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ABSTRACT

The Arctic environment is in a state of transition as the result of climate warming. There
are tremendous implications for ecology, human well-being, national security, and energy and
economic development among many other critical issues. The effects of Arctic warming are
multifarious. Both physical and ecological processes have been affected in a set of complex

feedback mechanisms.

The objective of this dissertation research is to develop new technology though
advanced computing and improved data availability to identify environmental baselines and
trends. This is accomplished through the use of different satellite remote sensing platforms at
different spatial and temporal scales. This research provides needed methods and baseline data
and identifies temporal trends for environmental monitoring programs in the Arctic. Among
other uses, the data presented here will allow future evaluation of continued change and

disturbance.

Using electro-optical satellite data spanning the pan-Arctic, and standardizing in terms
of data and satellite platform, an unbiased comparison across numerous disparate variables
and across terrestrial and marine environments provides a method to detect and evaluate
environmental change. Using MODIS standard products of land surface temperature, percent
snow covered area, NDVI, EVI, phenology, burned area, marine chlorophyll, CDOM, sea surface

temperature, and marine primary productivity, time series data 2000-2017 shows significant



temporal trends in almost all variables. Analysis of seasonal data reveals significant breakpoints
in temporal trends over the 18-year period. Within the terrestrial environment, data shows
significant increasing trends in land surface temperature and NDVI. In the marine environment,
significant increasing trends are detected in primary productivity. Significantly earlier onset of
greenup date and longer end of growing season are observed in certain bioclimate subzones.
Terrestrial and marine observations show similar rates of change with unidirectional change in
terrestrial and significant directional and magnitude shifts in marine.

There is great potential to use a specific type of active remote sensing, Synthetic
Aperture Radar (SAR), for Arctic change detection and disturbance monitoring due to its all-
weather imaging capabilities and the ability for SAR to provide information on vegetation
structure, biomass, and moisture conditions. In contrast to electro-optical studies from the
same region, measures of landscape recovery to pre-burn conditions, as detected by SAR, are
on the order of four to five years instead of one. A 3 dB difference exists between burned and
unburned tundra, with the best time for burned area detection being late in the growing season
before frozen ground conditions develop. Models developed using in-situ field data in burned
and unburned areas of the tundra show SAR backscatter is a function of moisture condition,
shrubs, tussocks, and fire. Contributions of different biophysical variables to the backscatter
signal vary as a result of year since fire, but models show contributions from all four categories

in almost all fire histories.

Advanced methods to look at synoptic change at a variety of scales are needed to

increase our understanding of this remote environment and provide a baseline status upon

xi



which to evaluate change. This dissertation works toward the development of methods and

datasets for change evaluation.
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Chapter |

Introduction: Arctic Change and the Need for Advanced Analysis
Methods

Climate Change and the Arctic Environment

The Arctic is particularly sensitive to climate change, and northern high latitudes have
been identified as a region where climate change effects will be stronger and happen earlier
than other regions of the world (Chapin et al. 2000, Serreze et al. 2000, Hinzman et al. 2005).
Arctic meteorological records indicate that air temperatures have generally increased across
the Arctic since the end of the Little Ice Age (~1870). Paleoclimate records from lake sediments,
trees, glaciers, and marine sediments show the highest temperatures over the last four
centuries were from the mid-1980s to the mid-20th century (Overpeck et al. 1997). Much of the
Arctic did experience a cooling trend between 1940 and 1970, but a pronounced warming trend
has been observed since the 1970s. Overall warming in the 19th to 20th centuries was 1° to 3°C
locally and 1.5° C averaged over the Arctic (Jacoby and D’Arrigo 1989, Jones and Bradley 1992,
Lamoureux and Bradley 1996, Briffa et al. 1996, Garfinkel and Brubaker 1980, Lachenbruch and
Marshall 1986, Kakuta 1992, Beltrami and Taylor 1995, Calkin 1988, Wiles 1991, Caseldine and

Stotter 1993, Szeicz and MacDonald 1995, Evison 1996).



Difficulties arise when comparing climate trends across different regions in the pan-
Arctic due to sparse and inconsistent instrumentation. Few temperature records longer than
100 years exist. One consistent issue among various studies is the marked differences observed
in regional climate trends. In the latter half of the 20th century Western North America has
experienced strong warming trends while Eastern Canada and Siberia have experienced little

change and even slight cooling in some locations (ACIA, 2004).

A variety of other changes beyond increased air temperature have been observed
within the Arctic system over the past 400 years with many of these changes initiated or
accelerated coincident with the marked increase in warming that occurred in the 1970s
(Overpeck et al. 1997). Evidence from terrestrial, marine, and atmospheric studies all indicate
that the overall climate of the Arctic has changed significantly since the 1970s (Hinzman et al.
2005). Evidence includes: more variable and less predictable weather; more frequent 2-4°C
warming and thawing of permafrost; decrease in size of thermokarst lakes; increasing rates of
coastal erosion; increase in river base flow; earlier lake and river breakup and delayed freeze-
up; increased lake water temperature and alkalinity; decline in in precipitation and
precipitation minus potential evapotranspiration (P-PET); thinning, recession, and reduced mass
of ice caps and glaciers; earlier snowmelt; increased shrub abundance and other vegetation
change; tree line advancing northward; and tundra carbon flux change from sink to source to
the atmosphere. Many of these, like temperature, serve as both indicators and drivers of
change in the Arctic. Additionally, the effects of climate change are amplified in the Arctic due

to a variety of positive feedback mechanisms (ACIA 2004).



The effects of a warming climate are initially expected to be evident in atmospheric and
near-surface processes. As additional heat fluxes are added to the Arctic, either directly
through increased air temperatures or longer ice-free periods and indirectly though modified
surface reflectance, these fluxes will move from the atmosphere to the land and be transferred
downward through the soil profile. Later effects of climate change will be expressed in
geomorphological evolution and hydrological response to changes in permafrost. It is expected
that the broadest impacts to the terrestrial Arctic will be the result of climate-driven changes to

the distribution and dynamics of permafrost (Hinzman et al. 2005).

The thickness of the active layer, or depth of seasonal permafrost thaw, is driven
primary by surface temperature and length of the growing season. Vegetation cover, thermal
properties of the surface and substrate, soil moisture, and modes of heat transfer also affect
the active layer thickness (Hinkel et al. 1997, Paetzold et al. 2000, Brown et al. 2000, Kane et al.
2001, Walker et al. 2003). A significant number of studies have shown evidence of permafrost
warming and thawing across Arctic Alaska. Lachenbrush and Marshall (1986) showed a 2-4°C
increase over the last 50-100 years on the North Slope of Alaska and Clow and Urban (2002)
showed a similar ~3°C warming since the late 1980s on the North Slope Coastal Plain and
Brooks Range Foothills. Osterkamp (2003) published data from five wells at 20m depth in a
north-south gradient from Prudhoe Bay to the Brooks Range. These data show broad scale
warming, with some years of cooling, over the past 25 years. Modelling efforts by Romanovsky
and Osterkamp (2000) at Barrow, Alaska showed cooling from 1950-1970 followed by warming,
mimicking the surface air temperature trends. Further, a similar 2-3°C warming was measured

at Prudhoe Bay, Alaska by Romanovsky and Osterkamp (1997) and Osterkamp (2003).



Thermokarst lakes are a sign of local permafrost degradation. Degraded permafrost can
result in the gradual or catastrophic drainage of lakes (Yoshikawa and Hinzman 2003). Lake area
change and complete lake drying has also been observed in non-thermokarst lakes in the high
Arctic (Smol and Douglas 2007). These lakes are not influenced by permafrost and represent a
more direct link to atmospheric variables such as temperature and precipitation. Other physical
and chemical changes are also occurring in Arctic lakes including increase in water

temperatures and increased alkalinity (Hobbie et al. 2003).

Increased future temperatures are expected to alter the phase of precipitation, the
length of the melt season, the distribution of permafrost, and the depth of the active layer.
These are all expected to affect overall water distribution in the Arctic. There are large
uncertainties is present-day quantification of precipitation and evaporation throughout the
Arctic. Given these uncertainties, quantification of variations and trends in precipitation and
evaporation is limited. Even so, the Intergovernmental Panel on Climate Change (IPCC 1996,
IPCC 2001) has consistently reported 20th-century precipitation increases in northern high

latitudes.

The projected increases in P-PET imply an increase in water availability across the
terrestrial system. Specifically, this means wetter soils when not frozen, increased surface flows
in the active layer and greater ice content in the upper soil layer in the winter (ACIA 2004).
Projected increases in evaporation during the summer raises the possibility that P-PET could
decrease resulting in a relative drying of soils during the warm season. Indeed, recent trends of

increased evaporation have been measured in the Yenisey and Mackenzie Basins (ACIA 2004).



Soil moisture dynamics are complicated and will depend on the location, timing, and
amount of precipitation, changes to evaporation, permafrost melting, local climate factors, and
geographic position. Soil moisture is expected to increase across the Arctic but some areas may
also experience localized drying. There are no long term records of soil moisture in the Arctic
but changes in water availability can be estimated from surface water balance calculations. P-
PET has declined significantly in Arctic Alaska since the 1960s in both interior North Slope sites
and sites along the coast of the North Slope (Hinzman et al. 2005). Substantial interannual
variation was found for P-PET but an average decrease of 2.0 mm/yr was measured at coastal

sites and 5.5 mm/yr in the interior North Slope (Hinzman et al. 2005).

Shrub expansion has been observed in the Arctic and is directly attributed to
temperature increases that have removed limitations to reproduction and growth (Walker
1987, Lantz et al. 2010) and indirectly to increased soil microbial activity and mobilization of
limiting nutrients (Strum et al. 2005). An increase in shrubs and an associated reduction in moss
and lichens could alter ecological processes in several ways. Tall shrubs trap more snow than
the low-stature vegetation being replaced resulting in an increase in winter ground
temperatures, microbial activity, and nutrient mineralization, all contributing to positive
feedback and increased shrub growth (Sturm et al. 2005). Deeper, more insulating snow could
potential reduce the growing season length, increase snow melt runoff, and increase summer
soil moisture (Strum et al. 2001). In general, increased evaporative demand in the Arctic will
result in increased evapotranspiration from shrubs. This will serve to move more water from
the soil to the atmosphere. The role shrubs, and increasing shrub cover, plays in soil moisture

dynamics is complex and needs to be investigated further.



Arctic Tundra Fire and Effects on Carbon Stocks and Ecosystem
Functioning

Wildfire can rapidly transfer large stocks of terrestrial carbon (C) to the atmosphere
through combustion of organic material and emissions to the atmosphere. Fire oxidizes organic
C primarily to, but also releases smaller quantities of CHa, carbon monoxide, and other volatile
C compounds. Carbon emissions from fire depend on pre-fire biomass, soil organic matter, bulk
density, and depth of burn (Abbott et al.). Despite the low-biomass areas of the tundra,
wildfires in the Arctic have the potential to significantly affect global carbon storage because
significant carbon stocks are also present in the soil and fire can initiate a set of positive

feedback mechanisms to climate warming.

Wildfires burn approximately 4,200 km? per year in the tundra with 8 TgC per year in
emissions (Abbott et al., upscale from Rocha et al., 2012 and Mach et al., 2011). There are
considerable uncertainties in these estimates. The soil organic carbon (SOC) pool over the
entire Arctic domain is estimated to be 496 PgC (Tarnocai et al. 2009). A robust study by Ping et
al. (2008) with extensive in-situ samples estimates the North American Arctic SOC pool to be
98.2 Gt with 19.2 Gt in the surface layer, 42.1 Gt in the subsurface active layer, and 36.9 in the
permafrost. These estimates show that approximately 19.6% of the 1 meter depth SOC stores in
the Arctic are susceptible to loss through fire because it is contained in the surface organic

horizons (Ping et al. 2008).

The amount of C released from tundra fires is variable and largely dependent on fire size

and severity. Most tundra fires are small (French et al. 2015) and relatively unstudied. The 2007



Anaktuvuk River Fire was unprecedented in terms of both fire characteristics for the region and
focus of scientific study. This large, severe, late-season fire released approximately 2.1 TgC to
the atmosphere (Mack et al. 2011). This is roughly equivalent to the annual net C sink for the
entire Arctic biome averaged over the last quarter of the twentieth century (Mack et al. 2011).
62 +/- 4% of the 2.1 TgC release was from SOC with the remainder from plant biomass. This fire
was unique in terms of modern fire history for the region, but has served to provide needed
study and baseline data of fire in the Arctic. The Anaktuvuk River Fire also underscores the
potential for significant change in carbon cycling from fire and changing fire regime in the

tundra.

Wildfire is a climate-sensitive process. Measurements from the Anaktuvuk River Fire
show the upward potential for large quantities of C release from a large and severe tundra fire.
Recent observations indicate increased burned area in the tundra over the past two decades
(Higuera et al. 2008, Hu et al. 2010). Given changes in climate, tundra fires could become both
more frequent and severe in the future (Hu et al. 2010). Increasing fire in the Arctic could
rapidly transfer large amounts of C to the atmosphere, reduce landscape C storage, and amplify

climate warming through increased levels and post-fire changes to the ecosystem.

Wildfire in the Arctic can significantly change land surface biophysical properties, post-
fire surface energy exchange, and surface temperature. Post-fire changes to the ecosystem can
expose additional SOC stores beyond the initial combustion of the organic surface layer and
further affect ecosystem C balance. Surface reflectance is altered post-fire with a decrease in
albedo (Liljedahl et al. 2007, Mack et al. 2011, Rocha and Shaver 2011). Tundra vegetation is

more reflective than recently burned ground and surface darkening from charred vegetation



has been shown to result in increased soil temperatures at burned sites (Liljedahl et al. 2007,
Rocha and Shaver 2009). Differences in measured surface energy have been shown to be a
function of burn severity with severely burned tundra having lower albedo and higher net
radiation than moderately or unburned tundra (Rocha and Shaver 2011a). Vegetation regrowth
leads to rapid recovery of albedo, but fundamental changes to ecosystem energy partitioning

are the result of changes to organic layer depth and moss cover (Rocha and Shaver 2011a).

