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El Niño years are characterized by a high sea surface temperature anomaly in the Equatorial Pacific Ocean, which leads to unusually warm and dry conditions over many fire-prone regions globally. This can lead to an increase in burned area and emissions from fire activity, and socio-economic, and environmental losses. Previous studies using satellite observations to assess the impacts of the recent 2015/16 El Niño found an increase in burned area in some regions compared to La Niña years. Here, we use the dynamic land surface model JULES to assess how conditions differed as a result of the El Niño by comparing simulations driven by observations from the year 2015/16 with mean climatological drivers of temperature, precipitation, humidity, wind, air pressure, and short and long-wave radiation. We use JULES with the interactive fire module INFERNO to assess the effects on precipitation, temperature, burned area, and the associated impacts on the carbon sink globally and for three regions: South America, Africa, and Asia. We find that the model projects a variable response in precipitation, with some areas including northern South America, southern Africa and East Asia getting drier, and most areas globally seeing an increase in temperature. As a result, higher burned area is simulated with El Niño conditions in most regions, although there are areas of both increased and decreased burned area over Africa. South America shows the largest fire response with El Niño, with a 13% increase in burned area and emitted carbon, corresponding with the largest decrease in carbon uptake. Within South America, peak fire occurs from August to October across central-southern Brazil, and temperature is shown to be the main driver of the El Niño-induced increase in burned area during this period. Combined, our results indicate that although 2015/16 was not a peak year for global total burned area or fire emissions, the El Niño led to an overall increase of 4% in burned area and 5% in emissions compared to a “No El Niño” scenario for 2015/16, and contributed to a 4% reduction in the terrestrial carbon sink.
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INTRODUCTION

The El Niño Southern Oscillation (ENSO) is a reasonably predictable mode of variability that occurs every 2–7 years, and can have a large impact on regular rainfall patterns and temperatures on a global scale. It is also the biggest driver of variability in the terrestrial carbon cycle, dominated by the response in the tropics (Cox et al., 2013; Betts et al., 2016). An ENSO event is defined as a Sea Surface Temperature (SST) anomaly compared to a baseline period of 1971–2000, centered on the equatorial Pacific Ocean in the Niño-3.4 region (5°N–5°S, 120°–170°W), that is 0.5°C, or larger over three consecutive months (Trenberth, 1997, and updated by NOAA, 2003; Larkin and Harrison, 2005; Yu et al., 2017). ENSO years are characterized by unusually warm SSTs (El Niño) or by unusually cold SSTs (La Niña) in the Equatorial Pacific ocean, but can have global impacts (Larkin and Harrison, 2005). The El Niño phase of ENSO commonly results in higher temperatures and reduced precipitation across the tropics, although the timing of this varies globally (Chen et al., 2017). This can lead to increases in fire and autotrophic respiration, and decreases in productivity. However, the impacts across continents can be variable, for example southern South America often experiences wetter conditions, while northern, and central-east regions experience drought (Grimm, 2003; Stauffer, 2015).

In the last 25 years, there have been two large El Niños, and a number of years with high SSTs. During 1997/98 and 2015/16, very high SST anomalies were recorded over Niño-3.4, while the years 2002/03, 2004/05, 2006/07, and 2009/10 also showed higher than average SSTs (NOAA CPC1). The 2015/16 El Niño was one of the strongest on record, beating the previous highest 1997/98 record for Niño-3.4 Index, although showing lower Nino 3, and Nino 1 + 2 Eastern values (L’Heureux, 2016). There were initial signs of the developing El Niño in 2014 before meeting the official El Niño criteria in May 2015, peaking in late 2015, and ending in May 2016. The event has been associated with a large rise in global levels of CO2 (Betts et al., 2016), which one study used satellite-derived data to attribute to different factors that vary spatially: in tropical South America the cause was linked to a decrease in Gross Primary Productivity (GPP) and reduced carbon uptake from reduced precipitation; in tropical Asia the increase was linked to higher fire occurrence; and in Africa an increase in respiration led to increased carbon release (Liu et al., 2017). Other studies, however, show GPP as the main driver of carbon loss across the tropics as a whole, with a decline in photosynthesis (Bastos et al., 2018) and a 28% reduction in tree growth (Rifai et al., 2018; Santos et al., 2018) evident in the Amazon. A temperature rise of up to 3°C and annual rainfall anomalies of 200 mm below the long-term mean were recorded in east Amazonia (Malhi et al., 2018), which led to a decline in photosynthesis and resulted in a reduction in GPP (Luo et al., 2018). Anderson et al. (2018) show that repeated exposure to drought over the last 40 years has increased the sensitivity of Amazon vegetation, as demonstrated by increasingly negative Enhanced Vegetation Index anomalies, suggesting that Amazonia is becoming more vulnerable to extreme and repeated drought events (Feldpausch et al., 2016).

