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Abstract

:

Peatland fires in Indonesia tend to be more active during El Niño-related droughts, with the exception of fires in North Sumatra. As North Sumatra is located north of the equator and is affected by the winter and summer monsoons, fires tend to be more active not only during the dry main season from January to March, but also in June and August due to short-term droughts. Due to these complex fire trends, no appropriate fire-related indices have been found in North Sumatra. In this paper, 20 years of fire (hotspot (HS) data from 2003 to 2022, weather data (hourly and daily), and various satellite data were used to analyze fire weather conditions in Dumai plantation areas. Analysis results of 20 fire incidents (largest fires (HSs) of each year) showed the following fire weather conditions: high wind speeds (>19 km h−1), high temperatures (>33 °C), and low relative humidity (<50%). Based on the results of fire and weather analyses, several fire-related indices selected from various satellite-measured data were examined. Precipitable water vapor has the highest negative correlation with fires. It is hoped that this new fire index will be used for fire prevention not only Sumatra but also in other areas in Indonesia.
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1. Introduction


The tropical rainforests of Southeast Asia, including North Sumatra, are the most deforested areas in the world [1]. Indonesia has the highest rate of deforestation and forest degradation in the world due to rapid plantation development, timber extraction, and active peatland fires on its three main islands of Sumatra, Kalimantan, and Papua [2,3,4,5]. Among them, Riau Province in North Sumatra has the highest rate of deforestation. More than 4 million hectares (ha) of forest (65%) were lost. Forest cover in Riau declined by 65 percent over the past 25 years from 1982 [6].



Active peatland fires in Indonesia contribute significantly to emissions of various greenhouse gases, fine particulate matter (PM), and aerosols [7]. Very active fires in 1997–1998 and 2015 during droughts associated with very strong El Niño events burned about 9.7 Mha [8] and 2.6 Mha [9], respectively. Indonesia released more than 870 Tg of carbon into the atmosphere in the 1997 fires [10]. Peatland fires during July–October 2015 emitted about 2 Tg of carbon into the atmosphere, 81% of which was in the form of carbon dioxide (CO2), 16% carbon monoxide (CO), and 2.3% methane (CH4) [11].



Peatland fires in North Sumatra tended to occur which were not related to the El Niño event. Peatland fires in June 2013 (a non-drought year) were short-lived (one week) and limited to a localized area in North Sumatra (estimated 163,336 ha, 1.6% of Indonesia) [12]. Nevertheless, the June 2013 fire is estimated to have emitted a large amount of greenhouse gases (GHG), 113–231 Tg CO2 (19–43 Tg C). These emissions correspond to the average emissions in Indonesia for the period 2000–2005 [12,13]. Haze from the June 2013 fire in North Sumatra plantation areas became the worst air pollution event ever recorded in Singapore and was rated “very unhealthy” [12].



The impact of temperature rise due to recent climate change on peatland fires in Indonesia is unknown due to the lack of long-term, reliable meteorological and fire data. However, there are several reports and their estimations are as follows: temperatures will rise about 0.8 °C by 2030 and exceed 1.5 °C in the near future (2021–2040) [14], the rainy season will end earlier, and the length of the rainy season will become shorter. In addition, several studies have noted that since 1960, there has been an increase of 88 hot days and 95 hot nights per year, especially during the summer months of July through September [14], a decrease in average annual precipitation [15], and that the frequency of El Niño events may increase with rising sea temperatures, leading to increased drought [16,17]. A. Sulaiman et al. (2023) analyzed the teleconnected relationship between groundwater levels (GWL) and extreme climatic conditions such as ENSO and positive Indian Ocean Dipole (IOD+). They showed that the dropped sea surface temperature anomaly induced by anomalously easterly winds along the southern Java–Sumatra Straits occurs several weeks before the GWL drops to the lowest value [18]. For peatland fires in North Sumatra, the above estimates and trends for the rainy season, sea water temperature, and drought are not so easily applicable because active fires occur under specific fire weather conditions [19].



