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Abstract. Ecosystem scientists have yet to develop a proven methodology to monitor and
understand major disturbance events and their historical regimes at a global scale. This study was
conducted to evaluate patterns in an 18-year record of global satellite observations of vegetation
phenology from the Advanced Very High Resolution Radiometer (AVHRR) as a means to
characterize major ecosystem disturbance events and regimes. The fraction absorbed of
photosynthetically active radiation (FPAR) by vegetation canopies worldwide has been computed
at a monthly time interval from 1982 to 1999 and gridded at a spatial resolution of 0.5°
latitude/longitude. Potential disturbance events of large extent (>0.5 Mha) were identified in the
FPAR time series by locating anomalously low values (FPAR-LO) that lasted longer than 12
consecutive months at any 0.5° pixel. We find that nearly 400 Mha of the global land surface could
be identified with at least one FPAR-LO event over the 18-year time series. The majority of these
potential disturbance events occurred in tropical savanna and shrublands or in boreal forest
ecosystem classes. Verification of potential disturbance events from our FPAR-LO analysis was
carried out using documented records of the timing of large-scale wildfires at locations throughout
the world. Disturbance regimes were further characterized by association analysis with historical
climate anomalies. Assuming accuracy of the FPAR satellite record to characterize major
ecosystem disturbance events, we estimate that nearly 9 Pg of carbon could have been lost from the
terrestrial biosphere to the atmosphere as a result of large-scale ecosystem disturbance over this 18-

year time series.

Introduction

An ecological disturbance is an event that results in a sustained disruption of ecosystem
structure and function (Pickett and White 1985; Tilman 1985), generally with effects that last for
time periods longer than a single seasonal growing cycle for native vegetation. Physical
disturbance categories include fires, hurricanes, floods, droughts, lava flows, and ice storms.
Biogenic disturbance categories include the impacts of herbivorous insects, mammals, and
pathogens. Anthropogenic disturbance categories include logging, deforestation, drainage of

wetlands, clearing for cultivation, chemical pollution, and alien species introductions. Many of



these events alter ecosystem productivity and resource availability (light and nutrient availability)

for organisms on large spatial and temporal scales.

Ecosystem disturbances can also contribute to the current rise of carbon dioxide (CO,)
levels in the atmosphere (Potter, 1999; Schimel et al., 2001). Because major ‘pulses’ of CO, from
terrestrial biomass loss can be emitted to the atmosphere during large disturbance events, the
timing, location, and magnitude of vegetation disturbance is presently a major uncertainty in
understanding global carbon cycles (Canadell et al., 2000). Elevated biogenic sources of CO, have
global implications for climatic change, which can in turn affect a vast number of species on Earth

and the functioning of virtually all ecosystems.

Despite the importance of ecosystem disturbance for improved understanding of terrestrial
carbon exchange with the atmosphere, there is no verified method to document major CO, emission
events resulting from disturbances of all types on a global basis over time periods of at least a
decade. Numerous studies have been conducted to quantify carbon emissions from single
categories of disturbance, principally biomass burning events, and generally with national or
continental levels of resolution. These studies include Kurz and Apps (1999), Houghton et al.
(1999), Murphy et al. (2000), Amiro et al. (2001) for portions of North America, Fearnside (1997),
Nepstad et al. (1999), Potter et al. (2001) for portions of South America, Scholes et al. (1996),
Barbosa et al. (1999) for portions of Africa, Houghton and Hackler (1999) for portions of Southeast
Asia, and Hurst et al. (1994) for Australia. Several studies have dealt with global level effects of
deforestation of carbon emissions (Andreae, 1991; Houghton, 1999; Potter, 1999). However, we
are aware of no study approaches to date that have been global in scope, covered more than a
decade of analysis, and encompass all potential categories of major ecosystem disturbance --

physical, biogenic, and anthropogenic — using an equivalent method of detection and analysis.

Leafy vegetation cover is likely the most fragile and therefore perhaps the single most
vulnerable biotic component of terrestrial ecosystems to detectable alteration during disturbance
events. Vegetation leaf cover burns relatively easily or can be readily blown down or cut to the
ground. Leaf litter then decomposes rapidly to blend in with background soil attributes, at least

compared to the large woody biomass components of shrub, woodland, and forest ecosystems.



Earth-observing satellites have monitored leafy vegetation cover on land, also called
‘greenness’ cover, for close to 20 years (Myneni et al., 1998). Like the Normalized Difference
Vegetation Index (NDVI), a common measure of greenness cover is the fraction of
photosynthetically active radiation, or FPAR (Knyazikhin et al., 1998), intercepted by vegetation
canopies, ranging from zero (on barren land) to 100% (for dense cover). In theory, the higher the
FPAR level observed over the course of a seasonal plant growing cycle, the denser the green leaf
cover and (presumably, on average) the less disturbed the vegetation cover, and/or the longer the
time period since the last major disturbance. It is plausible that any significant and sustained
decline in vegetation FPAR observed from satellites represents a disturbance event, a hypothesis

which is, however, subject to verification from independent records of such disturbance events.

