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Abstract

:

Warming-induced drought stress and El Nino-associated summer precipitation failure are responsible for increased forest fire intensities of tropical and temperate forests in Asia and Australia. However, both effects are unclear for boreal forests, the largest biome and carbon stock over land. Here, we combined fire frequency, burned area, and climate data in the Altai boreal forests, the southmost extension of Siberia’s boreal forest into China, and explored their link with El Nino–Southern Oscillation (ENSO). Surprisingly, both summer drought severity and fire occurrence showed significant (p < 0.05) correlation with La Nina events of the previous year and therefore provide an important reference for forest fire prediction and prevention in Altai. Despite a significant warming trend, the increased moisture over Altai has largely offset the effect of warming-induced drought stress and led to an insignificant fire frequency trend in the last decades, resulting in largely reduced burned area since the 1980s. The reduced burned area can also be attributed to fire suppression efforts and greatly increased investment in fire prevention since 1987.
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1. Introduction


Climate warming is faster at higher latitudes and altitudes [1,2,3]. Boreal forest, the largest biome and living carbon stock on land, has therefore experienced a faster warming rate than the global mean level and an unprecedented large fire disturbance over the past 10,000 years [4,5], mainly due to increased lighting ignition in association with warming [6,7,8,9], fire season extension [10,11], and higher fuel aridity with better fuel composition [12,13]. Forest fires play a key role in dominating the structure, succession, and function of boreal forests [14,15] and release a large amount of organic carbon into the atmosphere, potentially transforming boreal forests from net carbon sink to net source [16,17]. The CO2, black carbon, and aerosols emitted from forest fires have aggravated global warming [18], which in turn has increased the fire risk [19,20]. Although great anthropogenic suppression efforts have been taken globally, the observed and projected forest fire intensity is still increasing significantly over the globe in the 21st century [21,22,23,24].



Superimposed on the increasing trend of warming-induced forest fires, internal variabilities inherent in the climate system have modulated the fire regime at interannual to decadal timescales. For instance, El Nino–Southern Oscillation (ENSO), shifting between warm (El Nino) and cold (La Nina) phases, is considered as one of the main sources of interannual climate variabilities. Pacific Decadal Oscillation (PDO), a climate variability shift at an interdecadal timescale, modulates ENSO’s impacts through in-phase (overlapping) or out-phase (counteract) with ENSO [25,26,27]. Both ENSO and PDO are closely teleconnected with precipitations, temperature, and drought severity [28,29,30,31,32,33]. Therefore, ENSO and PDO modulate forest fire occurrence over a large part of the Asian and American continents [24]. The frequency of extreme El Nino and La Nina events are projected to increase with global warming [34,35,36], substantially elevating future forest fire risk.



The effects of ENSO and PDO on forest fire variability have been widely explored for tropical and temperate forests, For example, the combination of cold ENSO (La Nina) and PDO phases was found to be closely related to anomalous high fire occurrence in the west coast forests of North America [37,38,39]. In contrast, the dry condition in association with warm ENSO (El Nino) and PDO phases have led to significantly increased forest fire intensity in most of China [40], southeast Asia [41], central to eastern America [24,42,43], southeast Australia [44,45], and tropical rain forests [46]. A warm ENSO–warm PDO combination has greatly increased the fire risk, frequency, and burned area in the boreal forests in North America and Northeast China [26,47,48,49,50] as well as wildfire emissions in the northern high latitudes [51]. However, the impacts of ENSO and PDO on boreal forest fires in nonmonsoonal regions, especially in inland Asia, is still unclear. The connection of La Nina events with high fire risk of boreal forests has not been found.



In this study, we constructed a dataset combining fire frequency and burned areas of the boreal forest in Northwest China. The linkage of fire data with ENSO and long-term climate trends and the teleconnection between local climate and ENSO were explored as well.




2. Data and Method


2.1. Study Region


This study focused on forest fires in the Altai Prefecture of Xinjiang Province, China, the most northwest corner of China (gray area in the top left insert of Figure 1). This area is adjacent to three countries: Mongolia, Russia, and Kazakhstan. The boreal forest in the study region is the southmost extension of Siberia’s boreal forest into China. The main species are Picea obovate, Abies sibirica, Larix sibirica Ledeb, and Pinus sibirica (Loud.) Mayr. The annual mean temperature and total precipitation are 2.4 °C and 200.4 mm, respectively, and 62.5% of precipitation falls in May–September (defined here as summer), when almost all forest fires occur.




