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Abstract: There is an increasing need to develop bushfire monitoring and early warning systems for
Jamaica and the Caribbean. However, there are few studies that examine fire variability for the region.
In this study the MODIS C6 Fire Archive for 2001-2019 is used to characterize bushfire frequencies
across Jamaica and to relate the variability to large-scale climate. Using additive mixed model and
backward linear regression, the MODIS represents 80% and 73% of the local Jamaica Fire Brigade
(JFB) data variability for 2010-2015, respectively. However, the MODIS values are smaller by a factor
of approximately 30. The MODIS climatology over Jamaica reveals a primary peak in March and a
secondary maximum in July, coinciding with months of minimum rainfall. A significant positive
linear trend is observed for July-August bushfire events over 2001-2019 and represents 29% of the
season’s variability. Trends in all-island totals in other seasons or annually were not statistically
significant. However, positive annual trends in Zone 2 (eastern Jamaica) are statistically significant
and may support an indication that a drying trend is evolving over the east. Significant 5-year and 3.5-
year periodicities are also evident for April-June and September—November variability, respectively.
Southern Jamaica and particularly the parish of Clarendon, known for its climatological dryness,
show the greatest fire frequencies. The study provides evidence of linkages between fire occurrences
over Jamaica and oceanic and atmospheric variability over the Atlantic and Pacific. For example,
all-island totals show relatively strong association with the Atlantic Multidecadal Oscillation. The
study suggests that development of an early warning system for bushfire frequency that includes
climate indices is possible and shows strong potential for fire predictions.

Keywords: Caribbean; bushfires; MODIS; wavelet; climate; Jamaica; fire variability; SIDs

1. Introduction

Bushfires are a growing concern for small island developing states (SIDs) like Jamaica
and other Caribbean islands and their occurrence each year has immense social, economic
and environmental impacts. From 2016 to 2019, the number of bushfires across Jamaica
increased from 3716 to 5838 [1]. Fire activity may be triggered or exacerbated by the
prevailing climate conditions with other important influences including fuels, ignition
agents and human activity [2-4]. Some climate conditions promoting fire activity include
rainfall deficits, extreme temperatures, heat waves and dry windy conditions that may
occur in relation to large-scale modes such as the El Nifio South Oscillation (ENSO). These
promote the availability of fuels for fire as well as mechanisms for fire spread. A summary
of some major fire events in Jamaica for 20142019 including costs and associated prevailing
climate is shown in Table 1. While the impacts of fire events are apparently increasing
within the Caribbean, there are few studies and reports that examine fire variability for this
region (e.g., [5-8]). Robbins [7] indicates that the Caribbean lags areas in the United States
in terms of fire prediction, monitoring, education, prevention, and analysis of the effects of
fire on ecosystems and society.
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Table 1. Some bushfire events in Jamaica between 2014-2019 as reported by The Gleaner, the Jamaica Observer and Jamaica

Information Service. The total area burned, estimated loss at time of reporting in Jamaica Dollars and the background

climate event are also indicated.

Year Location Total Area Burned Estimated Loss Climate Event

Meteorological Drought (MD)
2014 Bull Bay, St Thomas to Mavis 200 Acres Approximately J]MD Source: CIMH Caribbean

Bank, St Andrew 136 Million Drought Bulletin Vol 1 Issue
6 November 2014
Approximately JMD Very sggﬂigl Nino
2015 St Thomas >247 Acres 146 Million http: / /wwwbor.n ovau/
Blue Mountain (Mavis Bank) 500 Acres Approximately ]MD b ' HOV:
300 Million climate/enso/enlist/
(accessed on 18 August 2020)
Bull Bay, St Thomas
2016 Mount Charles, St Andrew - - -
Craig Hill, St Andrew
Roselle, St Thomas
2017 Pangully-Glengoffe, Cassava >100 Acres - -
River St Catherine
El Nifio
Source:

https:/ /origin.cpc.ncep.noaa.

2019 Flagaman, St Elizabeth >200 Acres JMD 45 Million gov/products/analysis_

monitoring/ensostuff/ONI_
v5.php (accessed on 18 August
2010)

Linkages between bushfire characteristics (e.g., occurrence, ignition, intensity, burned
area and pattern, potential spread) and climate variability and extremes have been exam-
ined globally including for North America [9], Australia [10], Portugal [11], Alaska [12],
Mediterranean [13] and Hawaii [14]. These studies link wildfire frequency and area burned
to droughts, heat waves, climate modes such as the ENSO and anthropogenic influences
(Table 2). These studies are executed using land-based observations and satellite products
such as the NASA Moderate Resolution Imaging Spectroradiometer (MODIS) fire archives
to represent fire activity data. The MODIS has presented an attractive option for fire studies
since ground-based observations (e.g., Burned Area) are commonly affected by periods
of unavailable or poor-quality data [15,16]; difficulties in the estimations of Burned Area
from field observations [17,18] and protocol changes over time [19].

