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General Comments In this manuscript, the authors present a global high-resolution Fire 
Weather Index driven by data from ERA-5-HRS reanalysis. This work definitely adds value to the 
wildfire research field and it paves the road for further analysis and more studies. The method 
is adequate to the objectives and is well presented in the text. Some analysis could be added in 
order to improve the manuscript and make it a more robust work. 
 
Specific Comments  
1- In the paper, authors state that regional adjustments for the carry-over fraction from the 
previous season’s fall moisture and the coefficient for the effectiveness of winter precipitation 
in recharging moisture reserves in the spring are necessary when calculating the overwintered 
DC. The authors state that “As noted by Lawson and Armitage (2008) and Anderson and Otway 
(2003), the overwintered DC is most accurately represented when regional conditions are 
analyzed and the coefficients of the wDC function are adjusted accordingly. However, the ERA5 
dataset did not contain information that allowed us to vary these coefficients and thus we 
chose the default values.” How sensitive is the dataset to those variables a and b? (lines 223- 
229) 
 
Response: The a constant is only used to estimate the fall DC value if it was not measured i.e. 
the fire management agency turned off the weather station prior to ground freeze-up. In this 
case using the ERA-5 dataset the fall DC value is always known so using a value of 1 is most 
appropriate for a, and it should not be considered an adjustable parameter here (see Lawson 
and Armitage, 2008). Variation in the b constant will affect the start-up value of the DC to some 
extent, the bigger factor being the use of a value above the default (15) for which the total 
overwinter precipitation is most important to that calculation. It is also important to note that 
substantial spring or early summer precipitation will reduce the DC back down to 0 regardless 
of the starting value. Therefore, the analyses is more sensitive to precipitation inputs after the 
fire season starts. In any case, the b coefficient should be determined regionally based on soil 
conditions as well as annual variability of weather conditions. Typically, this requires in situ 



measurements that are not possible at a continental or global scale. We therefore decided to 
use only the default value for the b coefficient of 0.75 which covers the most general situation. 
 
 
2- As been discussed in the paper, Reanalysis products have biases. The bias can transfer to the 
newly calculated products. To show the robustness of the proposed dataset, I think the 
validation should be repeated and shown for a few regions prone to wildfires like the western 
United States or Australia. 
 
Response: We agree that a global validation of the FWI product presented here would 
advantageous. However, we could not undertake such a validation at this time due to a lack of 
suitable input data. Although most countries provide meteorological station data, such data 
may not be quality controlled (eg. lack of homogenization) or may not include the required 
local 12 noon observations of all required variables for the FWI calculation. For example, 
weather data from the Australian Bureau of meteorology 
(http://www.bom.gov.au/climate/dwo/) includes daily weather at 9am, which does not 
correspond to the 12pm LST times of the FWI calculation. It should be noted that Tsinko et al. 
2018 conclude that using raw over homogenized station data can lead to sizeable errors in the 
calculation of FWI. The amount of work required to collate and quality control the data 
necessary is outside the scope of this project. We therefore only validated for the FWI 
reanalysis for Canada because we had access to the required FWI input variables that had been 
quality controlled by Environment and Climate Change Canada (ECCC) for the period of the 
validation. We further note that only Northern latitudes or mountainous areas are expected to 
be affected by the overwintering procedure. For this reason the validation over Canada is 
important for our FWI calculation, particularly as overwintering may a moderate influence on 
the spring start up DC code in some regions in Canada.  
 
Tsinko, Y., Bakhshaii, A., Johnson, E. A., & Martin, Y. E. (2018). Comparisons of fire weather 
indices using Canadian raw and homogenized weather data. Agricultural and Forest 
Meteorology, 262, 110-119. 
 
 
Technical corrections  

1- The quality of Figure 2 should be improved.  
 
Response: A high resolution PDF version of Fig 2 will be provided to the journal for the final 
version of the manuscript. 
 

2- Is this a continuing product? If it is, the authors should mention that in the manuscript. 
 
Response: This is not a continuing product and we have added a note to the text accordingly 
(Line 328 of revised manuscript). 
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Anonymous Referee #2 
Received and published: 28 April 2020 
 
1. General considerations - This paper is easy to follow, provides a new method to calculate FWI 
using ERA5HRS data from 1979 to 2018 and uses two techniques to evaluate start-up value of 
the DC. Any efforts to reduce and anticipate damage from forest fires are welcome. - An 
important conclusion of the paper is that the dataset obtained shows some important 
differences in DC values depending on the procedure that the authors use. They conclude that 
the consequences of a forest fire may be worse in some regions compare with other predictions 
using default values of DC. 
 
2. Global revisions to improve the paper - The data repository presents different spatial 
resolutions according to the years. Authors would need to display information about the 
spatial resolution used in the repository’s raster files and whether this spatial resolution 
depend on geographic location or not. - Is it possible to complete the data repository with the 
intermediate calculations or variables performed? 
 