Fire removes the insulating layer of vegetation on the surface which effects heat
transfer and storage. Latent effects resulting from the removal of the insulating upper layer of
organic soil has implications for surface hydrology, soil moisture, active layer depth, and
permafrost dynamics. Deeper and warmer soils have been observed in recently burned areas in
the tundra as well as more rapid freezing of the soil in the fall (Rocha and Shaver 2011a).
Warmer soils during the summer can lead to permafrost destabilization and increased microbial
decomposition. Significant C stores exist in the lower soil profile (Ping et al. 2008) and both

direct and indirect fire-induced warming can potentially release previously locked stores of C.

The vegetation community structure changes post fire (Racine et al. 2004). These
vegetation changes affect both C sequestrations of the remnant and regrowth vegetation as
well as the surface energy exchange. Post fire carbon sequestration is a function a burn severity
with decreased sequestration found with increased severity which is most likely controlled by
leaf area recovery and photosynthesis (Rocha and Shaver 2011b). Surface energy exchange is
affected by the removal of surface vegetation and by the structure and composition of
vegetation regrowth. Mosses and lichen are slower to recover post-fire and these vegetation

types are especially good insulators (Rocha and Shaver 2011). In a study on the Seward



Peninsula, Alaska there was very little or no recovery of moss or fruitcose lichens 24 years post-
fire (Racine et al. 2004). The same study also found an overall increase in shrubs as compared
to pre-fire conditions. The shrubs were larger, more abundant, and of different species
composition. Changes in the structure of tundra vegetation as a result of fire can directly affect
the surface energy balance through changes in temperature, snow cover, and water (McFadden
et al., 1998; Sturm et al., 2001). Successional legacies in boreal regions have been shown to
influence ecosystem carbon sequestration from decades to centuries (Bond-Lamberty et al.

2004, Goulden et al. 2006, McMillan and Goulden 2008).

A variety of physical and biological factors affect fire-related carbon pools and
processes. Primary factors include albedo, soil thermal regime, permafrost thaw, hydrology,
and vegetation succession. More work is needed on quantification of these interrelated
processes and feedback mechanisms, especially across the diverse gradients in soil moisture

and vegetation found in the tundra.

The Impact of Climate Change on Arctic Disturbance Regimes

Disturbance is the perturbation of a normal state or regime. Disturbance is a normal
component of the high northern latitude region, but within the context of climate change we
need to understand how disturbance is changing and how vulnerable or resilient the Arctic is to
these changes. Further work is also needed to define “normal” in order to separate disturbance

effects from background conditions.

Disturbance can be characterized as either a press or pulse disturbance where press

disturbance is relatively slow but persistent in nature and pulse disturbance is relatively rapid



and local (Grosse et al. 2011). Examples of press disturbance in the Arctic include thawing of
permafrost from the surface down, and changes in hydrology or vegetation type, while wildfire
and thermokarst are examples of pulse disturbance (Grosse et al. 2011). The impact of climate
change on Arctic disturbance regimes is important to understand, and the spatial and temporal
scale of disturbance (essentially press or pulse) dictates the tools most useful for baseline

characterization and scientific inquiry.

Few long-term monitoring datasets exist in the Arctic to study change, and repeat
measurements are a data gap frequently referenced. Satellite data is a resource for scientific
study in this region that provides a way to measure change over time as data are available at a
variety of spatial, temporal, and radiometric scales. Electro-optical satellite data provides one
tool but microwave satellite data holds great potential in the Arctic due to its all-weather
imaging capabilities that are not affected by cloud-cover, haze, and limited solar illumination.
For my dissertation | plan to leverage the unique imaging capabilities offered by satellite data,

and especially synthetic aperture radar data, to investigate landscape change in the Arctic.

Dissertation Summary

Arctic change detection and monitoring require intelligent matching of spatial,
temporal, and radiometric scales to available tools and datasets. Satellite remote sensing is
advantageous to use in the vast and largely uninhabited Arctic, but knowledge is needed of
different satellite platforms available and how to utilize large data streams. Furthermore,
understanding of in-situ conditions are required for interpretation of remote sensing data and

to develop relationships between satellite data and field-based measurements.
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This dissertation research focused on landscape response to press and pulse
disturbance, together with methods development, to examine processes occurring at different
scales. Three interrelated research topics presented used satellite remote sensing to create
datasets to quantify ecosystem response and measure resilience to change. The research
efforts provided needed baseline data for assessment and monitoring. State-of-the-art
methods were developed to digest large amounts of satellite data to assess time-series trends

and detect environmental change.

The first research topic in the dissertation was a study of Arctic change from a global or
pan-Arctic perspective. Using MODIS Standard Products from circa 2002 to the present, both
physical and ecological parameters were measured and evaluated over a time series. A
comparison of the terrestrial and marine environments were conducted to evaluate the how
these environments have changed over time in terms of both magnitude and direction. In this
study, measurements of spatially-explicit indicators of change in both physical and ecological

parameters showed how these responses differed in the marine and terrestrial environments.

The second research topic focused on regional landscape dynamics and measurements
of change promulgated by fire disturbance. Specifically, the fire regime in the Alaskan tundra
served as a focus area for the investigation and three tundra fires were selected for study. The
research goal was to quantify the effect of fire on the landscape as measured using SAR satellite
data and to monitor landscape recovery both within and adjacent to burned areas. The
backscatter signature was monitored before, during, and after fire events using the 1992-2011

ERS-1 and 2 satellite data archive.
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For the final research topic in the dissertation, in-situ field measurements were used to
determine field-measured factors that most correlated with SAR satellite backscatter in the
tundra. Findings from this study provided the information needed by future researchers to

more effectively use SAR data as a tool for fire detection and measurement of fire effects.

The three research topics covered within the dissertation involved sets of observations
conducted in different locations and scales, in order to infer processes occurring at different
scales, and thus used different remote sensing solutions. The first research topic worked at the
pan-Arctic scale, while research topic two investigated regional dynamics. The final research
topic looked at site-scale measurements, with observations spread across the regional scale.
Research topics two and three centered on fire in the Alaskan tundra, with the topic two
focused on detection of fire and topic three on improved understanding of the remote sensing
signal post fire. All research topics measured change from disturbance with research topic one
focused on longer-term press disturbance from climate change and research topics two and

three on shorter-term pulse disturbance from fire events.

Chapter Il is currently in press as Jenkins et al. 2019 and Chapter Il has been previously

published as Jenkins et al. 2014.
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Chapter Il

Satellite-based Decadal Change Assessments of Pan-Arctic
Environments'
Abstract

Remote sensing can advance the work of the Circumpolar Biodiversity Monitoring
Program through monitoring of satellite-derived terrestrial and marine physical and ecological
variables. Standardized data facilitates an unbiased comparison across variables and
environments. Using MODIS standard products significant trends were observed in almost all
variables between 2000-2017, including land surface temperature, percent snow covered area,
NDVI, EVI, phenology, burned area, marine chlorophyll, CDOM, sea surface temperature, and
marine primary productivity. Analysis of seasonal data revealed significant breakpoints in
temporal trends. Within the terrestrial environment, data showed significant increasing trends
in land surface temperature and NDVI. In the marine environment significant increasing trends
were detected in primary productivity. Significantly earlier onset of green up date was observed
in bioclimate subzones C&E and longer end of growing season in B&E. Terrestrial and marine
parameters showed similar rates of change with unidirectional change in terrestrial and

significant directional and magnitude shifts in marine.

1 A version of this chapter is in press as Jenkins et al. 2019
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Introduction

Climate change models consistently predict the greatest expected warming to occur in
high northern latitudes. Similarly, reports from the Intergovernmental Panel on Climate Change
(IPCC) convey the expectation that the Arctic region will warm 2-3 times more than the global
mean (IPCC 2018). Models predict that the Arctic will warm 4.3-7.6°C by 2100 compared to the
predicted global mean warming of 1.5-2.7°C (IPCC 2018). Proxy Arctic temperature records
from the past 2000 years above 60°N latitude show the last half century being the warmest of
the past two millennia, with the previous, long-term Arctic cooling trend being reversed during
the 20th century (Kaufman et al. 2009).

A warmer Arctic is expected to have many physical and ecological consequences, all
operating within a set of complex feedback mechanisms. Reduction in sea ice and permafrost,
changes to surface hydrology, as well as shifts in vegetation zones, biomass, and productivity
are among some of the expected primary consequences of a warmer Arctic. Secondary
consequences include severe disruptions to biodiversity with anthropogenically-driven climate
change being the most serious threat to biodiversity in the Arctic (Meltofte et al. 2013).

As the Arctic continues to experience a period of intense and accelerating change it has
become increasingly important to expand access to information on the status and trends of
Arctic biodiversity. The Arctic Council is the leading intergovernmental forum promoting

cooperation, coordination, and interaction among the Arctic States, Arctic Indigenous Peoples

19



(represented by the Permanent Participants?) and other Arctic inhabitants on issues common
within the Arctic, in particular, on issues of sustainable development and environmental
protection in the Arctic. The Arctic Council has recommended that long-term monitoring
efforts and inventories should be increased and focused to address key gaps in knowledge to
better facilitate the development and implementation of conservation and management
strategies (ACIA 2004; Meltofte et al. 2013) as well as take action on monitoring advice from
what is presently known about Arctic ecosystems.

The Circumpolar Biodiversity Monitoring Program (CBMP) is the cornerstone program of
the Conservation of Arctic Flora and Fauna (CAFF), the Arctic Council’s biodiversity working
group. The CBMP aims to be multi-knowledge based, utilizing science through bringing together
an international network of scientists, government institutions, Indigenous organizations, and
conservation groups working to harmonize and integrate efforts to monitor the Arctic’s living
resources. lts goal is to facilitate understanding, and more rapid detection and communication
of significant biodiversity-related trends and pressures affecting the circumpolar world, while
also establishing international linkages to global biodiversity initiatives.

Implementing the CBMP across marine, terrestrial, freshwater, and coastal ecosystems
has largely focused on evaluation of in situ data collected across a myriad of focal ecosystem
components (FECs). The CBMP has identified key elements, called FECs, of Arctic marine,

freshwater, terrestrial and coastal ecosystems. Changes in FEC status likely indicate changes in

2 The Arctic Council Permanent Participants are Aleut International Association; Arctic Athabaskan Council; Gwich’in International; Inuit
Circumpolar Council; Saami Council; Russian Association of indigenous Peoples of the North
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the overall environment and are therefore monitored. Field data collection in the Arctic is
logistically and financially challenging and these data remain sparse and disparate, as described
in the first of the CBMP State of the Arctic Terrestrial Biodiversity Report (CAFF 2017) and
documented throughout this special issue. Recognizing the challenges associated with field
data collection in the Arctic and the need for a more comprehensive understanding of change
across the Arctic, CAFF initiated the Land Cover Change (LCC) Initiative to evaluate remote
sensing for use in Arctic biodiversity monitoring and assessment activities. The work presented
here is the result of the CAFF Land Cover Change Initiative.

Climate warming has not been uniform across the pan-Arctic region (Hansen et al. 1999)
and responses to warming are expected to similarly exhibit spatial variability (Stow et al. 2004).
Large scale synoptic monitoring tools are needed to assess baseline conditions and detect
change and to conduct these analyses across a range of spatial and temporal scales. Remote
sensing has the ability to provide these tools as data are available at a variety of spatial,
temporal, and radiometric scales.

Several satellites have been designed specifically to provide datasets for ecosystem
monitoring at a global scale. Historically the main systems used in studies across the pan-Arctic
have included AVHRR (1978-present) and MODIS (1999-present). Studies using AVHRR have
been limited by spatial resolution with one pixel covering approximately 1 km? of land. With the
launch of two MODIS satellites in the early 2000s, data are available at a much higher spatial
resolution (up to 250-meter), while also matching AVHRR’s almost-daily global cover and
exceeding its spectral resolution. MODIS provides images over a given pixel of land just as often

as AVHRR, but in much finer detail and with measurements in a greater number of wavelengths
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using detectors that were specifically designed for measurements of ecosystem dynamics. The
European Space Agency’s (ESA) Sentinel program, with the first satellite launched in 2014,
continues the path of technological innovation in the field of remote sensing and provides
robust earth observation data through a family of missions with each mission based on a
constellation of two satellites.

Despite many technological advances in satellite systems, the Arctic presents many
challenges to remote sensing based studies due to persistent cloud cover and haze, snow cover,
limited solar illumination, and changing solar zenith angles. Remote sensing scientists have
worked to overcome these challenges by identifying systematic bias and developing data
processing algorithms to account for these effects. Most notably, cloud cover has been shown
to bias land surface temperature (Westermann et al. 2011) and NDVI (Karami et al. 2017).
Solutions typically employ mathematics to smooth and remove cloud-induced noise. Other
solutions include fitting a model to the data that mimics expected behavior, such as using a
sinusoidal model to reproduce seasonal variations (Hachem et al. 2009), or to gap fill cloud-
contaminated satellite data using estimates from empirical relationships.

Remote sensing data have frequently been used for specific disciplinary studies at
focused locations across the Arctic. Fewer large scale studies at the landscape or pan-Arctic
scale have been conducted, but these studies do indicate strong signals of ecosystem change in
the terrestrial environment, especially related to vegetation greening (Jia et al. 2003; Goetz et
al. 2005; Bhatt et al. 2010, 2013; Reichle et al. 2018), an increase in shrub cover and decrease in
freshwater surface area (Stow et al. 2004). Pan-Arctic studies of marine environments also

indicate significant change, including a decline in Arctic sea ice extent (Stroeve and Meier 2018,
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Parkinson et al. 1999; Comiso et al. 2008; Frey et al. 2015) and increasing trends in Arctic
marine primary productivity (Arrigo et al. 2008; Hill et al. 2012).

