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Wildfires are a common disturbance agent in the global boreal forests. In the North 

American boreal forests, they have been shown to exert a strong cooling effect 

through post-fire changes in surface albedo that has a larger overall impact on the 

climate system than associated carbon emissions. However, these findings are not 

directly applicable to the Siberian larch forests, a major component of the boreal 

biome where species composition are dominated by a deciduous needleleaf species 

and fire regimes are characterized by the common occurrence of both stand-replacing 

and less-severe surface fires. This dissertation quantifies the post-fire surface forcing 

imposed by both fire types in these forests over 14 years since fire, and determines 

that both surface and stand replacing fires impose cooling effects through increased 

albedo during snow season. The magnitude of the cooling effect from stand replacing 

fires is much larger than that of surface fires, and this is likely a consequence of 

higher levels of canopy damage after stand-replacing fires. At its peak (~ year 11 after 



 

fire occurrence), the cooling magnitude is similar to that of the North American 

boreal fires. Strong cooling effect and the wide-spread occurrence of stand-replacing 

fires lead to a net negative surface forcing over the entire region between 2002 and 

2013. Based on the extended albedo trajectory which was made possible by 

developing a 24-year stand age map, it was shown that the cooling effect of stand-

replacing fires lasts for more than 26 years. The overall cooling effect of surface fires 

is of lower magnitude and is likely indicative of damages not only to the canopies but 

also the shrubs in the understory. Based on the identified difference in their influences 

on post-fire energy budget, this dissertation also identified a remote sensing method 

to separate surface fires from stand-replacing fires in Siberian larch forests with an 

88% accuracy. The insights gained from this dissertation will allow for accurate 

representation of wildfires in the regional or global climate models in the future. 
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Chapter 1: Introduction 

1.1. Background and Motivation  

The Earth’s climate system is essentially driven by solar radiation through the 

net balance of incoming solar radiation and outgoing shortwave radiation reflected by 

the atmosphere and the Earth’s surface and longwave radiation emitted by the Earth 

(Cubasch et al. 2013; Liang 2004). The climate system is stable when the incoming 

and outgoing radiation is balanced, i.e. the global net radiation is zero. On the 

contrary, imbalances in incoming and outgoing radiation destabilize global climate 

system, resulting in climate change. The three major components that influence 

radiation balance include the amount of the incoming solar radiation, the fraction of 

the incoming solar radiation that is reflected from the atmosphere and the Earth’s 

surface, and the ability to of atmosphere to trap the outgoing longwave radiation. The 

role of the latter has been most prominently discussed in the scientific literature and is 

linked to the atmospheric concentration of greenhouse gases (e.g. CO2 and CH4). The 

greenhouse gases are capable of retaining longwave radiation that is otherwise 

emitted into space, resulting in a warming effect (i.e. the greenhouse effect) (Cubasch 

et al. 2013; Myhre 2013). Due to the continuous increase of atmospheric 

concentration of the greenhouse gases, the global mean surface temperature has been 

experiencing a persistent increase since the late 19th century (Bindoff 2013). The 

influence of the increased concentration of greenhouse gases on the climate system is 

modified by other components of the radiation balance that influence the amount of 

incoming radiation that the Earth absorbs. These variations in the fraction of absorbed 
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solar radiation strengthen or offset the impact of increasing greenhouse gas 

concentrations in the atmosphere through positive or negative feedback loops to the 

climate system and require careful consideration in climate change research and 

climate modeling (Cubasch et al. 2013). 

Albedo is the ratio of the reflected shortwave solar radiation to the incoming 

shortwave solar radiation (Liang 2004). It is one of the main components of the 

energy budget, in that it controls the net shortwave radiation absorbed by the Earth 

(Cubasch et al. 2013; Liang 2004; Myhre 2013): 

𝐾∗ = (1 − α) ∙ 𝑆↓ 

where α represents albedo, K*is the net shortwave radiation (Wm-2) and 𝑆↓ is the 

downward shortwave solar radiation (Wm-2). Influenced by albedo (both surface and 

top of atmosphere combined), about 30% of the incoming solar shortwave radiation is 

reflected back to space (Cubasch et al. 2013). Because albedo directly determines the 

amount of solar radiation absorbed by the Earth, which powers climate, albedo thus 

possesses a strong control over local, regional and global climate (Liang 2004; Lucht 

et al. 2000) and is a key input variable in climate models (Liang 2004; Lucht et al. 

2000). Due to the strong influence of albedo on climate, any driver that considerably 

alters albedo over large spatial scales has the potential to impose significant climatic 

impacts. The immediate climatic impacts of both anthropogenic and natural drivers 

that alter surface albedo can be quantified using surface forcing (also known as 

surface shortwave forcing), which represents instantaneous change in net radiative 

flux at the surface (Barnes and Roy 2008). Surface forcing can be converted to 

radiative forcing, defined as the changes in net radiative flux at the tropopause 
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allowing for the adjustments of the stratospheric temperature (Hansen et al. 1997; 

Myhre 2013), which can be used for direct comparison between multiple forcing 

agents.  

Located in the high northern latitudes, the global boreal biome is one of the 

largest terrestrial biomes in the world (Chapin et al. 2006; Malhi et al. 1999; Melillo 

et al. 1993). It plays a pivotal role in influencing regional and global climate, mainly 

through two sets of mechanisms: the biogeochemical effects and the biogeophysical 

effects (Bala et al. 2007; Bathiany et al. 2010; Betts 2000; Chapin et al. 2000). The 

former refer to those that are related to carbon emissions, since there is an exceptional 

amount of carbon stored in the boreal region (Kasischke and Stocks 2000). And the 

latter refer to those that are related to the biophysical aspects of the boreal forest, such 

as albedo, evapotransporation, surface roughness. Among these, albedo has been 

suggested to be the most climatically influential factor of the boreal forest (Bala et al. 

2007). The important role of albedo is largely attributable to the drastic difference 

between the high albedo of snow and low albedo of the forest canopy during the long 

snow seasons in the boreal forest (Bala et al. 2007; Bonan 2008; Bonan et al. 1992). 

Specifically, although the albedo of the snow cover is high, the canopy of the boreal 

forest can effectively mask out snow on the ground (Bonan 2008; Bonan et al. 1992; 

Hall et al. 1993; Ni and Woodcock 2000). According to Hall et al. (1993), the albedo 

of dense coniferous stands can stay at a relatively low level (< 0.3) even with snow on 

the ground. The relatively low albedo of the boreal forest allows it to be more 

efficient in absorbing incoming shortwave radiation compared to other land cover 

types such as steppe and tundra and thus imposes a warming effect. Through 
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comparisons between simulated scenarios where the boreal forest is present and 

replaced by bare ground, Bonan et al. (1992) demonstrated the warming effect the 

boreal forest, and pointed out that this effect exists not only in the winter, but also in 

the summer. Betts (2000) indicated that the positive forcing resulting from the 

albedo-caused warming of the boreal forest may be large enough to completely offset 

the negative forcing induced by carbon sequestration, and that the net effect of the 

boreal forest may be accelerating climate change instead of migitating it. These 

studies, together with many others (e.g. Bala et al. 2007, Anderson et al. 2010, 

Bathiany et al. 2010, Betts et al. 2007, Claussen et al. 2001 and Robert et al. 2008), 

directly or indirectly indicated that the biogeophysical effects, especially the albedo 

effect, are potentially larger than the biogeochecmical effects over the high-latitude 

boreal region in influencing the climate, and the net effect of the boreal forest is 

expected to increase regional and global temperatures.  

Wildfires have been shown to exert strong influences on the regional and 

global climatic feedbacks in the boreal forests in North America. Although they 

impose a warming effect through carbon-related emissions, this warming effect is 

largely outweighed by the cooling effect, which is imposed through the fire-induced 

changes in forest albedo (Randerson et al. 2006). There are two mechanisms involved 

acting at different temporal scales. The first mechanism is through the removal of 

forest canopy. Stand-replacing fires effectively remove canopy cover, resulting in 

much higher levels of ground exposure, which when covered by snow, leads to much 

higher albedo of the forests in the winter (Amiro et al. 2006; Randerson et al. 2006). 

The second mechanism involves the temporary change of dominant species in the 
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regrowing forests. During the early successional stage of the forests, there is usually a 

period with broadleaf deciduous species dominance (Amiro et al. 2006; Liu and 

Randerson 2008; Lyons et al. 2008; McMillan and Goulden 2008; Viereck 1973). 

Because the albedo of these broadleaf species is usually higher than that of the 

evergreen species, forest albedo typically remains elevated in the summer for a 

considerable amount of time, followed by a graduate return to the pre-fire level with 

evergreen species resume dominance (Liu and Randerson 2008; McMillan and 

Goulden 2008). The combination of these two mechanisms leads to a strong cooling 

effect imposed by wildfires that may last for decades. According to Randerson et al. 

(2006), taken into account all major positive forcings imposed by wildfires, including 

those caused by the long-lived greenhouse gases (CH4 and CO2) and black carbon, the 

net forcing of the wildfires is still negative and can remain so for more than 150 

years.  

Approximately 20% of the global boreal forests are located in the eastern half of the 

Siberian region of Russia (Figure 1-1; Osawa and Zyryanova 2010) and these forests 

are characterized by several features. The boreal forests of North America and 

European Russia mostly consist of a mixture of several evergreen coniferous, 

including spruce (Picea spp.), pine (Pinus spp.) and fir (Abies spp.) (Osawa and 

Zyryanova 2010; Wallenius et al. 2011). However, in eastern Siberia, the boreal 

forests are dominated by larch (Larix spp.), which are deciduous needleleaf species 

(Abaimov 2010; Osawa and Zyryanova 2010). As in other boreal zones, wildfires are 

a common disturbance agent in the Siberian larch forests and they impose direct 

influences on the regeneration and growth of forests (Shorohova et al. 2009). 
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Figure 1-1 Distribution of the Siberian larch forests (diagonally striped area) in relation to 

the global boreal biome (shaded area), southern boundaries of the continuous permafrost 

(thick dashed line) and discontinuous permafrost (thin dashed line). Figure is adopted from 

Osawa and Zyryanova (2010). 

However, the fire regimes and the resultant successional patterns are strikingly 

different from those in the North American boreal forests in two important aspects. 

First, there is a much higher proportion of surface fire in the region. In the boreal 

forests of North America, fires are generally stand-replacing, as tree species are 

mostly susceptible to fire (Wirth 2005). In great contrast, larch is known to be less 

prone to fire by possessing a series of fire-resisting adaptations. For example, they 

have thick bark which can effectively prevent them from being damaged by low 
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severity fires (Kharuk et al. 2010; Schulze et al. 2012; Wirth 2005). They also shed 

low hanging branches before the formation of fuel ladders which facilitate the 

occurrence of high-severity crown fires (Wirth 2005). These adaptations, together 

with generally lower canopy closure of the larch forests (Kharuk et al. 2011; 

Sofronov and Volokitina 2010), effectively limit the severity of most fires in the 

region to a low level, resulting in the wide occurrence of surface fires, which 

generally cause a much lower level of tree mortality (Wirth 2005). Second, the forest 

succession in the Siberian larch forests generally occurs without temporary 

dominance of secondary tree species. After stand-replacing fire events, larch 

regenerates quickly in the post-fire sites and although there may be other co-existing 

shrub and tree species, they are soon overwhelmed by larch (Babintseva and Titova 

1996). Consequently, larch resumes dominance even in the early successional stage 

(Babintseva and Titova 1996; Zyryanova et al. 2010). As Kobak et al. (1996) pointed 

out, the apparent difference between larch stands of early and late successional stages 

may be no more than the degree of closure of the canopies.  

Although there has been an abundance of research confirming the cooling 

effect of the wildfires in the North American boreal forests, it is still largely uncertain 

whether wildfires impose a similar effect in the Siberian larch forests. Located in 

interior Eastern Siberia, where environmental conditions are extremely severe, the 

Siberian larch forests are mostly free of human activities and difficult to access 

(Sofronov and Volokitina 2010). Most of the area in this region is beyond the limit of 

the Russian aerial fire monitoring service and remote sensing-based analysis has been 

mostly limited to 1995-2002 using the Advanced Very High Resolution Radiometer 
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(AVHRR) data (Sukhinin et al. 2004) and after 2000 using the Moderate Resolution 

Imaging Spectroradiometer (MODIS) and Landsat Enhanced Thematic Mapper Plus 

(ETM+) observations. Few research studies have focused specifically on the climatic 

impacts of these forests, especially at the regional scale. The knowledge gained from 

the North American boreal forests is not applicable to these forests, due to the 

substantial differences in many aspects of these forests. Specifically, there are several 

key science questions that have not been addressed, including how albedo reacts 

immediately after fire and over longer time spans, especially in the post-fire winters 

since larch is deciduous; how surface fires impact albedo since they are of lower 

severity than stand-replacing fires; what impacts wildfires in these larch forests 

impose through surface forcing, and whether they are different from those imposed 

by the North American boreal fires. Without the answers to these questions, our 

understanding of the land-atmosphere interaction in the boreal zone is incomplete, 

which carries even stronger implications in the context of global climate change. 

Having experienced the highest level of warming in the world over the past decades, 

the high-latitude boreal forests are at the frontier of global warming (Hartmann 2013). 

This warming trend will likely persist in the region, resulting in intensified fire 

regimes with more severe and frequent wildfires (Collins 2013; Groisman et al. 

2007). In order to better predict how wildfires, the forests and climate will interact 

with each other in the future, we need to know how wildfires are affecting the climate 

currently. Motivated by this need, this dissertation attempts to quantify the climatic 

impacts of wildfires exerted through fire-induced albedo changes, which is expected 

to be a major element of the fire-climate interactions in these forests.  
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1.2. Research Questions and Dissertation Structure 

The overarching question that this dissertation aims to address is: How do 

fires (both stand-replacing and surface) impact surface shortwave forcing in the 

Siberian larch forests? This question has been broken down into three specific 

questions and each of these three questions is addressed in a separate chapter in this 

dissertation from Chapter 2 to Chapter 4. Chapter 5 offers a summary of the findings, 

discusses their implications, and outlines potential directions for future research.  

1.2.1. Question 1: What is the stand age distribution of the Siberian larch forests over 

the past 24 years?  

In order to quantify the post-fire surface forcing, the locations and timing of 

the fire events is of critical importance. Although there is an existing dataset that 

provides this information about the stand-replacing fires since 2001 (Krylov et al. 

2014), this dataset is limited in that it allows for neither the examination of associated 

albedo trajectory over longer time span nor the comparison with the control group 

(i.e. the forests that have not been impacted by fire in the recent past). Another 

available dataset that was considered for this dissertation is the AVHRR-based fire 

mapping product (Sukhinin et al. 2004) developed by using both active fire and 

burned area for Russia between 1995 and 2002. However, initial evaluation suggested 

that this dataset lacked the accuracy in identifying fire events and the spatial 

continuity that were required by this dissertation, thus was not applicable. Due to this 

lack of available datasets that suited my need, in this chapter a stand age map 

mapping the stand-replacing fire events in the Siberian larch forests between 1989 

and 2012 is produced based on a novel method. It serves as the foundation based on 
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which the surface forcing of stand-replacing fires can be quantified and the associated 

surface forcing patterns can be explained.  