To assess future fire activities under climate change, the first step is to define the weather conditions on the fire date. Fire weather conditions can be determined by identifying the temperature, humidity, pressure, wind speed, wind direction, precipitable water vapor (PWV), outgoing longwave radiation (OLR), and groundwater level (GWL) on the fire date. However, we could not define fire weather conditions in Indonesia until recently, mainly due to the lack of long-term hourly weather data near active fire regions. But we have access to hourly data for several sites in Indonesia and have already analyzed peatland fire weather conditions in plantation areas in Sumatra [19], Papua in southern Indonesia [20], and the Mega Rice Project (MRP) region in Kalimantan [21]. Three reports cleared their fire weather conditions and fire-related indices except for North Sumatra.



Based on the results of the previous report on Sumatra [19], we carefully analyzed fires (HSs) and various weather data for Dumai plantation areas to determine fire weather conditions and appropriate fire-related indices in this report.




2. Materials and Methods


2.1. Study Area


The study area (1.3–1.7° N, 101.4–101.8° E, sixteen 0.1° grid cells) in Figure 1a is a plantation area in the southeast of the Dumai, Riau province in Indonesia and located in the most fire-prone area (average number of hotspots (HSs) = 2629 for 1° grid cell) in Sumatra Island, as shown in Figure 1b. Average number of HSs in the study areas (sixteen 0.1° grid cells) is 1076. Although the area of the Dumai plantation areas is small (about 1/100th), about 41% (=1076/2629) of fires (HSs) occurred in the study areas.




2.2. Fire (Hotspot) and Weather Data


To assess wildfire occurrence, 20 years of hotspot (HS) from 1 July 2003 to 31 December 2022 detected by MODIS (Moderate Imaging Resolution Spectroradiometer) on the Terra and Aqua satellites data were used. Hotspots (HSs) data were obtained from NASA (Information for Resource Management System https://firms.eosdis.nasa.gov/download (accessed on 15 January 2023)). Daily number of HSs was used to identify dates of fire incidents and active fire periods.



Various daily mean weather maps, such as air temperature, vector wind, pressure of 500 hPa, 850 hPa, 925, and 1000 hPa, sea surface of temperature (SST), NOAA-interpolated outgoing longwave radiation (OLR), precipitable water vapor (PWA) and each of those anomalies, were obtained from the NOAA web site “Daily Mean Composites” (the NCEP/NCAR 40-year reanalysis data (https://psl.noaa.gov/data/composites/day/ (accessed on 15 January 2023)). We analyzed these daily mean weather maps to extract fire weather conditions on fire incident dates and during active fire periods.



Twenty years of daily rainfall data from 2003 for the Dumai (1.66° N, 101.45° E) were obtained from the JAXA website (https://sharaku.eorc.jaxa.jp/GSMaP_CLM/index.htm (accessed on 15 January 2023). The rainfall data were made by processing information from multiple precipitation-observing satellites and geostationary meteorological satellites.



Hourly weather data (temperature, relative humidity, wind speed, wind gust, wind direction, and atmospheric pressure) in Malacca (2.25° N, 102.25° E) were obtained from the Weather Underground website (https://www.wunderground.com/history/daily/id/banjarbaru/WAOO/%20date/2015-9-15, accessed on 26 July 2023).




2.3. Analysis Methods


The MODIS hotspot (HS) data from 20 years (2003–2022) were used for fire (daily hotspot) distribution in Dumai plantation areas (the study area), as shown in Figure 1. The distribution of fires (HSs) was determined by setting the 0.1° and 1° grid cell (0.1° × 0.1° and 1° × 1°, latitude and longitude). HS data were used to show the number of HSs on peak fire (HS) dates of 20 years, fire history, fire-prone areas, fire season, and active fire periods in the study area and North Sumatra (>0° N).



Twenty years (2003–2022) of daily precipitation data for Dumai plantation areas were used to examine the relationship between rainfall and fire activity.



Fire weather conditions on peak fire (HS) dates were examined using meteorological data (temperature, relative humidity, wind speed, wind gust, wind direction, and pressure) every 60 min from midnight (12:00 AM) in Malacca.