Remote sensing determination of vegetation “greening” are often based on the
normalized difference vegetation index (NDVI). The NDVI is a remote sensing-based
guantification using visible and near-infrared light reflected by vegetation. Many studies of
NDVI show a strong correlation to in situ percent vegetation cover measurements in the Arctic
(Hope et al. 1993; Stow et al. 1993; Laidler et al. 2007). Using NDVI, recent research points to
spatial heterogeneity with an ongoing general greening trend starting in the 1980s (Jia et al.
2003; Goetz et al. 2005; Bhatt et al. 2010, 2013; Reichle et al. 2018). NDVI has also been linked
to measurements of the Arctic growing season (McDonald et al. 2004; Park et al. 2016). The
NDVI has been the standard remote sensing-derived vegetation index for decades, being used
in a wide variety of vegetation studies globally. With the launch of MODIS, the enhanced
vegetation index (EVI) was developed to reduce background and atmospheric noise and to
eliminate saturation in high-biomass regions (Huete et al. 1999). NDVI are EVI are computed
similarly and exploit the same relationship between red and NIR wavelengths, with EVI
additionally using data from the blue band and some aerosol resistance terms. In the presence
of snow, NDVI decreases, while EVI increases (Huete et al. 2002), which is an important
distinction to consider in remote sensing based studies across the pan-Arctic.

Previous work on detecting trends in Arctic vegetation phenology from remote sensing
have indicated longer growing seasons, primarily due to an earlier start of growing season by
4.7 days per decade and a delayed end of growing season by 1.6 days per decade over the

observation period of 2000-2010 in high northern latitudes (Zeng et al. 2011). Estimates in
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phenology shifts were shown to differ in North America and Eurasia with North America having
a significantly earlier start of season and a slightly later end of season (Zeng et al. 2011). North
America also appears to be “greening” to a greater extent than Eurasia (Dye and Tucker 2003,
Bunn et al. 2007, Bhatt et al. 2010).

Five Arctic tundra bioclimatic zones have been identified and mapped in the
Circumpolar Arctic Vegetation Map (CAVM Team 2003). These delineations are described as
subzones A-E ranging from North to South with Subzone A being the coldest and Subzone E the
warmest. These bioclimatic zones have been used to describe Arctic vegetation trends in many
scientific studies (Epstein et al. 2012, Jia et al. 2009, Reichle et al. 2018) and represent an
ecologically meaningful way to divide the Arctic for trend reporting.

In addition to studies on vegetation, satellite remote sensing data has shown a decline
in freshwater surface area attributed to degradation of permafrost in the Arctic since the 1950s
(Smith et al. 2005; Riordan et al. 2006; Carroll et al. 2011). In Siberia, there is a decreasing trend
in Arctic lake abundance since the early 1970s (Smith et al. 2005). In Arctic Alaska, remote
sensing data validated with field surveys have also shown a decrease in a majority of pond
surface area from 1950 to 2000 (Stow et al. 2004). From 2003 to 2010, satellite microwave
remote sensing data also shows seasonal and annual variability in surface inundation in Arctic
Alaska with wetting trends within continuous and discontinuous permafrost zones and drying
trends in sporadic and isolated permafrost zones (Watts et al. 2012).

The objective of this paper is to demonstrate the applicability of remote sensing as a
multi-parameter monitoring tool for implementation within the CBMP. Data from this study will

begin a formation of baselines and provide a pan-Arctic understanding of the status of spatial
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and temporal trends across multiple parameters simultaneously. The goal is to measure
magnitudes and rates of change and to develop a methodology for synoptic monitoring in the
pan-Arctic going forward.
Materials and Methods

Remote sensing data used in this study are from the MODIS (Moderate Resolution
Imaging Spectroradiometer) instrument aboard the Terra and Aqua satellites. MODIS data are
acquired every 1 to 2 days worldwide in 36 spectral bands, with more frequent coverage in the
Arctic due to the sun-synchronous satellite orbit providing up to 4 daily overpasses. Aside from
raw radiometric data, MODIS data are available in a variety of derived products that span many
disciplines and applications. MODIS standard data products are used in this study to provide a
common data input across all investigated parameters. The specific remote sensing products
used in this study are detailed with metadata in Table 1. Time periods of observation range
from 14 to 18 years. MODIS standard data products are used for all study parameters with the
exception of sea ice extent. For this parameter, a combined passive microwave satellite product

(Stroeve and Meier 2017) from SMMR and SSM/I-SSMIS are used.
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Table 2-1. A set of remote sensing-based physical and ecological parameters in both the marine and
terrestrial pan-Arctic environments were analyzed in this study. This table outlines the parameters and
metadata, including the spatial and temporal selection.

(SMMR and SSM/I-SSMIS);
2

Physical and Ecological|Satellite Platform, Temporal Temporal Selection |Spatial Data Source

Parameters Product Name and Version |Selection Used Resolution
Number Available

Land Surface MODIS Terra; MOD11C3; 6 |Monthly, 2000- 2001-2017, Jan-Dec |0.05deg LPDAAC

Temperature (LST), Day 2017 (~5,600m)

Percent Snow Covered |MODIS Terra; MOD10CM; 6 |Monthly, 2000- 2003-2017, Mar-Oct |0.05deg NSIDC

Area (Snow) 2017 (~5,600m)

Normalized Difference MODIS Terra; MOD13C1; 6 |16-day; 2000-2017 |2001-2017, May-Sep |0.05deg LPDAAC

Vegetation Index (NDVI) (~5,600m)

Enhanced Vegetation MODIS Terra; MOD13C1; 6 |16-day; 2000-2017 |2001-2017, May-Sep |0.05deg LPDAAC

Index (EVI) (~5,600m)

Green Up Date MODIS Aqua, Terra; Yearly, 2001-2014 |2001-2014 500m LPDAAC
MCD12Q2; 5

Senescence Date MODIS Aqua, Terra; Yearly, 2001-2014 |12001-2014 500m LPDAAC
MCD12Q2; 5

Growing Season Length |MODIS Aqua, Terra; Yearly, 2001-2014 |2001-2014 500m LPDAAC

(GSL) MCD12Q2; 5

Burned Area MODIS Aqua, Terra; ABBA; [Yearly, 2001-2015 |2001-2015 500m Loboda et al.
2 2017

Marine Chlorophyll (Chl) |[MODIS Aqua; MO_chlor_a; |[Monthly, 2003- 2003-2017, Apr-Oct  |4km NASA
2014.0 2017 OceanColor

Colored Dissolved MODIS Aqua; Monthly, 2003- 2003-2017, Apr-Oct  |4km NASA

Organic Material (CDOM)|MO_IOP_adg_443_giop; NA (2017 OceanColor

Sea Surface MODIS Aqua; MO_SST4; Monthly, 2003- 2003-2017, Jan-Dec |4km NASA

Temperature (SST) 2014.0 2017 OceanColor

Marine Primary MODIS Aqua; VGPM; NA Monthly, 2003- 2003-2016, Apr-Oct  |[9km O’'Malley 2017

Productivity (PP) 2016

Sea Ice Extent Combined Passive Monthly, 1978- 2003-2016, Jan-Dec |25km NSIDC
Microwave 2016

Systematic biases and known areas of concern for each MODIS data product are

documented in the Algorithm Theoretical Basis Documents (ATBS’s) and throughout the

scientific literature. Data quality flags are developed based upon these concerns, but treatment

varies significantly product-to-product. Some products have quality flags with limited

usefulness. For example, the snow covered area product used in this analysis (MOD10CM) only

reports pixels as having “good” or “other” quality. In order to get more detailed quality

information, one must look at the quality flags in the lower level data that feeds into the

monthly-aggregated product used in this analysis (Riggs and Hall, 2016). There are other known
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limitations of the products used here. These issues include difficulty distinguishing snow and
clouds in the snow cover product (Hall and Riggs, 2007); lower quality phenology detections
due to high solar zenith angles, snow, and cloud cover; and land surface temperature biases
due to cloud cover contamination (Westermann et al. 2011). Data quality flags, when available,
have been applied to the data in this study to limit effects from cloud cover and snow, but no
additional smoothing or model fitting were conducted.

The remote sensing data products were converted from their source format to a
GeoTIFF, re-projected into the Lambert Azimuthal Equal Area projection, and clipped to the
CAFF pan-Arctic extent. The terrestrial and combined MODIS products from LPDAAC were
processed using the HDF-EOS to GeoTIFF Conversion Tool (HEG Tool; HEG 2017), and the Aqua
MODIS products and non-MODIS products were processed using the Geospatial Data
Abstraction Library (GDAL; GDAL 2017). MODIS MCD12Q2 products were distributed as tiles
and were stitched together using ESRI’s Mosaic to New Raster tool after re-projection.

The data used in this analysis, including the fully-processed and clipped versions, have

been archived at the Arctic Biodiversity Data Service (ABDS, https://www.abds.is/) under Land

Cover Change. Additional geospatial data layers used in this analysis reside at this location as
well as pan-Arctic headline indicator data, CBMP data, boundaries, and sensitive and protected
areas data.

Remote sensing data were used to calculate average annual and seasonal time series
over the 14 to 18 year observation periods. These analyses were performed at the pan-Arctic
level as well as within defined analysis areas. In addition to the pan-Arctic extent, marine

parameters were analyzed by high, low, and sub Arctic areas and terrestrial parameters were
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analyzed by the five bioclimate subzones defined by the Circumpolar Arctic Vegetation Map,

CAVM (CAVM Team 2003). Figure 1 shows the geospatial boundaries of the analysis areas.

B High arctic [ subzone A
Low arctic Il sutzone B

Sub arctic Il subzone ©
I subzone O

Il subzone E

0 500 1,000 0 500 1,000
| A e ]y

Figure 2-1. In addition to the entire pan-Arctic extent, several geographic analysis areas were used to
parse data and report findings, including high, low, and sub Arctic (left) and the CAVM bioclimate zones
(right).

Data were standardized to facilitate a uniform comparison between parameters and
between the terrestrial and marine environments. For each variable, each data point was
standardized by subtracting the variable’s mean over its entire temporal span and dividing by
the variable’s standard deviation over the same temporal span. After standardization, all
parameter datasets are unitless with a mean of zero and standard deviation of 1.

All statistical analyses were conducted in R (R Core Team 2015). After aggregating data
to the yearly level, annual trends were analyzed using ordinary least squares (OLS) regression

and slope significance was determined using a two tailed t-test with a p-value threshold of 0.05.
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The BFAST package in R (Breaks for Additive Seasonal and Trend; Verbesselt et al. 2010) was
also used to identify long-term trends in the parameters and to identify breakpoints, if present,
in the time series where monthly or 16-day seasonal data was available. This approach
decomposes a time series into trend, seasonal, and remainder components and searches for
significant changes or breakpoints in the trend or seasonal components. A minimum segment
size of 3 years (representing approximately 20% of the data record as was used in Verbesselt et
al. 2010) was set to avoid the detection of short-term anomalies. When significant breakpoints

were identified, the slope and its significance were reported for each side of the change.
Results

This study identified statistically significant temporal rates of change in many physical
and ecological parameters, whether assessed across the pan-Arctic as a whole or analyzed by
regions or subzones. Different rates of change as well as magnitude and directional shifts in
trends were also detected. In terms of annual versus seasonal data more statistically significant
trends were identified in the seasonal data in both the terrestrial and marine parameters.

The power of parsing data by geospatial regions is shown in the average annual land
surface temperature plots in Figure 2. A clear separation of the data by bioclimate subzone is
observed in Figure 2A, which generally follows latitudinal trends. While subzones A, B, Dand E
all experienced significant increases in temperature across the observation period, the highest
temperatures were seen in the southernmost zones (D and E). Standardizing the data more
clearly shows how the rate of change of temperature varies across the regions (Figure 2B).
Subzone A exhibited the greatest increase (slope=0.146), followed by subzones E, B, and D

(slopes =0.124, 0.11, and 0.103, respectively).
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Figure 2-2. Plots of land surface temperature by bioclimate CAVM subzones show a clear separation of
temperature within the different zones. Panel A shows the non-standardized data. Subzones A, B, D, & E
have statistically significant increasing trends as indicated by an asterisk in the legend (p-values 0.001,
0.039, 0.026, & 0.010, respectively). Disregarding the absolute differences, the standardized plot (panel
B) more clearly shows the common shifts in rates and directions of change as well as differences among
subzones. CAVM subzone A, the northernmost zone, showed the greatest rate of overall increase in land

surface temperature, followed by subzones E, B, and D.
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Monthly land surface temperature data also showed heterogeneous responses between
CAVM subzones. For instance, subzone A exhibited significant increasing trends in January,
February, March, April, September, October, and November (p-values = 0.031, 0.028, 0.002,
0.04, 0.026, 0.002, and 0.012, respectively). Subzone E, the southernmost vegetation zone, also
showed increasing trends, but only in the months April, May, and June (p-values = 0.016, 0.01,
and 0.004, respectively). This indicates that while nearly all CAVM subzones exhibited
significant rises in average land surface temperature over the 2001-2017 observation period,
there was north-south variability in the seasonality of temperature change. The northernmost
CAVM subzone experienced significant rising temperature trends in fall, winter, and spring,
while the southernmost CAVM subzone showed a significant rising temperature trend in late
spring to early summer.

The aggregated average annual pan-Arctic data showed statistically significant temporal
trends in land surface temperature and NDVI (p=0.04 and p<0.001, respectively; Fig. 3). The
standardized rate of change in NDVI was greater than that of temperature (0.166 and 0.099,
respectively). EVI was also assessed with similar results to NDVI in all analysis areas. The
average annual data indicated that both land surface temperature and NDVI were significantly
increasing in CAVM subzones A, B, D, and E (p-values in Table 2). The BFAST analysis, by
incorporating seasonal variability, showed similar results for the pan-Arctic and these subzones
while also indicating a significantly increasing trend both parameters in CAVM subzone C. This
analysis also indicated a breakpoint in 2013 for CAVM subzones B and C such that the land

surface temperature rate of increase became significantly higher.
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In terms of terrestrial phenology, three different parameters were analyzed: greenup
date, senescence date, and growing season length. No significant trends were observed in
senescence date. Subzones C and E showed a statically significant decrease for the green up
date, indicating that the growing season shifted to an earlier start date over time (changes of
4.5 and 4 days over 14 years, respectively). Related to this, subzones B and E showed a
statistically significant increase in growing season length (with changes of 5 and 3.5 days,
respectively). BFAST analysis was not applied to phenology data since there is only one value
for each parameter each year (i.e., there is no monthly green up date).