Response: We are not sure what the referee is referring to here and would require further 
clarification. The spatial resolution of the FWI product is the same for all years since it is based 
on the input variables from ERA5 output at 0.25 degrees globally. This information is already 
given in lines 106-108 of the manuscript.  
 
 
3. Particular revisions to improve the paper - Fig.1, Fig.2 and Fig.3 use a reference system, 
probably geographic coordinate system over WGS84 to show the maps. It is necessary to 
indicate the reference system used in all maps. It would be highly recommended to indicate 
throughout the paper (for example in the footnote under figures), the reference system used. - 
Fig. 3 shows a map for North America in 2016, but we do not know the reference system and 
no grid appears.  
 
We thank the referee for pointing this out and now have added the reference systems used for 
the maps in the captions for Figs 1, 2 and 3. 
 
- In section 3.3, the authors describe that R-cffdrs package is used for calculating FWI Systems 
outputs. It is very important to show the version of the packages used. The versions of the 
packages in R are necessary to reproduce the calculations the authors made. - There are several 
reported examples that using different versions of R packages produces different results in 
calculations. To improve reproducibility, I recommend the use of R packages such as the Git 
package. If this is not possible, the authors must show the list of all the packages used as well as 
the dependency tree, together with the version of R used.  



 
We have identified the packages and version numbers used which we now include as a table in 
the appendix of the paper. We do not believe a dependency tree is necessary since such trees 
are not common in the literature and the moreover, the version numbers are sufficient for 
reproducibility of the results. We have therefore added the following table as a new Appendix B 
in the paper. We have also added a note to the manuscript (lines 198-199) to refer to this new 
table. 
 

 Name Version 
1         raster     2.9.5 
2           rgdal     1.4.4 
3          gtools     3.8.1 
4           ncdf4    1.16.1 
5      doParallel    1.0.14 
6           abind     1.4.5 
7        magclass   4.107.0 
8     matrixStats    0.54.0 
9         tseries   0.10.47 
10           MASS  7.3.51.4 
11          rgeos     0.4.3 
12         cffdrs     1.8.6 
13       devtools     2.1.0 
14      rasterVis      0.46 
15  accelerometry     3.1.2 
16        ggplot2     3.2.0 
17           tdr      0.13 
18       hydroGOF    0.3.10 

 
 
 
- Section 4.2 and Fig.2 represent validation for Canada. Some graphics appear in figures (upper 
left corner), but It would be very interesting to know if the represented histograms fit some 
known probability density function and what function might be.  
 
Response: The histograms shown in Fig. 2 represent the corresponding metrics. We are not 
sure what physical interpretation could be given to a fit of a known probability density function. 
Instead, it would seem to be more meaningful to fit distributions to the FWI values derived 
from stations and from the ERA5 reanalysis and to see if they belong to the same distribution or 
family of distributions. However, this is outside the scope of the present study which was to 
present an overwintered global calculation of the FWI System indices and present a simple 
validation. It may be of interest in further studies where, for example, such data is used to 
calibrate FWI projections under climate change using a parametric bias correction approach. 
 



 
- In section 4.3, the authors present the specific statistical study for 2016 in North America (FWI 
index). It would be necessary to extend this study for several years, to see if the observed 
differences depend on the place or also depend on the time variable, showing a larger 
geostatistical study using time and position. 
 
Response: We agree that this would be an interesting extension of the present work. However 
a spatiotemporal study of the effects of the overwintering procedure on drought codes it 
outside the scope of this paper is left for future work. Here we sought to highlight a single year 
that demonstrated that significant differences between the default calculation with and 
without overwintering may occur.  
 
Interactive comment on Earth Syst. Sci. Data Discuss., https://doi.org/10.5194/essd-2019-248, 
2020. 
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Abstract 
 
We present a global high-resolution calculation of the Canadian Fire Weather Index (FWI) System Indices using 15 
surface meteorology from the ERA5-HRS reanalysis for 1979-2018. ERA5-HRS represents an improved dataset 

compared to several other reanalyses in terms of accuracy, as well as spatial and temporal coverage. The FWI 

calculation is performed using two different procedures for setting the start-up value of the Drought Code (DC) at the 

beginning of the fire season. The first procedure, which accounts for the effects of inter-seasonal drought, overwinters 

the DC by adjusting the fall DC value with a fraction of accumulated overwinter precipitation. The second procedure 20 
sets the DC to its default start-up value (i.e. 15) at the start of each fire season. We validate the FWI values over 

Canada using station observations from Environment and Climate Change Canada and find generally good agreement 

(mean Spearman correlation of 0.77). We also show that significant differences in early season DC and FWI values 

can occur when the FWI System calculation is started using the overwintered versus default DC values, as is 

highlighted by an example from 2016 over North America. The FWI System moisture codes and fire behavior indices 25 
are made available for both versions of the calculation at https://doi.org/10.5281/zenodo.3626193 (McElhinny et al., 

2020), although we recommend using codes and indices calculated with the overwintered DC, unless specific research 

requirements dictate otherwise. 