Fires depend on a combination of factors, including ignitions (anthropogenic, or natural ignitions from lightning), fuel (including vegetation), and meteorological conditions (higher temperatures, reduced precipitation, humidity, and soil moisture). One of the consequences of regional increases in temperature and drought is increased meteorological fire danger and fuel availability, which can lead to extreme wildfire events. CO2 accounts for in excess of 90% of global fire carbon emissions each year (∼2 PgC total emissions), which usually peaks during El Niño years (Eldering et al., 2017). In March 1998 for example, large fires associated with drought in the state of Roraima in Brazil burned nearly 12,000 km2 of forests and savannas, heavily affecting air quality, transportation and food production in urban and rural areas. Despite the effort of about 1500 fire fighters, these burnings were controlled only at the end of the month when precipitation returned (Kirchhoff and Escada, 1998). Recent research has shown that drought-induced fires in the Brazilian Amazon increased by 36% during the 2015/16 El Niño period according to MODIS data, with an estimated 523 TgCO2 from fire emissions in 2015 (Aragão et al., 2018). In Indonesia, more than 4.5 million hectares burned during the 2015 fire season, predominantly started deliberately for land clearance, and much of which was over high carbon emission-producing peatlands (Lohberger et al., 2018). Generally, overall fire emissions in pan-tropical forests have increased by 133% in El Niño years compared to La Niña years over 1997–2016 (Chen et al., 2017). Fires are important contributors to the carbon cycle through fire emissions which contribute to atmospheric greenhouse gas concentrations. In addition, forests impacted by fires may not recover their original carbon stock, resulting in a net positive carbon contribution to the atmosphere (Silva et al., 2018).

While a clear link has been found between the 2015/16 El Niño and an increase in satellite and radar-detected fire events across a number of pan-tropical regions, a model-based assessment of the full impact of the El Niño on drivers of fire and terrestrial carbon uptake using a coupled fire-vegetation model has not yet been done. Using interactive fire and vegetation within a land surface model enables us to assess the impacts of the 2015/16 El Niño compared to a mean climatology representing a “No El Niño” state, allowing a comprehensive investigation into the impacts of the El Niño across a range of variables and their associated drivers.

Here we use the coupled fire-vegetation model JULES-INFERNO (Clark et al., 2011; Mangeon et al., 2016; Burton et al., 2019) to investigate the impact of the 2015/16 El Niño on fire globally and in three regions, South America, Africa, and Asia, compared with a “No El Niño” baseline. First, we assess model performance against observations, and then consider the change in burned area and emissions due to the El Niño, before exploring the underlying drivers of burned area. We then assess the resultant impact on the carbon sink globally and regionally, taking fire into account. The advantage of using a model over observations for this study is that we can represent 2015/16 land surface and levels of CO2 in both experiments, while altering the climatology in one to represent an average year as if the El Niño had not occurred. This makes a direct comparison possible between an “El Niño” and a “No El Niño” state for the 2015/16 period. It also enables factorial experiments to be used to understand dominant climatological drivers, where one variable can be modified while all other conditions are kept constant. Here, we vary first temperature and then precipitation to attribute the change to one dominant driver.