Various NOAA composite weather maps (such as air temperature, vector wind, pressure of 500 hPa, 850 hPa, 925, and 1000 hPa, sea surface of temperature (SST), NOAA-interpolated outgoing longwave radiation (OLR), precipitable water vapor (PWA), and their anomalies (1991–2020 climatology)) were used to determine fire weather conditions on the peak fire (HS) dates of each year.



For fire-related indices, the Niño 3.4 index, sea surface temperature (SST), NOAA-interpolated outgoing longwave radiation (OLR) anomaly, and precipitable water vapor (PWV) and their anomalies were used to show the correlation with the number of HSs in Dumai plantation areas.





3. Results


3.1. Fire and Peatland Distribution


Fire spatial distribution in Sumatra Island and the study area (plantation areas in the southeast area of Dumai) is shown in Figure 1. The total number of hotspots (HSs) detected from 2003 to 2022 was 521,676 [19].



The analysis using 1° resolution in the previous report [19] identified eight frequent fire areas in Sumatra, indicated in Figure 1b by red numbers (the average number of HSs of the last 20 years, >1000). Figure 1b shows that one grid cell (1–2° N, 101–102° E) in the Dumai region had the largest number of HSs (2629) indicating the most fire-prone area in Sumatra. This grid cell includes Dumai plantation areas.



Figure 1b shows the study area (1.3–1.7° N, 101.4–101.8° E, sixteen 0.1° grid cells) in Dumai plantation areas shown by the red dotted rectangle. Vegetation of the study area is mostly the Elaeis guineensis tree except for the most eastern and southern cells (1.3–1.4° N, 101.7–101.8° E), where virgin forest covers the area. Values above 30 for each 0.1° grid cell show frequent fire areas of the study areas and nearby areas. The average total number of HSs in the study region was 1076 HSs. Active fires occurred in 2005 and 2014, and their total numbers of HSs were 6746 and 3553, respectively.




3.2. Fire History in Dumai


Figure 2 shows the recent annual fire history from 2003 in the Dumai plantation areas and North Sumatra. The number of HSs in two years (2005 and 2014) largely exceeds the average annual value (green straight lines for Dumai and North Sumatra shown in Figure 2). Those two years will be referred to as “fire years” in this report. Active fires in 2005 and 2014 are the unique fire trends observed in North Sumatra, suggesting unique fire weather conditions. Fire years in South Sumatra and Central Kalimantan happened in 2006 and 2015 [21]. 2015 was also the only year in which fires occurred in South Papua since 2012 [20].




3.3. Fire Weather Conditions


3.3.1. Fire and Rainfall


	
Annual hotspots (HSs) and rainfall.






An annual number of HSs and rainfall in Dumai plantation areas are shown in Figure 3 to grasp the relationship between HSs and rainfall. Red bar graphs in Figure 2 and Figure 3 show annual HSs in Dumai plantation areas. To explain active fires in 2005 and 2014, annual rainfall and three months of rainfall during the main dry season (January to March) in North Sumatra are shown by blue dotted and solid bar graphs in Figure 3. From Figure 3, we can see active fires in 2005 and 2014 occurred under relatively low rainfall from January to March (262 mm in 2005, 140 mm in 2014, average rainfall = 464 mm). However, in 2015, despite the low annual rainfall (877 mm, average rainfall = 1832 mm) and dry season rainfall (183 mm), fires were not active (376 HSs, average 1076 HSs). Rain and fire trends in 2015 suggest that there are weather conditions other than rain that dominate fire activity.



	
Average daily hotspots (HSs) and rainfall.






Figure 4 shows average HS and rainfall for the 20-year period from 2003 to 2022. The red line graph and blue line graph in Figure 4 show the fire activity periods and the dry and rainy periods. Three high HS peaks (>20 HSs) in Jan, Feb, and March occur during the main dry season (three months, <5 mm). The other three HS peaks in June, August, and October suggest that fire will always occur, except during two rainy seasons from April to May and from November to December.



	
Fire (HSs) and rainfall in 2005 and 2014.