 

1 Introduction 30 

Climate reanalyses provide a numerical and geospatial description of past and present climate (Bengtsson et al., 2007). 

This method of climate simulation assimilates weather observations into dynamic climate models of the atmosphere 

and relevant Earth systems to represent the atmospheric and surface states at a given time, usually for a historical 

period of multiple decades to near-present. The gridded product of reanalysis is spatially and temporally continuous 

for the duration of the model simulation, and has the added benefit of producing data in remote areas that are 35 
sometimes inaccessible to direct monitoring (Bengtsson et al., 2007). The best climate reanalyses use the same model 
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configuration for the duration of the simulation, thus eliminating inhomogeneities that may occur through other modes 

of climate tracking, and providing a useful tool for studying weather-related phenomenon. 

 Past research in the field of reanalysis and fire weather has analysed the correlation between metrics of fire 

danger produced by reanalyses and those produced from weather stations at local to continental scales. In comparing 40 
observed and reanalysis-derived indices of fire weather, reanalyses have been found to be an effective tool for 

indicating fire danger (Bedia et al., 2012; Venalainen et al., 2014; Field et al., 2015). Other studies have investigated 

the relationship between fire weather indices calculated from reanalyses and measures of the fire regime, such as 

annual area burned (Bedia et al., 2014), trends in fire season length (Jain et al., 2017), and quantification of global 

seasonal fire danger (Vitolo et al., 2019). Reanalyses have also been used to investigate the spatio-temporal variation 45 
of fire danger indices across continents (Lu et al., 2011) and to develop new indices that investigate the validity of 

incorporating synoptic and meso-scale weather processes into metrics of fire behavior (Srock et al., 2018).  Recently, 

research has begun to investigate the application of reanalyses in prediction of  future fire weather and fire  behavior 

patterns by evaluating how they can supplement the coarse resolution of Global Climate Models on local scales 

through statistical downscaling (Bedia et al., 2013). Although climate reanalysis has been found to be a useful and 50 
reliable tool for calculating indices of fire behavior, some metrics of fire danger require specific temporal weather 

measurements, such as noon local standard time measurements, that many reanalyses cannot directly provide (Herrera 

et al., 2013). However, the concerns raised around this shortcoming have been addressed in recent years by new 

reanalysis products with better temporal resolution, among other improvements. 

Many countries, including Canada, use the Canadian Fire Weather Index (FWI) System to determine the 55 
effects of weather on forest fuel moisture and subsequently fire behaviour (Lawson and Armitage, 2008). The FWI 

System considers surface temperature, relative humidity, 24-hour accumulated precipitation, and wind speed at 10m 

to calculate moisture in three fuel layers respectively represented by three moisture codes: the Fine Fuel Moisture 

Code (FFMC), the Duff Moisture Code (DMC) and the Drought Code (DC). These values, plus wind speed, are then 

used to calculate indices of potential fire behaviour; Initial Spread Index (ISI) and Build-up Index (BUI) from which 60 
the Fire Weather Index (FWI) and Daily Severity Rating (DSR) are produced. 

The DC is one of three moisture codes that impacts fire behaviour and is the metric that tracks moisture in 

the deepest layer of forest floor fuels as well as in large, dead woody debris (Wotton, 2009). Due to its depth, the DC 

is the slowest changing moisture code with a time lag of 52 days (Van Wagner, 1987). Essentially, the DC value 

decreases with effective rainfall and increases with evapotranspiration so that higher values indicate a higher 65 
likelihood that a wildfire will persist and smoulder (Van Wagner, 1987).  

In areas where winter precipitation is sufficient (i.e. greater than 200mm rain or snow equivalent), moisture 

reserves are typically recharged in the spring so that the default DC value of 15 represents near saturation of deep 

organic layers (Alexander, 1982; Lawson and Armitage, 2008). However, when this is not the case, an alternative 

method to start-up the FWI calculation uses an overwintered value of DC. This value is determined from the final DC 70 
of the preceding fire season, representing any potential fall moisture deficit, and a percentage of overwinter 

precipitation, assumed available to recharge that deficit (Lawson and Armitage, 2008). The main body of thought 

behind using the overwintered DC is that it accounts for fall drought conditions and/or dry winter conditions, and thus 



3 
 

may indicate drier moisture conditions leading to more severe fire weather risk at the beginning of the fire season than 

is suggested by the default DC.  75 
A number of empirical field studies further support the need for overwintering the DC when calculating FWI 

System Indices.  Lawson and Dalrymple (1996) describe a method for ground-truthing (i.e. the process of calibrating 

from and/or validating against field sample measurements) the DC with destructive sampling, which can be executed 

at any time during the fire season. They concluded that overwintering the DC was adequate for broad areas but that 

site-specific calibration may still be necessary. Confirming this finding, Bourgeau-Chavez et al. (2007) demonstrated 80 
that the default start-up value of DC was not sufficient for describing spring fuel moisture in Alaska and Girardin et 

al. (2006) showed that both area burned and number of large fires were correlated with previous season’s DC. 