No significant trends were observed in the average annual percent snow covered areas,
though looking at time series for individual months did reveal significant trends. Significant
declining trends were observed in Subzones C and D for the month of June (p-value=0.020 and
0.028), Subzone E for the month of July (p-value=0.013), and Subzones A and B for the month of
October (p-value=0.005 and 0.033). Observations of the seasonal data within the changepoint
analysis revealed significant declining trend from 2000-2011 (p-value=0.019) followed by a
significant increasing trend from 2011-2014 in Subzone B (p-value<0.001). No other significant
seasonal trends were identified.

No trends were found in the measures of amount of average annual burned area across
the pan-Arctic. Burned area polygons were not present in subzones A and B. The burned area
product is only available at a yearly time scale so the seasonal breakpoint analysis could not be
performed.

By standardizing the data we can see that the terrestrial and marine environments have

both experienced somewhat similar amounts of change, when expressed as standardized
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standard deviation from each variable’s mean (Figure 3). The change plots show the
standardized parameters and their positive or negative rate of change. In the marine
environment two parameters, sea ice and primary productivity, showed significant change over
the observation period. In the terrestrial environment, parameters are more closely grouped
with NDVI and land surface temperature showing the greatest rate of change. Interestingly, the
rates of change of NDVI and sea ice were approximately the same (0.166 & -0.168,
respectively). The detailed statistics for the rates of change and significance values are shown in

Table 2.
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Figure 2-3. Average annual standardized data across the pan-Arctic showing rates of change among the
different parameters and compare the terrestrial (panel A) with the marine (panel B) environments.
Statistically significant trends (p < 0.05, test of slope different from zero) are marked with an * in the
legend. Detailed statistics for the trends are available in Table 2.
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Table 2-2. Summary rates of change for the standardized data and the associated p-values in
parentheses. Statistically significant temporal trends (p < 0.05) are bolded and marked with an asterisk

(*).
Terrestrial Land Surface|Snow Cover [NDVI Green Up Senescence [Season Burned Area
Temp Length

Pan-Arctic 0.099 (0.041*)(-0.040 (0.524) [0.166 (<0.001*) |-0.125 (0.056) |-0.062 (0.368) [0.123 0.039 (0.537)
(0.059)

Subzone A 0.141 (0.001*)(0.011 (0.862) [0.155 (<0.001*) |-0.004 (0.956) |0.0409 (0.559) [0.079 NA
(0.247)

Subzone B 0.100 (0.039*)(-0.020 (0.749) [0.148 (0.001*) |-0.099 (0.142) |-0.009 (0.897) [0.1336 NA
(0.038*)

Subzone C 0.077 (0.121) (-0.060 (0.335) [0.080 (0.107)  |-0.135 (0.036*)|-0.125 (0.054) [0.066 NA
(0.340)

Subzone D 0.107 (0.026*)(-0.081 (0.184) [0.143 (0.001*) |-0.097 (0.148) |-0.063 (0.364) [0.104 0.002 (0.971)
(0.119)

Subzone E 0.120 (0.010*)(-0.045 (0.475) [0.156 (<0.001*) |-0.129 (0.047*)|-0.028 (0.688) [0.147 -0.060 (0.335)
(0.019%)

Marine Chlorophyll |[CDOM Sea Surface Sea Ice (2003-|Total PP

Temp 2017)

Pan-Arctic 0.088 (0.146) [0.076 (0.212) [0.068 (0.268) |-0.168 (0.005*)[0.196 (<0.001*)

High Arctic 0.094 (0.117) ]0.078 (0.200) ]0.103 (0.085) |-0.172 (0.004*)|0.174 (0.003*)

Low Arctic 0.093 (0.124) (0.0728 0.087 (0.152)  |-0.026 (0.710) [0.152 (0.015%)

(0.236)
Sub Arctic 0.044 (0.479) |0.078 (0.206) |0.075 (0.220)  |0.080 (0.241) |0.093 (0.169)
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Observations of the seasonal data reveal changes in the seasonal dynamics. Figure 4
show the seasonal curves of the land surface temperature data over the two decadal time
series. The BFAST statistical software identifies the line of best fit, incrementally, over the time
series which may result in one or more lines of fit. Figure 4 shows changepoints in the land
surface temperature data record for Subzones B and C. Both of these changepoint years occur
in 2013 and indicate a magnitude shift from the 2001-2013 data record to the 2013-2017

record. That is to say, the warming trend accelerated during these time periods.
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Figure 2-4. Results from the BFAST changepoint analysis on the seasonal land surface temperature data
show breaks in the trends in subzones B and C occurring in 2013 for both subzones. The trend for all
subzones are statistically significant (p < 0.05) as indicated by the respective p-values printed in panel
three of each subzone output. The output graphs show the fully plotted data in the top panel, followed
by the seasonal trends. The third panel in each subzone output show the annual trend and any identified

breaks in trend with associated error bars. The fourth panel shows the residual differences from the
trend.
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Table 2-3. Summary table showing the BFAST-derived trends and changepoints for parameters with
seasonal data. Purple color indicates a statistically significant (p < 0.05) increasing trend, blue indicates a
decreasing trend, and empty cells indicate no temporal change or a non-significant trend. Black cells
indicate that a significant shift in a temporaltrend occurred in that year.

Marine 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Chlorophyll Pan-Arctic na na

Chlorophyll High Arctic | na | na

Chlorophyll Low Arctic na na

Chlorophyll Sub Arctic na na

coom Pan-Arctic na na

cDOM High Arctic na na

coOoM Low Arctic na na

coDOM Sub Arctic na | na

Sea Surface Temperature Pan-Arctic na na

Sea Surface Temperature  High Arctic | na | na

Sea Surface Temperature Low Arctic na na

Sea Surface Temperature  Sub Arctic na na

Sea lce Area Pan-Arctic na na na
Sea Ice Area High Arctic na na na
Sea Ice Area Low Arctic na na na
Sea Ice Area Sub Arctic na | na na
Total Primary Productivity Pan-Arctic na na na
Total Primary Productivity High Arctic na na na
Total Primary Productivity Low Arctic na na na
Total Primary Productivity Sub Arctic na | na - na
Terrestrial

Land Surface Temperature Pan-Arctic

Land Surface Temperature Subzone A

Land Surface Temperature Subzone B

Land Surface Temperature Subzone C

Land Surface Temperature Subzone D

Land Surface Temperature SubzoneE

Percent Snow Cover Pan-Arctic na na

Percent Snow Cover Subzone A na | na

Percent Snow Cover Subzone B na na - -

Percent Snow Cover Subzone C na na

Percent Snow Cover Subzone D na na

Percent Snow Cover Subzone E na na

NDVI Pan-Arctic

NDVI Subzone A

NDVI Subzone B

NDVI Subzone C

NDVI Subzone D

NDVI Subzone E
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Discussion

A large number of parameters show a statistically significant temporal trend over the
almost two-decade time series. This is of note in and of itself, but many of these statistically
significant trends are also showing a magnitude or directional breakpoint within this limited
temporal observation window.

Comparing many parameters simultaneously within the same methodological
framework provides context and a frame of reference for observed change. For example, sea
ice decline is frequently reported on in both the scientific and popular media, and the rate of
change in sea ice extent is generally considered significant and alarming. Results from this study
show that the rate of change in sea ice extent is comparable to total primary productivity, albeit
in opposite directions. In the terrestrial environment, NDVI has similar rates of change to sea
ice and primary productivity.

Study findings are temporally limited by the MODIS dataset in terms of number of years
of observations. Many trends were marginally significant or have specific outlier years that
affect the overall statistical significance. This is an indication that more changes may be
occurring across the pan-Arctic than are being reported in this study and that more change may
be on the horizon. Specifically, several of the marine parameters including primary productivity
and sea surface temperature show an uptick in measurements during the final two
observations years (2016 and 2017). Given a few more years of data, this could be determined
to represent a shift to a new normal or an anomaly in the data record. Regardless, more data

are needed in order to develop a better sense of the temporal variability of these parameters.
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NDVI and EVI results are in agreement with other studies pointing to a “greening” trend across
the pan-Arctic (Jia et al., 2003; Goetz et al., 2005; Bhatt et al., 2010, 2013; Reichle et al. 2018).
Most studies use the NASA GIMMS dataset based on AVHRR satellite data for NDVI comparison.
This effort focuses on MODIS satellite data and data products, providing yet another data
record for corroboration of “greening” in the Arctic.

The vegetation phenology results show that the greenup date is moving earlier by nearly
six days and the growing season length is extending by approximately 4 days over the 2001-
2014 observation period across the pan-Arctic. This is consistent to what others have reported
in the Arctic with Zeng et al. 2011 reporting a earlier start of season by 4.7 days and a later end
of season by 1.6 days for the period 2000-2010, for areas N of 60° latitude, using MODIS NDVI
data. These results are similar despite methodological differences in vegetation index
computation, years of observations, and geographic region of analysis. The MODIS vegetation
phenology product (MCD12Q2) used in this study is based on EVI data where many other
studies of phenological trends use NDVI data (Zeng et al. 2013, Zeng et al. 2011, Karami et al.
2017). In this study we also found a greater year-to-year variability in the date of senescence
than greenup, with results showing a somewhat cyclical trend.

In the marine environment, 2013/2014 appears to be a tipping point in which the
directionality and/or trend significance of several different parameters changed. Table 3 shows
the specific breakpoints and includes significant breaks for all marine parameters and across all
Arctic zones. Of note are that the pan-Arctic sea surface temperature shifted from a significant
decreasing trend to a significant increasing trend in 2013 and CDOM showed a shift from an

increasing trend to a decreasing trend in 2014 in all zones.
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The marine parameters are more variable than the terrestrial parameters in terms of
magnitude and directional shifts and the number of breakpoints. The trends in the terrestrial
parameters are essentially all unidirectional. Going forward, the feedback mechanisms and the
relationships between the marine and terrestrial parameters need to be investigated.

It is important to recognize the potential issues associated with the remote sensing data
products used in this analysis. In this study we applied the MODIS quality flags, when available,
to reduce effect from clouds and snow but data artifacts still remain. We generally included
more pixels than other discipline-specific studies or studies from specific geographic locations
due to unknown and variable weather and climate scenarios and data artifacts across all the
parameters and across the entire pan-Arctic. Additional noise filtering in our dataset has been
provided by averaging the data over large geographic regions. Data standardization also serves
to further smooth noise. There are many excellent solutions in the literature to achieve a more
accurate satellite data record by combining satellite inputs with ground observations, models,
and mathematics, and these solutions should be employed when working with absolute data
and trend analysis for specific parameters.

A goal of the MODIS data products is to continually improve the retrieval algorithms and
to provide these updates to the user community through version updates. Over time these
remote sensing products will improve in accuracy and precision with better documentation of
known issues. Additionally, the scientific community will continue to evaluate these products

through comparisons to ground observations and models.
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The relatively short MODIS data record (14-17 points depending on parameter) also
limits our ability to make decisive conclusions about trends in the annual mean. Because the
OLS regression approach is sensitive to extreme values, even a single outlier in the dataset
could result in the conclusion of a significant trend. Additionally, the OLS assumption of
homogeneity can fail if there is a discontinuity or breakpoint in the data (Lanzante, 1996) or as
a result of seasonal variation (de Jong and de Bruin, 2012). Aggregating the data to a yearly
level can also potentially mask interesting shifts in seasonal variability. For instance, an increase
in annual mean surface temperature could be due to increased temperatures across the entire
year, or it could be that the summers are getting warmer while the winter temperatures remain
steady. The BFAST approach, which extracts long-term and seasonal trends from the full, non-
aggregated dataset, is able to account for seasonal variability in identifying trends while also
identifying significant breakpoints in both long-term and seasonal trends (Verbesselt et al.,
2010). BFAST has been used in numerous remote sensing time series analyses (de Jong et al.,
2012; Lambert et al., 2013), and is likely a more effective tool for future investigation of Arctic
trends and shifts. It is important to note however, that the minimum segment size allowed
between changepoints (a parameter within the BFAST tool) could result in biases due to
climatological phenomena such as the North Atlantic oscillation (NAO), Arctic oscillation (AO)
and the Atlantic multidecadal oscillation (AMO).

As stated, one of the objectives of this paper is to demonstrate the applicability of
remote sensing as a multi-parameter monitoring tool (meaningful to implementation of the
CBMP). The use of MODIS based remote sensing as an observation tool is self-evident,

although work remains to better understand uncertainty in the presented (and other) remote
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sensing derived focal ecosystem states and changes. That is, how is measurement uncertainty
impacting results and therefore how reliably can remote sensing tools, exceptional for
observation, be used for monitoring? Individual results presented here and discussed above do
provide a synoptic view of change in the Arctic and change by biologically meaningful reporting
units (marine and CAVM bioclimate subzones), and corroborate past finding of change in the
Arctic; but, the real power here is two-fold, understanding of the status of spatial and temporal
trends across multiple parameters simultaneously, and serving as potential explanatory

variables for in situ changes observed across the myriad CBMP focal ecosystem components.
Conclusions

MODIS is a powerful monitoring and analysis tool for the Arctic in terms of spatial
coverage of the entire pan-Arctic on a daily timescale. The growing season in the Arctic is short
and the temporal resolution afforded by MODIS is needed in order to capture phenological and
seasonal changes occurring on a daily to weekly scale. Having daily data also provides the ability
to account for cloud cover in the Arctic through composite images. The sea ice data provided by
passive microwave in this study complements the electro-optical MODIS data products. Passive
microwave data, which are not affected by cloud cover or solar illumination, provide valuable
data during the winter months.

The analyses presented here should be updated every few years to provide a data
stream useful for monitoring programs such as CBMP. This study, and many others, show
significant change is occurring in the Arctic. We need to determine how resilient the Arctic is to
these changes and where there may be certain thresholds, known also as “tipping points”,

beyond which an abrupt shift of physical or ecological states occur. The changepoint analysis
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presented here is a departure point for more detailed studies at different scales. In situ data
from monitoring stations across the pan-Arctic may provide valuable calibration and validation
data as well as provide early warning data to guide remote-sensing based parameter selection
and algorithm development. Only with a combination of in situ data, remote sensing data, and
an understanding of the processes occurring at different scales can we begin to understand

change in the Arctic.
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Chapter lll

Development of Methods for Detection and Monitoring of Fire
Disturbance in the Alaskan Tundra Using a Two-decade Long Record
of Synthetic Aperture Radar Satellite Images?