In this research the following questions are explored: How representative is the
MODIS C6 fire archive of bushfire variability in Jamaica? What are some temporal and
spatial characteristics of bushfire occurrences across the island? What are some local and
large-scale climate features or phenomena that may be associated with bushfire variability
across the island? The importance of this study, then, lies firstly in its contribution to
the limited body of knowledge on bushfire variability and its linkages to climate in the
Caribbean and SIDS in general. The work is critical as some of the hotter and drier extremes
that may promote increased bushfire variability are already evident in the Caribbean. An
analysis of weather and climate extremes for the Caribbean over 1961-2010 reveal increases
in the annual means of daily minimum (0.28 °C decade ') and maximum temperatures
(0.1 °C decade '), increased frequencies of warm days, warm nights and extreme high
temperatures and decreases in the frequency of cool days, cool nights and extreme low
temperatures. Small but significant positive trends were found in annual total precipitation,
daily intensity, maximum number of consecutive dry days and heavy rainfall events
particularly during the latter period 1986-2010 [20,21]. Other investigations have indicated
an increase in the occurrence of extreme events including droughts [22].


http://www.bom.gov.au/climate/enso/enlist/
http://www.bom.gov.au/climate/enso/enlist/
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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The climate conditions that may exacerbate increased bushfire frequency are also ex-
pected to continue and intensify towards the middle to end of century through increases in
warm day and warm night occurrences and decreases in cool days and cool nights [23-26].
A future trend of increased daily rainfall intensity and a decrease in the proportion of total
rainfall from heavy rainfall events were also noted in these studies. For example, by the
end of the century, the Caribbean is projected to be 1.08 to 3.58 °C warmer [24,27,28], with
95% of all days and nights considered “hot” (i.e., exceeding the 90th percentile of current
temperatures; [23]). Annual rainfall totals are projected to decrease by up to 30% with the
most pronounced drying during the Caribbean wet season from May and October [27-29].
This latter projected drying would have serious implications for an extension of the “fire
season” within the Caribbean.

Jamaica, through its meteorological service and the Jamaica Fire Brigade, is currently
undertaking efforts to develop a Bush Fire Warning Index to track, manage and record
bushfires. This effort is funded under the African Caribbean Pacific-European Union-
Caribbean Development Bank Natural Disaster Risk Management (ACP-EU-CDB NDRM)
program. The Index will act as a predictive tool to encourage pre-emptive action and
prevent fires from destroying forests, farms and the livelihoods of families across the
country. This is one of many efforts within Caribbean SIDS that recognizes the perceived
increasing impact of bushfires on Caribbean lives and livelihoods.

This study, therefore, is also significant as it provides baseline information in support
of this effort, through the quantification of fire, frequency and variability across Jamaica.

Data and methodology for characterizing fire activity in Jamaica are presented in
Section 2. Section 3 describes bushfire spatial and temporal characteristics and investigates
linkages with several large-scale climate phenomena that are important to climate variabil-
ity within the Caribbean and some local climate features important to Jamaica. Section 4
discusses the results and implications, including for the wider Caribbean.
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Table 2. Fire characteristics and their relation to climate for some regions. Data sources and references are also shown.

Region Fire Data Source/Fire Indices Observations in Relation to Climate References
Above normal summer temperatures linked with increased
convection amounts, resulting in higher number of
lightning strikes. Dry conditions in adjacent areas facilitate
. . the spread of wildfires started by the lightning.
Alaska Alaska Fire Service Data (1955-2009) Correlation between the Palmer Drought Severity Index [12]
and Canada Drought Code against number of wildfires and
area burnt yielded relatively low values with some
statistically significant.
El Nifio Southern Oscillation (ENSO) is the main driver for
interannual variability of fire weather, as defined by FFDI.
Daily meteorological data (1973-2017) including maximum temperature In New South Wales, particularly along the central coast,
Australia (°C), relative humidity (%), wind speed (kmh~1); derived drought factor negative Southern Annular Mode (SAM) is a primary [10]
calculated using the Keetch Byram Drought Index (KBDI) for calculation of influence for elevated fire weather in late-winter and
McArthur Forest Fire Danger Index (FFDI) spring. In southeast Australia, the El Nifio-like impact is
exacerbated when positive Indian Ocean Dipole (IOD)
conditions are simultaneously observed.
Three local repositories of territorial and state reports of area burnt for Ignitions occurred year-round with peaks in the summer
1901-2004. .
. e T 1 L (June, July, August) and winter months (January,
Hawat'i Fire occurrences from Hawai’i Wildfire Management Organization December) [14]
(1967-2003). Areab .d howed a1 . durine th
Wildfire conditions obtained from HWMO records (2005-2011) for which mroerzlithsrne showed a fatge ihcrease during the summer
complete records from all agencies are available ’
Four state-of-the-art satellite fire products related to Moderate Resolution
Imaging Spectroradiometer (MODIS) (2001-2016) and fourth generation of Burned area showed strongest periodicity in the summer
Mediterranean the Global Fire Emissions Database (1995-2016). months across datasets. [13]

Gridded, ground-based European Forest Fire Information System (EFFIS)
dataset (1985-2015)
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Table 2. Cont.

Region

Fire Data Source/Fire Indices

Observations in Relation to Climate

References

North America

Palmer Drought Severity Index; Standard Precipitation Index; KBDI;
Fosberg fire weather index (FFWI).

Drought increases probability of fire occurrence in forest
ecosystems, but other biotic and abiotic disturbances and
stressors interact with drought and fire.