Furthermore, Wilmore (2001) showed that default DC values overpredicted spring fuel moisture and that 

overwintering the DC led to improvements in estimates of drought conditions, although this could be further improved 

upon using an alternative site-specific overwintering equation.  85 
Although these papers largely indicate that the overwintered DC is more representative of actual conditions 

than the default DC, many note that regional adjustments for the carry-over fraction from the previous season’s fall 

moisture and the coefficient for effectiveness of winter precipitation in recharging moisture reserves in the spring is 

necessary when calculating the overwintered DC (Lawson and Armitage, 2008; Anderson and Otway, 2003). In 

analysing the conditions leading up to the Fort McMurray Wildfire in Alberta, Canada, it was found that accounting 90 
for observations of fuel moisture when calculating the start-up DC value can additionally improve the accuracy of fire 

danger detection (Elmes et al., 2018). 

 ERA5-HRS is a high resolution reanalysis dataset named for and produced by the European Centre for 

Medium-Range Weather Forecasts (ECMWF) ReAnalysis High ReSolution product, of which the dataset is the fifth 

generation (after FGGE, ERA-15, ERA-40, and ERA-Interim) (Hennerman and Berrisford, 2019). The spatial and 95 
temporal continuity and resolution of this dataset makes it a useful tool for analysing past weather and associated 

phenomenon. The main purpose of this paper is to document the calculation of FWI System indices using the global 

ERA5-HRS reanalysis (hereafter known as ERA5). We perform the calculation using both default and overwintered 

DC start-up values, the latter being important for some regions with snow cover or ground freeze over winter.  

 100 

2 Data 

The ERA5 reanalysis product is produced from the CY41R2 global ensemble system of the ECMWF Integrated 

Forecast System (Copernicus Climate Change Service (C3S) (2017)). Weather observations from satellites and in-situ 

data from the World Meteorological Organization are integrated into the global ensemble using 4-dimensional 

variational analysis data assimilation (Hennerman and Berrisford, 2019).  105 
The high resolution realisation is 31km globally or 0.28125 degrees on a reduced Gaussian grid (output at 

0.25 degrees on a regular geographic grid), which provides an improvement in precision over its predecessor, ERA-

Interim, for which the resolution was 79km globally (Hennerman and Berrisford, 2019). Additionally, ERA5 has a 

finer resolution compared to other global reanalysis products including the NCEP North American Regional 

Reanalysis (NARR), NCEP-DOE Global Reanalysis 2, and NASA’s Modern Era-Retrospective Analysis for Research 110 
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and Applications (MERRA) as well as MERRA-2. The ERA5 dataset covers 1979 to 2-3 months before present (our 

calculation only used data up to 2018 to obtain a full final year), on an hourly scale producing numerous global 

climatological variables including surface and upper atmosphere quantities. For this study we obtained surface 

variables including temperature (K), dewpoint temperature (K), U and V-components of wind (m/s), precipitation (m), 

and a land-sea mask, available from the ECMWF Climate Data Store (CDS) website 115 
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form, accessed 17 May 2019).  

Compared with the ERA-Interim product, ERA5 has been shown to perform better with respect to variation 

in data quality over space and time, tropospheric representation, representation of tropical cyclones, soil moisture 

accuracy, sea surface temperature and sea ice cover detection, the global precipitation and evaporation balance, and 

precipitation over land especially in the deep tropics (Hennerman and Guillory, 2019). One of the most impressive 120 
improvements to the ERA5 dataset is with respect to precipitation modelling. Multiple studies have been conducted 

to determine the accuracy with which ERA5 detects various aspects of past precipitation events. One study, conducted 

in the Assiniboine River Basin of the Northern Great Plains, found that of six reanalysis products, including CaPA, 

ERA-Interim, ERA5, JRA-55, MERRA-2, and NLDAS-2, the ERA5 dataset consistently performed in the top three 

regarding precipitation detection, correlation to observed precipitation events, Mean Absolute Error, and Root Mean 125 
Square Error (RMSE) (Xu et al., 2019). A study in the Fram Strait, off the coast of Greenland, found that of ERA5, 