Consequently, the question we pose in this study is whether a multi-year time series of
historical satellite FPAR can be used to detect most large-scale vegetation disturbance events on the
global land surface? We present a method designed to detect major disturbance events using
satellite FPAR data sets comprised of 18 continuous years of monthly observations. The
geographic distributions and temporal variations in these potential disturbance events are
characterized. Records of major wildfires worldwide since 1982 are used to verify the accuracy of
our disturbance detection methods. Finally, we characterize associations of potential disturbance
events with climate events, such as major droughts, and discuss implications for potential CO,
losses (to the atmosphere) from major disturbance events leading to destruction of terrestrial

biomass globally.

Methods to Detect and Understand Major Disturbance Regimes

In analysis of a multi-year time series of vegetation dynamics from satellites, it should be
possible to move beyond single disturbance events to conduct studies of “disturbance regimes”. A
disturbance regime is defined according to the spatial, temporal, and qualitative nature of
disturbance events occurring within any given ecosystem type (Heinselman, 1973). A natural

disturbance regime (such as a forest fire cycle) can be described in terms of spatial extent (hectares)



and distribution (patchiness), as well as the frequency and seasonality of its occurrence over time,
and its severity or intensity (i.e., the energy released per unit area and time). We describe below
approaches to better understand major ecosystem disturbance regimes on a global level using a 18-

year record of monthly satellite-observed FPAR.

Monthly FPAR values for the land surface were computed from the Advanced Very High
Resolution Radiameter (AVHRR) data sets covering the period 1982-1999. This FPAR data set
was generated using canopy radiative transfer algorithms (Knyazikhin et al., 1998), which are
designed to generate improved vegetation products for input to terrestrial carbon flux calculations.
These radiative transfer algorithms, developed for the MODIS (MODerate resolution Imaging
Spectroradiometer) aboard the NASA Terra satellite platform, account for attenuation of direct and
diffuse incident radiation by solving a three-dimensional formulation of the radiative transfer
process in vegetation canopies. Monthly composite data from channels 1 (visible) and 2 (near-
infrared) of the AVHRR have been processed according to the MODIS radiative transfer
algorithms and aggregated over the global land surface to 0.5° latitude-longitude resolution. This
aggregation level generates single grid cell (pixel) areas ranging between 0.1 Mha at 70°N latitude

to 0.3 Mha at the equator per 0.5° resolution pixel (1 Mha = 10° ha= 10* km?).

The observed FPAR time series at each pixel was first detrended (see example in Figure 1a)
using a linear adjustment, which is necessary to minimize the possibility that, in cases where there
is a gradual but marked increase in monthly FPAR over the 18-yr time series (Figure 1b), any
potential disturbance events occurring relatively near the end of the series are not overlooked.
Because of the dominant seasonal oscillations in vegetation phenology observed throughout the
globe, our detrended FPAR time series was subsequently ‘deseasonalized’ by computing the 12-

month running average time series for every 0.5° pixel location.

An algorithm was next developed to identify any significant and sustained declines in
FPAR during the 18-yr time series. We hypothesize that significant declines in average annual
FPAR levels can be defined according to greater than 1.7 standard deviations (SD) below (LO) the
18-yr average FPAR computed for any specific pixel location (Figure 1). A "sustained"

disturbance event would be defined as any decline in average annual FPAR levels (at an assigned



significance level) that lasts for a temporal threshold value of at least 12 consecutive monthly time
steps at any specific pixel location. The logic used here is that an actual disturbance involves a
sustained decline in FPAR because the structure of the vegetation cover has been severely altered
or destroyed during the disturbance event, to a magnitude that lowers FPAR significantly for at
least one seasonal growing cycle, after which time regrowth and recovery of the former vegetation

structure may permit FPAR to increase again.

It is assumed that fairly common effects of atmospheric interference with the AVHRR
channel signals, such as heavy cloud cover or smoke-derived aerosols, would not persist (e.g., as a
false disturbance event) in the multi-year time series and thereby generate a FPAR-LO pattern
longer than about six months. By design, our disturbance algorithm should be insensitive to heavy
cloud cover or smoke effects that occur practically every year during the same season, or only
episodically for one or two months at a time. If an interference effect occurs every year at about
the same time, it will be eliminated automatically as part of the deseasonalization algorithm. One
possible exception to this principle could be persistent atmospheric interference effects generated

by major volcanic eruptions, such as the Pinatubo event of late 1991.

While it may be the case that FPAR can vary from year to year during dormant (non-
growing) seasons, it is also possible for actual disturbances to occur during the dormant season,
such as ice damage or an extremely low snow season. Therefore, we cannot justify excluding the
dormant season from our time series analysis. Furthermore, periodic errors in leafless canopy
(versus full canopy) estimates of FPAR are not likely to have a major impact on the long-term (18-
year) 12-month running mean FPAR, against which we have detected any and all of the FPAR-LO

events.

In the use of a one-sided (LO) statistical t-test, rejection of the null hypothesis means that
there is no difference between the 18-yr average for the monthly FPAR level and the consistent
FPAR-LO level identified in a string of = 12 consecutive time steps. A SD = 1.7 represents the
95% 1O confidence level, a SD = 2.0 represents the 97% LO confidence level, and a SD > 2.6
represents the 99% LO confidence level (Stockburger, 1998). Since we have first detrended the

FPAR time series by linear regression, the resulting data series should more closely approximate a



normal distribution. The resulting data series havel7 degrees of freedom for tests of significance

(18 yr —1 for a one-tailed test).