Temperature increases are a predisposing factor causing
often lethal stresses on forest ecosystems acting both
directly through increasingly negative water balances, and
extent of disturbances, chiefly fire and insect outbreaks

Portugal

Local records

Intra and inter-annual variability in the heat waves
characteristics are clearly associated to the spatial-temporal
distribution of the extreme wildfires.

Total extreme wildfire days were also heat wave days.
Extreme wildfire had duration completely contained in the
duration of a heat wave.

Extreme wildfires occurred during and in the area affected
by heat waves.
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2. Materials and Methods
2.1. Materials
2.1.1. Study Area

Jamaica is the third largest Caribbean island and is divided into fourteen parishes.
Walters [30] and Douglas [31] suggest that there are four rainfall zones which they classify
as: Interior (zone 1); East (zone 2); West (zone 3) and North and South Coasts (zone 4). See
Figure 1. Zones were deduced from the cluster analysis of 129 stations across Jamaica for
1971-2010 to which Young’s Estimation data infilling technique was applied and that were
validated against the 1971-2000 mean annual rainfall map produced by the Meteorological
Service Jamaica [30]. Douglas [31] confirmed the 4 zones using cluster analysis of 23
stations across Jamaica chosen for their length and completeness over 1971-2010. Zones 1, 3
and 4 show bimodal patterns with an early season peaking in May and late season peaking
in September with a mid-summer minimum in July [31]. The bimodality is very similar to
the double peak pattern noted across islands in the main Caribbean [32,33]. The zones are
however differentiated by their seasonal and annual totals. In contrast, zone 2 in the east
shows a different climatology, recording its highest rainfall in November and a secondary
peak in April-May. This zone also has the highest rainfall totals of all zones [30,31].

95.0°W 90.0°W 85.0°W 80.0°W 75.0°W 70.0°W 65.0°W 60.0°W 55.0°W

30.0°N 30.0°N

25.0°N 25.0°N

20.0°N 20.0°N

15.0°N { g L2y 15.0°N

10.0°N X . 1l y =t o - 10.0°N

5.0°N 5.0°N

95.0°W 90.0°W 85.0°W 80.0°W 75.0°W 70.0°W 65.0°W 60.0°W 55.0°W

Figure 1. Map of the Caribbean. Inset diagram adapted from State of the Jamaican Climate 2015
showing a map of Jamaica with the approximate bounds for the four rainfall zones.

2.1.2. Fire and Climate Data

Fire occurrence data are obtained from records compiled by the Jamaica Fire Brigade
(JFB) over 2010-2015 and from the NASA MODIS C6 fire archives over 2001-2019. The
fire data include both human induced and natural fires across the rainfall zones as no
differentiation was made in the archives. The JFB data is a monthly compilation of bushfire
occurrences across the island that were reported to the JFB and that required their response
(even if no intervention). The dataset includes fire locations to the nearest street. The
NASA MODIS active fire archive [34] is a global dataset that has a spatial resolution of
1 km and daily data over Jamaica are extracted for 2001-2019. MODIS is an optical sensor
on board the Terra and Aqua satellites that were launched on 18 December 1999 and 4 May
2002, respectively. Terra travels on a descending path (north to south, crossing the equator
in the morning, while Aqua travels on an ascending path (south to north), crossing the
equator in the afternoon. Correspondingly on the other side of their orbit Terra travels an
ascending path (south to north), crossing the equator in the afternoon, while Aqua travels
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a descending path (north to south), crossing the equator in the morning. This allows for
the collection of the entire surface of Earth every 1 to 2 days. The MODIS sensor collects
data in 36 spectral bands with a swath of 2330 km (across track) by 10 km (along track)
and has a spatial resolution from 0.25 to 1 km dependent on the band. Bands 1 and 2 (red
and infrared) offer a spatial resolution of 0.25 km, bands 3 to 7 offer a spatial resolution
of 0.50 km, and the remaining bands 8-36 collect imagery at 1 km spatial resolution. The
MODIS active fire products were developed using active fire detection algorithms based on
heritage algorithms previously developed for Advanced Very High-Resolution Radiometer
and Tropical Rainfall Measuring Mission—Visible and Infrared Scanner [7,35].

The climate indices used in this study and their sources are summarized in Table 3.
The indices include all island monthly rainfall, Nifio3 sea surface temperature anoma-
lies (SSTA), Tropical North Atlantic (TNA) SSTA, Tropical South Atlantic (TSA) SSTA,
Caribbean low level winds (LLW) anomalies, North Atlantic Oscillation (NAO), Atlantic
Multidecadal Oscillation (AMO) and Pacific Decadal Oscillation (PDO). The climate in-
dices have been identified in previous studies as important to climate variability over the
Caribbean [20,36-38].

Table 3. Some climate indices used in correlation analyses. Anomalies are calculated relative to 2001-2019.

Climate Indices

Definition Reference

TNA

Area average of monthly sea surface temperature (55T) anomalies over 5.5°

N-23.5° N and 15° W=57.5° W. Data: HadISST and NOAA OI'1° x 1°.
Source: https:/ /psl.noaa.gov/data/correlation/tna.data
(accessed on 10 February 2020)

[36]

TSA

Area average of monthly SST anomalies over 0°-20° S and 10° E-30° W.
Data: HadISST and NOAA OI'1° x 1°
Source: https:/ /psl.noaa.gov/data/correlation/tsa.data (accessed on
10 February 2020)

NINO 3.0

Area average of monthly SST anomalies over 5° N-5° S and 150° W-90° W.

