
emissions and the general trend therefore mimics that of Africa especially in the early 
part of our record. African fire emissions exhibited a decrease from 1950 onwards as a 
result of conversion of fire-prone savannas to agricultural land. This decrease is partially 
compensated for by increasing emissions in deforestation zones of South America and 
Asia especially during the 1990s, which also led to higher interannual variability in fire 
emissions. This inventory is mostly suited for global analyses and will be used in the IPCC 
CMIP6 simulations. Compared to the fire emissions used in the previous CMIP 
simulations (CMIP5), our results exhibit less variability over time and a smaller 
difference between pre-industrial and present emissions. 

6.4 Revised LUC emissions, uncertainties and implications on 
trends in the global carbon cycle 

In the final study (Chapter 5), I investigated how the uptake of carbon by the land and 
ocean sinks have changed over the past 60 years based on updated land use change 
emissions. Continuous atmospheric measurements of CO2 taken at the South Pole and 
Mauna Loa station from 1958 onwards indicated that about half of all carbon emissions 
coming from fossil fuel use and land use change are estimated to end up in the 
atmosphere. The remainder is taken up by land and ocean sinks. However, the exact ratio 
that ends up in the atmosphere, and especially its trend, is relatively uncertain, mostly as 
a result of difficulties in quantifying land use change emissions. Several studies 
suggested that the land and ocean sinks have become less efficient in taking up carbon 
from the atmosphere based on an observed increase in the airborne fraction over time. 

The two regions with nowadays the largest land use and land cover change (LULCC) 
emissions in the tropics are South America and Southeast Asia. In these regions visibility 
observations are closely related to land use change (Chapter 3) and in Chapter 4 I used 
visibility-based emissions in combination with existing emission estimates for other 
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regions to develop a new LULCC emissions dataset. The new data indicate that emissions 
related to land use change were lower than previous estimates and have increased more 
rapidly since the start of the continuous CO2 measurements. The consequence is that, due 
to lower emissions in the early part of the study period, the airborne fraction in that early 
part was higher and exhibits an overall downward trend. Based on my findings, the 
combined land and ocean sinks may become more efficient in taking up carbon from the 
atmosphere, which contradicts results found in earlier studies. This method cannot 
elucidate the underlying mechanisms, but potential reasons include increasing biological 
activity of oceanic carbon uptake and/or increases in terrestrial carbon uptake as a result 
of for example increases in nitrogen deposition, reduced respiration, changes in diffuse 
radiation resulting in increasing canopy photosynthesis, and CO2 fertilization. 

6.5 General conclusions and recommendations for further 
research 

In this thesis, I have developed two new datasets providing information about 
deforestation (Chapter 2) and fire dynamics (Chapter 3) in South America over the past 
decades. These datasets provide more insight in the interannual variability of fires and 
deforestation over a longer time period compared to other studies and can be used in 
biodiversity studies, to assess the role of humans in modifying landscapes, and to 
estimate the mitigation potential of reducing deforestation. Chapter 3 indicated that until 
1987 relatively few fires occurred in this region and that fire emissions increased rapidly 
over the 1990s. Furthermore, deforestation rates and fire emissions were related to some 
degree in their interannual variability. During this study I have assumed that variability 
in visibility is directly proportional to fire emissions, omitting changes due to variability 
in atmospheric transport as well as changes due to spatial variability in the location of 
fire and deforestation events. Initial estimates indicated that variability in wind patterns 
may be small as was the average distance of fire to the stations, but a more extensive and 
spatially explicit study including a regional transport model is needed to better 
understand the role of for example a progressing fire and deforestation front on the 
observations, and to provide insights in the sources (e.g. deforestation versus Cerrado) of 
the fires and their direct effect on the actual emissions.  

Although the VOD-based deforestation dataset agreed reasonably with the estimates 
based on the GFC dataset, further refinements could improve my estimates. 
Deforestation datasets are based on different satellite-observations and therefore ‘see’ 
something else. VOD can for example be used to estimate net forest loss on a relatively 
large scale, whereas GFC can observe deforestation and regrowth. PRODES on the other 
hand only observes deforestation of primary forest while forest degradation neglected. 
Pinpointing the differences between these various datasets will help in using the 
different datasets as complementary to each other and could yield hold more information 
about deforestation and forest degradation in this dynamic region. I would propose to 
include comparing with existing LIDAR-based benchmark datasets (Baccini et al., 2012) 
and estimates based on the more recent Sentinel-1 and Sentinel-2 observations with 
relatively high spatial resolution. 

Furthermore, I have developed a global fire emissions database that will be used for the 
IPCC CMIP simulations. I have merged recent satellite-based fire emissions, charcoal 
datasets of temperate and boreal regions, visibility-records from weather stations over 
tropical forest regions, and emission estimates from the FireMIP project. Carbon 
emissions increased slightly over the full time period and peaked during the 1990s after 
which they decreased gradually. Africa accounts for a large part (on average 58% over our 
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study period) of global fire carbon emissions and the general trend is similar to the 
African trend. African fire emissions were based on the multi-model median; the various 
models exhibited different trends over 1750 to present including substantial uncertinaty. 
Our aim was to make the best use of the strengths of the various datasets using a regional 
approach. The observation-based visibility data provide annual data but are only 
available for deforestation regions and extend the satellite-record with a few decades. 
The charcoal data provide a much longer record and are most useful in temperate and 
boreal regions where data density is highest, but the unitless data are difficult to 
translate to actual fire rates.  

To validate the model results observational datasets are needed, therefore absence of 
pre-industrial fire history data in Africa is a major limitation of these estimates. To 
improve and constrain the fire emissions dataset, I encourage paleo-fire researchers to 
sample their sites in detail for the last 250 years with a strong focus on tropical areas 
including Africa since these emissions determine most of the global trends, even though 
proxy-records are currently mostly used for longer (century to millennial) time scales. 
Pinpointing the reasons behind outliers and opposing trends between the various models 
will lead to lower uncertainties for studies like this one. Also, the different spatial and 
temporal scales of the various datasets make it hard to compare the different data 
sources and there is a need to know what they exactly represent and how they differ. 
Future improvements are, besides more charcoal observations in tropical areas, expected 
with more CO observations in ice cores and cross-validation between the different 
datasets, for example benchmarking fire models with satellite-based global datasets and 
charcoal data with GFED. 

In my final study (Chapter 5), I investigated the trends in carbon emissions related to 
land use and land cover change, and how this can help to better quantify how much 
carbon remains in the atmosphere and how much is taken up by the combined land and 
ocean sink. I used updated emissions related to land-use change including the visibility-
based emissions in South America (Chapter 3) and showed that the potential slowdown in 
sink efficiency has not occurred on a global scale yet, contradicting earlier studies. The 
method used in Chapter 5 cannot elucidate the underlying mechanisms that have caused 
the increase in the sink strength. Our results can be used as benchmark to constrain 
climate-carbon models. This way the effects of the underlying mechanisms can be 
identified. Also further reducing the error in land use change emissions from the 1950s 
onwards will remain a topic for future investigation. 

Overall, this thesis shows how new and sometimes novel datasets can be developed and 
used to improve our understanding of the history of global fire emissions and even about 
the functioning of the global carbon cycle. While the new datasets have filled certain gaps 
and improved our understanding, they have also clearly illustrated that uncertainties 
remain substantial. New research avenues and better combining of different datasets may 
help towards a better understanding of global fire and forest loss histories. 