The statistical confidence level for FPAR-LO may serve as a useful index of disturbance
intensity, possibly in combination with the maximum consecutive months observed in a time series
of FPAR-LO. To complete the characterization of a disturbance regime within any given
ecosystem type, the global FPAR images can be used to estimate the spatial extent of contiguous
0.5°resolution pixels showing similar levels of FPAR-LO disturbance intensity (as defined above),
together with any repeated sequences of sustained FPAR-LO events within the multi-year time

series, and the time of the year when a sustained FPAR-LO event typically occurs.

Results from Global FPAR Time Series

We have applied the methods described above to thel8-yr FPAR time series from global
AVHRR data at 0.5° resolution to identify potential disturbance events in terrestrial ecosystems.
Beginning with SD = 1.7 (95% confidence) for the level of disturbance intensity, we can detect
1856 pixel locations at the threshold of 12 consecutive monthly time steps for FPAR-LO events
(Figures 2a and 2b). Summed over 18-yr, these pixels together cover a total area of 398 Mha,
which represent about 3% of the 14,250 Mha non-barren (non ice and non desert) global land

surface (DeFries and Townshend, 1994).

At SD = 2.0 (97% confidence) for the level of disturbance intensity, we detect far fewer
(i.e., 269 pixel locations) at the threshold of >12 consecutive monthly time steps for FPAR-LO
events that together cover a total area of 60 Mha. Of these, we detect no pixel locations at SD > 2.6
(99% confidence) for the level of disturbance intensity lasting > 12 consecutive months of FPAR-
LO events. Consequently, we define two levels of potential disturbance intensity, and unless
otherwise mentioned, the subsequent analysis presented in this section is based on all potential
disturbance events detected a SD = 1.7 level for the threshold of >12 consecutive monthly time
steps for FPAR-LO events, which is the largest set of statistically significant pixel locations

available to us for analysis.



Geographic Distribution Patterns

The distribution with latitude of all pixel areas detected at a SD = 1.7 level lasting >12
consecutive months of FPAR-LO shows two major zones of equal concentration (Figure 3a), with
35% of the total area located in the zone from 40°N to 70°N, and 36% of the total area located in
the zone from 5°S to 35°S. With SD = 2.0 as the level of disturbance intensity, areas with > 12
consecutive months for FPAR-LO were detected mainly (34%) in the zone from1°S to 10°S. The
distribution among major global vegetation classes (delineated for this study according to DeFries
and Townshend, 1994) of pixel areas from FPAR-LO events (Figure 2a) at SD > 1.7 (and also at
SD = 2.0) shows that about 50% of the potentially disturbed area were located in savanna,
grasslands, and shrublands (Table 1), whereas nearly 20% of area were located in evergreen

needleleaf and tundra/boreal forests and another 10% in grasslands.

The distribution of contiguous 0.5° pixel areas for FPAR-LO events versus latitude zone
(Figure 3b) implies that the potentially largest disturbance events in thel8-yr time series have
occurred mainly in the zones from 55°N to 70°N and from 3°S to 25°S. Contiguous areas are
defined as two or more neighboring 0.5° pixel locations that share a common month and year for
the initiation of a FPAR-LO event lasting >12 consecutive months. The largest of these contiguous
FPAR-LO areas, each at > 1.5 Mha of potential disturbance are, were detected mainly in savanna,
grassland, and boreal forest vegetation classes (DeFries and Townshend, 1994). A total of six
contiguous areas of > 2 Mha in potential disturbance were identified in the data set, with four of
these areas located in the northeastern portion of Brazil beginning 1983, including the single largest
contiguous area of potential disturbance at 6.1 Mha (centered 7°S, 39°W). The other two
contiguous areas of > 2 Mha in potential disturbance were located in northwestern Canada

(centered 59°N, 122°W) during 1995 and in western India (centered 22°N, 71°E) during 1986.

Temporal Variations

When viewed in terms of the consecutive monthly time steps for FPAR-LO >12 months, the
distribution of all pixel areas at SD > 1.7 (see Figure 2a), shows that 91% of the potential
disturbance area coverage had a duration of between 12 and 20 consecutive months for FPAR-LO

events (Figure 4). Beginning from the maximum concentration of pixel areas at 13 consecutive



months FPAR-LO (33% of all pixels), the decline in area coverage with an increase in the number
of consecutive monthly time steps was nearly exponential (R* = 0.93), out to the maximum value of
34 consecutive months of FPAR-LO. We could detect no significant trends in the relationship
between latitude zone and number of consecutive monthly time steps for FPAR-LO events at SD >
1.7. However, most of the relatively long events of between 20 and 25 consecutive months for
FPAR-LO were detected in the boreal forest vegetation class (DeFries and Townshend, 1994)
located in latitude zones between 40°N and 70°N. These temporal patterns in potential disturbance
events imply that FPAR recovers from disturbance relatively slowly in high latitude zones (>40°N).
Nonetheless, some the longest potential disturbance events of >24 consecutive months for FPAR-
LO were detected in the tropical evergreen forest vegetation class (DeFries and Townshend, 1994).
With SD = 2.0 for the level of disturbance intensity, we find that 100% of the potential disturbance
area coverage had duration between 12 and 20 consecutive monthly time steps for FPAR-LO
events, which might be expected if these potentially disturbed areas have recovered fairly rapidly

from past disturbance of green leaf cover or woody biomass.