Monthly ERSSTv5 are used to create index.
Source: [39,40]

https:/ /www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii

(accessed on 10 February 2020)

Low level winds

Area average of monthly zonal wind anomalies over 70°-80° W, 12.5°-17.5° N

Data: NCEP/NCAR Reanalysis 2.5° x 2.5° [41,42]

NAO

The index is obtained by projecting the NAO loading pattern, 1st mode of the
Rotated Empirical Orthogonal Function, to the daily anomaly 500 mb height field

over 0°-90° N. [43]

Source: https://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml (accessed on

10 February 2020)

AMO

An area weighted average of anomalies calculated over the North Atlantic Ocean
(0° to 70° N) on the Kaplan SST dataset (5° x 5°) and the 1951-1980 interpolated
NOAA ERSST V2 SST climatology was added back in. Data is unsmoothed and

not detrended. [44]

Source: https://www.esrl.noaa.gov/psd/data/timeseries/ AMO/
(accessed on 25 March 2020)

PDO

Standardised values of the PDO index are derived as the leading Principal

Component of monthly sea surface temperature anomalies in the North Pacific

Ocean (poleward of 20° N). [45,46]
Source: http:/ /research jisao.washington.edu/pdo/PDO latest.txt
(accessed on 25 March 2020)



https://psl.noaa.gov/data/correlation/tna.data
https://psl.noaa.gov/data/correlation/tsa.data
https://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii
https://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
http://research.jisao.washington.edu/pdo/PDO.latest.txt
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2.2. Methods
2.2.1. Validation of the MODIS Data

The JFB dataset is compared with the MODIS to determine the representativeness of
the MODIS data given the limited 6-year time span of the JFB data. An all island monthly
bushfire frequency timeseries is calculated for each dataset using total fire occurrences per
month and is used for the following analyses. Firstly, the correlation coefficient between
the JFB and MODIS timeseries is calculated over the 20102015 period and the statistical
significance is determined. The climatologies of the JFB and the MODIS are calculated
over a common 2010-2015 period. The climatology for the MODIS over 2001-2019 is
also calculated. The data are also compared with the 2010-2015 rainfall and maximum
temperature climatology. The raw monthly timeseries of both fire datasets over 2010-2015
are also plotted. Finally, a Generalized additive mixed model (GAMM) was applied to
explore the strength of the relationship between the two fire timeseries. The model indicates
how well the MODIS (variable x) is able to predict for the JFB (variable y). The GAMM
generally uses cross-validation and includes both spatial and temporal correlations, as well
as multiple homogeneity tests [47]. The model explored a direct linear relationship between
the indices as well as a spline smoothed random effects relationship. The skill of the model
is indicated using Spearman and Pearson Correlations with statistical significance given by
p value and F-value.

2.2.2. Characterizing Temporal and Spatial Variability

Average monthly fire occurrences on annual and seasonal timescales are calculated
for 2001-2019. Seasons examined are December to March (DJFM), April to June (AM]), July
to August (JA) and September to November (SON) similar to seasons used by CSGM [48].
Seasons are chosen to coincide with Jamaica’s wet seasons (AM] and SON) and dry seasons
(DJFM and JA). Trend values and statistical significance are determined using the Mann-
Kendall Test [49-51] and Sen’s Slope [52]. The Mann-Kendall Test is used to determine
whether a timeseries has a monatomic upward and downward trend at a 0.05 alpha level.
The test does not require the data to be normally distributed or linear but that there is no
autocorrelation. This latter condition however is likely not satisfied in bushfire frequency
data given that, for example the atmospheric conditions influencing bushfire variability
have some autocorrelation. The Sen’s slope is used to determine the magnitude of the trend
in a univariate timeseries. The technique does not require any probability distribution. The
variability explained is determined using linear regression analyses.

Secondly, annual and seasonal fire frequency anomalies for 2001-2019 are calculated.
Annual anomalies for the JFB data for 2010-2015 are also calculated. Annual and seasonal
anomalies are further disaggregated by rainfall zones and plotted. Wavelet analyses are
then applied to the normalized annual and seasonal averages for 2001-2019 as well as to
the normalized annual means over each rainfall zone to quantify the periodicities that are
observed. Wavelet decomposes the timeseries into time-frequency space and identifies
the dominant modes of variability and how these modes vary in time. Wavelet is also an
efficient approach to analyse nonstationary signals [53]. The wavelet-transform of a real
signal X(t) used to extract time and frequency information from the X(t) climate data with
a mother wavelet 1\, is a convolution integral given as

W) = =[x () ar 1
(6= 2 [ Xt (e 0
where 1* is the complex conjugate of \, t is the time, T is the total length of the time series,
s is the scale, n is translated position along the ¢ axis and W(s) is a wavelet spectrum, a
matrix of energy coefficients of the decomposed time series [54].