ERA-Interim, JRA-55, CFSv2, and MERRA-2, the ERA5 reanalysis produced the most accurate simulation of 

radiosonde profiles over the Strait and showed the lowest vertically averaged absolute biases for every variable except 

relative humidity, which was best simulated by JRA-55 (Graham et al., 2019). Over North America, ERA5 was 

consistently found to have lower precipitation (and temperature) biases than ERA-Interim, reducing the median gap 130 
between observations by 40% compared to its predecessor (Tarek et al., 2019). ERA5 performance was found to be 

equivalent to directly observed data for most of the region, excluding the Eastern U.S. where observations were more 

accurate. Finally, a study conducted over the contiguous United States found that of 26 (sub-)daily precipitation 

datasets, ERA5 had the best performance of the compared uncorrected precipitation products, meaning those using 

only satellite and/or reanalysis data (Beck et al., 2019). The significant capabilities of the ERA5 reanalysis product 135 
indicate the impressive advances in earth system modelling that have been made in recent years by the ECMWF. With 

the improved representation of surface weather from ERA5 in mind, we used the product to calculate indices of fire 

weather for the entire globe. 

3 Methods 

3.1 Fire Weather Input Variables 140 

The requirements of the FWI calculation stipulate that 2m temperature (℃), 10m wind speed (km/hr), and 2m 

relative humidity (%) measurements be taken at noon LST for each global time zone and that precipitation (mm) be 

accumulated over a 24-hour period between noon LST of each day (Van Wagner, 1987). See Lawson and Armitage 

(2008) for details on weather station sensors. To facilitate subsetting the data to noon for each time zone, we created 

a Land Index from the ECMWF land-sea mask and a shapefile of global time zones (retrieved from the Natural 145 
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Earth website, https://www.naturalearthdata.com/downloads/10m-cultural-vectors/timezones/, accessed 18 May, 

2019). The Land Index contained information regarding the location of each ECMWF grid cell over land or water as 

well as the time zone (as an offset from UTC±00:00) the grid cell covered. It should be noted that cells containing 

any amount of land were considered to be completely over land, and that cells entirely over water were not 

processed in subsequent steps of the project.  150 
To account for the noon LST requirement, the UTC offset values contained in each grid cell of the Land 

Index were used to select the first noon LST layer of each ECMWF monthly surface weather variable. A sequence 

of 24-hour increments was then applied to each cell, starting at the first noon LST layer, to select (or sum in the case 

of precipitation) 24-hour increments between noon LST of each day.  

To account for the correct FWI units, the temperature (K) and accumulated precipitation (m) data were 155 
converted to ℃ and mm respectively. Relative humidity was calculated from the subsetted datasets for temperature 

and dewpoint temperature according to a derivation of the Rothfusz regression (Rothfusz, 1990) Eq (1) and (2): 

a = ##$.&'&.#()(*
##$.&)&+.(

                   (1) 

RH = 100a8                           (2) 

where T is temperature (℃), Td is dewpoint temperature (℃), and RH is relative humidity (%). For wind speed, the 160 
subsetted datasets for the U-component and V-component of wind were converted to wind speed according to Eq (3): 

WS = 3.6√𝑢$ +	𝑣$                          (3) 

where u is the U-component of wind (m/s), v is the V-component of wind (m/s), and WS is wind speed (km/hr). Once 

each weather variable was subset into daily noon LST values and converted into the correct units, all monthly datasets 

for a year were bound together to produce annual datasets of daily values for each element of fire weather.  165 
  

3.2 Overwintering Masks 

3.2.1 Overwintered Drought Code  

In regions covered by snow over winter, the fire season is considered to be active on the third day after snow has 

disappeared and the fire season is considered to be over when snow covers the ground. Alternatively, as a proxy to 170 
the snow condition, the fire season is considered to be active on the fourth day following three consecutive days with 

a maximum temperature of 12℃ or higher, and the fire season is considered to be over after three consecutive days 

with maximum temperature of 5℃ or lower (Wotton and Flannigan, 1993; Lawson and Armitage, 2008).  Using this 

definition of overwintering means that the fire season can switch on and off throughout the year.  For example, the 

upper and lower maximum temperature thresholds may be met multiple times throughout the year resulting in short 175 
periods of fire season in the shoulder seasons (where the maximum daily temperature condition is met for short periods 

before and/or after the main fire season),  in addition to a longer fire season period. The 24-hour maximum temperature 

of each day (using local standard time) were calculated from the ECMWF data using the hourly 2m temperature data. 

Accounting for the maximum temperature thresholds, we created binary masks of overwintering for each year from 
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the annual datasets of midnight LST 24-hour maximum temperature, with the process of overwintering the DC in 180 
mind.   