The distribution according to the start month for pixel areas detected at the SD > 1.7 level of
FPAR-LO lasting > 12 consecutive months shows that the periods of highest detection frequency
were in 1982 to 1983 and 1995 to 1996 (Figure 5). The consecutive 12-month periods with the
highest area detected as potentially disturbed were in 1983 when over 75 Mha yr' of potentially
disturbed area was identified (out of the total of 398 Mha), followed by periods in 1996 when over

60 Mha per yr' of potentially disturbed area was identified.

There is a significant linear trend (R* = 0.56, p<0.05) between latitude zone and the year(s)
for most frequent detection of the start of FPAR-LO events. Specifically, in the relatively low
latitude zones between 5°S and 45°S, the majority of FPAR-LO events lasting >12 consecutive
months were detected as starting within the period from 1982 to 1987. In the relatively high
latitude zones between 40°N and 70°N, the majority of FPAR-LO events >12 consecutive months
were detected as starting within the period from 1991 to 1999.

Our method detected only a single pixel location that had two FPAR-LO events (SD = 1.7)

occurring within this 18-year time series. This pixel was located in grasslands of northern Australia



(centered 21°S and 133°E), where two FPAR-LO events lasting >12 consecutive months were
detected within a single three-year period beginning in 1985. There was a brief recovery of FPAR
between these two LO events when several months of near-average rainfall was recorded within
what was otherwise an extended three-year drought period (New et al., 2000), when precipitation

generally remained 1.7 SD below the 18-year mean.

Verification using Historical Disturbance Events

Having detected numerous sustained FPAR-LO events within the global 18-year AVHRR
data set, verification of actual changes in ecosystem structure (i.e., large scale disturbances) should
be based on the demonstration of close associations between the results shown in Figure 2 and
independently confirmed, well-documented historical disturbance events. For the purposes of this
study, a large-scale disturbance event must be defined according to single cell areas at 0.5° pixel
resolution, which range from 0.1 Mha to 0.3 Mha, starting from the polar zones and moving to the
equator. Consequently, we surmise that this global FPAR data set inherently limits the types of
well-documented historical disturbances that can be used for algorithm verification, namely to
potential events that exceed 0.5 Mha in affected land area. We note that although an area of 0.5
Mha could be comprised of several FPAR 0.5° pixels, depending on the latitude zone, less than
100% of these pixel areas is likely to be heavily vegetated and therefore subject to ecosystem
disturbance patterns that our methods could detect. For this reason, we hypothesize that well-
documented disturbance events should ideally exceed 0.5 Mha in area to be included in a
verification data set for this study. Our analysis therefore excluded all small-scale (<1-km)

deforestation activities such as those documented in humid tropical forests (Kaufman et al., 1998).

The principal set of historical disturbance events available to us for algorithm verification
are well-documented wildfires that burned areas reported to cover several Mha in a single year or
vegetation growing season. A list of such events was compiled (Table 2) using publications and
reports from the global fire literature (e.g., Biasutti and Marchetti, 1996; Goldammer and Furyaev,
1996; Swetnam, 1996; Kasischke et al., 1999). This list in Table 2 is not intended to represent an

exhaustive set of major fire events over the 18-yr period of the global FPAR record, but instead is a
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list of the largest fire events that could be confirmed for their timing of initiation (to within about 6
months) and geographic location (to within approximately 2° latitude and longitude). Additional
references have been located for some of these fire events. Starting in the mid-1990s, several of
these wildfires have been confirmed for timing and location using Landsat and other relatively high

resolution satellite images (Arino and Plummer, 1999).

We find that within each geographic area of the confirmed wildfire events listed in Table 2,
our disturbance detection method confirms a FPAR-LO event at (or near) the SD > 1.7 level lasting
>12 consecutive months and starting during the reported time period of actual fire activity. Time
series plots of the original (raw) detrended FPAR values and the deseasonalized Z-score FPAR
anomalies are shown (Figure 6) for six selected wildfire events listed in Table 2. As an example,
the FPAR time series for a representative location in East Kalimantan, Indonesia (Figure 6a) shows
a significant FPAR-LO event (SD = 2.0) in 1983 and another notable event in 1997 that nearly
reached the FPAR-LO level of SD > 1.7. As shown in Figure 6b, extensive woodland fires in the
Ivory Coast of Africa 1982-1983 were readily detected at the FPAR-LO level of SD = 2.0.
Locations of the large forest fires of 1987 reported on the Russia-China boarder area of the Da
Hinggan-Dzhagdy mountains shows a significant FPAR-LO event (SD = 2.0) during this period of
1987 (Figure 6¢). Wildfires reported in Manitoba, Canada during 1989, in Mongolia during 1987
and 1996, and in Mexico during 1998 (Figures 6d-f) were also verified as FPAR-LO events (SD >
1.7).

For all but one of the disturbance events listed in Table 2, the presence of wildfires could be
confirmed using an independent satellite smoke-aerosol index (SAI). An example of the SAI is
shown for East Kalimantan, Indonesia in Figure 7, along with monthly precipitation anomalies
(New et al., 2000) for this same pixel location in Figure 6a. Smoke from biomass burning produces
UV-absorbing tropospheric aerosols, which can be measured by the NASA Total Ozone Mapping
Spectrometer (TOMS) instruments, from Nimbus-7 and Meteor-3 using measured 340 and 380 nm
radiances, to ADEOS and Earth Probe TOMS using 331 and 360 nm wavelength channels (Hsu et
al., 1996). Daily global maps of the SAI at 1° resolution over land and water have been generated
for much of the time series from 1982 to 1999. Some limitations of the SAI are that no absorbing

aerosols can be detected close to the ground (below 1.5 km), and sensitivity is reduced under
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cloudy conditions. Nevertheless, for all the selected disturbance event locations verified Figure 6
(except the Manitoba Canada fires of 1989), elevated monthly values of the TOMS SAI could be

detected during one or two months of the year documented for major wildfire events in Table 2.