The distribution of the fire activity over 2001-2019 is plotted over Jamaica with four
rainfall zones shown. The interpolated fire activity is also represented by seasons to
highlight the seasonality of fire activity over the island spatially.
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2.2.3. Exploring Climate Linkages

Annual and seasonal all island timeseries are correlated with the suite of indices in
Table 3. The indices are calculated on annual timescales. Concurrent and lag correlations
are calculated to identify those phenomena related to fire variability over Jamaica and that
may be useful in a predictive scheme. Correlations are also calculated between the annual
and seasonal fire activity timeseries and low pass filtered AMO, NAO and PDO. The AMO,
NAO and PDO timeseries were normalized and filtered using a Butterworth low pass filter
set to a frequency of 0.1 and to an order of 1 to isolate decadal/multidecadal variability.
Additional post-processing was undertaken to correct the lagged outcome of the filtered
timeseries [31]. Correlations are also calculated with respect to local mean temperature and
precipitation. The significance of correlation coefficients at the 0.05 p-value significance
level is tested.

To further investigate climate linkages, plots of sea surface temperature and wind
speed anomalies are created over an Atlantic and Pacific domain (0°-180° W, 10° 5-60°
N) for composites of four years of strongest above normal fire incidence (2005, 2009, 2010
and 2015) versus four years of strongest below normal incidence (2001, 2002, 2003 and
2016) to identify the dynamical features that may contribute to years of extreme bushfire
variability. SSTA are obtained from the 2° x 2° NOAA Extended Reconstructed Sea
Surface Temperature (ERSST) v5 [55]. The latest ERSST estimates have more realistic
spatiotemporal variations, better representation of high-latitude SSTs, and ship SST biases
are now calculated relative to more accurate buoy measurements, while the global long-
term trend remains about the same. Anomalies of zonal wind at 925 mb are obtained from
ERA Interim [56]. ERA Interim is a global atmospheric reanalysis from 1979 to 2019 with a
spatial resolution of approximately 80 km on 60 levels in the vertical from surface up to
0.1 hPa. Anomalies are calculated with respect to 2001-2019.

3. Results
3.1. Validating MODIS: Models and Climatology

Figure 2 shows a plot of the monthly fire activity over Jamaica from MODIS and the
JEB over their overlapping period 2010-2015. The plot shows that there is strong similarity
between the variabilities represented by the datasets. The correlation between the monthly
timeseries is 0.86. However, the MODIS underestimates monthly fire frequency by a factor
of up to 30 likely due to the restriction of the frequency of the satellite passing the area,
the distance and impact of cloud cover. Figure 3 shows the climatology of the datasets
over 20102015 including the rainfall and maximum temperature climatology over the
corresponding period as well as the MODIS 2001-2019. The climatologies are almost
identical albeit with the MODIS underestimating mean monthly fire frequencies. Notably
the MODIS and JFB displays a primary peak in March and a secondary maximum in July,
coinciding with months of minimum monthly rainfall. Minima in fire occurrences are
noted for June and October during peaks in the rainy season. Generalized additive mixed
model (GAMM) and backward linear regression (BLR) analyses are used to investigate
the predictive skill of MODIS in relation to the JFB. The GAMM and BLR suggest that the
MODIS represents 80% and 73% of the JFB data variability, respectively. Together these
analyses indicate that the MODIS is a suitable representation of the JFB and can be used for
investigating fire activity over Jamaica.
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Figure 2. Monthly variations in Jamaica fire frequency data for 2001-2015. The JFB data (blue) and
the MODIS data (orange) are shown. The MODIS data is multiplied by a factor of 30 for comparison
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Figure 3. Climatologies of monthly fire frequency for Jamaica from JFB and MODIS and (a) rainfall
and (b) maximum temperature for 2010-2015. Climatology of MODIS fire frequency for 2001-2019 is
also shown.
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3.2. Temporal and Spatial Variability

Annual and seasonal monthly means are analysed to determine trends in fire activity.
Table 4 shows that annually and for all seasons except December-March (DJFM) increases
in monthly mean fire frequency are observed. The trend is strongest for July August
(0.9 monthly fires/year) and with the trend representing 30% of the variability. Recall that
the MODIS underestimates monthly fire frequencies by a factor of up to 30 suggesting
that for July-August (JA) the true trend may be 27 monthly fires/year. The annual trend is
0.3 monthly fires/year. The weakest positive trend is observed in September-November
(0.1 monthly fires/year) which explains 9% of the variability. December-March shows neg-
ative trend values of 0.5 monthly fires/year which represents 2%. Trends in annual totals
by zones are positive except for zone 3 (western Jamaica) where a weak negative near zero
trend is observed (Table 5). Trends are strongest for zone 2 (eastern Jamaica) (0.1 monthly
fires/year) and zone 4 (northern and southern Jamaica) (0.2 monthly fires/year) explaining
29% and 11%, respectively.

Table 4. Trend values for the all-island fire frequency monthly means calculated annually and for each
season December—March, April—June, July—August, and September-November. Values in bold are
significant at the 95% level. R? is the coefficient of determination and represents the proportion of
variance explained by the trend.

Trend in Monthly Mean (per

Periods year) R?
Annual 0.3 0.06
DJFM —0.6 0.02
AM] 0.4 0.09
JA 0.9 0.30
SON 0.1 0.09

Table 5. Trends in monthly means per year per zones. Values in bold are significant at the 95%
level. R? is the coefficient of determination and represents the proportion of variance explained by
the trend.