3.2.2 Default Drought Code  

When the default DC is used to start-up the FWI calculation, it is not desirable to include short shoulder fire seasons 

since the DC value is reset at the beginning of each fire season periods, which leads to discontinuities in the calculated 

codes and indices.   Thus, we only used the longest continuous fire season period from the Drought Code 185 
Overwintering Masks, by creating a mask for default DC with a single fire season start and end date per year in each 

grid cell of the Northern Hemisphere (NH) and Southern Hemisphere (SH). For NH grid cells, we saved the longest 

continuous fire season between January 1 and December 31 of the same calendar year and for SH cells, we saved the 

longest fire season between July 1 of one calendar year and June 30 of the next calendar year, with each time period 

chosen to contain the boreal and astral summers respectively. Although SH cells were processed across years, the final 190 
product was organized to contain the overwintering status values for each cell on the globe for a calendar year in both 

the NH and SH. It is important to note that in some cases, a fire season run would extend beyond the defined end of 

year. Here, we added the length of days for which the fire season extended into the new year to the length of the fire 

season in the preceding year. Nevertheless, the main fire season was still defined as the longest run of fire season days 

within the defined year (corresponding to each hemisphere) for each calendar year. 195 

3.3 Annual FWI System Indices  

Daily FWI System outputs, including FFMC, DMC, DC, ISI, BUI, FWI, and DSR were calculated using the cffdrs 

package in R (Version 1.8.5, Wang et al., 2017) with the elements of fire weather data as inputs (For a full listing of 

R packages and versions used for the calculation see Appendix B). When accounting for the overwintered DC, we 

programmed the fwiRaster function according to a Delta mask. The Delta value for each day was calculated by 200 
subtracting the previous day’s overwintered DC mask value from current day’s mask value for each grid cell. This 

created four cases: 

Case 1. The Delta mask was equivalent to 1. This indicated that it was the first day of overwintering (the fire 

season was inactive) at that location and thus we saved the DC of the previous day and the 24-hour accumulated 

precipitation of the current day.  205 
Case 2. The Delta mask was equivalent to 0 and the current day’s overwintering mask was equivalent to 1. 

This indicated that the overwintering status of the location was active (but it was not the first day of overwintering) 

and thus we saved the sum of the current day’s precipitation and all precipitation since overwintering began.  

Case 3. The Delta mask was equivalent to -1. This indicated that it was the first day of the fire season at that 

location and thus we calculated the start-up DC (a.k.a. the overwintered DC) from the saved DC value when 210 
overwintering began and the precipitation that accumulated through the overwintering period, using the overwintering 

drought code function of the cffdrs package (Wang et al., 2017). The final value of accumulated precipitation 

represents the total value of precipitation that fell during the period defined by the maximum temperature threshold 
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criteria. Additionally, we set the FFMC and DMC to the default values of 85 and 6 respectively and stopped 

accumulating precipitation.  215 
Case 4. The Delta mask was equivalent to 0 and the current day’s overwintering mask was equivalent to 0. 

This indicated that the fire season status of the location was active (but it was not the first day of the fire season) and 

thus the FWI calculation was reliant on the current day’s weather variables and the previous day’s FWI moisture code 

outputs. 

When accounting for the default DC, the Delta mask was produced from the Default Drought Code 220 
Overwintering Masks as above. However, this resulted in only two relevant cases; Case 3 and 4. Case 4 was the same 

for the overwintered DC situation, but Case 3 was different in that the start-up DC was set to 15, rather than calculating 

the overwintered DC value.  

In the case of the overwintered DC, the adjusted start-up values of DC were calculated using the wDC 

function in the cffdrs R package. In particular, we set the two required coefficients for this function as a = 1 225 
(representing carry-over fraction of last fall's moisture) and b = 0.75 (default value of effectiveness of winter 

precipitation in recharging moisture reserves in spring). As noted by Lawson and Armitage (2008) and Anderson and 

Otway (2003), the overwintered DC is most accurately represented when regional conditions are analysed and the 

coefficients of the wDC function are adjusted accordingly. However, the ERA5 dataset did not contain information 

that allowed us to vary these coefficients and thus we chose the default values.  230 
FWI Indices in the overwintered and default DC situations were calculated for Case 3 and 4. When Case 3 

was identified, FWI Indices were calculated from the default FFMC and DMC, that day’s values for the elements of 

fire weather, and the overwintered DC or default DC value depending on which overwintering mask was used. When 

Case 4 was identified, FWI indices were calculated from that day’s elements of fire weather and the previous day’s 

moisture codes in both Drought Code situations. We produced two final datasets of daily FWI System indices for 1979 235 
to 2018: the first used the overwintered DC value at fire season start-up and calculated FWI values each time the 

maximum temperature thresholds were met, and the second used the default DC value at fire season start-up and only 

produced FWI values for the longest annual fire season in each hemisphere. 

4 Analysis 

4.1 Climatologies 240 

Mean FWI values vary spatially and temporally based on climatological conditions and surface topography. Figure 1 

shows monthly climatologies of mean FWI values for January, April, July, and October, which are indicative of global 

seasonal changes in FWI values. Note that the absence of values in the Northern latitudes for January, April, and 

October represents grid cells where the FWI System calculation is suspended because it is outside of the fire season 

period.  245 
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Fig. 1: Monthly climatologies of mean FWI values for January (Panel A), April (Panel B), July (Panel C) and October (Panel D). 