Figure 5a,b show fire occurrence and rainfall trends of two fire years, 2005 and 2014, respectively. Figure 5a shows that fires in 2005 started at the end of January and continued into the middle of March. Fires in 2014 in Figure 5b occurred mainly in March. The two fire peaks in June and August in 2005 are larger than those peaks in 2014, suggesting that fires will become more active if fire weather conditions are met under low rainfall.




3.3.2. Fire and Weather Conditions, and Fire-Related Index


Fire weather conditions were identified by examining the weather conditions for the peak fire (HS) date that occurred in each year from 2003 to 2022. Twenty fire incidents are listed in descending HS order in Table 1. The number of peak HSs in each year varied from 423 to 4. The peak fire dates occurred not only in the dry months of January through March, but also in June, July, August, and October. Table 1 contains the major fire weather conditions: maximum wind speed, gusts, number of strong wind hours, wind direction, maximum temperature, minimum humidity, daily rainfall, and two fire-related index candidates (precipitable water vapor (PWV) and outgoing longwave radiation (OLR)).



Table 1 shows that the top two fires in 2005 and 2014 occurred under very strong wind conditions (Max. Wind: 24 and 30 km h−1), high temperatures (Max. Temp.: 33 and 35 °C), and low relative humidity (Mini. RH: 43 and 41%). The remaining 18 fires also had fast maximum wind speeds, ranging from 13 to 24 km h−1. From the weather conditions in Table 1, we can say that the fire weather conditions are fast wind speeds, high temperatures and low humidity.





3.4. Fire-Related Indices


The El Niño–Southern Oscillation (ENSO) index was used until recently as an explanation for drought and fires in peatlands in Indonesia. Since the 2019 peatland fires occurred independently of El Niño, more appropriate indicators and methods are needed to predict peatland fires. Several candidate fire-related indices are considered, and we showed that outgoing longwave radiation (OLR) can explain active fires in South Sumatra and Central Kalimantan [19,21] better than ENSO indices, and sea surface temperature anomaly (SSTA) can explain active fires in South Papua [20].



In this report, outgoing longwave radiation anomaly (OLRA), which is effective for the fires in South Sumatra [22], is first examined. Since OLRA takes large values when there are no clouds, we also applied it to active fires in North Sumatra. However, as shown in Table 1, the deviation of OLRA was found to have not only large positive values but also small positive and negative values. After a brief investigation of the cause of these small positive and negative values, it was determined that they were mainly due to the effects of ice crystals. Based on this result, it was determined that OLR could not be used as a fire index for North Sumatra. The correlation equation between 20 fires (HSs) and their OLRAs is as follows:


HSs = 33.994 − 0.75955 [OLRA] + 0.075764 [OLRA]2 (R2 = 0.43839)



(1)







Next, precipitable water vapor anomaly (PWVA) is introduced in this report. PWV is the vertically integrated amount of water vapor in the atmosphere and is a valuable index for weather forecasting [23]. Figure 6 shows the correlation between 20 fires (HSs) and their PWVAs. The correlation equation in Figure 6 is as follows:


HSs = 39.197 − 10.607 [PWVA] + 1.0046 [PWVA]2 (R2 = 0.66928)



(2)







The coefficient of determination (R2) value is 0.66928, which is higher than 0.5 and the OLRA value (0.43839), indicating that PWVA has a good correlation with fire (HS).



The top two fires in 2004 and 2014 occurred under large PWV anomaly values, −13 and −8 kg m−2, respectively. In addition, positive PWV anomaly value, +2 on 16 July 2015, could explain the weak fires in 2015 (Num. HSs = 28 from Table 1). Finally, we may say that PWV is one of the important fire weather conditions in addition to strong wind, high temperature, and low humidity.





4. Discussion


There are few studies on fire weather conditions and fire-related indices for peatland fires in Indonesia. Because of this, we examined the applicability of PWV to other two fires in Papua [20] and Central Kalimantan [21]. In addition to atmospheric conditions, soil side (peat) conditions were also considered.