Trend in Monthly

Zones Location Mean (per year) R?
1 Interior 0.6 0.03
2 East 0.1 0.29
3 West 0 0
4 North and South 0.2 0.11

Figure 4 shows the annual and seasonal bushfire frequency anomalies for 2001-2019.
Interestingly cycles of above normal and below normal monthly fire activity emerge.
Annual total fire frequency appears to exhibit a 10-year positive phase switching to its
latest negative phase in 2016 (Figure 4a). DJFM appears to show a 9-year positive phase in
2005-2013 with negative phases 2001-2004 and again since 2014 (Figure 4b). A secondary
cycle with a smaller periodicity is also observed. AM] shows fire variability that exhibits a
change in phase every 2-3 years. JA exhibits a 13-year negative fire activity phase between
2001-2013, with largely positive values since 2014. SON variability cycle is not as clear.
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Figure 4. Anomalies of (a) annual means and (b) seasonal means of all island bushfire frequency.
Seasons shown are DJEM, AMJ, JA and SON.

In general, there is some evidence of periodicities in the annual and seasonal fire
activity and these may in part be related to linkages to climate influences. A longer dataset
is required to identify the cycles more definitively. The wavelet analyses on normalized
annual and seasonal fire frequency contributes to the evidence that there are periodicities
in fire occurrence over Jamaica (Figure 5). The wavelet analysis illustrates regions within
the cone of influence where the spectral information is considered reliable. Additionally,
the statistical significance of peaks in wavelet power is determined at the 5% significance
level by comparing the wavelet power with a red-noise background power spectrum. The
results are significant for AM] and SON where 5 year and 3.5-year cycles, respectively
are observed and are within the cone of influence. The AM]J fire variability is particularly
strong over 2008-2010. The SON variability shows high intensity peaks in 2010-2015.
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Figure 5. Wavelet analysis of normalized (a) annual and seasonal fire frequency: (b) December—March; (c) April-June; (d) July-August; (e) September-November. The line is the Cone of

Influence beyond which the energy is contaminated by the effect of zero padding and the dashed contour line (on spectrum on the right) represents the 95% confidence level of local power
relative to a red-noise background.
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Zone 3

Periodicities are also evident in annual and seasonal anomalies over each of the four
rainfall zones (Figures 6 and 7). Zone 1 (Interior) like DJFM shows a largely positive
phase over 2005-2013. Zone 2 (eastern Jamaica) shows very little fire occurrences for
2001-2010 displaying 9 of 11 years with no fires. Fire occurrences show increases and some
variability from 2011 onwards. Zone 3 (western Jamaica) displays a 6-7-year cycle over
2001-2019. Zone 4 (northern and southern Jamaica) which accounts for most of the annual
fire variability largely mirrors the variability observed for the all island timeseries. An
examination of seasonal variability by zone shows most distinct cyclic variability for Zone 4
DJFM where ~4/5 and 9-year cycles are suggested (Figure 7). Zone 2 (eastern Jamaica) and
SON for all zones are not shown given that fire frequencies in these instances is minimal.
This is expected given that rainfall activity is prevalent for Zone 2 and during SON (the
primary rainfall season for much of the island). However, the fire patterns emerging over
eastern Jamaica, known for its wetness, may be an indication that a drying trend has been
evolving since 2011 over this subregion and has important implications for the island. A
wavelet analysis on normalized annual fire frequency by zones reveals a 6-year cycle over
Zone 3 (western Jamaica) with high intensity peaks for 2006-2010 (not shown). While other
periodicities were identifiable for other zones these lie outside the cone of influence.