2.2. Fire and Climate Data


The large snow cover before May and after September largely suppresses fire occurrence. Therefore, May–September fire numbers and burned area data spanning 1960–2018 were obtained from individual forest administrations of seven counties of Altai and were then averaged to represent the mean fire frequency of Altai Prefecture. Monthly climate data of 0.5° resolution, including temperature, precipitation, and self-calibrating Palmer Drought Severity Index (scPDSI), were extracted from the Climate Research Unit (CRU) TS 4.03 dataset and averaged over a rectangle of 45–49° N, 85–91° E to estimate the mean climate condition of Altai. The one-month Standardized Precipitation–Evapotranspiration Index (SPEI1) and monthly relative humidity (RH) data (black triangles in Figure 1) were downloaded from the Spanish National Research Council (CSIC) and meteorological stations of the seven counties, respectively. Monthly NINO3 (NINO sea surface temperature (SST) index in region 5 N–5 S, 150 W–90 W) and PDO indices derived from ERSST v5 datasets were obtained from KNMI climate explorer (http://climexp.knmi.nl/). Then, the monthly NINO3 showing significant correlation with May–September fire occurrence was combined for future analysis.



The years with fire occurrence and SPEI1 above and below the 95% distribution limits were defined as the years of most frequent fire and drought stress, respectively. The coincidence of the extreme years was tested. In order to explore the connection of drought severity and fire occurrence, Pearson’s correlation coefficients were calculated between fire frequency and moisture indicators. Two-tailed null hypothesis test was used to calculate the significance levels of the correlations. Monthly NINO3 and PDO data were correlated to summer fire frequency to determine the key season of teleconnection and possible time lag effect. The same analysis between key season NINO3 and summer moisture indices was conducted to explore the mechanisms underlining the teleconnection.





3. Results


3.1. Linkage of Fire and Moisture Variability


The mean correlation coefficient of the summer fire number among the seven counties reached 0.49 (1960–2018, Figure A1), suggesting a synchronous variation of fire occurrence and reasonable pooling of these data. The six years with the most frequent fire occurrence (Year-f, red stars in Figure 2A) and the largest drought stress (Year-d, blue stars in Figure 2A) were identified. We found four out of six Year-f (1962, 1963, 1974, and 1982) and two years with the largest burned areas (1962 and 1974) coincided with Year-d. Four out of six Year-f occurred before 1987, after which a great fire suppression effort has been carried out in China. The R between summer fire frequency and SPEI1 reached 0.46 (1960–2018, p < 0.001), showing the possible link between drought severity and fire occurrence. The trend of fire frequency was insignificant (1960–2018, slope = 0.45 ± 1.45/year, p = 0.55). Exceptionally large burned areas were recorded in 1962 and 1974 (4.6 and 18.1 × 103 hm2, respectively), which coincided with the two driest years over 1960–2018 (lowest SPEI values in 1962 and 1974). The burned area had never exceeded 3 × 103 ha since the 1980s. Even with comparable drought condition and fire frequency in 2008, the burned area did not reach similar level of 1962 and 1974.



The negative correlation between summer fire frequency and moisture indices, including precipitation, SPEI1, scPDSI, and relative humidity, were all significant above the 95% level (Figure 3 R = −0.42, −0.46, −0.26, and −0.45; p < 0.01, 0.01, 0.05, and 0.01, respectively), suggesting a drought-induced fire occurrence in the Altai region. A significant correlation was not found for fire frequency and temperature records, regardless of minimum, mean, or maximum temperatures.




3.2. Teleconnection of ENSO/PDO and Local Moisture Variabilities


Figure 4 shows the July–October NINO3 and October–November PDO of the previous year were significantly (p < 0.05) and negatively correlated with fire frequency of the current summer. Although insignificant, the correlation coefficients were all negative from the previous December to the current May. All these results imply a persistent teleconnection between previous SST of the eastern tropical Pacific Ocean and summer Altai fire and climate variabilities.



To understand the mechanisms underlying the teleconnection between ENSO and local climate, correlation analysis of NINO3 and moisture indices was conducted and are presented in Figure 5. All the four moisture indices showed significantly positive R with NINO3 index (R = 0.45, 0.42, 0.33, and 0.41; p < 0.01, 0.01, 0.05, and 0.01 for precipitation, SPEI1, scPDSI, and RH, respectively), suggesting that a previous El Nino event might have led to high summer moisture availability in Altai, and vice versa. The spatial correlation between the July–October NINO3 index of the previous year and summer precipitation, SPEI1, and scPDSI were all significant (p < 0.05) over the study region (Figure 6a–c). In addition, summer Altai RH showed significant coherence (p < 0.05) with previous July–October SST over the eastern tropical Pacific Ocean (Figure 6d), where the SST anomalies define the NINO3 index.





4. Discussion


4.1. Regional Climate Trends, Fire Frequency, and Burned Area


High drought severity can increase the aridity of fuels and elevate forest fire frequency and area burned [52,53,54]. Warming itself and the associated increase in drought stress, extreme hot events, and fire season length are supposed to raise the fire risk as well [55,56]. Global change-type drought, also termed as warming-induced drought stress, has largely contributed to the increase in burned area and fire risk over dry areas [54,57]. However, despite significant summer warming (0.28 ± 0.026 °C/decade p < 0.001, Figure A2a), the trend of annual summer fire frequency is insignificant in Altai.