MATERIALS AND METHODS

We use the land surface model JULES (Joint UK Land Environment Simulator; Clark et al., 2011) based on the JULES-C configuration here, coupled with INFERNO (INteractive Fire and Emission algoRithm for Natural envirOnments; Mangeon et al., 2016). We used JULES vn4.9 with coupled fire and vegetation as described in Burton et al. (2019) for the initial experiments, and then updated to JULES vn 5.4 including varying mortality by plant functional type (PFT), which is here set to 40% for trees, 60% for shrubs, and 100% for grasses to achieve improved levels of present day vegetation carbon. The results of the experiment were not affected by the version of JULES used. We use varying ignitions from population density data from HYDE (Hurtt et al., 2011) and monthly LIS-OTD (Lightning Imaging Sensor – Optical Transient Detector) observations for 2013 from NASA (Christian et al., 2003) for lightning ignitions to calculate burned area. JULES-INFERNO simulates flammability using temperature, precipitation and calculated relative humidity from the driving data, and fuel density, soil moisture and saturation vapor pressure simulated internally by JULES. Flammability is multiplied by ignitions from lightning and population density, together with an average burnt area per PFT, to simulate burned area by PFT and gridbox as described in Mangeon et al. (2016). We use observations of burned area and fire emissions from GFED4.1s (Global Fire Emissions Database, including small fires; van der Werf et al., 2017) for comparison with the model. We include varying land use as described in Burton et al. (2019) from HYDE 3.2 (History Database of the Global Environment; Klein Goldewijk et al., 2017), updated to include 2013–2016 as part of the Global Carbon budget (Le Quéré et al., 2018), and dynamic vegetation. The model is run at a spatial resolution of N96 (1.25° latitude × 1.875° longitude). We use 6-hourly climatology from CRU-NCEP v7 (Harris et al., 2014; Viovy, 2018) to drive JULES, including CO2, precipitation, temperature, specific humidity, wind, air pressure, and short and long wave radiation which models the observed 2015/16 El Niño.

We ran the model from 1860–2016 with this forcing, and then again using the mean climatology from the previous 10 years (2005–2014) for all variables except CO2. This is considered to represent a reasonable approximation to standard baseline conditions for 2015/16 without the El Niño event occurrence (Betts et al., 2018), referred to in the results as “No El Niño.” The experimental design used here is intended for use in investigating the impacts driven by the occurrence of the 2015/2016 El Niño, compared with the same period without the observed SST anomaly, ensuring CO2 and land cover dynamics are comparable. The period of 2005–2014 is chosen to ensure conditions are as similar as possible to 2015/16 in terms of climate and CO2 levels, while 10 years is chosen to even out anomalous years. We can define the 2015/16 perturbation as dominated by the significant El Niño, and study the impacts against a 10-year baseline. Changes referred to as “due to El Niño” throughout this study are calculated as absolute change between the two model conditions (El Niño – No El Niño), or as percentage change (El Niño – No El Niño/No El Niño ×100). We select the period July 2015–June 2016 to study the impacts over 12 months covering the peak El Niño. This period is slightly later than the official El Niño period to capture some of the lag effect in fire response as identified by Chen et al. (2017).

We perform an additional factorial experiment to test whether temperature or precipitation is the largest driver of change. We create two new simulations, the first just using the precipitation associated with observed El Niño together with the mean climatology for other climatic variables, “ENSO-Precip,” and the second just using the temperature associated with the El Niño together with the mean climatology of other variables, “ENSO-Temp.” We then use Net Biome Productivity (NBP) to assess the impact of the El Niño on the carbon sink. NBP is calculated here as Net Primary Productivity (NPP) minus soil respiration, wood product emissions from land-use change, and fire emissions. The percentage contribution of inputs respiration, fire and NPP to NBP is calculated as (change in input)/(change in NBP) ×100. We first analyze the results globally, and then for three fire-prone regions: South America, Africa, and Asia.



RESULTS


Burned Area and Emissions

We first consider the model performance against observations. Spatially JULES-INFERNO captures the global pattern well, with high burned area over Africa, South America, and Northern Australia (Figure 1). However, the lower burned area fraction over Africa compared to observations is compensated by higher burned area in other areas, including India and United States which is not seen in the observations, giving the right approximate global total while maintaining some regional errors (see also Figure 2).


[image: image]

FIGURE 1. Gridbox total burned area from GFED observations (A) and as modeled by JULES-INFERNO (B), July 2015–June 2016.
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FIGURE 2. Burned area (left column) and emitted carbon from fires (right column) simulated by JULES-INFERNO (red) with GFED observations (black), 1997–2016. Top plots show total burned area, bottom plots show de-trended data. Burned area (left column A and C) and emitted carbon from fires (right column B and D) simulated by JULES-INFERNO (red) with GFED observations (black) 1997-2016. Top plots (A,B) show total burned area, bottom plots (C,D) show de-trended data.