Question 1 is addressed in Chapter 2, and it has been published in October 

2016 in Remote Sensing of Environment.  

1.2.2. Question 2: What is the surface forcing imposed by stand-replacing fires in the 

Siberian larch forests since 2000?  

Because stand-replacing fires and surface fires are two major components of 

the fire regime in the Siberian larch forests and it is expected that they show different 

post-fire surface forcing patterns, these two fire types are separated and examined in 

two different chapters. Chapter 3 focuses on stand-replacing fires only, and it is 

designed based on the stand age map produced in Chapter 2. This study not only 

quantifies the surface forcing after stand-replacing fires, but also explains the 

mechanisms of the revealed patterns. In addition, the results are compared with those 

obtained previously in different spatial and temporal domains based on which a better 

understanding of the impacts that stand-replacing fires impose is developed.  

1.2.3. Question 3: What is the surface forcing imposed by surface fires and how does 

it differ from stand-replacing fires?  

This question is addressed in Chapter 4, which examines the surface forcing 

of surface fires, the other major component of the fire regimes in the Siberian larch 

forests. The results reveal the direction and magnitude of the surface forcing that 

surface fires impose on a regional scale. Together with the results obtained in Chapter 

3, they draw a relatively complete picture of the climatic impacts of fires in the region 
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through associated albedo changes and surface forcing. In addition, this study also 

explores the feasibility of using several remote sensing-based indices to differentiate 

surface fires from stand-replacing fires. The results reveal a cost-effective solution to 

reliably separating these two fire types, which has a strong potential to be adopted by 

various studies involving wildfires in the Siberian larch forests.  

Finally, in Chapter 5, the implications of this dissertation, especially those for 

the climate modeling community, are discussed. In short, the findings of this 

dissertation will greatly enhance our overall understanding of the influences of 

wildfires on post-fire energy budget in the Siberian larch forests, which will, in turn, 

allow for accurate representation of wildfires in the future climate models.  
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Chapter 2: Mapping stand age dynamics of Siberian larch 

forests from recent Landsat observations using an 

innovative approach1 

2.1. Introduction 

Covering more than 15 million km2 of land, containing the amount of carbon 

that is comparable to the combined carbon storage in tropical and temperate forests, 

boreal forests are a vital global biome (Dixon et al. 1994; Kasischke 2000). Stand age 

is a crucial parameter related to carbon cycling (Bond-Lamberty et al. 2004; Goulden 

et al. 2006; Gower et al. 1996; Harden et al. 2000; O'Neill et al. 2003) and the energy 

budget (Amiro et al. 2006; Bright et al. 2013; Liu and Randerson 2008) in boreal 

forests and is the central component in the atmosphere-land interactions of the global 

climate system (Bonan 2008; Randerson et al. 2006). Previous studies in boreal 

forests of Alaska (Randerson et al.) showed that over the short-term (within 20 years) 

following the disturbance events the fire-induced carbon emissions produce a positive 

climatic forcing, which outweighs the negative forcing resulting from the increase in 

surface albedo. However, over a longer time span (~ 80 years), the net forcing of 

stand-replacing fires is negative due to the long-lasting effect of increased forest 

albedo resulting from slow rates of forest recovery. Therefore, understanding stand 

                                                 

1 This chapter has been published: Chen, D., Loboda, T.V., Krylov, A., & Potapov, P.V. (2016). Mapping 

stand age dynamics of the Siberian larch forests from recent Landsat observations. Remote Sensing of 

Environment, 187, 320-331. http://dx.doi.org/10.1016/j.rse.2016.10.033 
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age dynamics in the boreal forests is highly important for quantifying and modeling 

the net climatic impacts of the boreal biome.  

Approximately 20% of the boreal forests in the world are located in Eastern 

Siberia and the Russian Far East (Osawa and Zyryanova 2010). In contrast to boreal 

forests of North America and Europe, dominated by evergreen coniferous species 

(e.g. spruce, pine and fir), boreal forests of Eastern Siberia are covered by larch 

(Abaimov 2010; Osawa and Zyryanova 2010; Shuman et al. 2011). Larch forests 

differ from other boreal forests considerably in two very important aspects. First, 

unlike other coniferous species, larch is deciduous which has large and unique 

implications for nutrient cycling and surface albedo. And second, the successional 

pattern of larch forests usually does not include an early stage of dominance by the 

broadleaf species (Abaimov and Sofronov 1996; Furyaev et al. 2001; Zyryanova et al. 

2010). Comparatively little is known about dynamics of the Siberian larch forests at 

the regional scale in the English-language peer-reviewed publications. In recent 

decades Eastern Siberia, particularly the regions above 55° N, has experienced the 

most significant level of warming which is expected to continue under the projected 

scenarios of climate change (Balzter et al. 2010; Collins 2013; Groisman et al. 2007; 

Hartmann 2013; Kirtman 2013; Stocks et al. 1998). One of the likely immediate 

consequences of the continuing warming trend is a substantial increase in wildfire 

occurrence and severity (Kharuk et al. 2011; Krylov et al. 2014; Schimel et al. 2001). 

Wildfires are the dominant disturbance agent in Siberian forests and exert a strong 

control on stand age distribution (Goldammer and Furyaev 1996; Kharuk et al. 2011; 

Shorohova et al. 2009; Sofronov and Volokitina 2010). Therefore, a changing fire 
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regime is likely to lead to changes in stand age dynamics in the region with large 

implications for biogeochemical and biogeophysical properties of the region. 

However, it is difficult to quantify the change in forest dynamics or fire regimes 

without a baseline stand age assessment that precedes the year 2000.  

Traditionally stand age assessment is conducted using field observations as 

part of the forest inventory survey (e.g. USDA 2014). Although the results of these 

surveys are highly accurate and detailed, they are strongly limited by the accessibility 

of specific forest stands and the cost of field surveys. For large inaccessible regions, 

remote sensing offers a substantial advantage due to the capacity for observing 

remote areas with a high degree of consistency over time. Depending on the 

availability of the remotely sensed data, there are two general approaches for 

estimating stand age in the boreal forests. When annual observations are available, 

stand age can be derived by mapping and tracking stand-replacing events such as fires 

or forest harvest which reset the stand age to zero. This has been accomplished, 

particularly in North America, using dense stacks of high quality Landsat images 

(Hansen et al. 2013; Huang et al. 2009; Huang et al. 2010; Masek et al. 2008; 

Schroeder et al. 2011; Thomas et al. 2011). When frequent satellite observations are 

unavailable, stand age can be inferred from the overall distribution of forests at 

varying stages of regrowth across the landscape. The comparatively slow recovery of 

boreal forest stands after disturbances provides a ~30 year window during which 

young forests can be reliably mapped (Loboda et al. 2012). For example, Zhang et al. 

(2004) produced a stand age map for the boreal forests in Ontario, Canada, employing 

a regression method built on the relationship between stand age and the Normalized 
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Difference Water Index (NDWI) using fire inventory data, Satellite Pour 

l’Observation de la Terre (SPOT) VEGETATION and Advanced Very High 

Resolution Radiometer (AVHRR) images. Loboda et al. (2012) developed a 

Moderate Resolution Imaging Spectroradiometer (MODIS)-based method that used a 

decision tree classifier driven by available samples from multi-temporal Landsat 

imagery in the Russian Far East to model the timing of disturbances based on forest 

regrowth patterns. This method was later modified by Loboda and Chen (2016) who 

mapped the spatial distribution of young forests in Russia at 500-m resolution. These 

existing approaches rely on availability of some historical imagery that can be used to 

train algorithms and hindcast forest age from a later-date distribution of regrowing 

forests on the landscape.  

Since 2000, multiple satellite imaging platforms, including Landsat TM and 

ETM+ and MODIS, have provided consistent coverage over Siberia which supports 

annual mapping of forest cover change in the region. However, before 2000 due to a 

combination of reasons including intermittent acquisition of Landsat TM data 

received by the international ground stations (Goward et al. 2006; Kim et al. 2014; 

Kovalskyy and Roy 2013), coverage of satellite observations of Eastern Siberia is 

neither spatially- nor temporally-contiguous. The small sample of acquired available 

imagery is spaced at very large time steps making it virtually impossible to date the 

age of disturbances in the images. This considerably limits the success rate of using 

existing methods and necessitates the development of new approaches to hindcasting 

stand age distribution of Siberian larch forests. In this work we present a new 

algorithm aimed at mapping stand age distribution of Siberian larch forests as a 
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function of changes in spectra of recovering forests over time at 30-m resolution. This 

algorithm capitalizes on the wealth of post-2000 observations of Siberian forests and 

allows for hindcasting the stand age distribution before 2000 at 30-m resolution based 

on the assumption of spectral stability of forest-age signature over the past 24 years. 

Using the resultant map we further quantify changes in the occurrence of stand-

replacing fires in larch forests over the past 24 years as reflected in stand age 

distribution.  

2.2. Study area 

The study is focused on the contiguous area of larch dominance in Siberia 

(Figure 2-1). We used the 500-m MODIS Land Cover Type Product (MCD12Q1; 

Friedl et al. 2002; Friedl et al. 2010) to define the larch forest mask as all pixels 

mapped as deciduous needleleaf forest according to the International Geosphere-

Biosphere Programme (IGBP; Loveland et al. 2000) classification scheme layer of the 

MCD12Q1 product in Eastern Siberia at any time between 2001 and 2012. In doing 

this we aimed to maximize, to a reasonable extent, the potential coverage of the 

Siberian larch forests, to account for disturbances during the 2001-2012 period and 

allow for regrowth after the disturbance, considering that larch quickly regenerates 

after fires and dominates recovering stands even at early successional stages 

(Zyryanova et al. 2010). We then applied a majority filter (25 pixel kernel) to 

delineate a broad ecoregion of larch dominance that defines our study area and is 

located within 50º-66º N and 94º-140º E, encompassing a total area of 1.93×106 km2.  
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Figure 2-1 Location of the study area, as indicated in light green. This study area reflects a 

conservative estimate of the Siberian larch forest distribution focusing on stands dominated 

by larch species. The study area presented is not intended to be used as a definitive 

boundary of the Siberian larch forests. 

Two larch species dominate this region: Larix gmelinii in the west and Larix 

cajanderi in the east (Abaimov 2010; Nikolov and Helmisaari 1992). The high 

dominance of larch species over such a vast area, which is largely underlain by 

permafrost, is a unique characteristic of these forests compared with other parts of the 

global boreal forests (Herzschuh et al. 2013; Kharuk et al. 2010; Osawa and 

Zyryanova 2010).  

Wildfire is the dominant disturbance agent in the region (Goldammer and 

Furyaev 1996; Zyryanova et al. 2010). We conducted an initial analysis during which 

fire-driven forest loss, defined as areas of tree cover loss within the known burns 

(Krylov et al. 2014), was compared with the total tree cover loss (Hansen et al. 2013) 
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in the study area between 2001 and 2012. The result suggested that wildfire 

accounted for about 87% of the total forest loss in the region. While other factors 

including pest infestation, plant disease, windstorms and timber harvesting contribute 

to forest loss, their respective contributions are comparatively small and thus the 

analysis focuses on wildfire as the primary driver of stand age distribution.  

2.3. Data 

In this study we used several datasets (shown in Table 2-1) developed by the 

Global Forest Change (GFC) project (Hansen et al. 2013) as data inputs. The GFC 

project produced a suite of remotely sensed datasets based on Landsat Enhanced 

Thematic Mapper Plus (ETM+) imagery. At 30-m spatial resolution and covering the 

global land surface, these datasets mapped a set of parameters that are either directly 

or indirectly related to the changes in forest cover since 2000, including forest gain 

and loss and tree canopy cover. The GFC datasets also include a set of cloud-free 

Landsat image composites for selected years (Hansen et al. 2013). In this project, we 

used the Landsat-based composites and tree cover for circa year 2000 and 2012. 

Generated based on images captured during the growing season (i.e. June-August), 

the composites included four spectral bands of the Landsat ETM+ (Band 3 - red, 4 - 

Near Infrared (NIR), 5 - short-wave infrared (SWIR1.6) and 7 – SWIR2.2), all of which 

were converted from original digital values to normalized top-of-atmosphere (TOA) 

reflectance. These composites are cloud-free and were produced by employing a gap-

filling algorithm which replaced the pixels contaminated by clouds and cloud 

shadows with those from temporally adjacent clear observations (Hansen et al. 2013).  
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Table 2-1 Summary of the datasets.  

Dataset Name Used in 
Original Spatial 

Coverage 

Spatial 

Resolution 
Temporal Span 

GFC Landsat-based TOA 

reflectance composites 

Map 

production 
Global 30 m 

circa 2000 and 

2012 

GFC Landsat-based tree 

cover 

Map 

production 
Global 30 m 

circa 2000 and 

2012 

SRFM 
Map 

production 
Russia 30 m 2001-2012 

Landsat images 
Accuracy 

Assessment 

Siberian larch 

forests 
30 m 

circa 1989, 

2000 and 2012 

ABFM 
Accuracy 

Assessment 
Russia 1 km 1995-2002 

 

In addition, we used the stand-replacing fire mapping (SRFM) dataset 

produced by Krylov et al. (2014) to identify the areas of stand-replacing fires which 

occurred in the Russian boreal forests annually between 2001 and 2012 (year 2001 

and 2012 were absent from the initial publication of the SRFM product and were later 

included into the dataset) at 30-m resolution. It is a regionally enhanced product 

which was derived based on a data fusion of the GFC tree cover and forest loss 

products (Hansen et al. 2013), 1-km MODIS active fire data (Giglio et al. 2003) and 

500-m MODIS-based Regional Burned Area Mapping Product for Russia (Loboda et 

al. 2007; Loboda et al. 2011). The fusion of the Landsat-scale detail with the MODIS 

temporal scope allowed the SRFM product to identify the timing of fire events with 

great accuracy.  

There are very few spatially explicit datasets in existence that provide 

information regarding the stand age information within the Siberian larch forests at 

the regional scale. To develop a robust accuracy assessment for our product, we 

sought out all datasets that could serve as references. We chose not to use the 



20 

historical government records of fire occurrence as they have been shown to be 

inaccurate in identifying both the location and extent of wildfire occurrence (Conard 

et al. 2002). Instead we focused on two available reference datasets for accuracy 

assessment. First, we used a set of Landsat images for three epochs, i.e. 1989, 2000 

and 2012. In order to confidently identify the ground conditions at each epoch, an 

exhaustive image search across the study area for snow-free L1T images (including 

Landsat MSS, TM and ETM+ images) with no more than 10% cloud cover was 

conducted. In the end, 1597, 1317 and 793 Landsat images were acquired for 1989, 

2000 and 2012 epochs, respectively. These images composed an image pool from 

which individual images were drawn when the analyst assessed the accuracy of the 

classification at each random sample point.  