4.1. Fire-Related Index in Papua


For Papua fires, we suggested “sea surface temperature anomaly (SSTA)” as a good fire-related index [20]. We found that the SST around Papua (the Northern Arafura Sea) differs significantly between El Niño and La Niña years. The SSTAs in 2015 (El Niño) and 2021 (El La Niña) were −1.8 °K and +1 °K, respectively. We set the SSTA reference period for 7–19 October (the total numbers of HSs during this period were 3835 (23% of total HSs in 2015) and 84 (12% of total HSs in 2021), respectively). The correlation equation between annual total number of HSs during 7 − 19 October and SSTAs is as follows:


HSs = 2976.2 – 3715.1 [SSTA] + 2125.4 [SSTA]2 (R2 = 0.95737)



(3)




where HSs is the number of HSs for Southern Papua, and [SSTA] is the observed value at the Northern Arafura Sea.



From the strongest correlation, we could conclude that the SST anomalies at the Northern Arafura Sea will be the best fire-related index to evaluate fire activities for Papua [20].



From here, the correlation between HSs and precipitable water vapor anomaly (PWVA) is discussed. The correlation equation in Figure 7 is as follows:


HSs = 158.69 − 83.591 [PWVA] + 13.944 [PWVA]2 (R2 = 0.88624)



(4)




where HSs is the number of HSs, and PWVA is measured at Merauke, Papua.



The coefficient of determination (R2) value is 0.88624 and lower than the above SSTA value (0.95737). Nevertheless, PWVA is a good enough fire-related index for Papua fires. Furthermore, the PWVA is one of the weather conditions for fires in Papua.




4.2. Fire-Related Index in Central Kalimantan


For peatland fires in Central Kalimantan, “Outgoing Longwave Radiation (OLR)” was introduced as a fire-related index [23]. OLR showed the best correlation among three indices, Niño 3.4 (region: 5 N–5 S, 170–120 W, the ENSO longwave radiation index), outgoing longwave radiation (OLR, NOAA), and outgoing longwave radiation (OLR–MC, JMA) [22].



OLR near Banjarmasin in southern Central Kalimantan was obtained using “EOSDIS Worldview (NASA)”. The correlation equation between total number of HSs and OLR in September is as follows:


HSs = 3.2111 × 106 − 22,393 [OLR] + 39.038 [OLR]2 (R2 = 0.82684)



(5)




where HSs is the number of HSs and [OLR] is measured at Banjarmasin.



From good correlation, especially for the 2019 fires, we could conclude that the OLR at Banjarmasin will be the best fire-related index to evaluate fire activities in Central Kalimantan.



From here, the correlation between HSs and precipitable water vapor (PWV) is discussed. The correlation equation in Figure 8 is as follows:


HSs = 15,473 − 616.26 [PWV] + 6.1085 [PWV]2 (R2 = 0.69243)



(6)




where HSs is the number of HSs and PWV is measured at Banjarmasin.



The coefficient of determination (R2) value is 0.69243, lower than the above OLR value (0.82684). Nevertheless, PWV is a good enough fire-related index for Papua fires. Furthermore, the PWV is one of the weather conditions for fires in Papua, as PWV could explain the weak fire activities in 2005 under low rainfall conditions.




4.3. Fire and Ground Water Level (GWL)


In addition to the above atmospheric conditions, soil side (peat) conditions were also examined here. We applied our evaluation method using ground water level (GWL) obtained in Kalimantan Island [21,22]. The three fire stages of peatland fire are called surface fire (SF), shallow peatland fire (SPF), and deep peatland fire (DPF). The different fire activities of the three fire stages come from the ground water level (GWL). SF starts just after GWL is less than 0 mm. The other two GWL boundary values are about −300 mm and about −500 mm.



Figure 9 shows the average fire occurrence of 20 years (2003–2022) in the Dumai plantation area. With the help of the cumulative hotspot (HS) curve and the thin green straight lines on the cumulative HS curve in Figure 9, we can define the three fire stages. A large gradient of the straight lines in January, February, March, and June indicates the occurrence of DPF.



The fire trends in Figure 9 indicate that the peatland in the Dumai plantation is a fire-prone area, and that peatland fires (SPF and DPF) could become more active when GWL drops due to short periods of drought. This result is consistent with the fire trend in North Sumatra [19], and we may say that GWL is also one of the important indicators for peatland fires in the Dumai plantation area. In order to predict the occurrence of extremely active peatland fires, we need to conduct a similar analysis as A. Sulaiman et al. conducted for Kalimantan peatland fires [18].