Abstract

Using the extensive archive of historical ERS-1 and -2 synthetic aperture radar (SAR)
images, this analysis demonstrates that fire disturbance can be effectively detected and
monitored in high northern latitudes using radar technology. A total of 392 SAR images from
May to August spanning 1992-2010 were analyzed from three study fires in the Alaskan tundra.
The investigated fires included the 2007 Anaktuvuk River Fire and the 1993 DCKN178 Fire on
the North Slope of Alaska and the 1999 Uvgoon Creek Fire in the Noatak National Preserve. A 3
dB difference was found between burned and unburned tundra, with the best time for burned
area detection being as late in the growing season as possible before frozen ground conditions
develop. This corresponds to mid-August for the study fires. In contrast to electro-optical
studies from the same region, measures of landscape recovery as detected by the SAR were on
the order of four to five years instead of one. This time difference provides more opportunities

to detect small fires and account for these events in the fire data record.

3 A version of this chapter has been published as Jenkins et al. 2014
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Introduction

The Arctic is changing at unprecedented rates. The changes in the seasonal timing and
decreased duration of frozen conditions combined with increased air temperatures has already
manifested itself in visible changes in the Arctic landscape including increased plant
productivity (Euskirchen et al. 2009), thermokarst, and drying of lakes (Carroll et al. 2011).
Changes in wildfire frequency and severity are suspected but undocumented in the tundra. In
boreal ecosystems wildfire has already been documented as increasing in frequency and
severity over the last 50 years (Soja et al. 2007). However, the baseline fire regime in the tundra
is not well quantified due primarily to the relatively low level of human habitation in Arctic
regions, and thus limited fire management and suppression efforts. Historically, resources
spent mapping fires have been directly correlated to human presence in the region. In turn,
tundra fire records are not maintained to the level they have been in boreal regions (Flannigan
2014). Also contributing to the lack of tundra fire data records is that the optical satellite data
record over the Arctic has limitations due to persistent cloud cover, lack of algorithms suitable
to detection of burns in tundra, and quick green up of tundra vegetation within one year of fire
(Loboda et al. 2013). Additionally, the physical and ecological effects of fire disturbance on the
tundra are poorly understood due to the logistical challenges of obtaining field measurements,

and especially repeat measurements, in remote locations.

An exception to our limited understanding of fire in the tundra is observations of the
2007 Anaktuvuk River Fire on the North Slope of Alaska. This is the largest fire on record (1,039
km2 burned) for the tundra biome and it doubled the cumulative area burned north of 68°N in

that region since 1950 (Hu et al. 2010). This fire has been well-studied (Hu et al. 2010, Bret-
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Harte et al. 2013, Jones et al. 2009, Mack et al. 2011), but appears to be a novel expression in
the tundra fire record as a fire that started mid-summer (July) and persisted late into the
growing season (October) and exhibited greater burn severity than typical tundra fire events
(Jones et al. 2009). Alternatively, it has been suggested that with climate change the Anaktuvuk
River Fire may represent the new normal (Hu et al. 2010). The Anaktuvuk fire scar is less than a
decade old, so many questions on recovery of a large, high-burn-severity tundra fire and long-

term landscape change remain unanswered.

It is generally known that the factors affecting fire occurrence and the effects of fire on
the landscape differ between the tundra and the more extensively-studied boreal regions. In
the tundra, as the boreal region, most fires start as a result of lightning strikes. However, while
fire events in the boreal zone are of relatively high frequency (159 year fire return interval for
1860-1919 and 105 years for 1920-2009 (Kasischke et al. 2010)) and can be of very large size
(average 203 km2 for high fire years and 78 km2 for low fire years for the period 1950-1999
(Kasischke et al. 2006), in the tundra fire events are generally rare and small in size (Wein and
Bliss, 1973)). Historically, tundra fire events have occurred in June and July (Racine et al. 1985),
with average size of 30-55 km2 (French et al. 2015) with an estimate of cumulative decadal

burning of 744 km2 on the North Slope of Alaska (Rocha et al. 2012).

Several ecoregion (Gallant et al. 1995, Jones et al. 2013, Nowacki,et al. 1995) and
vegetation maps (CAVM Team 2003, Raynolds et al. 2006) exist for Alaska and the pan-Arctic
that can be used to delineate the geographic extent of tundra. While differences exist in these
map products, approximately six ecoregions are covered within tundra vegetation extents in

Alaska. These geographic areas include, from north to south: North Slope Coastal Plain, Brooks
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Range Foothills, Brooks Range, Kotzebue Lowlands, Seward Peninsula, and Southwest Alaska.
Differences in the fire regime between these geographic areas exist (Hu et al. 2010, Rocha et al.
2012, Racine et al. 1987), but despite differences in fire frequency and size, the persistent

patterns of vegetation across the different regions may have similar post fire recovery.

There is evidence that climate change has led to an increase in fire occurrence in tundra
regions. Hu et al. (2010) show through paleoecological evidence that recent tundra burning is
unprecedented in the central Alaska Arctic within the last 5,000 years. Fuel loads (plant
biomass) are expected to increase over time in high northern latitudes as shrub dominated land
cover increases (Chapin et al. 2005, Tape et al. 2006). These enhanced fuel reserves are likely to
result in increased burned area and fire severity which would be detrimental to ecosystem

services such as wildlife habitat.

The Alaskan tundra falls within the zone of continuous permafrost. Fire events are
known to locally disturb permafrost by increasing the active layer — the depth of seasonal soil
thaw. Permafrost recovery is largely a function of vegetation recovery and thus pre-fire
vegetation, slope characteristics, and fire characteristics (Racine et al. 2004). Thermokarst
occurs through large-scale permafrost degradation, and can significantly alter the local
hydrology though the draining and creation of thermokarst lakes (Grosse et al. 2011, Swanson
1996). The extent to which fire increases active layer, thermokarst, and alters surface hydrology

in the tundra has not been widely investigated.

Electro-optical and thermal satellite sensors may be used to detect initial changes in

temperature and surface composition resulting from a fire event (French et al. 1996). Synthetic
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Aperture Radar (SAR) sensors are sensitive to changes in surface roughness and soil moisture,
making SAR useful for characterizing longer-term patterns and trends that occur post-fire
(Bourgeau-Chavez et al. 1997, Bourgeau-Chavez et al. 2007, Kasischke et al. 1992). In the
persistently cloudy and hazy Arctic environments, SAR systems have the added benefit of more
useable image observations as compared to electro-optical systems due to all-weather imaging
capabilities. SAR data has also proven useful for monitoring other ecological parameters in high

northern latitudes (Reschke et al. 2012).

Recent research (Loboda et al. 2013) in the North American tundra using Landsat
imagery shows that the electro-optical spectral signature of burned areas deteriorate rapidly,
resulting in fire-disturbed sites being poorly distinguishable from unburned tundra by the end
of the first post-fire season. In contrast, the remote sensing signature in SAR imagery is likely to
be much more long-lived due to the geophysical changes detected with SAR backscatter
imagery. Research in the boreal region using SAR data has shown that fire scars are detectable
for five to seven years post-fire (Kasischke et al. 1992, Bourgeau-Chavez et al. 1994). In boreal
regions fire scars are typically three to six dB brighter than adjacent unburned forests in the
spring (May) after snowmelt due to changes in surface roughness, moisture, and removal of
tree canopies (Kasischke et al. 1995). The decreased evapotranspiration, thawing of frozen
ground and deepening of active layers makes the burned regions wetter than adjacent

unburned forests and this is detected by the SAR sensors as enhanced backscatter.

The study presented addresses the hypothesis that the SAR signature from fire-
disturbed sites in tundra will persist for several years post-fire, as has been documented in

boreal sites. This paper presents a previously undocumented temporal assessment of
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radiometric response (i.e. SAR backscatter) captured by the SAR instruments on board the Earth
Resources Satellite/European Remote-Sensing Satellite (ERS) at three fire scars in the Alaskan
tundra. SAR data are shown to be useful for detection, monitoring, and quantifying temporal
changes in fire disturbed landscapes. The goal of this analysis is to assess the landscape
response to fire and to quantify the longevity of these effects as observed through radar

images.

Materials and Methods

Study Area

The 2007 Anaktuvuk River Fire, the 1999 Uvgoon Creek Fire, and the 1993 DCKN178 Fire
are the focus of this analysis (Figure 1, Table 1). These tundra fires were selected to cover a
range of large, medium, and small fire sizes. These fires were also selected based upon the year
of burn with respect to the two-decade long radar satellite record to include fire events early,
mid, and late in the data record. Inclusion of these fires also provided examples from both the

Noatak National Preserve and the North Slope of Alaska.

All three fires are located in the same Foothills Ecoregion as defined by the EcoMap data
layer (Nowacki and Brock 2001), but the Anaktuvuk River and the DCKN178 Fires are located
north of the Brooks Range on the North Slope and the Uvgoon Creek Fire is located south of the
Brooks Range in the Noatak National Preserve. All of the fires burned for a long time (more than
one month, see Table 1) and the Uvgoon Fire burned the earliest within the growing season
based on the date of completed burning. The Anaktuvuk River Fire burned the latest into the

growing season but also burned the longest, and portions of this fire could be representative of
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different burning conditions. All three fires occurred on relatively flat terrain with the burned

area constrained primarily by river and stream features. The general vegetation types found in

the three study areas are similar, with a dominate cover type of tussock tundra or tussock-

shrub tundra (Boggs et al. 2012) with the difference being the percentage of shrub, typically

greater than or less than 25%. The land cover data layers for this region aren’t suitable for a

detailed comparison among the study sites, but vegetation is relatively homogeneous in this

region and should affect post-fire dynamics similarly.

Table 3-1. The Anaktuvuk River Fire, DCKN178 Fire, and Uvgoon Creek Fire are the focus of this analysis.
These fires provide examples of small, medium, and large fire sizes for the tundra biome. These fires also
burned at different times within the two-decade ERS satellite data record providing different pre-burn

and post-burn lengths of observations.

Fire Year of Fire Duration Fire Size | Area Location Years of ERS
Burn Burned SAR Data
(km?) Available
Anaktuvuk | 2007 July 16 - Large 1,039 North Slope 15 pre-burn/
River October 9 Foothills 3 post-burn
Uvgoon 1999 June 26 - Medium | 359 Noatak National | 7 pre-burn/
Creek August 3 Preserve 11 post-burn
DCKN178 1993 July 9 - August | Small 68 North Slope 1 pre-burn/
17 Foothills

16 post-burn
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Figure 3-1. The Anaktuvuk River, Uvgoon Creek, and DCKN178 Fires are all located in the Foothills
Ecoregion as defined by the EcoMap data layer (Nowacki and Brock 1995), the Anaktuvuk River and
DCKN178 Fires are located north of the Brooks Range and the Uvgoon Creek fire is located south of the
Brooks Range.
Ancillary and Remote Sensing Data

Fire scar polygons were initially obtained from the Alaska Large Fire Database (Kasischke
et al. 2002) available through the Alaska Interagency Coordination Center (AICC;
http://fire.ak.blm.gov/). Using post-fire Landsat and SAR scenes the accuracy of the AICC
polygons were evaluated. The accuracy of the scars perimeters varied strongly: the Uvgoon
Creek Fire perimeter was mapped very accurately whereas DCKN178 perimeter required
extensive updates and corrections. Updated and more accurate perimeters were hand-digitized

from Landsat imagery for the Uvgoon Creek (path 81, row 12, August 8, 1999) and Anaktuvuk

River (path 75, row 11, June 15 2008) Fires. ERS data (E1_15352_STD_F275, June 22, 1994)
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were used to update the DCKN178 fire as cloud-free, one-year-post-fire Landsat image scene

was not available.

Homogeneous paired polygon sample areas within the burn and in adjacent unburned
areas were delineated to use for analysis to investigate temporal trends within each polygon
and spatial homogeneity or heterogeneity of backscatter response across the landscape.
Polygon samples of 6 km? minimum size were placed to represent the geographic extents of the
fire scars and to provide averaging areas to account for speckle. Three polygon pairs were
selected for the Anaktuvuk and Uvgoon Fires due to their large and medium fire size,

respectively. Two polygon pairs were selected for the smaller DCKN178 Fire.

Pre-burn and post-burn satellite images, land cover and vegetation maps, and hydrology
and elevation data layers were used to select the location of the polygon pairs. The goal of the
image analysis was to remove any difference between the burn and unburned areas within
each pair other than the burn status. Unburned areas in the images were selected to best
match pre-burn conditions within each pair with respect to land cover classification maps,
texture, tone, and landscape context (i.e. elevation and hydrology). Given the complexity of the
landscape in respect to hydrologic features in all fires, fire history and topographical constraints
for the Uvgoon fire, and the location of the SAR image edge in respect to the fire scar, there
were limited options available for polygon placement. The size and shapes of the polygons were
dedicated by the spatial complexity of the landscape and the size and shape of the fire scars.
Narrow polygons were used for Uvgoon to avoid the many small kettle lakes ringed by trees
within the fire scar that were not prevalent outside the fire scar. Less spatial variation existed

between burned and unburned polygon pairs in the Anaktuvuk and DCKN178 fires so wider
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rectangles were used. Any small-scale variation within the polygonswas accounted for in the
large size of the polygons and spatial averaging of many pixels. A map of the digitized polygons

and the fire scars overlaid on an August SAR image one year post fire is shown in Figure 2.

I Region 1
[JRegion2
D Region 3

ERS-2 Imaga: August 14, 2008

4 I Region 1 §
4 D Region 2
/ D Region 3 ¥

ERS-2 Image: August 16, 2000 B 16

aQ
C A e

Figure 3-2. Post-burn ERS SAR images show higher backscatter vales (brighter) of the burned areas
versus the surrounding landscape. The regions used in the ANOVA effects model and defined by the
homogeneous burned and unburned polygon pairs for Anaktuvuk River Fire (a), DCKN178 Fire (b), and
Uvgoon Creek Fire (c) are shown on ERS images one year post fire. The updated fire scar polygons are
also shown in black.
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SAR data from the ERS-1 and -2 (C-band, VV-polarization) were used to quantify the
radiometric response at the three study locations. The ERS-1 satellite was in operation from
July 17, 1991 to March 10, 2000. The ERS-2 satellite was operational April 21, 1995 to
September 5, 2011. All images from May to August of each year spanning the available data
record from 1992-2010 were obtained to generate a nineteen year dataset. A total of 392
images were analyzed (194 from Anaktuvuk, 101 from DCKN178, and 97 from Uvgoon). Out of
the 392 scenes, 279 images were acquired between June and August (the months used for

statistical analysis) and the availability by fire for each year is outlined in Table 2.