Our second reference dataset is the AVHRR-based fire mapping (ABFM) 

product (Sukhinin et al. 2004). This dataset is the only currently available spatially 

explicit fire detection and burned area data product that contains the exact timing 

information (i.e. year of fire) in the study area before 2000. It includes both active fire 

detections and burn scars that were mapped between 1995 and 2002. The burn scar 

polygons represent a set of subjectively selected and generally very large events 

which are distributed in clusters in a few subregions of the Russian forests (Sukhinin 

et al. 2004). They were mapped from a single clear image after the fire event was 

completed. In contrast, the active fire polygons are aggregations of the 1-km AVHRR 

pixels flagged by an automated fire detection algorithm applied to all available 

AVHRR scenes (Sukhinin et al. 2004). 
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2.4. Methodology 

Previous remote sensing-based stand age estimation methods are based upon 

the premise that the spectral characteristics of forest stands of the same age are 

similar across space (Loboda and Chen 2016; Loboda et al. 2012). The method used 

within this study is innovative in that it is established based on the hypothesis that 

spectral characteristics of the forest stands with the same age and species composition 

are similar across space and also across time. In other words, training samples for the 

stand age classes can be obtained from a different era, as long as 1) the forest 

composition remains largely the same, which is true for the Siberian larch forests over 

the past few decades, and 2) there are reliable and consistent coverage of remotely 

sensed products based on which the training samples can be derived. Following this 

assumption, we developed a two-pronged approach to producing a 24-year record of 

fire-induced forest dynamics across the Siberian larch forests using only post-2000 

Landsat observations. The general workflow of the map development is presented in 

Figure 2-2. This approach combines two different methods to produce a single map. 

Within the first method, SRFM (Krylov et al. 2014), an existing dataset mapping 

annual areas of forest loss due to stand-replacing fires between 2001 and 2012 was 

adopted to produce a post-2000 forest stand age map. Within the second method – the 

novel method introduced in this study - we used post-2000 imagery to: 1) define 

spectral signatures of recovering forests in year 2012 following known (in space and 

time) stand-replacing fire events from the post-2000 forest stand age map described 

above; 2) build a random forest-based algorithm that can reliably separate recovering 

forests of different ages; and 3) apply the developed algorithm to identify and map 
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areas with similar spectra in the year 2000, which would have resulted from 

disturbance events that occurred prior to year 2000. The outcome of the second 

method is the pre-2000 map of forest stand age. We then merged the pre-2000 map 

with the post-2000 map to produce a single continuous map of stand age distribution 

of young (<25 years old) Siberian larch forests. 

 

Figure 2-2 General workflow of the proposed method.  

2.4.1. Training a random forest 

During the pre-processing stage, all data inputs, including the GFC Landsat-

based composites, GFC tree cover products, and the SRFM product, were clipped to a 

common extent based on the study area. Because all these datasets share the same 

origin and spatial information, geo-registration between data layers was not 

necessary.  

Although the GFC Landsat-based composites contain only four bands, these 

four bands allow for the calculation of several spectral indices. In order to maximize 

the power of the image classifier, three commonly used spectral indices, namely the 

Normalized Difference Vegetation Index (NDVI, Tucker 1979), NDWI and the 
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Normalized Burn Ratio (NBR, Key and Benson 2006), were calculated based on the 

circa 2012 composite using the following equations:  

NDVI=
NIR−red

NIR+red
 

NDWI=
NIR−SWIR1.6

NIR+SWIR1.6
 

NBR=
NIR−SWIR2.2

NIR+SWIR2.2
 

Annual areas of fire-driven forest loss within the study area (defined in the 

SRFM dataset) were used as training data for the random forest classifier. Training 

data for 13 stand age classes, including 12 “burned forests” classes with stand age of 

0-11 years, and one “unburned forests” class representing forests with stand age of ≥

12 years, were then derived from the SRFM and GFC products. Specifically, the burn 

scars mapped by the SRFM dataset, which represented the stand-replacing fires 

between 2001 and 2012, was converted to the burned forests classes with stand age 

ranging from 0 to 11 years (as of 2012). For example, the scars that were burned in 

2012 were assigned stand age of 0 years whereas those burned in 2001 were assigned 

stand age of 11 years. Each polygon in the resultant 12 classes was shrunk inward by 

5 pixels to ensure the purity of the training samples. The unburned forests class was 

defined as the forested areas where no stand-replacing fire events occurred during the 

12-year period (i.e. 2001-2012). To develop the training data for the unburned class, 

we selected all pixels within the study area that had tree cover greater than 10% in 

2012. The SRFM burned area mask, expanded by 5 pixels outward was used to 

exclude any pixels partially impacted by fire from the training samples. The GFC 

composites are filled with data from adjacent years when clear surface observations 

for the year of interest (2012 in this case) were not available. Because the proposed 
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method is based on linking the age of recovering forest stands with spectral signature 

at a specific age, it is important that pixels from a single-year of acquisition are used 

for training to establish those relationships. Therefore, we removed all pixels which 

were present in the circa 2012 composite but were not acquired from the 2012 

Landsat imagery.  

For every one of the 12 burned forests classes we randomly selected 10,000 

samples for a total of 120,000 sample points. Additional 120,000 samples were 

randomly selected for the unburned forests class, bringing the total number of training 

points to 240,000. For each training sample we extracted seven metrics from the input 

data layers (i.e. Landsat Band 3, 4, 5, 7 TOA reflectance and spectral indices NDVI, 

NDWI and NBR), linking these metrics (as the independent variables) to the stand 

age classes (as the dependent variable). The Random Forest algorithm (Breiman 

2001) was employed to hindcast time since fire disturbances as a function of year 

2012 spectral reflectance. Following the recommendation by Breiman and Cutler 

(2003), the number of variables that were randomly selected at each splitting node 

was set to 2 (square root of the total number of independent variables, i.e. 7). A series 

of random forests with increasing numbers of trees were produced and the suite with 

the strongest out-of-bag (OOB) score and the least amount of trees was selected. 

Random forests were generated in Python using the scikit-learn module (Pedregosa et 

al. 2011). 

2.4.2. Applying the random forest 

The same set of seven metrics, including TOA reflectance values from the 

four available Landsat bands and three spectral indices, were produced based on the 
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circa 2000 composite. We then used the selected random forest model to hindcast the 

forest age using the circa 2000 Landsat dataset. As a result each pixel in the study 

area was assigned one of the 13 stand age classes (12 burned classes and 1 unburned 

class), reflecting the forest stand age at that location in the year 2000. To exclude 

non-forested areas within the study area, a forest mask (different from the overall area 

of larch dominance defining the study area derived from the MCD12Q1 product) was 

generated based on the GFC tree cover data to include all pixels with tree cover of 

10% or greater in either 2000 or 2012.  

Finally, to extend stand age distribution into the 2000s era our 12-year stand 

age map for the year 2000 was fused with the annual disturbances between 2001 and 

2012 in the SRFM product. In the fusion process the stand age values of all pixels 

where no stand-replacing fires occurred during the post-2000 period, according to the 

SRFM product, were set according to our prediction model. When a pixel was burned 

as indicated by the SRFM product, the stand age of that pixel was set to values 

calculated based on the most recent fire. The final output delivers a 24-year map 

presenting the stand age distribution of the Siberian larch forests for the period of 

1989-2012.  

2.4.3. Accuracy assessments 

As described above, the final stand age map integrates two different methods 

for assessing forest stand age before (years 12 - 24) and after the year 2000 (years 0 - 

11). In the first assessment, both components were assessed independently against the 

acquired Landsat images, following the practice described by Olofsson et al. (2014). 

The lack of Landsat TM data over the study region before 2000, which prompted the 
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development of the algorithm in the first place, also hinders our ability to validate the 

actual age since disturbance over this time period. Therefore, we were able to 

quantify accuracy only broadly over the two general time periods – pre-2000 and 

post-2000. First both components were converted into binary classification maps with 

two classes: burned and unburned forests. For the pre-2000 component, the 12-24 

stand age classes as mapped by the produced data were grouped into a single burned 

forests class, whereas the unburned forests class remained unchanged. For the post-

2000 component, the 0 – 11 stand age classes were converted to the burned forests 

class, and all the rest of the forested area, including the stand age classes 12 -24, were 

converted into unburned forests. Two separate sets of 500 random sample points, 

consisting of 150 and 350 points for the burned and unburned classes respectively, 

were generated to assess the pre-2000 and post-2000 map accuracy separately. For 

pre-2000 accuracy assessment at each sample point, the acquired Landsat images for 

circa 1989 and circa 2000 were visually compared to check if that location was 

burned during the 12-year period. For post-2000 accuracy assessment the same 

procedure was followed comparing circa 2000 and circa 2012 composites. The 

results were compiled within two confusion matrices to calculate associated statistics, 

including estimated area for both unburned and burned forests classes.  

We also implemented an intercomparison between the estimated pre-2000 

stand age distribution and an existing dataset: the ABFM product for Russia 

(Sukhinin et al. 2004). In this assessment, only the pre-2000 component was 

evaluated. Therefore, the fires and burn scars that were mapped after 2000 in the 

ABFM product were excluded. We visually compared ABFM active fires and burn 
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scars mapped before and in 2000 against the 2000 Landsat composite and excluded 

all ABFM polygons that showed no visible signs of disturbance in the Landsat 

composite. The results of this assessment led to exclusion of all ABFM polygons 

representing scars in 1998 and the active fires in 1997.  

Acknowledging the dissimilarity between the active fire and burn scar 

components of the fire polygons (as described in Section 2.3), we used them 

separately during the assessment. All fire polygons of the ABFM product were 

divided into seven groups: three burn scar groups for 1995, 1996 and 2000, and four 

active fire groups for 1996, 1998, 1999 and 2000. Each of these groups was used to 

extract the pixels at the corresponding locations in the produced stand age map. The 

stand age values of the extracted pixels were then summarized and the resultant 

histogram was compared with the “expected stand age (ESA)” - a single stand age 

value assigned to each fire polygon group based on the year of fire event in relation to 

year 2000. For example, for the 1995 and 2000 burn scar groups, their ESAs are 5 

and 0 years, respectively. The ESA serves as a reference mark which the mapped 

stand age distribution can be compared to intuitively.  

2.5. Results  

2.5.1. Selected random forest model 

The random forest that was selected was built based on 500 trees and had an 

OOB error of 1.89% (i.e. OOB score of 98.11%). Figure 2-3 shows the importance 

ranking of all independent variables. As can be seen, three spectral indices, namely 

NBR, NDWI and NDVI, had larger contributions to the predicting power of the 

selected model compared with the four spectral bands.  
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Figure 2-3 Variable importance ranking according to the produced random forest model. 

From left to right the variable importance decreases.  

2.5.2. Accuracy assessment results 

The confusion matrices generated in the first accuracy assessment are shown 

in Table 2-2 and Table 2-3. At the 95% confidence level, both the pre- and post-2000 

components of the stand age map have high overall accuracies (i.e. 0.97 ± 0.02 for the 

former and 0.98 ± 0.01 for the latter). The pre-2000 component, which was the 

hindcasting result of the produced random forest model, has relatively lower 

accuracy, in terms of both the producer’s (0.56 ± 0.17 versus 0.80 ± 0.16) and user’s 

(0.81 ± 0.06 versus 0.92 ± 0.04) accuracies, in mapping the burned forests than the 

post-2000 component, which was inherited from the SRFM product. Based on the 

calculated accuracy statistics, the area of the unburned and burned forests within each 

era was estimated, as shown in Table 2-4.  
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Table 2-2 Confusion matrix for the 1989-2000 era. 

 
Reference 

Unburned Burned Total User's accuracy 

Map 

Unburned 0.94 0.02 0.97 0.98 ± 0.02 

Burned 0.01 0.03 0.03 0.81 ± 0.06 

Total 0.95 0.05 1  

Producer's accuracy 0.99 ± 0.00 0.56 ± 0.17   

Overall accuracy: 0.97 ± 0.02 

 

Table 2-3 Confusion matrix for the 2001-2012 era. 

 
Reference 

Unburned Burned Total User's accuracy 

Map 

Unburned 0.94 0.01 0.95 0.99 ± 0.01 

Burned 0.00 0.04 0.05 0.92 ± 0.04 

Total 0.95 0.05 1  

Producer's accuracy 0.99 ± 0.00 0.80 ± 0.16   

Overall accuracy: 0.98 ± 0.01 

 

Table 2-4 Estimated area of unburned and burned forests at the 95% confidence level.  

 
Area (km2) 

1989-2000 2001-2012 

Unburned 1,701,925 ± 27,401 1,688,527 ± 19,378 

Burned 90,061 ± 27,401 103,459 ± 19,378 

 

The results of the accuracy assessment against the ABFM product are shown 

in Figure 2-4 and 2-5, which correspond to the active fire and burn scar components, 

respectively. In each histogram, the expected stand age for that particular year is 

represented by the vertical bar in the background. As can be seen, in most histograms 

(i.e. Figure 2-4b-d, 2-5b-c), the highest or the second highest bars overlap with the 
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expected stand ages. Also, the later the reference data, the more concentrated the 

histograms are. In both Figures 2-4 and 2-5, histograms that are based on 1995 or 

1996 fires show much weaker concentration than the later histograms do.  

 

Figure 2-4 Assessment results generated based on the active fire component of the ABFM 

product. Each histogram corresponds to a fire polygon group for a separate year. The ESA 

values (defined in Section 2.4.3) are represented by the blue bars in the background. 
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Figure 2-5 Assessment results generated based on the burn scar component of the ABFM 

product. Each histogram corresponds to a fire polygon group for a separate year. The ESA 

values (defined in Section 2.4.3) are represented by the blue bars in the background. 

2.5.3. Stand age map 

Figure 2-6 shows the produced 24-year stand age distribution map for the 

Siberian larch forests in 2012. The area of each class, as well as the annual burned 

area, was estimated based upon the mapped area and previously reported accuracy 

statistics. Across the study area, 89% (1,598,466 km2) and 11% (193,521 km2) of the 

forests were estimated to be unburned and burned, respectively. Out of the burned 

forests, approximately 53% (103,460 ± 19,378 km2) was burned during 2001-2012, 

compared with 47% (90,061 ± 27,401 km2) of the forests burned during 1989-2000. 

The inter-annual burned area distribution (Figure 2-7) indicates a higher level of 
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inter-annual variation in burned area during the post-2000 period than the pre-2000 

period.  

 

Figure 2-6 (a) The produced 24-year stand age distribution map for the Siberian larch 

forests in 2012 with 30-m resolution. Insets (b)-(d) show detailed views of three subsets of 

the stand age map. 

  



33 

 

Figure 2-7 Inter-annual burned area distribution calculated based on the produced stand 

age map and the associated accuracy statistics. Blue and yellow represent the pre-2000 and 

post-2000 components of the produced map, respectively. Dashed lines represent the mean 

annual burned area during the corresponding 12-year period. 