5. Conclusions


Fire conditions in the Dumai plantation areas, one of the most fire-prone areas in Indonesia, were carefully analyzed using 20 years of satellite hotspot and rainfall data, hourly weather data, and various satellite data to determine fire weather conditions and fire-related indices. The main conclusions drawn from the analysis are summarized below:




	(1)

	
The fire months for the Dumai plantation areas are January through March during the main dry season, and June, August, and October (Figure 4).




	(2)

	
Twenty fire incidents (largest fires (HSs) of each year) showed the following major fire weather conditions: high winds (>19 km h−1), high temperatures (>33 °C), and low relative humidity (<50%) (Table 1).




	(3)

	
Especially active fires in 2005 and 2014 occurred under very strong wind conditions (24 and 30 km h−1), high temperatures (33 and 35 °C), and low relative humidity (43 and 41%) (Table 1)




	(4)

	
Precipitable water vapor (PWV) anomaly has the highest negative correlation with fires in Dumai plantation areas (Figure 6) and could apply to fires in Papua (Figure 7) and Central Kalimantan (Figure 8).




	(5)

	
PWV is not only a fire-related index, but also one of important fire weather conditions. Active fires occurred under dry atmosphere conditions or small PWV values (Table 1).









The results of this report indicate that fires in plantation areas also occurred under fire-prone weather conditions. Clarifying different fire indices for each region will lead to better fire forecasts and fire prevention measures.
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Figure 1. (a) Map of study area (1.3–1.7° N, 101.4–101.8° E, sixteen 0.1° grid cells) in Dumai plantation areas shown by the red color dashed line rectangle. Values above 30 of each 0.1° cell show frequent fire areas of the study areas and surrounding areas. Grid cell sizes of 0.1° and 1° are indicated by small red dashed rectangles and large yellow dashed rectangles, respectively. Red circles indicate the locations of major towns. (b) Map of Sumatra Island. Peatlands are indicated by the blue color. Red color circles show major cities related to fires. The numbers of several 1° grid cells show frequent fire areas. Base map is made by “Global peatland extent” (Global Forest (https://www.globalforestwatch.org (accessed on 10 March 2023)). All numbers in each grid cell are the average number of hotspots (HSs yr.−1) of the last 20 years from 2003. Grid cell size of 1° is indicated by a red and yellow dashed rectangle. Red circles indicate the locations of major towns. Base map: Google Earth Pro. 
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Figure 2. Annual hotspots in North Sumatra and Dumai plantation areas. The dashed line represents the average. 
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Figure 3. Annual hotspots and rainfall in Dumai plantation areas. The dashed line represents the average. 
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Figure 4. Average hotspots and rainfall in the Dumai area. Inverted Y-axis on the right side of Figure 4 is for rainfall. The red line curve with round circles indicates daily hotspots (HS). The blue line curve with an x indicates the daily rainfall amount. The dashed line represents the average and rainfall values of 2, 10, and 13 mm. J (Jan.): January, F (Feb.): February, M (Mar.): March, A: April, M: May, J (Jun.): June, J: July, A (Aug.): August, S: September, O (Oct.): October, N: November, D: December. 
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Figure 5. Hotspots and rainfall in Dumai area. (a) HSs and rainfall in 2005; (b) HSs and rainfall in 2014. The red line curve with round circles indicates daily hotspots (HS). The blue line curve with an x indicates the daily rainfall amount. The dashed line represents the average and rainfall value of 2 mm. 
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Figure 6. Correlation between water vapor anomaly (PWVA) and number of hotspots (HSs). Red circles indicate HSs for each year. Asterisk (*) means multiplication. 
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Figure 7. Correlation between precipitable water vapor anomaly (PWVA) and number of hotspots (HSs) for Papua. Blue x marks represent HSs for each year. Asterisk (*) means multiplication. 
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Figure 8. Correlation between precipitable water vapor (PWV) and number of hotspots (HSs) for Central Kalimantan. Red x marks represent HSs for each year. Asterisk (*) means multiplication. 
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Figure 9. Average fire occurrence of 20 years (2003–2022). Average hotspots (the red line curve with red round circles) and accumulated HSs (the blue line curve) in Dumai area. SF, SPF, and DPF are defined by gradients of thin green straight lines on accumulated HS curves. The first letter of each month is displayed below the X-axis. J: January, F: February, M: March, A: April, M: May, J: June, J: July, A: August, S: September, O: October, N: November, D: December. 
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Table 1. Twenty fire incidents (peak HS dates, HSs, fire weather conditions, and two indices).
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Rank