Image Processing and Analysis

All images were obtained from the Alaska Satellite Facility and processed using their
MapReady Software (version 3.2.1). Data processing included conversion of level 1 detected
data to radar cross-section (c°) with gain correction applied to the ERS-2 data. Terrain
correction and geocoding to UTM, WGS84 using a bilinear resampling method were applied
using the MapReady software and images were exported as GeoTIFFs. The radiometric accuracy

for ERS-1 is -0.49 dB and -1.64 dB for ERS-2 (Albright 2000).

Average radiometric response within each polygon for a given image scene was
calculated with the Zonal Analysis tool in ArcGIS. GIS and statistical analysis was performed on
the o ‘data. Data were then converted to dB for visualization and reporting using the following

equation:

dB =10 * log;o0 "
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Approximately four to five image scenes were available for each year from May to
August (Table 2). No image scenes were available in 1996 for DCKN178 and 1997 for Uvgoon.
Initial data exploration showed variable radiometric response in May among the different fires
and years (see Results section), therefore we limited the statistical analysis to include only data
values from June to August. Data for each polygon from each image scene within a given year

were averaged to obtain one value per polygon per year.

Table 3-2. A total of 279 ERS-1 and -2 image scenes from June through August from 1992-2010 were
used to conduct the statistical analysis. Image availability by fire and year is documented in this table.

N M 1M O N 0 O O o€ &N M & 1 O N 0O O O
o)) o] D D (o2} D o)) (o2} o o o o o (=] o o o (=] hm
(o)) (o)) [e)] ()} ()] [o)] [¢)] a o o o o o o o o o o o
A +H4 +H +H +H +H +€H € & N N N N N N f Q & N
Anaktuvuk 6 5 5 10 1 3 2 6 8 6 6 7 10 10 11 12 9 7 8
DCKN178 5 4 4 5 0 4 4 7 4 1 3 2 2 4 4 4 4 4 6
Uvgoon 5 5 2 4 2 0 3 7 5 5 6 4 3 4 4 3 5 6 3

Analysis of variance (ANOVA) was used to conduct a longitudinal analysis of landscape
recovery post-fire. A three-way additive effects ANOVA was implemented for each fire that
estimates ¢ ~as a function of the year in which burn occurred (the year effect), the polygon

regions (the region effect), and burn status (the burn effect).

The model developed for the data is:

Xijk = Wi+ o + & k=1,i=12,..,19,j =123
Xijk = W+ a5 + & k=1i=12,..,i5j=123
Xijk = Y + ij + Vi + eijk k = 2,1 = ib'ib + 1, ,19,] = 1,2,3
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Where:

[ = year

Jj = region

k = index for unburned (k = 1)and burned (k = 2)

i, = year in which burn occured

y; = year effect

region effect

R
I

v; = burn effect

&jkx = error ~normally distributed with variance o2
Given the data model, the three-way ANOVA model is of the form:
Vi = Wi+ aj+ vy

Where [ =0 if unburned and [ = 1 corresponds to burned, and

Vl,i = viO l = 1,l = ib

To explore the effect of the different regions on the effect of burn, Tukey Honest

Significant Differences (HSD) tests were performed for each fire.
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Results

Recent tundra fire scars appear brighter (higher backscatter values) in the SAR images
than the surrounding landscape (Figure 2). Typically, fire scars are brightest one year post fire
with the brightness gradually decreasing each subsequent year post-fire. The fires evaluated
are approximately 3.0 to 3.3 dB brighter than adjacent unburned areas during the end of the
growing season one year post fire. For the Anaktuvuk and Uvgoon datasets the difference
between burned and unburned is smaller (0.1 to 0.6 dB) in early May, with the difference
increasing over the growing season, and reaching a maximum in early to mid-August (Figure 3).
This trend cannot be evaluated in the DCKN178 plot (Figure 2), because May and August data
were not available one year after the fire event. Generally, the May data for all three fires
showed variable response year-to-year but May images consistently showed less differentiation

between burned and unburned signatures.

Plots of the radiometric response over the entire ERS data record (Figure 4) clearly show
the fire event (dashed line in Figure 4 plots) and the lasting impact on the record. Visual
inspection of the plots shows the divergence in the burned versus unburned series that persists
for approximately four to five years post fire for all three scenarios. The Uvgoon fire generally
has higher and more stable backscatter values than the Anaktuvuk and DCKN178 fires. The
Uvgoon data record shows dB values in the range on -6 to -11 with the approximately 3 dB
separation in the burned versus unburned polygons. The North Slope fires, Anaktuvuk and
DCKN178, have backscatter values in the range of -6 to -17 dB with a decreasing trend over

time. The fire event is again clearly visible in these temporal plots.
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Figure 3-3. Intra-annual plots of May through August backscatter one year post fire within the entire
burn perimeter (grey square) and polygon pairs (red corresponds to burn and blue to unburned) show
maximum differentiation between burned and unburned area approximately mid-August for Anaktuvuk

(a) and Uvgoon (c). Data are not available in May or August one year post-fire for DCKN178 (b)
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Figure 3-4. Plots of the backscatter response over time for the entire ERS-1 and -2 data record. The
dashed line shows the fire event within the data record. Burned polygons are represented with red
markers and unburned polygons with blue. Points represent averaged data from June, July, and August.
Note the long-term, downward trend in the DCKN178 (b) and Anaktuvuk (a) plots that is occurring
irrespective of the fire event. This trend is not evident in the Uvgoon (c) plot. This may indicate an overall
regional trend, such as drying, for the North Slope of Alaska that is not occurring elsewhere.
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The ANOVA results show approximately four to five years are needed for landscape
recovery, as defined by a return to the pre-fire signature, of burned areas in the SAR imagery.
Plots of the burn years versus the effect of burn for each fire (Figure 5) show a return to zero
effect, within the 95% confidence envelope, at 2004 (five years post fire) for Uvgoon Creek and
at 1998 (four years post fire) for DCKN178. The Anaktuvuk River Fire does not return to zero
effect of burn given the available data, but 2008, 2009, and 2010 (three years post fire) are all

above the zero effect line.
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Figure 3-5. Plots of the effect of burn derived from the ANOVA model show landscape recovery (a return
to zero burn effect) four years post-fire for DCKN178 (b) and five years post-fire for Uvgoon (c). Not

enough data are available to document the return for the Anaktuvuk River Fire (a), but three years post
fire is above the zero-effects line. The 95% confidence intervals are represented by the dashed blue lines
and the fire year is shown by the dashed black lines.
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The Tukey HSD tests were implemented to investigate if differences existed in the
means of the different regions within each burn. The results were variable and did show some
regional effects for the Anaktuvuk and Uvgoon Creek Fires. No significant difference between
regions 1 and 2 (p=0.097) were found for the DCKN178 Fire. For the Anaktuvuk River Fire no
difference was found between regions 1 and 2 (p=0.428) but statistically significant differences
were found between region 3 and regions 1 and 2 (p < 0.001 for both). For the Uvgoon Creek
Fire no significant difference was detected between region 2 and 3 (p=0.956) but a significant
difference between region 1 and regions 2 and 3 (p=0.001 and p=0.004, respectively) was

observed.

Table 3-3. The p-values from the Tukey HSD test show Region 3 from Anaktuvuk and Region 1 from
Uvgoon (Figure 2) are statistically different from the other regions within these fires.

DCKN178

Region 1 | Region 2

Region 1

Region 2 | 0.097

Anaktuvuk River

Region1 | Region2 | Region3

Region 1

Region 2 | 0.428

Region3 | <0.001* | <0.001*

Uvgoon Creek

Region1 | Region2 | Region3

Region 1

Region 2

Region 3 | 0.004*
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Discussion

Previous research in boreal forests found a three to six dB difference in ERS SAR
backscatter in burned versus unburned sites. In this analysis of tundra fire sites a three dB
difference has been detected for the tundra sites studied. A 1994 boreal wildfire near Gerstle
River, Alaska had average ERS-1 backscatter of -4.5 dB compared to -8 to -10 dB (3.5 to 5.5 dB
difference) for adjacent unburned forests in the spring of 1995 (one year post-burn). This
compares to the 1993 DCKN178 fire which had peak backscatter in late-July 1994 of -6 dB and
the adjacent unburned tundra had on average -9 dB backscatter (3 dB difference). The effects
of standing dead trees in burned boreal forests was at first thought to be causing a double
bounce (enhanced backscatter) effect. However, the effects of the trees was determined as
negligible due to low moisture content of the boles; instead surface roughness was determined
to be the greatest factor, coupled with high moisture content, in causing the bright backscatter
return from burned boreal forests (Bourgeau-Chavez et al. 2002). Similarly, in the tundra the C-
band energy is scattering from the rough ground surface causing an enhanced signature when
the ground is wet. Distinctions between tundra and boreal that could affect the backscatter
differences between burned and unburned areas of these two ecoregions include greater
variation in vegetation structure and composition pre-fire in boreal, differences in seasonal
timing of ground thaw, greater severity of burning within duff and organic layers in boreal, slow
post-burn vegetation recovery in boreal versus tundra, shallower active layer and organic soil
depths in the tundra. Further investigation into the dominant scattering mechanisms, surface
roughness conditions, and seasonal trends in soil moisture are needed in the tundra and boreal

to fully understand the differences observed by the C-band sensors.
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Intra-annual observations in the years post fire reveal a greater separation in
backscatter values as the growing season progresses. Differences in springtime (May) were
found to be very low, most likely due to frozen ground conditions. For this reason, May data
were omitted from the statistical analysis. Peak differentiation between burned and unburned
polygons was found late-July to mid-August, depending on image availability. Wetness
increases during the growing season due to permafrost thaw and reaches a peak in mid-August
when active layer measurements are typically taken. This shows that the best time to detect
fire scars in the Arctic is as late in the growing season as possible before frost and frozen
ground conditions develop. For the North Slope and Noatak National Preserve study regions

this corresponds to mid-August.

The Anaktuvuk River Fire was a much larger fire than DCKN178 or Uvgoon, which
accounts for the larger range of variability in polygon backscatter signatures for Anaktuvuk.
North to south, the Anaktuvuk fire scar spans different topography, types and proportions of
land cover classes, as well as differences in hydrology which all affect the observed backscatter.

Similarly, Uvgoon is larger than DCKN178 and thus displays a larger range of backscatter values.

The results from the ANOVA effects model show landscape recovery, as detected by
statistically significant changes in backscatter, 4-5 years post-fire. This means there is a 4-5 year
window to detect burned areas in the tundra, and a comprehensive mapping effort using SAR
data could be conducted every 4-5 years and theoretically map all fires that occurred during
this the previous 4-5 year time period. These results show that the landscape is affected over a
longer period of time than is observed through electro-optical satellite data. Previous electro-

optical studies (Loboda et al. 2013) show recovery as early as late season for early season burns
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(less than one year) and one year post fire. Electro-optical and microwave sensors are detecting
different landscape parameters. Measures of electro-optical recovery are mainly detecting
changes in vegetation and vegetation greenness; whereas SAR sensors are detecting moisture
and surface roughness changes post-fire. Further research is needed to better develop the
relationships between soil moisture and surface roughness on the detected backscatter over

time.

Visual observations of the individual SAR images show the persistence of the fire scar
longer than the four to five years as detected though statistical means. Based on our
experience with these three fires, the human eye can detect the diminishing fire scar up to ten
years post fire, although admittedly, the remnant signature is patchy and only small portions
remain discernable. This is comparable to research results as reported in boreal systems,
accounting for differences in methodology and number of SAR images analyzed. It is also
interesting to note that visual observation of the individual ERS image scenes for the three fires
do not show any progression of the fire scar boundary over time. It was initially hypothesized
that the fire could affect the radar response directly adjacent and outside the burn perimeter
due to melting of permafrost and other hydrologic changes from the fire, but this does not

appear to occur at the three fires investigated.

The result of the investigation into regional effects within each fire is not surprising
given the size of the three different test fires. No regional effects were observed in the smallest
fire, DCKN178. Regional effects were found at the medium and large fires, Uvgoon and
Anaktuvuk, but in both scenarios, only one of the three regions was statistically different from

the other two. For the Anaktuvuk Fire the far northern polygons (Figure 2) correspond to the
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statistically different region. They may be the result of different land cover or vegetation types
in this region or the topographical position on the landscape. The far northern polygons also
have a higher percentage of surface water features and may have higher soil moisture values
which could be introducing increased intra- and inter-annual variability in the backscatter
values for these regions. For the Uvgoon Creek fire, the polygon pairs in the far western portion
(Figure 2) of the overall fire scar correspond to the statistically different region. The available
ancillary data layers for this region do not reveal the same noteworthy differences as were
found for Anaktuvuk, but the p-values were not as small as were found at Anaktuvuk either.
The results for the three fires show that spatial autocorrelation does affect the radiometric
response, and provides evidence for developing different regional models for large fire sizes.

This is most likely not necessary for small fires, given the observations from this study.

The Noatak and the North Slope fires display a difference in radiometric response over
time. Regardless of the timing of the fire event within the radar data record, the Noatak trend is
relatively stable over time, but the North Slope sites show a general downward trend over time.
This finding is significant and may indicate regional drying that is occurring on the North Slope
but not in the Noatak (Bourgeau-Chavez et al. in prep). Further test areas distributed across the
North Slope and both north and south of the Brooks Range are needed in combination with in

situ measurements to further investigate this finding.

Conclusions

SAR is powerful tool for fire detection and fire effects monitoring in the Arctic.