2.6. Discussion 

2.6.1. Accuracy of the produced map  

Although our map depicts stand age at the annual time step, due to the lack of 

reference data prior to 2000, we were unable to assess its accuracy at this temporal 

resolution. Instead it was assessed in terms of the total burned/unburned categories. 

The results of the confusion matrices show that the two components of the stand age 

distribution map vary substantially in their mapping accuracy. This variation likely 
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stems from the difference in the mapping algorithms. It is not surprising that the 

SRFM map (our post-2000 component) that represents annual forest cover change 

detection assessment has higher user’s and producer’s accuracies. The pre-2000 

component, which was estimated using a random forest classifier, shows lower 

accuracy for burned forest mapping, which was anticipated.  

In addition to the ability to map the burned forests in general, the pre-2000 

component represents the stand age of the burned forests within a ~3 year window 

with reasonable accuracy. As shown in Figures 2-4 and 2-5, in the assessments 

conducted against the ABFM product, the produced dataset shows good consistency, 

in most cases, with the expected stand age of each of the fire polygon groups. 

Admittedly, the peaks of the histograms do not match the expected stand age exactly 

in every instance and in some cases the histograms do not show obvious peaks; 

however, these mismatches are at least partially due to the mapping error in the 

reference dataset, including false detections. As stated in the Methodology section, 

visual examination of ABFM dataset showed a substantial number of false detections. 

In addition, it is not uncommon to identify mismatches between the preserved fire 

polygons in the ABFM product and actual burn scars in the 2000 imagery. These 

mismatches no doubt negatively affected the consistency between the histogram 

peaks and ESAs. Another factor which may negatively impact the consistency is the 

difference in spatial resolution between ABFM and our Landsat-based stand age map. 

Produced based on the AVHRR data, the ABFM dataset will likely miss fires that 

were too small at the scale of 1-km pixel size. However, those fires may be well 
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captured by our stand age map, considering that its spatial resolution is 30 m, much 

smaller than 1 km.  

The accuracy of stand age estimation is subject to the influences of several 

main factors. Firstly, the existence of gaps in the GFC Landsat composite for circa 

2000. Although gap-filling was implemented when producing the composite, it is not 

uncommon to identify artifacts in the composite images caused by the inconsistency 

in reflectance between the target and filled Landsat images. This will likely introduce 

some error to the produced map. Secondly, the inclusion of non-larch stands and non-

burn-related disturbances in the study area. This study focuses on the Siberian larch 

forests based on the MODIS MCD12Q1 Land Cover Product. Although larch is 

expected to dominate the study area, due to a variety of reasons, including potential 

error of the MCD12Q1 product and changes in actual forest composition, it is 

expected that other forest types exist in the study area. In addition, while wildfires 

have been confirmed to be the most dominant disturbance agent in the region, other 

disturbances, such as insect and windstorm damage and forest harvesting also occur. 

The forest stands that are related to either one of these two factors may exhibit 

different stand age-reflectance relationships. Thirdly, the variability of age classes can 

be related to the difference in levels of burn severity. On the one hand, depending on 

fuel and environmental conditions, stand-replacing fires can exhibit variant levels of 

severity. High severity fires may lead to the delay of regeneration in the post-fire 

larch stands. In some cases, forest regeneration may completely fail after fires with 

very high severity because of recruitment failure. Although we have taken measures 

to limit the inclusion of these areas where regeneration had failed completely by 
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applying forest masks, the forest stands regenerated after less severe stand-replacing 

fires are likely to show slightly different spectral properties, thus affecting our stand 

age estimation. On the other hand, non-stand-replacing surface fires are common in 

the Siberian larch forests. That is because larch stands are relatively open and larch 

possess a series of fire-resistant adaptations, including thick bark and the ability to 

shed low-reaching branches to avoid the formation of fuel-ladders (Kharuk et al. 

2010; Schulze et al. 2012; Wirth 2005). Due to the high fire resistance of larch, fire 

events in the Siberian larch forests usually lead to a mortality rate that is much lower 

than in North American boreal forests, where dominant tree species are much more 

vulnerable to fires (Wirth 2005). As a result of the difference in burn severity of both 

stand-replacing and non-stand-replacing fires, it is not uncommon for the burned 

larch stands to exhibit different levels of damage, even within the same burn scars. 

Figure 2-8 shows an example fire event in the study area. It occurred sometime 

between 7/31/1999 and 8/10/2000, as indicated by two temporally adjacent Landsat 

images (Figure 2-8a and 2-8b). Figure 2-8c shows a differenced Normalized Burned 

Ratio (dNBR) image based on the two Landsat images as dNBR is a commonly used 

measure to evaluate burn severity (Garcia and Caselles 1991). Although this fire 

event was successfully captured by the produced stand age map (Figure 2-8d) and, 

within the burn perimeter, most pixels were correctly assigned to values indicating 

the years of fire being either 2000 or 1999 (as indicated in red in Figure 2-8d), stands 

that were estimated to be burned in years before 1999 (as indicated in orange and 

yellow in Figure 2-8d) also exist within the same burn scar. When compared with the 

dNBR map, the variability in the estimated year of burn appears to be related to the 
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variation in burn severity. We believe the variation in fire-induced mortality rates 

associated with burn severity is a major source of uncertainty in the presented study, 

as partially damaged forest stands will recover more rapidly, thus spectrally 

resembling those burned by stand-replacing fires with longer post-disturbance time.  

 

Figure 2-8 An example fire event: a) Landsat image on 7/31/1999, b) Landsat image on 

8/10/2000, c) dNBR calculated based on a) and b), d) estimated year of burn according to the 

produced map (black indicates unclassified area).  
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2.6.2. 24-year stand age distribution in the Siberian larch forests 

According to the produced stand age distribution map, the inter-annual 

variation in burned area extent prior to 2000 seems to be substantially lower than that 

between 2001 and 2012. We suspect the actual variation before 2000 was larger than 

estimated here, however, since we are unable to assess the accuracy of annual 

disturbance estimates, we would caution against using these data to conduct 

assessments at the stand level and annual time-step, since the outcome may be more 

sensitive to inter-annual variation. However, as indicated by the results of the 

accuracy assessment at the landscape and regional scales and over longer time periods 

(e.g. pre-2000 vs post-2000) these comparisons are possible.  

Our results show that the increase in burned area extent during the post-2000 

era is primarily concentrated in a “hotspot” located in the northeastern part of the 

study area, along the midstream of the Lena River (approximately 59º-63º N and 

118º-135º E). With only 10% forested area of the entire study area, this subregion 

experienced more than one third (36%) of the stand-replacing fires between 2001 and 

2012. In addition, the sizes of individual recovering patches are also considerably 

larger than those in other parts of the Siberian larch forests. Higher concentration and 

larger individual fire sizes suggest there have been favorable conditions for wildfires 

in this subregion in the recent past.  

During the development of the random forest model, the importance of the 

seven independent variables, in terms of their contribution to the overall predicting 

power of the final model, was revealed (Figure 2-3). Although the quantitative 

relationship between the spectral metrics and stand age in the Siberian larch forests 
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was unable to be provided by the current work due to the limitation of the random 

forest model in terms of model interpretability (Prasad et al. 2006), it is worth noting 

that the metrics that were shown to have the largest contributions were NBR and 

NDWI, which were not surprising since they have been shown to be highly correlated 

with post-fire forest recovery in boreal regions (Loboda et al. 2012; Zhang et al. 

2004). 

2.7. Conclusion 

The Siberian larch forests constitute a large proportion of the boreal forest 

biome and may potentially have a considerable impact on the regional and global 

climate through a series of biogeophysical and biogeochemical effects. The large 

spatial extent and remoteness of these forests make remote sensing the only feasible 

method to study the spatially explicit stand age dynamics of these forests at the 

regional scale. The lack of satellite observations over this region before year 2000 

necessitates the development of new approaches to yield a better understanding of 

larch forest dynamics in the region. The method presented in this paper is novel in 

that it utilizes information gained from the data-rich post-2000 era about the spectral 

characteristics of forests of different ages and applies it to the study on the pre-2000 

forest conditions. This approach is supported by a combination of factors including; 

the existence of high quality annual satellite observations since 2000, slow growing 

rates of larch forests, and the dominance of larch species in the region even during the 

early successional stage. The resultant map provides the first spatially comprehensive 

assessment of stand age distribution of young forests (< 25 years of age) within the 

Siberian larch domain. With the continuous acquisition of satellite imagery moving 
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forward, we have the opportunity to continue development of stand age assessments 

within boreal forests. The developed approach could be modified to take advantage of 

the available Landsat MSS imagery and extend the stand age distribution record 

further into the past. However, it will be extremely challenging to develop an 

accuracy assessment for an even earlier mapping period. In addition, with 

modification, the proposed method has potential to be applied in other parts of the 

boreal biome.  

Being the first ever “wall-to-wall” stand age distribution map of the Siberian 

larch forests at a decadal temporal scale, this dataset possesses strong scientific 

significance as it can be used as the foundation of various studies examining forest 

dynamics of the Siberian larch forests as well as the resulting climatic impacts. 

Specifically, our results show that on average stand-replacing fires in Siberian larch 

forests impact over 8,000 km2 per year. Over the 24-year period, the area covered by 

young forests has reached 10% of the total forested area. In our subsequent work, we 

aim to further explore the relationship between the remote sensing-based spectral 

metrics and the stand age in the Siberian larch forests and to examine the impact of 

regrowing larch forests on the radiative forcing and carbon stocks and fluxes in 

Siberia using the derived stand age distribution map. 



41 

Chapter 3: Strong cooling induced by stand-replacing fires 

through albedo in Siberian larch forests 

3.1. Introduction 

The boreal forest is one of the largest biomes in the world (Chapin et al. 2006; 

Melillo et al. 1993) and a key element in the global climate system that has the 

capacity to impact regional and global climate strongly (Bonan et al. 1992). Its 

influence on climate is exerted mainly through two sets of mechanisms: the 

biogeochemical effects, primarily through the carbon cycle, and the biogeophysical 

effects including albedo, evapotransporation, and surface roughness. Boreal forest has 

a strong impact on global temperatures largely attributable to the increased absorption 

of solar radiation caused by considerably lower albedo of the boreal forest during the 

snow season, relative to other land cover types such as tundra and bare ground 

(Bonan 2008; Bonan et al. 1992). The albedo-driven warming effect likely 

overshadows the cooling resulting from the carbon sequestration in the boreal zone 

and is the dominant driver controling the net climatic impact of the boreal forest (Bala 

et al. 2007; Betts 2000; Bonan 2008; Bonan et al. 1992).  

Because albedo of the boreal biome exerts a strong control over the climate, 

any forces that significantly change forest albedo, including wildfire, can potentially 

carry strong climatic implications. Wildfire is a common natural disturbance agent in 

the boreal forest that controls species composition, stand age, and successional 

patterns (Bourgeau-Chavez et al. 2000; Chapin et al. 2006; Goldammer and Furyaev 

1996; Kasischke 2000; Shvidenko and Nilsson 2000). Wildfire impacts have been 
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studied extensively in the boreal forests of North America, where wildfires have been 

found to impose a general cooling effect after fire (Amiro et al. 2006; Jin et al. 2012b; 

McMillan and Goulden 2008; Randerson et al. 2006; Rogers et al. 2015), for which 

two factors are responsible. First, wildfires in the North American boreal forests are 

generally stand-replacing. As a result, they remove forest canopy, causing higher 

level of ground exposure, and resulting in considerably higher albedo during the snow 

season (Amiro et al. 2006; Randerson et al. 2006). Second, in the post-fire forest 

stands, there is usually a prolonged successional period with high dominance of 

deciduous broadleaf species, which typically have higher albedo than needleleaf 

evergreen species (Amiro et al. 2006; Liu and Randerson 2008; Lyons et al. 2008; 

McMillan and Goulden 2008; Viereck 1973). Randerson et al. (2006) constructed a 

radiative forcing trajectory induced by post-fire albedo changes in the burned black 

spruce (Picea mariana) forest stands in interior Alaska. Their results indicated that 

albedo-induced radiative forcing in the burned forests became negative one year after 

fire and remained so for 50 years. During these 50 years, the magnitude of the cooling 

effect shifted from increasing to stable, then to decreasing, with the maximum level (-

8 ± 3 Wm-2) reached 10 years after the fire. The cumulative cooling effect of the fire-

induced albedo changes outweighed the combined warming effect of the CO2 and 

CH4 emissions, resulting in a net cooling effect estimates to last for more than 150 

years. Rogers et al. (2015) also established an albedo-induced surface forcing (SF) 

trajectory for the burned forests in North America. Based on MODIS data, their 

results, although limited to an 11-year time span, were well-aligned with those of 

Randerson et al. (2006).  



43 

With the total area of about a fifth of the global boreal forest (Osawa and 

Zyryanova 2010), the forests of Eastern Siberia are an important component of the 

boreal biome. These forests are strikingly different from other boreal forests in that 

they are mostly underlain by continuous permafrost and dominated by larch - a 

deciduous needleleaf species (Abaimov 2010; Osawa and Zyryanova 2010). 

Moreover, unlike the boreal forests of North America, larch species dominate forest 

composition at all recovery stages and generally do not experience secondary 

broadleaf successional stages. These differences imply that the knowledge gained 

about the climatic impact of the fire-induced albedo changes in the North American 

boreal forests cannot be readily applied to the larch forests of Siberia. A recent study 

conducted by Rogers et al. (2015) indicates that the post-fire stands in boreal 

Northern Eurasia also produce a cooling effect although of a much smaller magnitude 

compared with those in the North American boreal forests. However, the mechanisms 

behind the apparent difference in the magnitude of fire-induced albedo forcing 

between North American and Siberian boreal forests are unclear. One of the likely 

contributing factors is the difference in the extent of stand-replacing fires and surface 

fires, which are also common in Siberia (Schulze et al. 2012; Wirth 2005). In this 

study I aim to isolate the impacts of stand-replacing fires within the Siberian larch 

forests on SF using a recently developed stand age map of the Siberian larch forests 

(Chen et al. 2016) along with the full record of high quality Collection 6 MODIS 

albedo product (Schaaf et al. 2002). I focus on understanding the temporal trajectory 

of SF resulting from stand-replacing fires as well as quantifying the impact of those 
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fires on the SF produced by the Siberian larch forests as a whole between 2001 and 

2012.  

3.2. Data and Methods 

This study is focused on the Siberian larch forests as they are defined in 

Chapter 2. It is a region in Eastern Siberia with high larch dominance, as derived 

from satellite-based datasets (see Section 2.2).  

All good-quality (as indicated by the associated quality band) shortwave 

black-sky (BSA) and white-sky (WSA) albedo values between 2001 and 2015 within 

the study area were extracted from the MODIS albedo product (MCD43A3, 

Collection 6; Schaaf et al. 2002) and used to calculate annual mean BSA and WSA. 