	
Year

	
Peak HS Date

	
Num. HSs

	
Wind Speed km h−1

	
Wind Direc. Degree

	
Max. Temp. °C

	
Mini. RH%

	
Rainfall mm

	
PWV 1 Anom. kg m−2

	
OLR 2 Anom. W m−2




	
Max. Wind

	
Gust

	
Num. Hours, >19 3






	
1

	
2005

	
23 January

	
423

	
24

	
39, 41, 44,

46,50

	
11

	
45

	
33

	
43

	
0

	
−13

	
60




	
2

	
2014

	
12 March

	
308

	
30

	

	
3

	
45

	
35

	
41

	
0

	
−8

	
60




	
3

	
2013

	
20 June

	
163

	
22

	
37, 43

	
6

	
270

	
34

	
46

	
0.02

	
−10

	
20




	
4

	
2010

	
15 October

	
145

	
15

	

	

	
270

	
34

	
52

	
0.3

	
−7

	
26




	
5

	
2008

	
19 February

	
142

	
24

	

	
6

	
30

	
34

	
41

	
0

	
−6

	
−10




	
6

	
2009

	
20 Jane

	
139

	
22

	

	
7

	
45

	
34

	
46

	
0

	
1

	
50




	
7

	
2004

	
24 February

	
115

	
19

	

	
1

	
270

	
33

	
59

	
0.02

	
−3

	
10




	
8

	
2006

	
3 March

	
109

	
19

	
39

	
1

	
45

	
33

	
52

	
0.39

	
0

	
30




	
9

	
2003

	
5 March

	
94

	
19

	

	
4

	
285

	
33

	
52

	
0.03

	
−7

	
20




	
10

	
2012

	
11 August

	
77

	
13

	

	

	
7

	
32

	
62

	
5.28

	
−3

	
30




	
11

	
2011

	
2 August

	
67

	
19

	

	
1

	
150

	
32

	
66

	
0

	
0

	
30




	
12

	
2007

	
11 March

	
43

	
19

	

	
1

	
30

	
35

	
44

	
0.22

	
−6

	
30




	
13

	
2016

	
1 March

	
35

	
26

	
39

	
15

	
45

	
34

	
49

	
0.19

	
0

	
40




	
14

	
2019

	
28 March

	
31

	
15

	

	

	
VAR

	
35

	
41

	
9.74

	
2

	
50




	
15

	
2015

	
16 July

	
28

	
13

	

	

	
150

	
32

	
70

	
3.68

	
2

	
−20




	
16

	
2020

	
27 February

	
15

	
17

	
37, 39

	

	
33

	
34

	
46

	
0

	
−5

	
40




	
17

	
2021

	
22 January

	
15

	
11

	
28

	

	
45

	
31

	
66

	
1.46

	
2

	
0




	
18

	
2018

	
28 February

	
7

	
19

	

	
1

	
45

	
32

	
59

	
0.22

	
11

	
−10




	
19

	
2022

	
3 April

	
6

	
15

	
46

	

	
240

	
32

	
58

	
5.73

	
−1

	
−10




	
20

	
2017

	
30 July

	
4

	
15

	

	

	
180

	
31

	
70

	
0.92

	
5

	
20








1 PWV: Precipitable water vapor. 2 OLR: outgoing longwave radiation, 3 >19 km h−1: ≒ lowest wind speed in moderate breeze category (wind speed > 19.8 km h−1 (5.5 m s−1)), Abbreviations: Num.: Number, Max.: M