Barren areas (e.g. the Sahara Desert) and any locations where overwintering is active for greater than 50% of the temporal record 255 
are masked out. Barren areas are further masked using land cover data available from Li et al., 2018, part of the ESA Climate 

Change Initiative - Land Cover led by UCLouvain (2017). Map displayed in World Geodetic System 84 projection (WGS84, 

EPSG:4326). 

 

4.2 Validation for Canada 260 

It is instructive to examine the accuracy of the ERA5 FWI System calculation when compared with station 

observations, particularly given its intended use as a proxy to observed data. We perform a simple validation for 

Canada, for which the FWI System was initially developed and calibrated. We used FWI values calculated from the 

historical Environment and Climate Change Canada (ECCC) archive from 1979-2009, which represented the temporal 

period of quality controlled data overlapping the ERA5 Reanalysis data (Natural Resources Canada - Canadian Forest 265 
Service, Wildland Fire Information Systems, 2016). 

 For the validation, we considered three simple metrics: 1) Mean Absolute Error (mean(|X1-X0|)); 2) Mean 

Bias Error (MBE, mean(X1-X0)); and 3) Spearman Rank Correlation (SRC, ρs(X0, X1))., denoting X1 as the FWI values 

calculated from the ERA5 Reanalysis dataset and X0 as the FWI values calculated using ECCC station data. Fig. 2 

shows the spatial distribution of the three metrics with histograms of their values. Overall, citing the mean values with 270 
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the 5% and 95% percentiles (in square brackets) gives MAE=5.005049, 90%CI[1.58, 11.05], MBE=-3.6745624, 

90%CI[-10.15,  0.26], and SRC=0.7764061, 90%CI[0.63, 0.88]. These results suggest that although there is a strong 

correlation between the reanalysis and observed FWI values, the FWI values calculated from ERA5 exhibit a negative 

bias, particularly in Alberta, Canada (see. Fig. 2b). Note, the higher density of stations in Alberta can be attributed to 

a greater number of ECCC stations in the ECCC historical archive, including those from provincial weather station 275 
networks including both Alberta Agriculture and Forestry and the Alberta Wildfire Management Branch.   

 An investigation into the source of the model bias is outside the scope of this paper. However, we note that 

FWI values from the ERA5 reanalysis may be underestimated due to biases in wind speed and precipitation, as noted 

in one recent study in Canada (Betts et al., 2019). With respect to non-gauge corrected precipitation models, ERA5 

performs well compared with other datasets (Beck et al., 2019). Nevertheless, users of the dataset documented here 280 
should be aware of any limitations in model bias/accuracy for their intended study area and period of interest.  
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Fig. 2: Validation of FWI values calculated from the ERA5 reanalysis compared with observed FWI values calculated from ECCC 285 
station data for 1979-2009. Spatial distribution and histogram values are shown for the Mean Absolute Error (Panel A), Mean bias 
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error (Panel B) and Spearman Rank Correlation (Panel C). Map displayed in Atlas of Canada Lambert conformal projection 

(EPSG:3978). 

 

4.3 Effect of Overwintering the Drought Code 290 

As discussed earlier, overwintering the Drought Code can modify the FWI System indices, particularly in areas with 

low overwinter precipitation and during spring (i.e. after snow melt, but before fuel moisture can be recharged from 

precipitation events). To explore this possibility further, we show differences between FWI calculations where the 

process of overwintering the DC is performed and alternatively when the default DC start-up value (DC=15) is used. 

We focus on the case of calculated DC and FWI values for 2016 over North America. Fuel moisture preceding the 295 
Horse River fire (Fort McMurray, Alberta) in 2016 are widely considered to have been anomalously low due to low 

overwinter precipitation and severe fall drought conditions (Elmes et al., 2018). Fig. 3 shows the day of year associated 

with fire season start-up (Panel A), the difference in DC values (overwintered vs default) at the corresponding start-

up day of year (Panel B), the corresponding difference in FWI values (Panel C) and the difference in spread day events 

for 2016 between the overwintered and default calculations (Panel D). These results show that even a modest 300 
difference in FWI values at start-up can lead to important differences in the number and spatial distribution of fire 

spread days between the overwintered and default calculations; in general, the greater number of fire spread days 

associated with the overwintered calculation may therefore account for sizeable differences in modelling area burned 

where DC, BUI or FWI metrics are used as explanatory variables. Note that the results for other years (not shown) 

show a similar spatial pattern to the 2016 results.  305 
 We also found (not shown) that central and eastern Siberia displayed differences between the two 

calculations, most likely due to the low overwinter precipitation that occurs there (Stocks et al., 1996). In general, we 

found that regions where overwintering leads to drier fuel moisture conditions correspond to areas of low overwinter 

precipitation and were largely confined to western North America and parts of Eurasia. For regions where 

overwintering is likely to have an effect on spring fuel conditions, we therefore recommend using the version of the 310 
FWI calculation that overwinters the drought code.  