The calculation of the annual mean albedo for each pixel was hierarchical, where the 

monthly mean values were calculated first, based on which the annual mean values 

were then calculated. The extremely low solar angles result in very few high quality 

albedo observations between November and February. Consequently, the mean 

albedo for those months would further hindered the calculation of the annual mean 

values. To compute the annual mean albedo across the study area, in cases when 

January and February monthly mean albedo was not available, I set the mean albedo 

values of those two months to the first high-quality albedo value in March of the 

corresponding year (e.g. January and February of 2015 received the mean monthly 

value of March 2015). Similarly, the mean albedo values for November and 

December, were set to the last high-quality albedo observation in October (e.g. 

November and December of 2014 received the mean monthly values of October 

2014). After the annual mean albedo was calculated, following Rogers et al. (2015), a 
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three-year mean filter was applied to smooth the high inter-annual variability. The 

annual mean blue-sky albedo (BA) was then calculated by taking the mean of the 

annual mean BSA and WSA for each year.  

I then calculated SF for the entire study area based on all possible year 

combinations allowing for the calculation of SF following the equation:  

SF = (BA𝑡1 − BA𝑡2) ∗ 𝑆↓ 

where BAt1 and BAt2 represent annual mean BA for years t1 and t2 (t1 < t2), 

respectively, and 𝑆↓ stands for mean downward shortwave surface flux, calculated for 

all years between t1 and t2. The clear-sky downward shortwave surface flux data 

produced by the Clouds and the Earth's Radiant Energy System (CERES) project 

(Kato et al. 2013) was used to compute 𝑆↓. This dataset was derived from the top-of-

atmosphere (TOA) irradiance, which was acquired by the sensors on board the Terra 

and Aqua satellites, and calibrated using a set of independent data inputs including 

cloud properties identified by the MODIS products (Kato et al. 2013). Since the 

spatial resolution of the surface flux data is 1º, it was resampled to 500-m to reconcile 

with the MODIS albedo data. The SF values were calculated for all areas that 

experienced stand-replacing fires between 2001 and 2012 (referred to as burned 

forests in this manuscript) as mapped in Chapter 2 (Chen et al. 2016, 2017). The 

extracted values were averaged according to year since fire based on which a post-fire 

SF trajectory was established. In order to show seasonal variation in SF changes, I 

also generated the monthly SF trajectories following the same methodology using 

corresponding monthly mean BA and downward shortwave surface flux. Monthly 
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mean total downward shortwave surface flux within the study area between 2001 and 

2015 was also calculated to show the seasonal pattern of incoming solar radiation.  

With the available datasets, the maximum range of the SF trajectories was 14 

years. However, by using the 24-year stand age map, post-fire albedo dynamics can 

be assessed over a longer period. Therefore the albedo trajectories within all known 

burns as a function of time since burning were constructed and compared. In this 

analysis, BSA rather than BA was used to represent because of very high correlation 

between annual mean BSA and WSA within the study area during 2001-2015 (R2 = 

0.99, Figure 3-1). Three BSA trajectories (i.e. mean annual, snow-off and snow-on 

BSA) were established for all stand-replacing fires which occurred between 1989 and 

2012 using all high-quality MODIS albedo data for 2001-2015. Snow-off BSA was 

calculated as the mean value for June, July and August and snow-on BSA was 

calculated based on October and March (because during these two months there are 

sufficient high-quality albedo observations in the region) in each year. BSA values 

for September, April, and May were not used in the mean snow-on and -off 

calculations because the extent of snow on the ground during these months varies and 

thus, if included in the averaging, would represent mixed signals for both snow-on 

and snow-off conditions. While no MODIS-based albedo data exists for fire-induced 

forest loss before 2001, I used 2001-2015 albedo values for those fire events to 

extend the BSA trajectories of burned forests beyond the MODIS 15-year record. For 

example, for stand-replacing events of 1989 and 2001, BSA values of 2015 were used 

to assess impacts on albedo 12 and 26 years since fire, respectively. The pre-fire 

albedo values for stand replacing fires that occurred between 2001 and 2012 were 
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utilized as the reference indicating the pre-fire baseline albedo dynamics. In addition 

to the post-fire BSA values, the pre-fire BSA values were also tracked for all burned 

forests and their corresponding “year since fire” values in the generated trajectories 

are negative.  

 

Figure 3-1 The statistical relationship between annual mean BSA and WSA between 2001 

and 2015 within the study area. 

To account for the inherent uncertainty in precision of disturbance timing 

translated into stand age for pre-2000 events in stand age distribution map (Chen et 

al. 2016), I generated suites of annual mean BSA trajectories iteratively. In each 

iteration, one stand age class in the pre-2000 component was allowed to vary ±1 year 

of the stand age value, while other stand age classes remained unchanged. For 

example, the stand age class corresponding to stand-replacing fires occurred in 1998, 

was set to 1999 and 1997 in two iterations. This resulted in a total of 22 annual mean 
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albedo trajectories corresponding to 22 iterations (two for each year between 1990 

and 1999 and, one for 1989 and 2000, respectively), and these trajectories were 

superimposed with the original annual mean BSA trajectory to represent the 

uncertainty resultant from the uncertainties in stand age estimations.  

Subsequently, the BSA anomalies for forests that suffered stand-replacing 

fires in each year between 2001 and 2012 were calculated and examined. BSA 

anomalies were calculated within the mapped burns in each of the 12 years beginning 

with January 1 through 2001-2015 on an 8-day basis to minimize the influence of 

low-quality observations due to cloud cover. Similarly, mean BSA for each 8-day 

cycle across 15 years (i.e. 2001-2015) was calculated for all forests that did not 

experience stand-replacing fires between 2001 and 2012. The BSA anomalies were 

then computed by subtracting each of the 8-day mean BSA for the forests that did not 

burned during 2001-2012 from the corresponding 8-day burned BSA for each year.  

Finally, I examined the spatial distribution of SF for the entire study area 

calculated between 2001 and 2013, which reflects the combined effect of all stand-

replacing fires that occurred between 2001 and 2012. To summarize the findings, I 

divided the study area into 6 zones, each corresponding to 10° in longitude and 7.5° 

in latitude. I further compared SF for burned and unburned forests between 2001 and 

2012 and all forests within each zone accounting for fraction of area burned. To aid 

the interpretation of revealed patterns of the spatial distribution of SF, I tracked the 

daily snow cover for each pixel within the study area between 2001 and 2015 using 

the MODIS MOD10A1 (Collection 6) daily snow cover product (Hall et al. 2006). 

Once a pixel switched from snow-on to snow-free and remained so for 7 consecutive 
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days, the first day of this 7-day window was considered the snow melt date for that 

pixel in that year. Due to the frequent occurrence of cloud cover, the qualified 7-day 

window was allowed to have no more than 5 cloudy days. The snow onset dates were 

calculated in a similar fashion, however, instead of searching for the snow-off 

windows, the algorithm searched for the snow-on windows. The first day of the 

identified 7-day window was considered the snow onset date for that pixel in that 

year. Generalized linear regression was fitted based on the snow onset and melt dates, 

respectively, of 150,000 (i.e. 10,000 for each year between 2001 and 2015) randomly 

selected sample points with respect to year.  

3.3. Results 

The analysis of the SF trajectory for stand-replacing fires that occurred only 

between 2001 and 2012 (and thus can be linked directly to post-fire MODIS albedo 

observation at the annual time step) establishes that the mean annual SF of the burned 

forests is consistently below zero after fire for at least 14 years (which is the 

maximum temporal range that the SF trajectory could reach with the available 

datasets). During the first year after the fire event, the mean SF is slightly negative (-

1.69 ± 0.01 Wm-2). The cooling effect, however, grows rapidly and continuously until 

the 11th year when it peaks at -9.60 ± 0.03 Wm-2, after which it gradually lessens to 

reach -7.15 ± 0.03 Wm-2 by year 14 (Figure 3-2). The BSA trajectories (Figure 3-3) 

show that the mean albedo of the burned forests remained elevated compared with the 

pre-fire level for 26 years, suggesting that the cooling effect of the burned forests 

persisted during that period. The cooling effect remains virtually unchanged when the 

uncertainties resulting from the potential timing errors of the pre-2000 component of 
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the 24-year stand age map were taken into account. As shown in Figure 3-4, the 

annual mean BSA trajectory ensemble exhibits a higher level of variability beyond 12 

years since fire. However, despite the increased variability forest albedo remains 

elevated compared to the pre-fire levels even in year 26. In terms of monthly 

distribution of SF (Figure 3-5), March shows the strongest post-fire cooling, followed 

by April. The cooling exists in all other months as well, but the magnitude is much 

smaller. In comparison, the monthly mean downwards shortwave surface flux 

exhibits a bell-shape pattern with a peak in June (Figure 3-6).  

 

Figure 3-2 Annual mean SF trajectory for burned forests. Grey area denotes ±1 standard 

deviation range.  
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Figure 3-3 Mean BSA trajectories for the burned forests generated using the MODIS albedo 

data for 2001-2015. The vertical dashed line represents the year of fire occurrence. The 

negative “year since fire” range represents pre-fire conditions. The horizontal dashed lines 

represent the mean pre-fire BSA for the corresponding trajectories. Uncertainties are 

represented by shaded areas within ±1 standard deviation. 
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Figure 3-4 Mean annual mean BSA trajectory (red) compared with the BSA uncertainty 

range calculated based on ±1 year variation in the assumed timing of disturbance within the 

pre-2000 stand age values in the 24-year stand age map.  
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Figure 3-5 Monthly SF trajectories for the burned forests. Uncertainty is represented by ±1 

standard deviation. 
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Figure 3-6 Monthly mean total downward shortwave surface flux between 2001 and 2015. 

Error bars represent ±1 standard deviation. 

Figure 3-3 and Figure 3-7 reveal the mechanism of the observed cooling effect 

in the burned forests. Mean albedo of the burned forests (Figure 3-3) increased 

considerably immediately after fire, and the increase was especially notable in the 

beginning and the end of each year (Figure 3-7), which together correspond to the 

snow season in the region. Figure 3-3 shows three trajectories corresponding to the 

mean annual, snow-off and snow-on BSA calculated for the burned forests over a 

longer time span. An inter-comparison between three trajectories reveals several 

interesting patterns. First, all three albedo trajectories show an overall increase in 

surface albedo after fire, but the magnitude of the increase is different, with the snow-

on albedo being the most significant (up to an increase of 0.12 in year 14 relative to 

the mean pre-fire level). Second, the increase in mean snow-on BSA takes place 
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immediately after fire, whereas mean snow-off BSA shows an initial decrease the 

first year after fire, after which albedo begins to increase. Similar to mean snow-on 

BSA, the annual mean BSA trajectory begins increasing immediately after fire, which 

is likely because snow-on BSA has a stronger control over annual mean BSA than 

snow-off BSA. Third, the snow-off trajectory shows a small but seemingly 

continuous increase up to year 26, whereas the annual mean and winter trajectories 

 

Figure 3-7 The 8-day BSA anomalies calculated for the forests that burned between 2001 

and 2012. Green and red represent albedo increase and decrease, respectively, relative to 

the forests that did not experience stand-replacing fires during 2001-2012. In each graph, 

the x-axis is Julian Day and the y-axis is year (from 2001 to 2015). 
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reach maximum levels in year 11, followed by observable decreases. Despite the 

decreases, by year 26, annual mean and snow-off BSA is still at elevated levels 

compared with the pre-fire conditions. 

The spatial distribution of albedo-induced SF calculated for 2001-2013 across 

the study area is heterogeneous (Figure 3-8). After classifying the total range of SF 

into 5 classes (1: SF > 5 Wm-2, 2: 2 Wm-2 < SF < 5 Wm-2, 3: -2 Wm-2 < SF < 2 Wm-2, 

4: -5 Wm-2 < SF < -2 Wm-2, 5: SF < -5 Wm-2), it appears that the distribution of areas 

with significant cooling effects (SF < -2 Wm-2) is consistent with the areas that 

experienced stand-replacing fires between 2001 and 2012. This is well illustrated 

through the comparison in Figure 3-9: within the burned forests, 84% of the area 

consists of the two cooling classes (Classes 4 and 5), whereas the warming (Classes 1 

and 2) and cooling (Classes 4 and 5) effects take up similar proportions within the 

unburned forests. The zonal analysis further confirms the dominance of the cooling 

effect of the burned forests over the region. Despite the fact that the net SF of the 

entire study area between 2001 and 2013 is estimated to be -0.78 Wm-2, the net 2001-

2013 SF for three (i.e. Zones 1, 2 and 5) out of six zones is found to be positive 

(Figure 3-10a). I believe this is a combined effect of two causes: 1) these three zones 

have the three lowest burned area proportions (Figure 3-10b) and 2) the net SF of the 

forests that did not experience stand-replacing fires is positive. A closer examination 

on these three zones reveals that the warming effect of the unburned forests is likely 

caused by a decrease in albedo during the transitional period between the snow-on 

and snow-off seasons (i.e., Julian Days 113-145). The analysis of snow melt and 

onset dates (Figure 3-11) shows that over the 15 years, the snow melt in the entire 
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region occurred earlier and the trend is statistically significant (t = -246.56, p < 

0.001). During the same time, the mean snow establishment was delayed (t = 43.30, p 

< 0.001), although the magnitude of the delay is much smaller. The changes in mean 

snow melt and establishment dates together lead to a general lengthening of snow-

free seasons since 2001 by 10-15 days (Figure 3-11). 
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Figure 3-8 SF between 2001 and 2013 for the Siberian larch forests. Black color represents unclassified area or missing data. Six 10°×7.5° zones 

are superimposed on top of the distribution map and are labeled sequentially. 
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Figure 3-9 Area proportion of the five SF (Wm-2) classes within (a) burned and (b) 

unburned forests between 2001 and 2012.  
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Figure 3-10 Results of the zonal analysis: (a) Mean 2001-2013 SF calculated for all 6 zones 

based on burned forests only, unburned forests (between 2001 and 2012) only and burned 

and unburned forests combined. The dashed line represents mean 2001-2013 SF calculated 

based on all forests (burned + unburned) across the entire study area. Uncertainties are 

represented by ±1.96×standard error. (b) Areal distribution of burned and unburned 

forests across the 6 zones. Labels show the proportions of burned forest area out of all 

forests area in the corresponding zones. 
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Figure 3-11 Mean snowmelt and snow onset dates in the study area between 2001 and 2015 

determined based on the MODIS MOD10A1 daily snow cover product. The dashed lines 

represent linear trends.  