It is important to note that not all the FPAR-LO events shown in Figure 2 are necessarily
wildfire-related. Our detection algorithm would locate any (other) major disturbance events,
whether physical, biogenic, or anthropogenic in nature. For example, we can further verify the
types of disturbance that were likely detected for the three main areas where the largest contiguous
areas of potential disturbance (>2 Mha) may have occurred in the18-yr time series. For the
northeastern portion of Brazil (centered 7°S, 39°W) during 1983, Rao et al. (1997) have
documented widespread crop failures throughout this region due to severe El Nino related drought.
Likewise, for croplands in western India (centered 22°N, 71°E) during 1986-1987, this pan-Asian
drought was, in terms of temperature and precipitation anomalies, one of the worst of this century
for the region of Gujara, India (USAID, 2001). For northwestern Canada (centered S9°N, 122°W)
during 1995-1996, the British Columbia Ministry of Forests Annual Report cited numerous large
forest fires in the areas around Fort Nelson and unprecedented fire-fighting activity in the region

(Ministry of Forests and Lands, 1996).

In summary, our FPAR-LO method based on 0.5° AVHRR would without a doubt under-
sample actual fire activity in biomes as complex as the global boreal forest or tropical savanna.
The next logical step for this type of detection method would be to use higher resolution (maximum
1-km) AVHRR time series data to identify much smaller (<0.5 Mha ea.) fire-disturbed and burn
scarred areas in these biomes with the same FPAR-LO method, and attempt to validate the results
using spatially explicit satellite data sets for burned areas (Kasischke et al., 2002, Stocks et al.,

2003)

Association with Historical Climate Data

The FPAR record described in this study can be used to test the hypothesis that natural

disturbance regimes are related to patterns of regional climate that can increase or decrease the
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probability of a major disturbance event. Hence, we made comparisons of the timing of major
disturbance events shown in Figure 2 with LO or anomalously high (HI) monthly records for
surface air temperature (TEMP), precipitation (PREC), and solar irradiance (SOLAR) from 1982
to1998 (New et al., 2000; Potter, 1999) that preceded FPAR-LO > 12 months events, in order to
reveal potential climate controls over disturbance regimes within major vegetation classes (DeFries

and Townshend, 1994).

Anomalous climate events were identified by first converting the18-yr TEMP, PREC, and
SOLAR records into Z-score time series by subtracting the monthly mean and dividing by the
monthly standard deviation. Either HI or LO climate events were next defined whenever the
monthly Z-score exceeded +1.7 SD, respectively. Climate events that preceded major disturbance
events were identified as having occurred as HI or LO at least once within the 3-month time
window just previous to the start month for any of the disturbance events shown at the pixel
locations in Figure 2b. We also included the first month of the >12 consecutive month FPAR-LO

time series in the climate event set.

Results show the number of times (months), for anomalous climate events within the time
window of 3 months prior to FPAR-LO disturbance events (Table 3). For example, the highest
frequency was detected for the association of PREC-HI — FPAR-LO, which indicates that out of
the 1173 total cases that an FPAR-LO > 12 months event has occurred with at least one climate
event within the 3 month window prior, 367 (31.3%) of these FPAR-LO events (31.3%) were
preceded by at least one PREC-HI event. The majority of these PREC-HI — FPAR-LO
associations occurred in savannas and wooded grassland ecosystems (57%) located mainly below
10° S latitude, and in boreal forest and tundra ecosystems (19%) located above S0°N latitude. The
same distribution among ecosystem classes is represented in the association of SOLAR-LO —
FPAR-LO, implying anomalously cloudy antecedent conditions. If PREC-HI and SOLAR-LO
events have been commonly associated with high frequency of lightning strikes that ignite ground
fires in these ecosystems, then this could explain the predominance of this association with FPAR-
LO disturbance regimes globally. These results are consistent with the observation that fires set by
lightning strikes account for 85% of the total forest area burned in Canada (Murphy et al., 2000;
CIFEC, 2001).

13



The next most common associations (with a frequency >20% of the total) were detected for
TEMP-LO — FPAR-LO and PREC-LO — FPAR-LO. More than 70% of the TEMP-LO —
FPAR-LO associations occurred in savannas and grassland ecosystems mainly located in Africa
and Australia. One explanation for this association could be given by the co-occurrence of TEMP-
LO with PREC-HI antecedent conditions (Table 3). Nonetheless, this implication of cold

temperature disturbance regimes requires further investigation for these ecosystems.

The majority of PREC-LO — FPAR-LO associations detected, which imply drought-related
disturbance regimes, have occurred with almost equal frequency in savannas ecosystems (36%),
and in boreal forest and tundra ecosystems (33%). A similar distribution among ecosystem classes
is represented in the association of TEMP-HI — FPAR-LO, implying anomalously warm

antecedent conditions in the disturbance regime.