 

 

 

 315 
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Fig. 3: Differences in FWI calculation using the default DC start-up value versus the overwintered DC start-up value for North 

America in 2016. Start-up day of year for FWI calculation based on longest period satisfying the meteorological fire season 

condition given by Wotton and Flannigan (1993) (Panel A). The difference between overwintered DC and default DC start-up 320 
values (i.e. DC=15) at the day of year given by Panel A (Panel B). The difference in FWI values corresponding to Panel B (Panel 

C). The corresponding difference in fire spread days (defined as FWI > 19 as per Podur and Wotton (2011)) (Panel D). Map 

displayed in Atlas of Canada Lambert conformal projection (EPSG:3978). 

 

 325 

5 Data Availability 

The FWI System indices calculated using both procedures (i.e. default and overwintered start-up values of the DC) 
can be downloaded from Zenodo as annual NetCDF files of daily values from https://doi.org/10.5281/zenodo.3626193 
(McElhinny et al., 2020). Note that this product is not intended to be updated annually.  
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6 Conclusions 330 

The Global Fire Weather Indices dataset developed from the ECMWF ERA5-HRS Reanalysis product is a publicly 

available global dataset that presents seven key variables representing fuel moisture (FFMC, DMC, DC) and potential 

fire behavior (ISI, BUI, FWI, and DSR). The dataset covers a period of 1979 to 2018 and accounts for the procedures 

of using the default DC or alternatively the overwintered DC to calculate fire behavior at fire season start-up. This 

dataset shows that there can be a significant difference in DC (and therefore also BUI, FWI and DSR) values, 335 
particularly at the beginning of the fire season, depending on which procedure is employed, suggesting that fire danger 

in some regions may be more severe than what is predicted by the default DC. 

 The FWI Index calculated from the ECMWF data shows generally strong agreement with calculations based 

on Canadian weather station data (mean Spearman correlation of 0.77, mean absolute error of  5.0, and mean bias of 

-3.7). However, there are several caveats that are important to consider for users of the data. First, it is important to 340 
note that the assumptions made for the overwintering process include that the carry-over fraction from the previous 

season’s fall moisture (a) is always 1 and the coefficient for effectiveness of winter precipitation in recharging moisture 

reserves  in the spring (b) is always 0.75. In reality these coefficients would vary spatially and temporally to reflect 

variations in topography as well as weather/climate. Second, as reanalyses represent modeled data, there are biases 

associated with model and/or data uncertainty. For example ERA5 has been shown to exhibit a negative daytime wind 345 
speed bias in the Canadian Prairies (Betts et al., 2019). Lastly, although the resolution of the produced dataset is 

considered fine in relation to other reanalysis products (e.g. ERA-Interim), there may still be unresolved fine scale 

variations in fire behavior indices due to topographic or microclimatic variations. Regardless of these caveats, this 

dataset provides historical fire weather and potential fire behavior data that users should find useful for several research 

applications including calibration of FWI-based fire prediction models, historical relationships between fire weather 350 
and fire danger at regional to global scales, baseline data for future fire danger projections under climate change 

scenarios, and analysis of regional or global trends in fire weather or behavior. 
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Appendix A 
 360 
UTC time zone adjustments 

UTC Time Zone Changed to 
UTC-12:00 UTC-11:00 
UTC-09:30 UTC-09:00 
UTC-04:30 UTC-04:00 
UTC-03:30 UTC-04:00 
UTC+03:30 UTC+04:00 
UTC+04:30 UTC+05:00 
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UTC+05:30 UTC+06:00 
UTC+05:45 UTC+06:00 
UTC+06:30 UTC+07:00 
UTC+08:45 UTC+09:00 
UTC+09:30 UTC+09:00 
UTC+10:30 UTC+11:00 
UTC+12:45 UTC+12:00 
UTC+13:00 UTC+12:00 
UTC+14:00 UTC+12:00 

 

Appendix B 

R packages and versions used for the FWI calculation presented in this paper. 

 Name Version 
1         raster     2.9.5 
2           rgdal     1.4.4 
3          gtools     3.8.1 
4           ncdf4    1.16.1 
5      doParallel    1.0.14 
6           abind     1.4.5 
7        magclass   4.107.0 
8     matrixStats    0.54.0 
9         tseries   0.10.47 
10           MASS  7.3.51.4 
11          rgeos     0.4.3 
12         cffdrs     1.8.6 
13       devtools     2.1.0 
14      rasterVis      0.46 
15  accelerometry     3.1.2 
16        ggplot2     3.2.0 
17           tdr      0.13 
18       hydroGOF    0.3.10 

 365 
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