3.4. Discussion  

3.4.1. Strong fire-induced cooling effect in the Siberian larch forests 

The SF and albedo trajectories established for the forests that burned between 

2001 and 2012 showed that stand-replacing fires in the region also impose a cooling 

effect for at least 26 years after fire. However, the magnitude of the fire-induced 

cooling effect estimated in the current study is much larger than what was suggested 

previously. According to my results, surface forcing of the forests that suffered stand-



62 

replacing fires can exceed -9 Wm-2, which is about twice of the maximum magnitude 

indicated by Rogers et al. (2015). The difference, however, is not unexpected because 

the trajectory established in Rogers et al. (2015) did not differentiate stand-replacing 

fires from surface fires. As a result, the cooling effect of the forest stands recovering 

from stand-replacing fires may have been lessened by the potentially smaller climatic 

impacts imposed by surface fires which generally do not induce tree mortality 

(Goldammer and Furyaev 1996; Korovin 1996). The difference could also be 

attributable to the difference in forest species composition, as the study area within 

Rogers et al. (2015) covers not only the Siberian larch forests, but also western 

Siberia and the Russian Far East, where larch is not the dominant species (Larsen 

1980). Another factor which may have contributed to the difference in magnitude of 

estimated post-fire SF is the difference in data inputs. The stand age map that I used 

to provide the locations of the stand-replacing fires was derived based on a series of 

Landsat-based remotely sensed datasets (Hansen et al. 2013; Krylov et al. 2014). Its 

spatial resolution is 30 m which may have translated into better delineation of stand-

replacing fires than the MODIS-based burned area product employed by Rogers et al. 

(2015). In addition, Rogers et al. used the Collection 5 MCD43A3 albedo product, 

which has been reported to suffer from the degradation of MODIS Terra sensor 

(Wang et al. 2012). I encountered the impact of sensor degradation in a preliminary 

analysis, where the cooling effect of the burned forests estimated using the Collection 

5 data was up to 2 Wm-2 smaller compared to estimates derived from the Collection 6 

MODIS albedo product, which was corrected for the inconsistency and used in the 

current study. Moreover, the CERES downward shortwave surface flux data that I 
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used is more accurate than the reanalysis dataset (Kalnay et al. 1996) used by Rogers 

et al. in terms of both spatial resolution (i.e. 1° vs. 2.5°) and production basis (i.e. 

observational vs modeled).  

3.4.2. Mechanism of the fire-induced cooling effect 

The post-fire SF trajectory indicates that when comparing exclusively stand-

replacing fires, the cooling effect induced by the post-fire albedo changes in the 

Siberian larch forests is similar, if not larger, to their North American counterparts as 

reported by previous studies (Randerson et al. 2006; Rogers et al. 2015). The 

similarity between two boreal zones in this regard likely reflects a common driver of 

cooling immediately after fire: damages to the forest canopy by stand-replacing fires. 

The analyses of albedo anomalies (Figure 3-7) and seasonal contribution to the albedo 

increase (Figure 3-3) confirm that the cooling effect of the burned forests in the 

Siberian larch forests is attributable to the elevated snow season albedo, which is 

indicative of higher exposure of snow on the forest floor resulting from canopy 

removal after fires. However, due to the difference in successional patterns stemming 

from different species composition, the change patterns of SF in two regions over a 

longer term are likely to diverge. In most North American boreal forests, there 

usually is a period of time at the early successional stages when the forest stands are 

dominated by deciduous broadleaf species (Amiro et al. 2006; Chapin et al. 2000; 

Kasischke et al. 2000; Lyons et al. 2008). As a result, forest albedo typically exceeds 

the pre-fire level and remains elevated for a considerable amount of time. According 

to Liu and Randerson (2008), it may take more than 60 years for forest albedo to 

recover to the pre-fire level in the black spruce forests in Alaska. In the Siberian larch 
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forests, however, there is typically no secondary succession, and larch remains a 

dominant genus very early in the burned sites (Abaimov and Sofronov 1996; Furyaev 

et al. 2001; Zyryanova et al. 2010). As a result, the duration of the fire-induced 

cooling is primarily determined by the time it takes for the larch stands to recover, 

especially in terms of canopy cover. The results show that forest albedo, especially 

the winter time albedo, is consistently higher than the pre-fire values over at least the 

first 26 years after fire. This suggests that the forest canopy in the study area has not 

fully recovered for at least 26 years, which is supported by several field-based studies 

stating that forest recovery in the Siberian larch forests is a multi-decadal process 

(Alexander et al. 2012; Berner et al. 2012; Zyryanova et al. 2010). According to 

Zyryanova et al. (2010), this process may take 50 to 90 years. 

Although post-fire forests show strong cooling effects caused by the overall 

increase in albedo, it is worth noting that there is a small warming effect (shown in 

Figure 3-5) induced by the initial decreases in summer albedo represented by the 

purple dashed line in Figure 3-3. This may be due to the char deposition on the forest 

floor and boles, a consequence of combustion. With time char is gradually removed 

and within 4 years the summer albedo exceeds the pre-fire level.  

The analysis of monthly distributions of the post-fire SF (Figure 3-5) and total 

downward shortwave surface flux (Figure 3-6) shows that the solar radiation input 

also plays a role in influencing the post-fire SF. Although forest albedo increases 

greatly after fire during the snow-on season, in the months when solar radiation input 

is low (e.g. January and December), the cooling effect is small. However, the 

significance of solar radiation is still outweighed by the increases in snow season 
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albedo. This is exemplified by the fact that during the snow-off months, solar 

radiation is considerably higher than in the snow-on months; nevertheless, the cooling 

effects during the snow-off months are much smaller, owing to the much smaller 

increases of snow-off albedo compared with those of snow-on albedo. 

3.4.3. Spatial distribution of 12-year SF and its implications 

The region-wide analysis of albedo-induced SF calculated between 2001 and 

2013 reveals a heterogeneous pattern of SF across the Siberian larch forests. The 

comparison of area proportions of the five SF classes between the burned and 

unburned forests (Figure 3-9) and a zonal analysis examining the 12-year SF in six 

different subsets of the entire study area (Figure 3-10) show that areas with 

significant cooling effects (i.e. SF < -2 Wm-2) generally coincide spatially with stand-

replacing fires. Within burned forests, the cooling effect dominates (Figure 3-9a), 

whereas in forests that did not experience stand-replacing burns between 2001 and 

2012, warming and cooling effects are mixed in roughly similar proportions (Figure 

3-9b). There are multiple potential explanations for the considerable existence of 

cooling in the latter group. First, within the forests that did not burn between 2001 

and 2012, there is a considerable proportion that experienced stand-replacing fires 

during the past several decades before 2000, including those that have been estimated 

to be burned in the pre-2000 component of the stand age map (Chen et al. 2016, 

2017). And since it has been shown that forest albedo is higher than the pre-fire level 

over at least 26 years since fire, the inclusion of these older burned forests results in 

the appearance of significant cooling effect. Second, the regional pattern also includes 

impacts from surface fires which were not examined in this study. It is generally 
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accepted that surface fires occur extensively in the Siberian larch forests (Abaimov 

and Sofronov 1996; Conard and Ivanova 1997; Goldammer and Furyaev 1996; 

Korovin 1996; Schulze et al. 2012; Wirth 2005), although there is a large uncertainty 

regarding both their spatial extent (Soja et al. 2004) and climatic impacts. However, I 

hypothesize that they could also impose a cooling effect because damages to the 

understory could also result in an increase, albeit smaller, in snow-on albedo. Finally, 

the error of the stand age map could also have caused the latter forest group to show 

negative forcing.  

In addition to the strong relationship between areal proportion of stand-

replacing fires and the net SF, the zonal analysis also reveals that the net 12-year SF 

in three zones that were less impacted by the stand-replacing fires is positive. 

Through subsequent analyses, I established that this increase appears be related to the 

decreased albedo during the transitional periods between the snow-on and snow-off 

seasons, which is, in turn, a consequence of a considerable lengthening of snow-free 

period. This finding has major implications as it shows that a warmer climate has the 

potential to further augment the positive forcing imposed by undisturbed boreal 

forests as shown by Randerson et al. (2006) and to offset the cooling effect induced 

by wildfires. The climate in Siberia has been predicted to experience a further 

temperature increase in the future (Collins 2013; Groisman et al. 2007; Kirtman 

2013), which is likely to result in even longer snow-free duration each year, leading 

to a stronger warming effect. Since fires may impose a stronger influence in a warmer 

climate, the net albedo-induced forcing of the whole Siberian larch forests would 
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hinge on the interaction between the fire-induced cooling effect and the climate-

induced warming effect.  

3.5. Conclusion 

Wildfires in the North American boreal forests have been shown to impose a 

strong cooling effect through the fire-induced albedo changes. However, whether this 

is the case in the Siberian larch forests, where species composition is different, has 

not been previously studied. In this paper, I focused explicitly on the stand-replacing 

fires in the Siberian larch forests which are directly comparable to the majority of 

fires in the North American boreal forests, and evaluated the relationship between 

albedo-induced SF and time since fire. The results confirm a strong fire-induced 

cooling effect that lasts for more than 26 years in the forests that experienced stand-

replacing fires. The cooling is attributable to the increased albedo during the snow 

season and its magnitude is much larger than previously suggested. This study also 

reveals a warming effect imposed by the lengthening of snow-free season in the study 

area since 2000. Since the impacts of these two counteracting forces are both likely to 

amplify with the expected continuous increases in temperature in the region, the net 

surface forcing of the Siberian larch forests under the future climate is complex and 

thus deserves more attention from the scientific community.  
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Chapter 4: Surface fires in Siberian larch forests and 

associated surface forcing 

4.1. Introduction 

Boreal forests are a major biome on Earth with strong influences on global 

climate (Bonan et al. 1992; Chapin et al. 2006; Melillo et al. 1993). Among their 

influences, it has been shown that the albedo effect, i.e. its relatively lower albedo 

compared with tundra and other forest types during the snow seasons, is particularly 

important, as it may render the entire boreal zone to be a net heat sink (Bala et al. 

2007; Betts 2000; Bonan 2008; Bonan et al. 1992). However, the albedo-induced 

warming effect of the boreal forests is considerably weakened by wildfires, which are 

a major disturbance agent throughout the global boreal biome (Bourgeau-Chavez et 

al. 2000; Kasischke 2000; Shvidenko and Nilsson 2000). Although wildfires can 

impose warming effects through carbon-related emissions, it has been suggested that 

at multi-decadal scales, their cooling effect may play a more dominant role, resulting 

in a net negative forcing to the climate (Randerson et al. 2006). This is because 

wildfires can considerably elevate forest albedo through different mechanisms, 

depending on the species compositions and temporal scales. Over shorter time spans, 

wildfires cause the increase in winter and spring albedo by damaging forest canopy 

(Amiro et al. 2006; Jin et al. 2012a; Randerson et al. 2006). Intact forest canopy 

effectively shields ground layer; when it is damaged or removed by wildfires, forest 

floor is exposed. And because snow albedo is very high and there are prolonged snow 

seasons in the boreal zone each year, the elevated snow season albedo in the burned 
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stands leads to an increase in annual mean albedo. Over longer time spans, as canopy 

gradually closes, most burned forests in North America still show elevated albedo 

which is driven by the dominance of broadleaf deciduous species, such as aspen 

(Populus spp.) and birch (Betula spp.), in the early successional stage (Amiro et al. 

2006; Liu and Randerson 2008; Lyons et al. 2008; McMillan and Goulden 2008). 

Forests dominated by the deciduous species usually have higher albedo both in the 

summer (due to higher leaf reflectance) and winter (due to exposure of snow cover 

after senescence) (Betts and Ball 1997; Fuentes et al. 2001; Lyons et al. 2008).  

Representing about a fifth of the global boreal forest (Osawa and Zyryanova 

2010), the Siberian larch forests are a major component of the high-latitude boreal 

zone. Compared with other boreal forests, these forests in Eastern Siberia are unique 

in many aspects. For instance, they are dominated by larch (Larix spp.), which are 

deciduous needleleaf species (Abaimov 2010; Osawa and Zyryanova 2010). In 

addition, unlike many dominant tree species in the North American boreal forests 

which are susceptible to fire, larch are known as fire-resisting species in that they are 

highly adapted to wildfires (Wirth 2005). For example, their thick bark can 

effectively prevent larch trees from being damaged by low severity fires (Kharuk et 

al. 2010; Schulze et al. 2012; Wirth 2005). Larch also drop low hanging branches 

which limit the development of fuel ladders that facilitate spread of fire into the forest 

canopy (Wirth 2005). In addition, larch forests are less prone to high-severity fires 

because their canopy closure is relatively low (Babintseva and Titova 1996; Kharuk 

et al. 2010; Kharuk et al. 2011; Sofronov and Volokitina 2010). These factors 

together effectively lower the likelihood of the occurrence of stand-replacing fires 
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and result in extensive occurrence of surface fires which are generally low in severity 

(Wirth 2005). According to Korovin (1996), about 80% of fires in the Russian forests 

are surface fires. Kukavskaya et al. (2012), based on burned area estimated using both 

MODIS- and AVHRR-based fire mapping products, stated that the proportion of 

surface fires is higher than 50% in Siberia in most years. De Groot et al. (2013) 

suggested that surface fires account for more than 90% of total fires in the forests in 

Siberia, while Krylov et al. (2014) estimated that surface fires consist of more than 

70% of fires in Russia and have a higher dominance over stand-replacing fires in the 

southern edge of the boreal forests than in the north. The large uncertainty of the areal 

estimates of surface fires is a consequence of several factors including the remoteness 

of the region, unreliable official statistics, and the mapping challenges from remotely-

sensed data as many surface fires occur under the forest canopy and do not emit a 

thermal signal comparable in magnitude to stand-replacing fires (Conard and Ivanova 

1997; de Groot et al. 2013; Kukavskaya et al. 2012; Sukhinin et al. 2004). 

Most past research on surface fires in the region focused on the implications 

of surface fires for the carbon budget (e.g. Soja et al. 2004a, Schulze et al. 2012, 

Berner et al. 2012), while their potential climatic impacts through albedo have 

generally been overlooked. In Chapter 3, I have shown that stand-replacing fires in 

the Siberian larch forests impose a strong cooling effect through the post-fire albedo 

changes with magnitudes similar to those of the North American boreal fires. Since 

surface fires are much more frequent and may be much more extensive than stand-

replacing fires, it is likely that they also exert significant climatic impacts through the 
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albedo effect. However, to the best of my knowledge, the direction and magnitude of 

their impacts have not yet been assessed independently of stand-replacing fires.  

In addition, in this study I aim to identify a method that can be reliably used to 

differentiate two fire types as soon as possible after fire occurrence to enable 

projection of likely impacts of specific fire events on surface forcing (SF). Since one 

of the major differences between surface fires and stand-replacing fires lies in burn 

severity (Conard and Ivanova 1997; de Groot et al. 2013), this study examines several 

remotely sensed indices which may be used to differentiate stand-replacing and 

surface fires in terms of burn severity. There is an abundance of remote sensing-based 

indices that have been used as proxies for burn severity, among which the differenced 

normalized burn ratio (dNBR; Key and Benson 2006) is a prominent example. Built 

upon the rationale that fires usually result in substantial and opposite changes to 

surface reflectance in the near-infrared and shortwave infrared ranges of the electro-

magnetic spectrum (Verbyla et al. 2008), dNBR is calculated as the difference in 

normalized burn ratio (NBR; Garcia and Caselles 1991) which captures the fire-

induced changes in these two wavelength ranges, and is a widely-used index in 

remote sensing-based research involving burn severity. In addition to dNBR, 

difference in snow season albedo and the differenced normalized difference 

vegetation index (dNDVI) have also been applied to indicate burn severity in boreal 

forests because they may be indicative of the damages caused to canopy and green 

vegetation, respectively (Isaev et al. 2002; Jin et al. 2012a). Since it has been 

suggested that the performance of the remotely sensed burn severity indices is usually 

inconsistent over different ecosystems and that they should be used selectively 
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(French et al. 2008; Jin et al. 2012a; Murphy et al. 2008; Rogers et al. 2015), this 

study aims to determine which of the three indices has the strongest predictive 

capability in the Siberian larch forests close in time to the occurrence of the fire 

events. 