Persistent cloud-cover and haze severely limits electro-optical satellite applications in this
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region. SAR data can be used to provide image looks when electro-optical data are not
available, and integration of SAR data within current fire detection algorithms could increase
the number of detections. The fire perimeter for the DCKN178 fire was not accurate in the AICC
Alaska Large Fire Database potentially due to the lack of cloud-free Landsat data one year post-
fire. SAR image data could be used to generate perimeters, and thus area estimates, of burned
areas in the tundra as was demonstrated as feasible in boreal regions [30, 35]. Increased fire
detections and more accurate estimates of area burned would provide the data for better
characterization of the baseline fire regime in this region. Without accurate baseline data it is
difficult, if not impossible, to determine if fire regime is changing in the Arctic and the extent to
which ecosystem services are affected. Improved baseline data is also needed to refine fire

emissions estimates and carbon accounting.

Electro-optical and radar sensors are measuring different landscape parameters and SAR
data can be used to detect additional and complementary information to what can be extracted
from optical systems. Within the wildfire community, algorithms currently exist to map burn
severity and the inclusion of SAR data within these algorithms may provide better correlation
between satellite and in situ data and result in more accurate map outputs. Other research
fields that could benefit from inclusion of SAR wildfire monitoring data are studies in
permafrost and surface hydrology. Algorithm development estimating active layer depth as a
function of backscatter would be beneficial to many stakeholders beyond the wildfire
community, but fire events provide opportunities for detection and monitoring of rapid

changes and recovery that typically are not available within baseline studies.
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Two decades of ERS SAR data are available in the data archive, but no new images are
being acquired. This analysis could be extended with the inclusion of both archive and new data
from of other satellite SAR systems. C-band archive data from Radarsat-1 and 2 and Envisat
exist, and new data requests can be submitted for Radarsat-2. Additionally, the Sentinal-1
mission is planned for launch in 2014 and is designed to provide C-band data continuity building
on the legacy of ERS, Envisat, and Radarsat. A constellation of Radarsat-2 satellites is also

planned and could provide additional data options.
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Chapter IV

Determination of Synthetic Aperture Radar Backscatter in the Tundra
as a Function of Fire and Biophysical Parameters

Introduction

Wildfire effects the tundra landscape through a variety of direct and indirect
mechanisms. The effects of wildfire on the tundra including changes to soil active layer
thickness (ALT), soil temperature, soil moisture, depth of organic soil, and vegetation
composition, structure, and abundance are well documented in the scientific literature
(Liljiedahl et al. 2007, Racine et al. 2004, and many others). However, the full extent and cause
of variation in response to fire across the tundra are poorly documented. This is largely due to
the logistical challenge of obtaining in-situ field measurements, especially repeated
measurements, in remote locations. Although an impressive amount of work has been done on
a few very large fire events (mostly in the single 2007 Anaktuvuk River Fire), these constitute a
relatively small proportion of the fire events in Alaskan tundra (French et al. 2015).
Comparatively little is known about long-term effects of smaller fire events or repeated burning

in Alaskan tundra.
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Fire in the Arctic tundra is generally uncommon -- especially when compared to the
neighboring boreal ecoregion (Racine et al. 1985; Rocha et al. 2012, French et al. 2015). In the
Alaskan tundra fire data record, small fires (~10 km?) are significantly more common than large
fires (>300 km?). Most Arctic tundra fires begin in the months of June and July as the result of

lightning ignitions (French et al. 2015).

A fire event directly impacts the landscape through combustion and removal of
vegetation and organic soil. This changes the surface energy balance through a marked
decrease in albedo and substantial increase in surface shortwave forcing that initiates years of
impact (French et al. 2015, Rocha et al. 2012, Rocha and Shaver 2011). The surface energy
balance is further compromised through reductions of the organic soil layer and the removal of
vegetation, especially moss, both of which provide insulation of the permafrost. Post-fire
vegetation recovery is quick, but is dominated by sedge recovery while sphagnum moss is slow
to recover and the overall structure and composition of vegetation post fire can be significantly

different than pre-fire conditions (Racine et al. 2004).

Studies focusing on field measurements of biophysical variables pre and post fire have
shown increased soil moisture, increased soil temperature, increased active layer thickness
(depth of seasonal soil thaw), and earlier onset of frozen ground in the fall post fire in addition
to changes in vegetation (Liljedahl et al. 2007, Mackay 1995, Racine et al. 2004, Tsuyuzaki et al.

2018, Wein and Bliss 1973).

From the high-severity, large Anaktuvak River Fire the scientific community has

obtained data points and observations for the upper range of intense tundra fire conditions.
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The Anaktuvak River Fire is the largest fire on record (1,039 km? burned) for the tundra biome
and doubled the cumulative area burned north of 68°N since 1950 (Hu et al. 2010). The
Anaktuvak River Fire appears to be a novel expression in the tundra fire record with a late-
season, September-October burn and greater burn severity than typical tundra fire resulting
from a large temperature anomaly (Jones et al. 2009). Alternatively, this fire may represent the
new normal (Hu et al. 2010). Some have speculated that tundra fires may be better indicators
of climate change than boreal fires because occurrence is even more predicated on climate

than fuel (Racine and Jandt, 2008).

Wildfire is a climate-sensitive process. Measurements from the Anaktuvuk River Fire
show the upward potential for large quantities of carbon release from a large and severe
tundra fire. Recent observations indicate increased burned area in the tundra over the past two
decades (Higuera et al. 2008, Hu et al. 2010). Given changes in climate, tundra fires could
become both more frequent and severe in the future (Hu et al. 2010). Increasing fire in the
Arctic could rapidly transfer large amounts of carbon to the atmosphere, reduce landscape
carbon storage, and amplify climate warming through increased levels and post-fire changes to

the ecosystem.

A transition to a shrub-dominated system and an associated reduction in lichen and
moss cover has been observed across the Arctic and has significantly changed plant community
structure in some areas (Fraser et al. 2014, Tape et al. 2006, Myers-Smith et al. 2011, Lantz et
al. 2013, Ropars and Boudreau 2012, Tremblay et al., 2012). Shrub expansion is attributed to
temperature increases that have directly removed limitations to reproduction and growth

(Walker 1987, Lantz et al. 2010). Indirectly increased soil microbial activity and mobilization of
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limiting nutrients has also resulted in increased shrub cover (Strum et al. 2005). Vegetation is
the fuel that sustains fire, and through an increase in woody vegetation from increased shrub
cover fuel reserves are expected to increase over time (Chapin et al. 2005, Tape et al. 2006).
These enhanced fuel reserves could potentially result in increased areas burned and fire
severities. The possibility for positive feedback mechanisms also exist as shrub cover has been

found to be higher in fire-affected areas (Racine et al. 2004).

While much is known about the modern fire data record in the tundra, starting with the
1950s, there are likely many omissions (French et al. 2015). Methodologies for fire detection
and mapping include satellite technologies, but typical tundra fires are small with duration on
the order of days. Fine-scale spatial resolution satellite systems are only available as recent as
the early 1970s, and persistent cloud cover in the Arctic limits usable pixels within the short
growing season widow of available images. Furthermore, recent research (Loboda et al. 2013)
using electro-optical satellite images shows the spectral signature of burned areas in the tundra
deteriorate rapidly, and are potentially poorly distinguishable by the end of the first post-fire
season. Using microwave synthetic aperture radar (SAR) data fire scars are distinguishable
longer (4-5 years) than can be observed with electro-optical images (Jenkins et al. 2014).
Microwave data also provide the added benefit of more look images due to all-weather images
capabilities, but image interpretation and understanding of the physics governing SAR image

formation are more complex.

The goal of this study is to better understand the SAR signal, or “backscatter”, in burned
areas of Arctic tundra in order to develop more tools for post-fire effects characterization at the

landscape and regional scale. The objective is to parameterize a preliminary model to link SAR
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satellite data to a suite of in-situ biophysical variables. Microwave data provide a means to go
beyond the limitations of electro-optical satellite systems by providing information on the
vegetation structure, biomass, and moisture conditions. By looking at a rich dataset of different
biophysical parameters measured in different fire histories, time since fire, and repeated versus
single burning we can we better characterize and understand the microwave remote sensing

signal post-fire.

Materials and Methods
Field Data

We made field observations in the Alaskan tundra in August of each year for three years
(2016-2018) in two different geographic regions -- the Noatak National Preserve and Seward
Peninsula. Burned areas were determined from the Alaska Large Fire Database
(https://afsmaps.blm.gov/imf/imf.jsp?site=firehistory), which provides a fire record for the
region dating back to 1950. The database contains reported fire locations and fire perimeters
since 1939 and 1942 respectively (Olson et al. 2011), but records were not systematically kept

until the 1950s.

In the present study, the timing of field data collection was focused on maximizing
active layer thickness from seasonal permafrost melt while still capturing robust vegetation
conditions prior to seasonal senescence. We collected field data in August of each year to

measure late-season conditions while still maintaining favorable weather conditions.
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Our fire scar field sites were selected based on accessibility for the field team, including
proximity to road and river networks. We accessed fire scars in the Noatak National Preserve on
foot from the Noatak River. We accessed fire scars in the Seward Peninsula on foot from the
road network. Within a fire scar, a stratified random sampling approach was used to select site
location. Sites were stratified by burn severity and selection was limited to within a buffer from
the road or river network of 3 km. Unburned sites with no known fire history since 1950 were
also randomly selected within cover types that were representative of burned tundra. Site
locations were determined randomly on a digital map, after which the field team walked or
drove to each location. A summary of the field data collected by year and site type is shown in
Table 1. A total of 171 burned data plots and 25 unburned plots were obtained over the three-
year period. Data have been collected in 24 total named fires (Table 2). Maps showing the

location of the field points are shown in Figure 4-1.

Table 4-1. Summary of field data collected by sampling year and field site type

2016 | 2017 | 2018 | SUM

Burn Plots 72 60 39 171

Unburned Plots 9 11 5 25

Active Layer Thickness Sites | 338 | 159 | 161 | 658

SUM 419 | 230 | 205 |854
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Table 4-2. Summary of named fires sampled by year. For each fire, the year it occurred is given in
parentheses.

2016 2017 2018

NOA (1971) Imuruk Basin (1954) | Makpik Creek (2010)
Noatak River (2014) Cairn 4 (1971) OTZ NE 100 (1985)
WTK N 60 (1984) Mingvk Lake (2015) Cottonwood Bar (2002)
Goiter Fire (2005) Milepost 85 (2002) | IAN N 63 (1983)

Kaluktavik River (2010) | Delome River (1971) | Aklummayuak (2005)
Sisiak Creek (2004) ANC NW 500 (1971)
Uchugrak Hills (2000) | Garfield Creek (1997)
IAN N 55 (1984)
Uyon Lakes (2003)
Uyon Lakes (2012)
N Noatak (1976)

AVAN (1972)

SUM: 12 7 5

TOTAL: 24
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Figure 4-1. Data have been collected in the Noatak River Valley in 2016 and 2018 (top) and the Seward
Peninsula in 2017 (bottom). Red points represent burned sites, green unburned sites, and blue where
only Active Layer Thickness (ALT) and soil temperature have been measured.
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Figure 4-2. At each site a suite of biophysical parameters were measured.

A suite a biophysical parameters were measured at each field site (Figure 4-2). A
10x10m field plot was used to obtain percent ground cover of moss, lichen, grasses, sedges,
shrubs, char, and other summing to 100 percent. A smaller 1x1m field subplot, within the
corner of each 10x10m field plot, was used to measure shrub biomass. The diameter of each
shrub within the 1x1m field subplot was measured using Vernier calipers and average height of
all shrubs above the ground surface was recorded. The four closest tussocks to the plot
outermost corner and within the 1x1m field subplot were measured. The length, width, and
depth of each tussock were recorded as well as the distance from the cornermost tussock to
the next three tussocks. At the plot corner, GPS data of latitude and longitude were measured.

Also at the plot corner, three replicates of ALT and soil temperature were measured. ALT was
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measured using a steel rod inserted into the soil from the surface and pressed downward until
hitting a frozen soil layer. Adjacent to the ALT measurements, five replicates of soil moisture at
6cm depth and five replicates of soil moisture at 12cm depth were measured using a Campbell
Scientific Hydrosense Il handheld soil moisture probe. At the adjacent corner of the 10x10m
plot a soil pit was excavated to measure depth to mineral soil with 3 replicate measurements
within the pit. Additional site information included: site name, date, time, GPS location, GPS-
tagged photos in each cardinal direction and nadir (straight down from chest height), site

description, and current and previous 12-hour weather conditions, if known.

Stem diameters for all individual shrubs in the 1x1m vegetation subplot were converted
to biomass using allometric equations derived at the U.S. Forest Service (Smit and Brand, 1983).
As described in the allometric equation methodology, all basal diameters were measured at
stem base except bog birch (Betula pumila) which was measured at 15 cm from ground.
Biomass was calculated as grams per square meter as a function of contributions from Betula
pumila, Salix spp., Rhododendron groenlandicum, Vaccinium uliginosum, Dasiphora fruticosa,

Picea spp., Alnus viridis, Alnus spp., and Rhododendron lapponicum.