Potential Implications for the Terrestrial Carbon Cycle

Fluxes of CO, from terrestrial biomass to the atmosphere during the major disturbance
events identified in Figure 2 can be computed using the NASA-CASA (Carnegie-Ames-Stanford)
Biosphere model estimates of aboveground biomass (Potter, 1999; Potter et al., 1999). NASA-
CASA is a numerical model of monthly fluxes of water, carbon, and nitrogen in terrestrial
ecosystems. Our estimates of terrestrial net primary production (NPP) fluxes depend on the same
FPAR time series used to generate the disturbance maps in Figure 2, together with the gridded
climate from interpolated weather station records (New et al., 2000). Our fundamental approach to
estimating NPP is to define optimal metabolic rates for carbon fixation processes, and to adjust
these rate values using scalars related to the limiting effects of SOLAR, TEMP, PREC, predicted
soil moisture, and land cover (DeFries and Townshend, 1994). Carbon (CO,) fixed by vegetation
as NPP is estimated in the ecosystem model according to FPAR intercepted by plant canopies and a
light utilization efficiency term (emax). This product is modified by stress scalars for temperature
(Ta) and moisture (W) that vary over time and space. The emax term is set uniformly at 0.39 g C

MJ"' PAR (Potter et al., 1993). Interannual NPP fluxes from the CASA model have been reported

14



(Behrenfeld et al., 2001) and validated against multi-year estimates of NPP from field stations and

tree rings (Malmstrom et al., 1997).

Global aboveground biomass is estimated in the NASA-CASA model as a function of
residence times and allocation rates of carbon inputs from the predicted monthly NPP rates (Potter,
1999). NPP allocation among leaf, wood, and fine root tissues is defined as a set of fractional
allocation constants of plant tissue pools (o) and the mean residence time (t, in years) of carbon in
the standing plant tissue pools. Soil fertility effects are included in this model version to adjust
these allocation constants for generalized nutrient limitations. These aboveground biomass

estimates from NASA-CASA have been verified on a regional basis (Houghton et al., 2001).

We can begin to estimate biosphere-atmosphere fluxes with an assumption, perhaps
conservative, that 50% of aboveground biomass carbon estimated by the NASA-CASA model
(Potter, 1999) was eventually lost over the 18-yr time period to the atmosphere at the same
locations of major disturbance events shown in Figure 2. The assumption of 50% biomass loss
from major fire disturbance comes from studies of combustion efficiency of aboveground plant
material monitored during biomass burning in tropical forest (Guild et al., 1998; Sorrensen, 2000)
and boreal forest (Kasischke et al., 1995) ecosystems. In the case of other (non-fire) disturbance
factors (drought, for example), we hypothesize that the disturbance processes detected as a
significant FPAR-LO event have has an equivalent effect (minimum 50% biomass loss as CO, to
the atmosphere by organic matter decomposition) as does fire disturbance, but over seasonal time

periods much longer than a major burning event.

At the hypothesized 50% loss level, the total for all vegetation types was nearly 9 Pg C over
the entire 18-yr time series (Table 4). The three vegetation classes contributing most strongly to
this total carbon flux were savanna, broadleaf (tropical) evergreen forests, and boreal (coniferous)
evergreen forests. The average annual flux of carbon to the atmosphere from major disturbance
events would have been about 0.5 Pg C yr'. However, because the time series of disturbance area
was observed as highly variable from year-to-year (Figure 5), we hypothesize that 1.5 Pg C yr'
could have been lost to the atmosphere from aboveground biomass carbon during the peak years of

1983 and 1996, with much lower fluxes in other years. This range of annual carbon losses from
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major disturbances in global terrestrial ecosystems closely matches the lower end of the range of
annual flux rates estimated by Schimel et al. (2001) for global “land use change” sources of carbon

at between 0.6-2.5 Pg C yr'' for the 1980s and 1990s.

Because relatively small-scale disturbance events such as slash and burn deforestation in
tropical forests cannot be detected using satellite FPAR at 0.5° spatial resolution, a portion of the
land use change source of carbon cannot be quantified in this time series analysis. Several other
qualifications of these carbon flux predictions are necessary: (a) In savannas, grasslands, and
cultivated areas, and many shrublands, some of the biomass that burns during a fire one year is
recaptured rapidly through herbaceous plant growth during the following years of recovery. Thus,
this carbon flux may not represent a net long-term loss to the atmosphere; (b) Our assumption that
50% of the above-ground biomass is consumed from burning of boreal forests may be an
overestimate. If so, then the above-ground contribution of these forests may be over-predicted by
about 20%; (c) Fires in boreal regions can consumed large amounts of organic matter present in
the ground layer, e.g., organic soils (Kasischke et al., 1995). Hence, the full impact of fire on the
atmospheric carbon budget in this region cannot be fully determined without consideration of this

below-ground source of emissions.

Conclusions

A main objective of this study was to better understand historical global patterns of
ecosystem disturbance events and to characterize major disturbance regimes in terms of spatial
extent, geographic distribution, and frequency over time. To this end, we are able to draw several
initial conclusions on the basis of results from analysis of the 18-yr FPAR time series from

AVHRR observations.

o Vegetation classes with the highest frequency of major ecosystem disturbance are savannas,
shrublands, and coniferous (boreal) forests.