4.2. Materials and methods 

This project focuses on a region in Siberia with high larch dominance (see 

Section 2.2 for study area description). Two datasets were used as data inputs to map 

surface fires in the region. The first dataset is the MODIS-based regionally adjusted 

burned area mapping product (Loboda et al. 2007) developed for Russian forests, 

which was produced based on the combined information from MODIS active fire 

product (Giglio et al. 2003) and surface reflectance data (Vermote et al. 2002) with a 

spatial resolution of 500 m. The second dataset is the stand-replacing fire mapping 

product (SRFM, Krylov et al. 2014) which identifies stand-replacing fires that 

occurred between 2001 and 2012 in the Russian boreal forests based on forest loss as 

mapped by the Global Forest Change product (Hansen et al. 2013) at 30 m resolution. 

The SRFM product also uses the same MODIS-based burned area maps (Loboda et 

al. 2007) to confirm that forest loss was due to fire rather than other drivers. Surface 

fires in this study were identified by differencing the two datasets based on the 

assumption that fires that were mapped by the MODIS product but excluded by the 

SRFM product in the same year are likely to be surface fires. First, the SRFM data 

was resampled to 500 m to match the spatial resolution of the MODIS burned area 

product using a majority filter. As a result, stand-replacing fires that did not constitute 

“majority” within any given pixel were excluded from the resampled image. The 
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resampling is particularly likely to impact the edges of stand-replacing events 

adjacent to surface fires. To account for this potential misidentification, I buffered the 

resampled SRFM product outwards by 500 m to limit the inclusion of stand-replacing 

fires in the produced surface fire map. The resultant burned area maps were compared 

with the burned areas mapped in the MODIS-based burned area product for each year 

between 2001 and 2012. In some cases the uncertainty in timing of mapped forest 

loss in the SRFM, inherited from the Global Forest Change product, resulted in 

attributing forest loss to the fire events which occurred one year earlier or later 

(Hansen et al. 2013; Krylov et al. 2014; Linke et al. 2017). Because this uncertainty 

impacts my ability to differentiate surface and stand-replacing fires, I re-evaluated the 

timing of all stand replacing fires so that the fire polygons of year x from the MODIS-

based burned area product were compared with those from three consecutive years 

(i.e. years x-1, x and x+1) in the processed SRFM product, and the areas included in 

the former but not by the latter were considered surface fires. For example, fires 

mapped by the MODIS burned area product in 2003 were compared with those 

identified by the SRFM products to occur in 2002, 2003 and 2004.  

 SF was computed for all areas that were mapped as surface fires using the 

MODIS MCD43A3 albedo product and CERES clear-sky downward shortwave 

surface flux data following the methodology described in detail in Chapter 3. To 

analyze the seasonal contribution of albedo changes to total SF, good-quality black-

sky albedo (BSA) with full bidirectional reflectance distribution function (BRDF) 

conversions (as represented by the numeric value of zero in the associated quality 

band) from the MODIS albedo product for forests that experienced surface fires was 
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extracted and the annual, snow-off (June, July and August) and snow-on (October and 

March) mean BSA trajectories were constructed. For reference, forest albedo over 

two years before the fire events was tracked and used to represent the pre-fire 

condition.  

Finally, three indices - snow season dBSA, summer dNBR, and summer 

dNDVI - were examined to quantify their success rate at differentiating surface fires 

from stand-replacing fires in the region. Snow season dBSA was calculated as the 

difference in mean October/March BSA. As previously mentioned in Chapter 3, very 

few good-quality observations are acquired from November through February in most 

of the study area and that October and March are generally still within snow season in 

the region. The difference was measured between the BSA of the first post-fire snow 

season and the last pre-fire snow season. For example, snow season dBSA for a fire 

event that occurred in year x would be calculated as 

dBSAX = 
BSAOctober,X+BSAMarch,X+1

2
−

BSAOctober,X−1+BSAMarch,X

2
 

Summer dNBR and dNDVI were calculated as the difference in mean summer (i.e. 

June, July and August) NBR and NDVI. For example, summer dNBR and dNDVI for 

a fire event that occurred in year x would be calculated as  

dNBRX = 
NBRJune,X−1+NBRJuly,X−1+NBRAugust,X−1

3
−

NBRJune,X+1+NBRJuly,X+1+NBRAugust,X+1

3
 

dNDVIX = 
NDVIJune,X−1+NDVIJuly,X−1+NDVIAugust,X−1

3
−

NDVIJune,X+1+NDVIJuly,X+1+NDVIAugust,X+1

3
 

where NBR and NDVI were, in turn, calculated based on different combinations of 

two bands from the MODIS MCD43A4 reflectance data (Schaaf et al. 2002): NBR = 

(Band 2 – Band 7) / (Band 2 + Band 7), NDVI = (Band 2 – Band 1) / (Band 2 + Band 

1). All three indices were calculated for all surface fires identified in this project and 
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stand-replacing fires mapped in Chapter 3 based on the years immediately before and 

after the years of fires to develop a consistent method that is not impacted by the 

specific timing of fire occurrence within a given fire season. Then each of the three 

indices was examined through a series of binary classifications to differentiate stand-

replacing and surface fires. To identify the classification threshold with the most 

optimal classification accuracy for each index objectively, the entire range of the 

distribution of each index was divided into 100 equal intervals which were used 

iteratively to determine the threshold with the best binary classification accuracy.  

4.3. Results 

The total area that experienced surface fires between 2001 and 2012, 

including repeated burns, was 122,407 km2, which is ~20% greater than the total area 

of stand-replacing fires (103,460 km2) that occurred during 2001-2012. Averaged 

over the 12 years, the annual area impacted by surface fires in the study area is 10,200 

km2, however, the amount of area burned in surface fires in individual year varies 

very substantially. More than 75% of area burned in surface fires occurred in 2003 

and 2012 combined (Figure 4-1). The spatial distribution of surface fires in the study 

area shows strong clustering patterns. Surface fires in the study area are clustered in 

two regions (Figure 4-2): 1) the area (59°N-63°N and 129°E-136°E) along the mid- to 

down-stream of the Aldan River, a tributary of the Lena River, and 2) the southern 

edge of the study area (52°N-55°N and 111°E-127°E) along the Chinese border in the 

east and the temperate grasslands in southern Zabaykalsky Krai in the west.  
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Figure 4-1 Comparison of (a) annual area distribution and (b) total area between surface 

and stand-replacing fires between 2001 and 2011.  

 

Figure 4-2 Distribution of surface fires in the Siberian larch forests between 2001 and 2012. 

The results show mean SF of surface fires follows a similar trajectory as that 

of stand-replacing fires but the magnitude of the fire-induced forcing is considerably 
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smaller (Figure 4-3). In the first two years after fire, mean SF from both surface and 

stand-replacing fires is similar with the difference less than 0.3 Wm-2. However, by 

year 3, the magnitude of SF of the stand-replacing fires increases at a much more 

rapid rate. The mean SF of surface fires grows at a mean rate of -0.16year-1 between 

years 2 and 6, after that the direction of the trajectory changes as the SF gradually 

moves towards the pre-fire state at a mean rate of 0.13 year-1 between years 6 and 14. 

The BSA trajectories constructed for surface fires (Figure 4-4) show that the cause of 

the mean cooling effect in the post-surface fire sites is the increases in albedo,  

 

Figure 4-3 Comparison of mean SF trajectories of surface (this chapter) and stand-replacing 

(see chapter 3 for details) fires. Solid red and blue lines represent the mean SF trajectories 

of stand-replacing and surface fires, respectively. Uncertainties are represented by shaded 

areas within ±1 standard deviation. 
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particularly during the snow season. The variability of SF of surface fires is much 

larger than that of the stand-replacing fires. After occurrence of a surface fire, forest 

stands can exhibit either warming or cooling effects within the 14 years after fire. 

 

Figure 4-4 Mean BSA trajectories for the burned forests generated using the MODIS albedo 

data for 2001-2015. The vertical dashed line represents the year of fire occurrence. The 

negative “year since fire” range presents pre-fire conditions over two years before fires. The 

horizontal dashed lines represent the mean pre-fire BSA for the corresponding trajectories. 

Uncertainties are represented by shaded areas within ±1 standard deviation. 

The difference in post-fire forcing between surface fires and stand-replacing 

fires brings out the importance of separating the two fire types in any modeling 

activities that attempt to forecast the post-fire impacts on radiative budget regionally 

and likely globally. The results (Figure 4-5) show that summer dNBR provides the 

best classification accuracy (88%) achieved at 0.175 threshold. In contrast, snow 



79 

season dBSA and summer dNDVI performed poorly, with classification accuracy 

generally below 60%.  
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Figure 4-5 Classification accuracy of first post-fire (a) snow season dBSA, (b) summer 

dNBR, and (c) summer dNDVI in differentiating surface fires from stand-replacing fires. 

Each bar represents the classification accuracy associated with a single threshold value. The 

red bar in each graph represents the threshold value with the most optimal classification 

accuracy for the corresponding index.  
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4.4. Discussion 

4.4.1. Temporal and spatial distribution of surface fires in the Siberian larch forests 

between 2001 and 2012 

Surface fires are a key element of the Siberian larch forest functioning. They 

support larch dominance by increasing soil temperature and drainage and eliminating 

competition (Kharuk et al. 2016; Schulze et al. 2012; Shorohova et al. 2009; Sofronov 

and Volokitina 2010). Because of the differences in spatial coverage, a direct 

comparison of the total burned area between this and other previous studies is not 

feasible. However, in terms of the proportion of surface fires, my result (54%) is 

consistent with those yielded by other studies, which almost uniformly suggested that 

surface fires cover more areas than stand-replacing fires (de Groot et al. 2013; 

Korovin 1996; Kukavskaya et al. 2017; Kukavskaya et al. 2012).  

The large difference in mapping resolution of the MODIS-based burned area 

(500 m) and the forest loss dataset (30 m) presents a major source of uncertainty in 

defining surface fires within this study. The resampling of 30 m data to 500 m can 

lead to either underestimation or overestimation of stand-replacing fires in the 

resampled map, resulting in uncertainties being introduced to the mapped surface 

fires. Another major source of uncertainty could stem from the definition of stand-

replacing fires used by the SRFM product, which considers a fire event to be stand-

placing if tree cover prior to fire is larger than 25% (Krylov et al. 2014). Since larch 

forests are generally open in terms of canopy closure (Babintseva and Titova 1996; 

Kharuk et al. 2010; Kharuk et al. 2011; Sofronov and Volokitina 2010), it is possible 

that many stand-replacing fires were not mapped because they occurred in the forests 
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that were deemed to be too sparse by the SRFM product, resulting in an 

overestimation of surface fires. Finally, the uncertainty of the surface fire map is also 

influenced by the mapping accuracy of the SRFM and the MODIS-based burned area 

products, especially the latter. The predominant method to identify surface fires based 

on remote sensing has been using the active fire observations from either AVHRR 

(Soja et al. 2004; Sukhinin et al. 2004) or MODIS (Kukavskaya et al. 2012) sensors. 

However, because of the low severity of surface fires, the heat signals emitted by 

surface fires are generally low. This, coupled with the relatively large footprints of 

both AVHRR and MODIS active fire observations (~1 km), makes mapping surface 

fires accurately quite difficult. With the successful launch of the Visible Infrared 

Imaging Radiometer Suite (VIIRS) sensor on board the Suomi National Polar-

orbiting Partnership (Suomi NPP) satellite as well as the subsequent development of 

the VIIRS active fire product (Csiszar et al. 2014), it is expected that the accuracy in 

mapping surface fires can be increased significantly. With a higher spatial resolution 

(375 m) and better radiometric quality, the VIIRS active fire product possesses the 

potential to identify low severity surface fires much more accurately than its 

predecessors (Csiszar et al. 2014).  

4.4.2. Surface forcing trajectory of surface fires 

According to the established SF trajectory, surface fires in the region on 

average impose a cooling effect through the albedo changes within 14 years after fire. 

A further analysis on the post-fire annual and seasonal BSA trajectories shows that 

the cooling is attributable to the increased albedo in the burned forests, especially 

during snow-on season. This is similar to the mechanism for the albedo-induced 
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cooling observed in the forests that experienced stand-replacing fires, which may be 

indicative of the canopy damages caused by surface fires. Although surface fires have 

been known to be of lower severity than stand-replacing fires, they can still lead to a 

certain level of canopy loss by killing the juvenile trees which are less resistant to 

fires than the mature trees (Conard and Ivanova 1997; Kharuk et al. 2016; Schulze et 

al. 2012; Shorohova et al. 2009). This will also result in increases in forest albedo. 

Another potential reason which may be equally significant is that although surface 

fires do not cause significant damage to the canopy of mature trees, they consume 

shrubs in the understory which also create a shading effect similar to the tree canopy. 

This effect may be particularly important in the Siberian larch forests because of the 

lower canopy closure relative to other boreal forests (Babintseva and Titova 1996; 

Kharuk et al. 2010; Sofronov and Volokitina 2010).  

Surface fire-induced SF exhibits higher variability than stand-replacing fires 

as indicated by the uncertainty intervals in Figure 4-3. Unlike stand-replacing fires, 

which consistently lead to cooling effects, a significant fraction of forests that 

experienced surface fires exerts a warming effect. I believe this is, at least partially, 

due to the darkening effect of surface fires. One of the immediate effects of wildfires 

is usually the darkening of the forest floor and tree boles caused by char deposition 

(Chambers and Chapin 2002; Randerson et al. 2006). This effect lowers the albedo of 

the burned forests and thus leads to a warming effect. Another reason which may 

contribute to the warming effect in some burned sites is the lengthening of snow-free 

season in Siberia. A considerable increase in mean annual temperature has been 

observed in Siberia over the past decades and it is widely expected to persist in the 
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region (Collins 2013; Hartmann 2013; Kirtman 2013). One of the consequences of 

this warming is an increase in duration of snow-free seasons, which, as demonstrated 

in Chapter 3, has been evident in spring and fall albedo changes within the Siberian 

larch forests since 2000. In addition to the ecological and climatic drivers of this 

variability, uncertainties within the MCD43A3 dataset also may explain the strong 

fluctuation of the snow-on BSA trajectory over 12-14 years since fire occurrence in 

Figure 4-4 as those estimates are based on the smaller number of fire events.  