In this study, both coincidences of frequent fire and extremely dry years and the correlation analysis showed a significant connection between drought stress and fire occurrence in Altai (Figure 2 and Figure 3), suggesting that the summer fire occurrence in the study region is mainly dominated by drought severity. Among the moisture indices used, scPDSI and SPEI1 showed a slight and significant wet trend (Figure A2b,d), whereas precipitation increased as well but in a statistically insignificant manner (Figure A2c).



The ambiguous fire frequency trend and largely reduced burned area could also be due to the significant moistening trend along with warming as well as the strong fire suppression efforts and greatly increased investment in fire prevention since 1987.




4.2. Teleconnections of La Nina Events and Drought Stress in Altai


The El Nino events, defined as anomalously high SST over the eastern tropical Pacific, can lead to subsequent warmer SSTs over the northwest Pacific and tropical Indian Oceans [58,59]. Anomalous warm SSTs can reduce the land–ocean thermal gradient, delay the onset of the East Asian summer monsoon (EASM) and South Asian summer monsoon (SASM), and weaken monsoon intensities [60,61]. Thus, El Nino is usually responsible for interannual drought stress and fire occurrence in many monsoonal regions [62,63,64].



In contrast to an El Nino-caused drought, we found that the dry conditions (low precipitation, SPEI1, and scPDSI) of Altai are significantly associated with previous La Nina events (low NINO3) (Figure 5 and Figure 6). The close association of previous La Nina and low summer precipitation in the study region was reported and interpreted in a previous study [61], where it was found that a cooler Indian Ocean SST usually occurs months after La Nina events. Then, the South Asian High (SAH) is pushed northward, which leads to a barotropic high-pressure anomaly over Northwest China. The anomalous high pressure is responsible for the less precipitation in the study region [61]. The significant teleconnections between previous La Nina events and high drought severity/fire occurrence can provide important knowledge for long-term forest fire prediction in Altai.




4.3. Comparison with ENSO’s Impact in Other Studies


Previous studies have shown that fire risk and severities in boreal forests are higher following El Nino events in Canada and Northeast China [26,45]. Moreover, fire activities of boreal forests are usually characterized by large multidecadal variabilities, which are modulated by long-term climate dynamics in the Pacific and Atlantic sectors, such as PDO and Atlantic Multidecadal Oscillation (AMO) [26,45,47,48,65]. For the first time, we have identified that fire occurrence of boreal forests is teleconnected with La Nina rather than El Nino. At an interannual timescale, El Nino events contribute to extremely warm and dry conditions and are responsible for more wildfires in many regions of the world [39,40,41,42,44], whereas La Nina-associated fires can only be found in a few regions, such as West America [36].
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Figure A1. Summer forest fire frequency of the seven counties of Altai Prefecture. 
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Figure A2. Summer climate trend over the study region, including (a) temperature, (b) scPDSI, (c) precipitation, (d) SPEI1, and (e) July–October NINO3 index of the previous year. 
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Figure 1. Meteorological stations are indicated with black triangles. Gray shading of the top right insert shows the Altai Prefecture. The black rectangle is the study area (45–49° N, 85–91° E). The top left insert is the Walter–Lieth diagram of the study region; the temperature (black curve) and precipitation (red bars) are the regional averaged data of CRU TS4.03 dataset. 
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Figure 2. (a) Summer (May–September) fire frequency (red column) and Standardized Precipitation–Evapotranspiration Index (SPEI1; solid blue line). The horizontal solid lines are the mean values, and the dashed red and blue lines indicate the limits of 95% significant deviation from the mean value. The Extreme frequent fire and dry years are defined as above and below these limits and marked by red and blue stars, respectively. (b) Annual summer burned area. 
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Figure 3. Scatter plot with correlation coefficients between summer fire frequency and moisture variability of the study region: (a) precipitation; (b) SPEI1; (c) Palmer Drought tableSeverity Index (scPDSI); (d) relative humidity (RH). 
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Figure 4. Correlation coefficients of monthly NINO3/ Pacific Decadal Oscillation (PDO) and summer fire frequency from July of the previous year to July of the current year (1960–2018); horizontal dashed line is the 95% significance level, results exceeding 95% significance level were donated with stars. 
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Figure 5. Scatter plot with correlation coefficients between NINO3 average over July–October of the previous year and summer moisture variability of the current year: (a) precipitation; (b) SPEI1; (c) scPDSI; (d) relative humidity. 
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Figure 6. Spatial correlation coefficients of July–October NINO3 index of the previous year and summer moisture indicators, including (a) precipitation, (b) SPEI1, and (c) scPDSI. Black rectangles are the study region. Subplot (d) is spatial correlation coefficients of summer Altai RH and July–October global sea surface temperature (SST) of the previous year. Only parts with R value < 0.05 are shown. 
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