Support for this conclusion comes from our study results (Table 1), and from analysis of the

Global Fire Product (GFP) of the International Geosphere-Biosphere Programme, which provides a
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consistent data set on daily AVHRR satellite fire counts at the global scale (Stroppiana et al.,
2000). Dwyer et al. (1998) reported that while fires could be detected in the GFP during 1992 for
almost every region of the globe, the main vegetation types affected by fire were the savanna
woodlands of the tropical zones. In regional analyses, Barbosa et al. (1999) found that about 70%
of the total area burned in all of Africa for the period 1981-1991 were detected in savannas and
wooded grassland zones. For Alaska and Canada, Murphy et al. (2000) reported that 98% of the

total area burned for the period 1980-1994 was in the boreal forest zones.

o There is high interannual variability in the global area of terrestrial ecosystem disturbance.

Support for this conclusion comes from our study results (Figure 5), and from studies of fire
disturbance regimes from Alaska to the southwestern United States, which indicate a history of
forest fires dominated by large infrequent burns (Veblen et al., 1994). For example, there have
been just two periods of major forest fire activity reported by the Canadian Forest Service since
1982, namely in 1989 and 1994-1995, when more than 6 Mha were burned (CIFFC, 2001). All
other years were reported to have had less than 2 Mha forest area burned. During the past two
decades, only 1.4% of forest fires in Canada exceeded 1000 ha in size, but these fires have
accounted for 93% of the total area burned nationwide (Murphy et al., 2000). For Africa, Barbosa
et al. (1999) reported a factor of two for interannual variability in area burned during the period

1981-1991.

o The probability of major disturbance events increases with increased climatic variability.

Support for this conclusion comes from our study results (Table 3), and from North
American tree-ring studies that show increases in areas burned are associated with years of above
average precipitation, followed by springs and summers of below average precipitation (Veblen et
al., 1994). Swetnam and Betancourt (1990) reported that large fires in the southwestern United
States over three centuries were associated with deficient spring precipitation and reduced tree
growth, which implies that seasonal climate patterns, and not just recent weather events, determine
burning of vegetation on a subcontinental scale. Regional fires occur during extreme droughts, but

antecedent wet conditions play an important secondary role by regulating accumulation of fuels.
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Based on analysis of extensive wildfires during 2000 in the western United States, Brown and Hall
(2001) found that patterns of high wildfire activity were associated with a persistent climate pattern
of below average precipitation, above average temperature, and below average relative humidity
across large portions of the region, based on 40 years of climate records. At the same time,
lightning occurrence was also wide spread throughout the season causing an above average number

of natural fire starts.

Each of the conclusions presented above is subject to further verification using high spatial
and temporal resolution satellite data sources of land cover change in terrestrial ecosystems
worldwide. We anticipate that a spatial resolution of several km in global FPAR data sets will
reveal many more interesting relations between climate and ecosystem disturbance over the past

two decades.
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Table 1. Area of FPAR-LO events detected over 18-year AHVRR time by global vegetation class
(DeFries and Townshend, 1994).

Vegetation Class Area (Mha) percent Area (Mha) percent
Evergreen Needleleaf Forests 23.1 5.8 1.2 2.1
Evergreen Broadleaf Forests 71.7 18.2 11.1 18.7
Deciduous Needleleaf Forests 10.5 2.6 0.4 0.8
Deciduous Broadleaf Forests 15.6 4.0 1.4 2.4
Mixed Forests 12.4 3.1 2.0 33
Savanna Woodlands 99.7 25.2 21.5 36.2
Wooded Grasslands 62.0 15.7 8.1 13.6
Closed Shrublands 0.8 0.2 0.0 0.0
Grasslands 40.9 10.4 6.2 10.4
Croplands 13.0 33 2.2 3.6
Desert 1.1 0.3 0.3 0.5
Tundra/Boreal Forest 44.4 11.2 5.1 8.5
TOTAL 395.1 100.0 59.6 100.0
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Table 2. List of largest confirmed wildfires on record in the 1980s and 1990s.

Year | Location Area | Lat Lon Available References
Burned
(Mha)
1982 | East Kalimantan, 5 ON117E (Hoffmann et al., 1999)
and Indonesia
1983
1982 | Ivory Coast 12 TN5SW
and
1983
1987 | Russia-China ? 6-11 51 N 127-128 | (Cahoon et al. 1991 and 1994)
E
1988 | Yellowstone Wyoming, | 0.5 44.6 N 110.7 | (Shovic et al., 1988; Jeffrey
USA w 1989)
1989 | Manitoba, Canada ° 0.5 51IN97W
1996 | Mongolia 11 46-50 N 100-
and 110 E
1997
1997 | Alaska, USA ¢ 0.2 63-64 N 159 | (Boles and Verbyla, 2000)
w
1997 | Kalimantan and Sumatra, | 9 0-4 S 110- (Hoffmann et al.,1999)
Indonesia * 115 E
0-4S105E
1998 | Mexico * 0.5 17-22 N 94- | (Galindo et al., 2003)
98 W
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Notes:

* In Da Hinggan-Dzhagdy Mountains coniferous forests; fire destroyed the town of Xilinji in
Russia east of Lake Baikal between the Amur and Lena rivers.

® Fire started near Lake Manitoba and spread northward for 800 kilometres.

¢ Inowak fire(100 miles SW of McGrath, AK) plus the Simels and Magitchlie Creek fires in the
Galena District.

* Fire location has been confirmed using Landsat and ATSR (Along Track Scanning Radiometer)

satellite images (Arino and Plummer, 1999).