Zone 2

Zone 1

~~~~~~~~~~ vl l’. . ll

Figure 6. Map showing anomalies of annual fire occurrences for 2001-2019 by zones from the MODIS data. The approximate

bounds for the four rainfall zones over Jamaica and the spatial distribution of fires are also shown.
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The proliferation of fire activity during December—March is observed spatially in

Figure 8. Southern Jamaica shows the greatest intensities during this season and particularly
over Clarendon in Southern Jamaica known for its climatological dryness.

g P

December-March April-June

ipa e

July-August September-November
! i i ¥ ] B |
0 100 200 300 400 500 600 700 800

Figure 8. Distribution of Fire Frequencies by seasons for 2010-2015.

3.3. Climate Variability and Fire Frequency Activity

The association between bushfire frequency activity and climate is first explored

using correlations. The results are shown in Tables 6 and 7. Some of the key points are
noted below:

Significant correlations are noted in relation to annual and July to November rainfall
and temperature. Correlations peak for rainfall in September—November (—0.52) and
for temperature in July-August (0.54). Lagged correlations are significant with respect
to rainfall (—0.48) and temperature (0.49) for July—August. The low frequency rainfall
timeseries showed significant correlations for JA (—0.64) and SON (—0.58).

Annual and AM] fire activity exhibits variability similar to the Atlantic Multidecadal
Oscillation (0.63 and 0.50, respectively) and exhibits some association with the Pacific
Decadal Oscillation (—0.50) for DJEM. Correlations are also significant with respect to
low level winds for DJFM (0.47). These associations are likely through the influence of
the AMO and PDO on Jamaica’s rainfall variability.

JA fire variability correlates significantly with Nino-3 (0.57) and the TNA (—0.59) with
a gradient index combining the two indices showing a correlation of 0.68.

SON fire variability appears to be related to Nino-3 (0.69), the gradient index (—0.72)
and low-level wind in the region of the Caribbean low-level jest (—0.54).

When annual bushfire frequency activity is explored by zone, Zone 1 (interior Jamaica)

shows some linkage with the TNA (0.45). Zone 2 (eastern Jamaica) shows strong linkage
with the gradient index (—0.46) and Caribbean low-level winds (—0.47) with Zone 3 (west-
ern Jamaica) showing some linkage with AMO (0.47) and TNA (0.43). Zone 4 (northern and
southern Jamaica) showing strong linkage with the AMO (0.66) and NAO (—0.46) (Table 5).
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Table 6. Concurrent and lagged correlations between bushfire frequency and climate indices for
annual and seasonal periods calculated over 2001-2019. One year/season lags are calculated with
climate leading (2000-2018). “—f" are the low pass filtered components. The correlations with LLW
are over 2001-2018. Values in bold are significant at the 95% level.

Annual DJFM AM]J JA SON
Lag-0 Lag-1 Lag-0 Lag-1 Lag-0 Lag-1 Lag-0 Lag-1 Lag-0 Lag-1
Rainfall —0.05 0.16 -0.27 0.19 —0.08 0.12 —043 —0.48 —0.52 —0.38
Temp 0.01 —0.44 —0.45 0.57 0.04 -0.27 0.54 0.49 0.43 0.31
Rainfall-f 0.34 0.53 0.14 —0.34 —0.04 0.32 —0.64 —0.55 —0.58 —0.49
NAO —-0.15 -0.15 —0.45 —0.29 —0.02 0.03 —0.52 0.34 041 0.17
TNA 0.25 0.13 0.47 0.19 0.14 0.00 —0.59 —0.18 —041 —0.04
Nino3 0.10 —0.21 —0.34 -0.14 0.35 -0.23 0.57 -0.12 0.69 -0.13
ANAL oo 02 045 019  —022 019 068  —003 072 0.09
TSA —0.10 —0.03 0.08 —0.20 0.04 0.11 0.10 0.01 —0.27 —0.02
LLW 0.20 0.33 0.47 0.44 0.09 0.14 —0.66 —0.33 —0.54 —0.02
PDO-f —-0.30 -0.33 —0.50 —0.47 —0.16 -0.17 0.45 0.37 0.32 —-0.20
AMO-f 0.63 0.47 0.39 0.35 0.50 0.30 0.22 0.22 0.20 0.18
NAO-f —0.39 —041 —0.32 —0.47 —0.36 —0.27 0.08 0.25 0.27 0.16

Table 7. Correlations between annual bushfire frequency and some annual climate indices calculated
over 2001-2019 for concurrent periods. “—f” are the low pass filtered components. Calculations with
LLW and PDO are up to 2018 and 2017, respectively. Values in bold are significant at the 95% level.

All Island Zone 1 Zone 2 Zone 3 Zone 4
NAO —0.15 —0.31 0.18 —0.32 0.05
TNA 0.25 0.45 —0.36 0.43 0.05
Nino 0.10 0.32 0.39 —0.01 —0.05
TNA-Nino3 0.01 —0.10 —0.46 0.17 0.06
TSA —0.10 —0.01 —0.16 —0.01 —0.14
LLW 0.20 0.12 —0.47 0.34 0.16
PDO-f —0.30 —0.05 0.36 —0.26 —0.34
AMO-f 0.63 0.33 0.17 0.47 0.66
NAO-f —0.39 —0.06 0.11 —-0.27 —0.46

Years of above normal fire variability are generally observed during El Nifio events and
below normal fire years are typically evident during La Nifia years (See Table 8). Notably
the super El Nifio in 2015-2016 was observed alongside the 3rd highest fire anomalies
recorded over 2001-2019. Composite analysis of Atlantic and Pacific SSTA shows a strong
warming over the North middle to high latitude Atlantic with the warming extending over
most of the North Atlantic during years of high bushfire frequency (Figure 9a). This is
very similar to the characteristic AMO pattern [43,57]. During low fire years, a weakened
warming is evident over much of the North Atlantic but with stronger warming over
the Gulf of Mexico through the northern Caribbean and along a south-west to north east
axis (Figure 9b). Notably oppositely signed SST anomalies over the Gulf of Mexico and
the northern Caribbean emerge for the difference composite with Jamaica located in the
transition zone (Figure 9¢). This composite map is similar to the SST composite map
obtained for high minus low years of the AMO [31]. The other dominant SST signal
evident is the strong warming over the North Pacific through to the equatorial Pacific
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during high years and below normal SSTAs in these regions in low years. The difference in
North Pacific SSTAs is statistically significant. The warming pattern during high fire years
shows some similarities to the PDO pattern. However, the PDO pattern shows negative
SST anomalies over much of the north Pacific (with positive anomalies distributed in a
horseshoe pattern from the equatorial Pacific and along the west coast of North America).
See for example [58]. High fire years appear to have an ENSO like warming signal over the
equatorial Pacific but a cool tongue (consistent with La Nifia) was not observed for low
fire years.

Table 8. Contingency table showing the occurrence of high and low fire years for Jamaica relative to E1
Nifio and La Nifa events identified using http://www.bom.gov.au/climate/enso/enlist/ (accessed