4.4.3. Identifying surface and stand-replacing fires using remote sensing-based burn 

severity indices  

Surface fires and stand-replacing fires differ in burn severity and resultant 

post-fire impacts (Conard and Ivanova 1997; de Groot et al. 2013). Although there 

have been a host of studies showing the differences between the two fire types in the 

impacts on forest properties such as biomass accumulation and successional patterns 

in the field (Schulze et al. 2012; Sofronov and Volokitina 2010), the effective 

application of findings from in-situ studies at the regional scale is hindered by, at 

least partially, the challenge associated with our ability to map surface and stand-

replacing fires reliably from satellite observations. As discussed previously, the 

identification of surface fires using remotely sensed data has been mostly linked to 

active fire observations primarily related to very coarse spatial resolution and 

comparatively weak thermal signals from creeping surface fires. A fraction of surface 

fires are captured by surface reflectance change-based burned area products along 

with nearly all stand-replacing fires. However, none of the burned area products 

currently routinely differentiate between the two fire types. In part this is a result of 



85 

the larger discourse in the scientific and management communities on what 

constitutes burn severity in different ecosystems (French et al. 2008; Hoy et al. 2008). 

For example, while tree mortality is commonly associated with burn severity, it is not 

an informative proxy for burn severity in the black spruce forests in Alaska, where in-

situ studies show that burn severity in those forests are usually indicated by 

consumption of the surface organic layer (Hoy et al. 2008). And on the other hand, 

there has been an equally broad debate on how burn severity can be measured using 

remote sensing (French et al. 2008). More specifically, which remote sensing-based 

burn severity metrics can be used to properly represent the different gradients of burn 

severity in the Siberian larch forests has remained uncertain. Although a number of 

metrics have been proposed to measure burn severity within boreal biome, their 

performance is highly influenced by vegetation and terrain conditions and therefore 

their usage needs to be calibrated for specific applications (French et al. 2008). This 

study does not address the issue of defining and mapping burn severity in Siberian 

larch forests. Instead it focuses on a very specific aspect, which can be related to burn 

severity, and is specific for Siberian larch forests only. This study shows that for the 

purpose of separating surface fires from stand-replacing fires, dNBR presents the 

strongest metric among the three that were examined. Not only is dNBR capable of 

accurately differentiating the two fire types, it is also easy to be deployed, since the 

calculation of dNBR is straightforward and does not require any additional data 

inputs other than surface reflectance data in the near-infrared and shortwave infrared 

(SWIR) at ~2 µm range of the electro-magnetic spectrum. Due to its accuracy and 

cost-effectiveness, it has the potential to be readily adopted in a variety of large-scale 
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fire-based studies, including the work modeling post-fire energy budget and carbon 

budget, which have been shown to be significantly impacted by fires of different 

severity. 

4.5. Conclusion 

Surface fires are a key component of fire regime in the Siberian larch forests. 

In addition to their influence on the carbon budget through carbon emissions, surface 

fires also affect the energy budget through the resultant changes in surface albedo. 

This work, to my knowledge, is the first regional analysis focusing explicitly on the 

surface forcing of surface fires in the Siberian larch forests. The results show that 

similarly to stand-replacing fires, surface fires also impose an overall cooling effect 

through surface forcing due to increased snow-on albedo resulting from the partial 

canopy damage and the removal of shrub understory. The cooling effect of surface 

fires, however, is much weaker than that of stand-replacing fires over several years 

after the fire. This carries strong scientific implications because it highlights a 

potential need to differentiate the two fire types in various studies in which the 

impacts of wildfires are involved, including those modeling post-fire radiative budget. 

Based on the rationale that surface and stand-replacing fires differ in burn severity, 

this study identifies summer dNBR as a remote sensing-based index that can 

differentiate these two fire types reliably and cost-effectively. Our results suggest that 

dNBR-based threshold can be easily incorporated in existing and future coarse 

resolution burned area mapping products to provide reasonably accurate (88%) 

estimates of the extent of each fire type at least within the Siberian larch forests and 
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can likely be extended to other ecosystems using a similar approach of identifying 

most appropriate remote sensing indices and thresholds.  

Expanding upon the findings of the current study, future research can be 

conducted in several directions. First, the spatial distribution of surface fires needs to 

be mapped with better accuracies. This can be achieved by incorporating the VIIRS 

active fires observations at 375 m resolution, which are more sensitive to low-severity 

surface fires than the 1-km MODIS product. Second, factors influencing the post-fire 

surface forcing of both surface and stand-replacing fires need to be identified. This 

will help us explain the variability associated with the post-fire surface forcing of 

both fire types and allow for a better prediction of future wildfire impacts. Third, 

other impacts that are imposed by the wildfires in the Siberian larch forests need to be 

located and quantified. This will likely require a better understanding of the fire-

related processes at the stand level and of the spatial distribution of the forest 

conditions at the regional scale.  
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Chapter 5: Conclusion 

5.1. Major findings  

The goal of this dissertation is to advance our understanding of the impacts 

wildfires impose on the Earth’s energy budget through changes in albedo in the 

Siberian larch forests. The following paragraphs summarize the major findings of this 

dissertation work and their associated implications.  

5.1.1. Cooling effects of wildfires in the Siberian larch forests through fire-induced 

albedo changes 

The primary finding of this dissertation is that wildfires in the Siberian larch 

forests impose mean cooling effects through increased snow-on albedo, but the 

magnitude of the cooling differs between stand-replacing fires (detailed in Chapter 3) 

and surface fires (detailed in Chapter 4). For stand-replacing fires, the magnitude of 

their cooling effect is much larger than that of surface fires, and this is likely a 

consequence of higher levels of canopy openings after stand-replacing fires. At the 

maximum level, which occurs 11 years after fire, the cooling magnitude is similar to 

that of the North American boreal fires. The large magnitude of the cooling effect, 

accompanied with the wide occurrence of stand-replacing fires, leads to a net 

negative surface forcing over the entire region during 2002-2013. Based on the 

extended albedo trajectory which was made possible by incorporating a 24-year stand 

age map also produced in this dissertation project, it is shown that the cooling effect 

of stand-replacing fires lasts for more than 26 years, suggesting that forest canopy 

still has not recovered to the pre-fire condition after at least 26 years. For surface 
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fires, their smaller overall cooling effect is likely indicative of damages not only to 

the canopies, but also the shrubs in the understory. In addition, the post-fire surface 

forcing of the surface fires shows a much larger variability, with a considerable 

proportion showing warming effects. This likely reflects a broader range of fire 

severity impacts within forest stands that experienced surface fires ranging from 

minimal removal of surface litter to a partial damage to the canopy.  

5.1.2. Effectiveness of dNBR as a measure differentiating stand-replacing fires from 

surface fires 

Another major finding of this dissertation is the identification of dNBR as an 

effective measure that can differentiate stand-replacing fires from surface fires 

reliably. As detailed in Chapter 4, the accuracy of dNBR in separating the two fire 

types in the Siberian larch forests is 88%. This finding suggests that the two types of 

fire can be effectively differentiated in a timely manner, based primarily on remote 

sensing inputs. Considering the differences in post-fire impacts between the two fire 

types, including the surface forcing patterns as revealed in this dissertation, accurate 

separation between them allows future climate models to parameterize two fire types 

differently with relative ease based on dNBR-based burn severity, thus achieving 

higher confidence in the fire-related projections. In addition, this finding reveals a 

new method that, when augmented by the active fire observations, can be used to map 

surface fires specifically. Mapping surface fires relying solely on active fire data has 

been proven to be challenging, because the thermal signals of both stand-replacing 

and surface fires are recorded and they are inseparable without further information. 

As a result, there have been large uncertainties in the area estimates of surface fires 
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offered by previous studies. Based on the results of this dissertation, dNBR can 

supplement the active fire observations with the burn severity information, allowing 

for the identification of surface fire specifically. This will greatly improve our overall 

understanding of fire regimes in the boreal zones.  

5.1.3. The stand age dynamics of the Siberian larch forests 

In Chapter 2, a map showing the stand age dynamics of the Siberian larch 

forests over 24 years at the 30-m resolution is produced. It is a crucial component of 

the dissertation because by revealing the spatial-temporal distribution of stand-

replacing fires between 1989 and 2012, it serves as the foundation based on which the 

subsequent analysis on post-fire forcing trajectory of stand-replacing fires is made 

possible. The importance of this stand age map, however, is not limited to this 

dissertation. It shows the pervasiveness of the stand-replacing fire events in the 

Siberian larch forests over a 24-year period, confirming the strong influences of 

wildfires over this region. The wall-to-wall, spatially detailed annual distribution of 

stand-replacing fires will allow knowledge about the relationships between stand age 

and a variety of forest parameters, such as biomass and vegetation structure, acquired 

through in-situ studies to be applied over the regional scale to the entire Siberian larch 

forests, benefitting the accurate representation of wild-based processes in various 

models. 

5.2. Implications for climate science 

Over the past few decades, with the rapid advancements of climate models in 

terms of both variety and modeling details, there have been an increasing number of 
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climate models that incorporate wildfires (Flato 2013; Hantson et al. 2016). However, 

wildfires have been mostly considered by these models regarding their close 

relationships with emissions, while their surface forcing through changes in albedo 

has been largely overlooked. In my opinion, this has been the result of three factors. 

First, there has been a lack of awareness regarding the influences of wildfires 

imposed through albedo. Although wildfires have long been known to impose strong 

impacts on climate through aerosol and trace gas emissions (Ward et al. 2012), it is 

not until recently that their surface forcing through albedo changes in the high 

northern latitude boreal forests has be highlighted (Bonan 2008; Randerson et al. 

2006). It has been shown that the cooling effect of wildfires in the boreal zone may 

overwhelm all major positive forcings, including long-live greenhouse gases, ozone 

and black carbon over a long period of time (Randerson et al. 2006). This new yet 

significant understanding requires the climate modelers to adjust their models 

accordingly, which takes time. Second, there has been a lack of modeling capacity 

allowing for the details required by modeling wildfire. Due to their complex nature, 

climate models are highly computationally-intensive. Therefore climate models are 

usually operate at the relatively coarse spatial resolutions (Flato 2013), at which 

scales wildfires become less discernible. Fortunately, with continuous technological 

advancements, there has been climate models, especially regional ones, that run at the 

spatial resolutions that are comparable to remotely sensed datasets (Cubasch et al. 

2013). Third, there has been a lack of understanding of fire-forest-climate 

interactions. In order for climate models to make projections accurately, the model 

parameters must be informed by strong scientific understanding of fire impacts 
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(Kantzas et al. 2013). For example, built upon the empirical relationship between 

albedo and forest stand age established through both field measurements (Amiro et al. 

2006) and satellite observations (Randerson et al. 2006), Euskirchen et al. (2009) 

established models suggesting that the fire-induced cooling effect in the Alaskan 

boreal forests will be significant during the 21st century. While there have been 

extensive studies, both in-situ and remote sensing-based, focusing on wildfires in the 

North American and European boreal forests, information on Siberian forests in the 

English language literature has been more limited, due in part to both relatively 

higher inaccessibility and a lack of long term remote sensing observations. As a 

result, there are great uncertainties regarding many critical fire-related parameters, 

including post-fire energy budget.  

In the context of the aforementioned challenges, this dissertation enhances our 

understanding of wildfire impacts in a major yet understudied component of the 

global boreal biome: the Siberian larch forests. It highlights the strong cooling effect 

of the fire-induced albedo changes in these forests, which had not been focused on 

and quantified previously. In addition, the primary cause of the cooling effect, which 

is the increased snow-on albedo, is identified. For the forests that experienced stand-

replacing fires, when coupled with the 24-year stand age map which is also an output 

of this dissertation, the post-fire albedo dynamics over a longer span (26 years) is 

revealed. Surface fires summer dNBR differs strongly from dNBR of stand-replacing 

fires, based on which these two fire types can be reliably and cost-effectively 

differentiated. Moreover, in this dissertation a 30-m wall-to-wall stand age map of the 

Siberian larch forests is developed. This map provides the best estimates so far 
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regarding the spatial-temporal distribution of stand-replacing fire events in these 

forests for 1989-2012 at an unprecedented spatial resolution, which may be of help 

for climate models that need to upscale in-situ fire-based knowledge to the regional 

scale. Although by no means complete, these findings serve to boost our overall 

understanding of the influences imposed by wildfires in the Siberian larch forests, 

based on which future climate models with enhanced representation of wildfires in 

the Siberian larch forests or even the entire boreal biome can be developed.  

5.3. Future work 

One immediate and natural extension of the work accomplished through this 

dissertation is the comparison of the radiative forcing of the fire-induced albedo 

changes with other forcing agents in the Siberian larch forests, based on which the 

regional net forcing of the wildfires, including surface fires and stand-replacing fires, 

can be determined. This comparison will require completion of several specific tasks. 

First, surface forcing estimated in this dissertation needs to be converted into 

radiative forcing, which allows for the direct comparison. Second, all forcing agents 

with strong influences need to be accounted for. This demands a comprehensive 

evaluation of the potential candidates whose contributions need to be quantified. 

Based on the previous studies (Randerson et al. 2006), carbon-related emissions (e.g. 

CO2 and CH4) are expected to be a major agent and of particular interest. To estimate 

their forcing, how wildfires interact with aboveground biomass and soil-based carbon 

in the Siberian larch forests needs to be understood.  

Another natural potential to expand the dissertation work is exploring the 

surface forcing trajectories over a longer time frame. This can be achieved by 
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incorporating the latest datasets once they become available. The surface forcing and 

albedo trajectories presented in the dissertation covers 14 years and 26 years, 

respectively, which was generated using stand-replacing fires identified to have 

occurred between 2001 and 2012 and the MODIS albedo product for 2001-2015. 

Theoretically, an increase in the temporal ranges of the stand-replacing fire mapping 

product and the albedo data for one more year will result in a 1-year increase in the 

corresponding surface forcing trajectory and a 2-year increase in the albedo 

trajectory. This means that our understanding of post-fire dynamics of surface forcing 

of wildfires in the region will be much improved with time.  

One of the interesting phenomena that this dissertation revealed is the 

relatively large variation in the post-fire surface forcing of the burned forests, both 

after stand-replacing and surface fires. Although the uncertainties, including the 

errors in the data inputs and those introduced during conversions, inevitably played a 

role, I hypothesize that this is also the consequence of a series of factors, including 

weather, topography, fuel, burn severity, and soil conditions. Another similar and 

equally interesting phenomenon is the spatial aggregation of the fire events in the 

region over the past 12 years. An accurate identification of the influential factors 

contributing to the post-fire surface forcing distribution as well as the spatial 

distribution of the fires will no doubt boost our understanding of the role played by 

wildfires in the Siberian larch forests, leading to better predictions of the locations 

and impacts of the future fire events in the region, which will in turn allow for more 

effective and efficient, prioritized fire treatments.  
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