Tussock length and width measurements were used to calculate compacted and
uncompacted area of each tussock. Area of the four tussocks were averaged to determine an
average area per site. Assuming a tussock is well represented as an ellipse, the following

equation was used:

Tussock area = 1 * tussock length * tussock width
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The percent Volumetric Moisture Content (%VMC) as reported by the Campbell
Scientific Hydrosense handheld soil moisture probes is based on a loam mineral soil. Organic
soils found in the tundra have a characteristic low bulk density and the default loam calibration
typically underestimates actual soil moisture condition. To develop a calibration for organic
soils in the tundra eight soil samples were extracted from the Noatak National Preserve and the
Seward Peninsula to use in a laboratory setting to develop gravimetric based calibration
algorithms (Bourgeau-Chavez et al. 2010). Soil samples were collected in burned and non-
burned tundra. The best calibration curves were found by combining all 8 samples with 13
additional tundra samples from the North Slope of Alaska to develop an overall tundra

calibration.
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The equation for calibrated %VMC is:

0=A*2+B*t+C

Where:

8 =VMC

T = Probe Period

With coefficients A, B, and C as follows:

Probe Length A B C RSME
HydroSense | | 20 cm -7.63 142.74 | -102.96 | 4.115
HydroSense | | 12 cm -191.26 | 523.66 | -284.08 | 12.988
HydroSense | | 6.cm -314.98 | 761.32 | -388.77 | 13.591
HydroSense Il | 20 cm 12.14 |-14.31 |-0.81 4.803
HydroSense Il | 12 cm -18.78 | 124.47 | -106.93 | 12.129
HydroSense Il | 6 cm -3.93 61.09 |-32.88 |9.781

Field data and derived biophysical calculations will be archived and published at the
ORNL DAAC (https://daac.ornl.gov/). The ORNL DAAC is sponsored by NASA and serve as the
primary active archive for biogeochemical dynamics data derived from NASA's field campaigns,
including the Arctic-Boreal Vulnerability Experiment (ABoVE) under which this field data were

collected.
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Remote Sensing Data

From SAR theory we know backscatter is a function of frequency, polarization, incident
angle, dielectric constant (moisture), and surface roughness. Frequency, polarization, and
incident angle are all determined by SAR sensor and system configuration details, whereas
moisture and surface roughness are dictated by microwave signal interactions with ground
cover. Fire events affect the SAR signature through an approximately 3 dB increase in
backscatter in recently burned areas which persists 4-5 years (Jenkins et al. 2014). | and
colleagues hypothesized that the increase in backscatter post-fire is the result of changes in

moisture conditions (Jenkins et al. 2014).

We therefore expect backscatter in the tundra to be a function of fire occurrence,
moisture, and surface roughness (Figure 4-3). Surface roughness is predicted based on the
wavelength of the SAR sensor. Surface roughness has been discussed in the tundra fire
literature, but it has been in terms of energy flux and atmospheric dynamics (Liljedahl et al.
2007, Rocha and Shaver 2011, Chambers and Chapin 2003, Jones et al. 2015). Despite different
applications, these discussions are relevant to determining surface roughness contributions to
SAR backscatter. In the low-biomass treeless tundra potential contributions to the surface
roughness signal could result from shrubs and tussocks, and the configuration of these on the
landscape, in addition to microtopography from permafrost features. Liljedahl et al. (2007)
measured a doubling of the surface roughness coefficient from severe combustion of moss
essentially increasing the height of tussocks. Jones et al. (2015) measured a 340% increase of
rugosity, or surface roughness, from the degradation of ice wedges post fire in the Anaktuvuk

River Fire.
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Figure 4-3. In the tundra we expect SAR backscatter to result from a function of contributions from
shrubs (orange), tussocks (green), moisture (blue), and fire (red). Direct contributions to backscatter are
indicated with a solid grey line. Indirect contributions are shown by a dashed grey line.

94



Sentinel-1A and 1B C-band satellite synthetic aperture radar data were used in this
study. Satellite images closest to the day of field data collection for a given field site were used.
Temporal offset from date of field data collection to satellite image date ranged from O to 17,
with an average of 7 days. SAR images were processed within GoogleEarth Engine. GoogleEarth
Engine data are pre-processed using the Sentinel-1 Toolbox to conduct thermal noise removal,
radiometric calibration, and terrain correction using ASTER DEM. A 3x3 mean image filter was
applied to all study images. Interpolated incidence angle data are available by pixel and ranged
from 30 to 45 degrees for the study sites. Pixel values in intensity were converted to dB using

the following equation:

dB = 10*logio(intensity)

Burn severity was determined using the Landsat data record. Tasseled Cap Greenness
and Brightness and single Landsat bands (near-infrared) were used to map burn severity as
these methods are found to be superior to detecting severity in the tundra over common
mapping methods based on the normalized burn ratio (Loboda et al. 2013). Severity was
mapped using burn severity index (BSI) values 0 through 4, with O representing unburned

tundra and 1 low severity through 4 high severity.

Statistical Analysis

A series of linear models were developed for this study. All models were developed in R
(R Core Team, 2013) using the Im() function. Linear models were developed to model
backscatter as a function of the biophysical field parameters. After testing whether biophysical

variables could be used to model SAR backscatter across the full range of site fire histories, and
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finding that they could not, data were stratified into seven groups with similar time since last

fire periods (years) and modeled independently.

Based on my conceptual model of backscatter (Figure 4-3) the in-situ field variables
were grouped by category (moisture condition, shrubs, tussocks, and fire). The moisture
variables include soil moisture at 6 cm depth, active layer depth, and soil temperature. The
shrub variables include shrub biomass, shrub height, and shrub percent cover. The tussock
variables include the area of uncompacted tussock, the area of tussock core, tussock height,
and distance between tussocks or tussock spacing. The fire variables include fire count and year

since fire.

Results

No one statistically significant model was found for all of the sites. However, by
grouping sites with similar fire histories relationships between backscatter and biophysical
variables emerged (Table 4-3). The best models were for recently burned tundra (2-4 years post
fire, R = 0.464), fires 15-16 years post fire (R = 0.554), and unburned tundra (R? = 0.508). The
fire grouping of 6 and 8 years post fire were marginally significant with a p-value of 0.086. No
statistically significant models were found for the grouping of 32, 33, and 35 years post fire.
Approximately a third to a half of the variation in backscatter among field sites examined was
explained by these model variables across the entire dataset (adjusted R-squared ranging from
0.311 to 0.554). Models were developed for VH backscatter as better relationship were found

using VH as opposed to VV in the Sentinel-1 data.
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The statistical models suggested that backscatter in the tundra was primarily related to

moisture condition, shrub characteristics, tussock characteristics, and fire history.

Table 4-3. Results of modelling VH backscatter as a function of moisture condition (blue), shrubs
(orange), tussocks (green), and fire (red).

Soil Active Shrub Year
Year since moisture| Layer Soil Shrub | Shrub |Percent|Tussock Aluff] Tussock | Tussock |Tussock |  Fire Since
fire n=1 p-value| adjR 6cm | Depth | Temp [Biomass | Height | Cover Area Core Area| Height | Spacing | Count Fire
Unbur ned 4 0032 | 0.508 | 0317 0018 * 003881 * 0.086 |0.037" |0.004"" L) NA
45.4 20 0017 | 03619 0.074 0.008 **
32,33.35 27
15.16 38 0008 | 0.554 0.09 0021 | 0.106 | 0099 0.086 |0.002*"]|0.031" |0.002 "
11,12,13 30 0026 | 0.311 | 0092 0.063 0041 | 0.135 0015 "
68 16 0086 | 0.309 007 0.158 0.1536
24 37 0.003 | 0.464 | 0.040" |O.O31 " 0066 | 0034 " 0.003 ** 0012 0.036" |
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Discussion

The range of observed values of the various field parameters across the field sites were
large and the correlations between backscatter and the individual biophysical variables that we
measured were relatively low. There were also issues associated with the SAR data and spatial
averaging to reduce effects of speckle that dilute the signal. Nonetheless, the models confirm
much of our theoretical understanding of backscatter and provide the basic information

needed to further refine techniques and develop more robust interpretive models.

The model results suggest contributions from active layer depth and soil temperature in
the subsurface, which do not directly affect backscatter as measured by SAR. The C-band SAR
signal is not penetrating the organic soil column to the depth of seasonal thaw. The significance
of these variables must be the result of indirect contributions to backscatter (see Figure 4-1).
Soil moisture can vary on a shorter time scale than the other parameters in the model, but the
assumption here is that the field measured soil moisture at 6 cm is representative of overall site
moisture condition. The Arctic tundra is characterized by low precipitation, with less than 10

inches per year, making the tundra a desert-like climate.

SAR is a coherent sensor and images contains speckle that introduces variance into the
image intensity or radar backscatter. To account for this inherent noise, SAR images are
filtered, or averaged. In this study a three by three mean average filter was used, essentially
increasing the ground covered by a pixel from 10x10m to 30x30m. This works against

correlations of backscatter to field biophysical parameters in two ways: 1) it dilutes the signal;
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and 2 ) it introduces more ground cover variation since a larger area of ground is represented in

the pixel value.

Sentinel data was extracted using GoogleEarth Engine. The use of GoogleEarth Engine
significantly reduced SAR processing time, but data are terrain corrected using an ASTER DEM
north of 60 degrees latitude. This is not the best digital elevation model for the region, which

may reduce geocoding accuracy, especially in mountainous areas.

SAR data used in this study are C-band Sentinel. Other SAR platforms exist and could be
used to investigate the relationship at different wavelengths or incident angles. Sentinel data
contain contains information on incident angle by pixel. The range of incident angles across the
field sites are 30-45 degrees. There are methods to account for differences in incident angle

and to correct for incident angle effects that may improve relationships (Abbott et al. 2007).

The next step is to disentangle the contributions of moisture condition, shrub
characteristics, tussock characteristics, and fire history to backscatter. This could be
accomplished through polarimetric SAR data and the use of polarimetric decompositions similar
to what has been done in the boreal forest (Bourgeau-Chavez et al. 2013). Additionally, causal
inference and machine learning techniques such as structural equation modelling and might

prove useful.

Conclusions

We showed that a significant proportion of variability in SAR backscatter observations in
the tundra of Alaska can be modeled statistically as function of the variability in moisture

condition, shrubs, tussocks, and fire history, each characterized at the site scale. Contributions
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of different biophysical variables to the backscatter signal vary as a result of year since fire, but
models show contributions from all four categories in almost all fire histories. Fire scars are 3
dB brighter than the surrounding landscape in the 4-5 years immediately preceding fire (Jenkins
et al. 2014), but this change in backscatter does not appear to be primarily or solely driven by
moisture condition as previously thought. Shrubs and tussocks are also shown to be important

contributors.

The next step is to disentangle the contributions of moisture condition, shrubs, tussocks,
and fire to backscatter. This could be accomplished using polarimetric SAR data and
polarimetric decomposition. Laboratory testing of tussocks could also be useful for
determining scattering mechanisms and the contributions of the uncompacted tussock versus

the core and tussock height and tussock spacing.

SAR is a powerful tool for monitoring in the Arctic where persistent cloud cover and
haze affect electro-optical systems. SAR data also go beyond the data obtainable in electro-
optical systems and provide information on the vegetation structure, biomass, and moisture
conditions. Once we have determined the contributions to backscatter in the tundra we can use
SAR to better detect fires, monitor fire recovery, and measure fire effects at the regional and
landscape scale. Given limited human habitation in the region and the challenges of accessing
remote area of the tundra, we need these cutting-edge tools and techniques to monitor from

afar.
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Chapter V

Conclusions

Climate change is accelerated in the Arctic and rapid changes are occurring in terrestrial
and marine environments. Widespread transformations are occurring in ecosystem structure
and function with significant implications for natural and human systems. Global-scale climate
forcing can be expected to affect regional-scale disturbances, which in turn may affect socio-
economic conditions at local to global scales. Both the natural, terrestrial and marine
environments of the Arctic and people that depend on the region’s resources face an uncertain

future in terms of environmental conditions and sustainability of ecosystem services.

Scientific data are needed for informed decision-making and to guide societal response
to climate change. Data are also needed to improve analysis and modelling capabilities in order
to better understand and predict ecosystem response to change. The Arctic environment is
complex and data are needed across a variety of disciplines and domains to match the observed

interdependencies and feedbacks.

The collection and analysis of remotely sensed data are needed to study the Arctic and
constitute a key element of the path forward. Satellite remote sensing provides synoptic

datasets that may be the first line of defense in detection of change. Advanced data analysis
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methodologies are needed to separate real change from natural variability and to detect

departures from steady state at a variety of temporal scales.

Through my dissertation research | found that standardizing in terms of data and
satellite platform provides an unbiased comparison across numerous disparate variables and
across terrestrial (land surface) and marine (sea surface) environments and provides a method
to detect and evaluate environmental change. Significant temporal trends were found in almost
all observed variables over the 18-year period. Analysis of seasonal data revealed significant
breakpoints in temporal trends. Within the terrestrial environment, data showed significant
increasing trends in land surface temperature and NDVI. In the marine environment, significant
increasing trends were detected in primary productivity. Significantly earlier onset of green up
date was observed in bioclimate subzones C&E and longer end of growing season in B&E.
Terrestrial and marine observations show similar rates of change with unidirectional change in
terrestrial and significant directional and magnitude shifts in marine.

MODIS is a powerful monitoring and analysis tool for the Arctic in terms of spatial
coverage of the entire pan-Arctic on a daily timescale. The growing season in the Arctic is short
and the temporal resolution afforded by MODIS is needed in order to capture phenological and
seasonal changes occurring on a daily to weekly scale. Having daily data also provides a means

to account for cloud cover in the Arctic through composite images.

The dissertation research that focused on Synthetic Aperture Radar (SAR) showed that
SAR is a powerful tool for use in the Arctic where significant cloud cover and haze affect
electro-optical image acquisition. | found that SAR data not only provided more images within

the short Arctic growing season due to all-weather imaging, but SAR readily detected burned
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areas in the tundra with a doubling of the satellite signal (3 db). | further found that burned
areas in the tundra are detectable in the SAR satellite data record for many more years than in

the electro-optical record (four to five years instead of one).

By looking at a rich dataset of in-situ variables and developing a conceptual model of
SAR backscatter in the tundra, | found that a significant proportion of variability in SAR
backscatter observations in the Alaskan tundra can be modeled statistically as function of the
variability in moisture condition, shrubs, tussocks, and fire history, each characterized at the
site scale. Contributions of different biophysical variables to the backscatter signal varied as a
result of year since fire, but models showed contributions from all four categories in almost all
fire histories. This showed that SAR data is sensitive to a larger set of variables (vegetation
structure, biomass, and moisture conditions) than electro-optical (vegetation greenness and
composition/type) data and can be used to monitor a different set of trajectories of change and

recovery post-fire.

Remotely sensed data needs to be informed by on-the-ground data and understanding
of processes occurring at different scales. With increased access to remote sensing data and
increased data streams we are at risk to conducting data analysis entirely from afar as there is
no limit to the volume of data and the models we can develop to utilize these data streams. The
scientific community needs to work with local residents and spend time in the areas we are
studying in order to understand the environment, the connections, and subtle nuances that

may be a key component to the overall understanding of the system.
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