on 18 August 2020). Values in bold (underlined) are high (low) bushfire years used in the composite

calculations.
Events High Fire Years Low Fire Years
- 2006-2007, 2009-2010,
El Nifo 2015-2016 2002-2003
La Nifia 2010-2012 2001, 2007-2008, 2008-2009
Neutral 2005 2004

Zonal winds during high years (Figure 9d) are positive over the Caribbean versus
near zero anomalies over Jamaica and Cuba during low years (Figure 9e). The difference
composite of zonal winds (Figure 9f) indicates positive values over the region and suggests
a strengthening of low-level easterlies over the Caribbean during high fire years versus
low years as represented in Figure 9d—f. Additionally, observed in the difference composite
is an area of strong positive wind anomalies in the Caribbean low-level jet region (south
of Jamaica) likely indicative of strengthened jet in this region during high years (positive
values) versus low years (negative values) (Figure 9). Only small regions over the tropical
Pacific and the United States are identified as statistically significant in the difference maps.
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4. Conclusions

In this study the variability of fire frequency over Jamaica is characterized using
MODIS C6 data archive for 2001-2019. The data are found to be representative of fire
occurrences for the island although values are below the land based JFB data by a factor of
up to 30. Fires vary seasonally peaking in March and July. Positive trends in fire frequency
are noted on average on annual and seasonal timescales except for December-March. The
trend is strongest for July-August and represents 29% of the variability. Periodicities are
significant for AMJ and SON where 5 year and 3.5-year cycles, respectively, are evident.
Wavelet analysis on annual timescales by zones reveals a 6-year cycle over Zone 3 (western
Jamaica). Southern Jamaica shows the greatest frequencies during December to March and
particularly over Clarendon. Southern Jamaica is known for its climatological dryness.

Significant and fairly strong correlations were observed with rainfall for September-
November (—0.52) and with temperature for July-August (0.54) with lagged correlations
significant for JA temperatures. JA fire variability also showed some association with NAO
(0.52), TNA (—0.59), Nifio3 (0.57), TNA-Nifio3 (0.68) and LLW (—0.66). Annual and DJFM
and AM] fire frequency exhibits variability similar to the Atlantic Multidecadal Oscillation
(0.63) and some connection with the Pacific Decadal Oscillation (—0.50). The suggestion is
that the influence of the large-scale climate features may be directly through wind patterns
over the island and indirectly through interaction with rainfall.

Annual fire frequency activity explored by zone reveals correlations between Zone
1 (interior Jamaica) and TNNA (0.45). Zone 2 (eastern Jamaica) shows some relationship
with TNA-Nifio3 (—0.46) and LLW (—0.47) with Zone 3 (western Jamaica) showing some
association with AMO (0.47). Zone 4 (northern and southern Jamaica) showing strong
linkage with the AMO (0.66) and NAO (—0.46). The significant correlations with filtered
AMO, PDO and NAO suggest that some decadal variability is at work in Jamaica’s fire
frequency. The AMO has dominant periods at 20-30 years and 65-80 years [46]; the PDO at
15-25 and 50-70 years [59]; and NAO at 7-11 and 37-40 years [60,61]. Shorter term bushfire
variability appears to be through the influence of the El Nifio Southern Oscillation. Years
of above normal fire variability are generally observed during El Nifio events and below
normal fire years are typically evident during La Nifia years. It is useful to note that the
positive correlations observed in relation to the AMO are obtained since bushfire frequency
anomalies track the AMO but does so across positive and negative values while the AMO
remains entirely positive.

Composite analysis of Atlantic and Pacific SSTA shows warming over the North
middle to high latitude Atlantic consistent with the characteristic AMO pattern [44,57].
Oppositely signed SST anomalies over the Gulf of Mexico and the northern Caribbean
also emerge for the difference composite with Jamaica located in the transition zone. This
composite map is similar to the SST composite map obtained for high minus low years of
the AMO [31]. The relationship observed between fire frequency anomalies and climate
suggest that an early warning system for bushfires in Jamaica and perhaps the Caribbean
should include monitoring some key climate variables temporally and spatially. These
‘predictors’ need not be the only triggers in the system but can serve to validate the
expected bushfire anomalies given the large-scale synoptic patterns. The early warning
mechanism being investigated for Jamaica will also look at fire potential using indices
such as the Keetch Byram Drought Index (KBDI) and the Forest Fire Danger Index (FFDI).
These indices incorporate rainfall, evapotranspiration, temperature and humidity. These
indices will be instructive in determining how fire potential has been changing for Jamaica,
assessing their correlation with large-scale modes such as ENSO, and determining whether
the expectation that the potential increases in the future, i.e., toward the end of century, is a
justifiable one. The final predictive framework will therefore allow for seasonal outlooks
for bushfires as well as long term projections.

Notably the current fire observation data suggests that the JA bushfire trend is most
significant in comparison to other seasons. Can we anticipate that the trend for this and
other seasons will change in the future and what large-scale features will facilitate such
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changes? This study demonstrates that even with bushfires there are different timescales
at work, i.e., interannual, decadal and trend patterns and more work will be necessary
to be able to attribute bushfire variability for Jamaica and the Caribbean. Expanding the
countries under investigate will be useful in better understanding bushfire variability for
the region. Furthermore, including total area burned and cause of fire in the data recorded
as well as updating geocoded observed fire occurrences would be useful in advancing this
research. Since the aim of this study is to advise planning and decision making it is also
suggested that improved data collection and warning protocols be established to further
develop bushfire management on the island.
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