Additional sources:
European Space Agency Earth Watching Fires Archive (Biasutt and Marchetti, 1996)

ftp://earth1.esrin.esa.it/pub/ew/fires/

Canadian Interagency Fire Center Reports, Winnipeg, Manitoba.
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Table 3. Frequency for the association of antecedent climate events with FPAR-LO events, as
shown in Figure 2. Percentages do not total to 100 because anomalous climate events may occur in

multiple combinations over a three month time period.

Antecedent climate event — FPAR-LO Number of cases
(percentage)
PREC-HI “wet” 367 (31.3%)
TEMP-LO “cool” 262 (22.3%)
PREC-LO “dry” 244 (20.8%)
SOLAR-LO “cloudy” 243 (20.7%)
TEMP-HI “warm” 165 (14.1%)
SOLAR-HI “clear” 163 (13.9%)
PREC-HI and TEMP-LO “wet, cool” 86 (7.3%)
PREC-HI and SOLAR-LO “wet, cloudy” 77 (6.6%)
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Table 4. Aboveground biomass carbon (estimated by the NASA-CASA model, Potter, 1999) lost

over the 18-yr time period to the atmosphere at the locations of major disturbance events shown in

Figure 2.
Vegetation Classes Predicted Biomass C Lost
(from Potter, 1999)
Total Average
Pg C Pg C yr'
Broadleaf evergreen forest 1.29 0.07
Coniferous evergreen forest 1.43 0.08
High latitude deciduous forest 0.26 0.01
Tundra 0.17 0.01
Mixed coniferous-deciduous forest 0.35 0.02
Savanna and wooded grassland 2.98 0.17
Grassland 0.82 0.05
Desert 0.00 0.00
Cultivated 0.70 0.04
Broadleaf deciduous forest 0.30 0.02
Shrublands 0.46 0.03
Global total 8.77 0.49
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Figure Captions

Figure 1. (a) Example of detrended FPAR raw values and Z-score line plots for an FPAR-LO
lasting >12 consecutive months. Location is a temperate forest ecosystem in southern Ontario.
The FPAR-LO event begins in 1993 and lasts for 14 consecutive months. (b) Original FPAR
(before detrending), showing the loss of sensitivity to detection of the 1993 FPAR-LO event.

Vertical lines show the longest consecutive period of anomalously LO monthly values.

Figure 2. Global maps of potential major disturbance events identified in the 18-yr AVHRR time
series. (a) number of consecutive months lasting >12 months at SD>1.7 for FPAR-LO, (b) first

month and year for SD>1.7 FPAR-LO lasting >12 consecutive months.

Figure 3. Distribution according to latitude of pixel areas detected at a SD > 1.7 level lasting > 12
consecutive months of FPAR-LO. (a) all pixel areas, (b) contiguous pixel areas > 0.5 Mha

potential disturbance area.

Figure 4. Distribution according to consecutive monthly time steps of all pixel areas detected at a

SD = 1.7 level of FPAR-LO.

Figure 5. Distribution according to start month of all pixel areas detected at a SD = 1.7 level of

FPAR-LO level lasting > 12 consecutive months.

Figure 6. Selected time series plots of detrended monthly FPAR values from 1982 to 1999; top
panels are original (raw) FPAR values in units of percent, and bottom panels are the deseasonalized
FPAR anomalies in units of SD in thel2-mo moving average. Vertical lines show the longest
consecutive period of anomalously LO monthly values. Owing to the use of a moving average, the
apparent start time of the FPAR-LO events shown in the bottom panels may be up to 12-months
shifted from the documented timing of wildfires reported in Table 2. (a) East Kalimantan,
Indonesia 1983, (b) Ivory Coast 1983, (c¢) Russia-China 1987, (d) Manitoba, Canada 1989, (e)
Mongolia 1987, 1996, (f) Mexico 1998.
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Figure 7. (a) Smoke-aerosol index (SAI) and (b) monthly PREC for selected pixel location in East
Kalimantan, Indonesia. The SAI is measured by the NASA Total Ozone Mapping Spectrometer
(TOMS) instruments (Hsu et al., 1996).
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Figure 1. (a) Detrended FPAR
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Figure 1. (b) Original FPAR (before detrending)
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Figure 2(a) Number of consecutive months lasting >12 months for FPAR-LO.
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Figure 2(b)
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Figure 3(a) Distribution according to latitude of all pixel areas detected for FPAR-LO.
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Figure 3(b) Distribution according to latitude of contiguous pixel areas > 0.5 Mha detected for

FPAR-LO.
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Figure 4. Distribution according to consecutive monthly time steps of all pixel areas detected for

FPAR-LO.
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Figure 5. Distribution according to start month of all pixel areas detected for FPAR-LO.
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Figure 6. Selected time series plots of detrended monthly FPAR values from 1982 to 1999; top
panels are original (raw) FPAR values in units of percent, and bottom panels are the deseasonalized

FPAR anomalies in units of SD in thel2-mo moving average.
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(b) Ivory Coast 1983
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(c) Russia-China 1987
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(d) Manitoba, Canada 1989
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(e) Mongolia 1987, 1996
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(f) Mexico 1998
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Figure 7a. Smoke-aerosol index (SAI) for selected pixel location in East Kalimantan, Indonesia
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Figure 7b. Monthly PREC for selected pixel location in East Kalimantan, Indonesia
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