Andela et al. (2017) have shown that global burned area has declined in the last 20 years, with the largest decline in African savannas due to change in land management practices and increasing use of agriculture. These factors are not currently included in most fire models, and therefore this decline is not captured in the global time series (Figures 2A,B). However, detrending the data by simple linear regression to remove the anthropogenic-driven decline shows that JULES-INFERNO simulates interannual variability well compared to observations, and simulates approximately the correct present-day global total burned area and fire emissions.

Compared with GFED observations of burned area for the period July 2015–June 2016, the model simulates burned area and emissions in the same order of magnitude, and approximately captures the timing of the seasonal cycle (Figures 3A,B). The peak burned area in August and the decline in emissions in November is correctly simulated, although the amplitude of the seasonal cycle is weaker than the observations. However, the global decline in burned area in January is not well modeled (Figure 3A). This is because the high burned area and emissions in Africa dominates the global signal, and this decrease occurs just after peak burning in December and January in northern hemisphere Africa (Laris et al., 2016; Figures 3C,D), reducing the global total. In general, burnt area is under-simulated in Africa and over-simulated in South America (Figure 3C), but while the peak in regional emissions is not captured in the model, other months particularly in Asia and South Africa are reasonably represented (Figure 3D).
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FIGURE 3. Monthly modeled burned area and emitted carbon with observations July 2015–June 2016. Top row: Global total burned area (Mkm2; A) and emitted carbon (PgC; B) as modeled by JULES-INFERNO with El Nino (red solid) and without El Nino (black dashed) and from GFED 4.1s observations 2015/16 (blue dot/dash). Bottom row: Modeled percentage of region burned (C) and percentage of carbon emitted from total vegetation and soil carbon by region (D).


Focusing now on the changes due to the El Niño, the percentage increase in burned area shows the areas of highest change as northern South America, southern United States and central/southern Australia which see up to 100% increase in some regions (Figure 4). Decreases in burned area are seen across Canada, the Sahara and Southern Africa, and East Asia, although these are mostly smaller than the increases (see Supplementary Material for values of change in gridbox fraction).
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FIGURE 4. Change in burned fraction (A) and fire emissions (B) due to El Niño, July 2015–June 2016 simulated by JULES-INFERNO.


Out of each of the three regions considered, South America has the largest change in burned area and emitted carbon due to El Niño conditions, with a 12.738% increase in burned area and a 13.043% increase in fire emissions (Table 1). Africa has an overall decrease in burned area (−4.442%) and emissions (−1.415%). The tropics as a whole shows a slight increase in burned area (2.031%), and a larger increase in emissions with El Niño compared to without the El Niño (5.574%). There is a global total increase of 4.132% in burned area, and 4.911% in emissions.


TABLE 1. Burned area and emitted carbon globally and by region, with and without El Niño for total burned area (Mkm2) and emitted carbon (PgC) simulated by JULES-INFERNO.

[image: Table 1]
What is apparent from GFED observations is that 2015/16 was not a significant year for global total burned area, contrary to the previous El Niño year 1997/98, although emissions were higher than average (2A,B, Figures 5). However, the impacts of El Niño events are spatially heterogeneous, with some areas presenting hotter and drier conditions, and some experiencing increased rainfall. This results in areas of increased burned area in some regions, and areas of decrease in other regions, which impacts the global mean. The fires of the 1997/98 El Niño were dominated by widespread peatland fires, particularly in Indonesia (Page et al., 2002) which drove unusually high emissions that year (Figure 5B). However, JULES-INFERNO does not yet include peatlands and therefore we would not expect to see this spike reflected in the model results.
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FIGURE 5. GFED4.1s observations of global burned area (A) and fire emissions (B), and JULES-INFERNO simulated global burned area (C) and fire emissions (D), July–June from 2010 to 2016, plus 1997/98 (dotted). 2015–2016 is shown in red dashed (El Niño), and black dashed (No El Niño).




Drivers of Burned Area

Considering the key drivers of the change in burned area, across the north of the South American continent there was an increase in temperature and a decrease in precipitation and soil moisture due to the El Niño (Figure 6). These hotter, drier conditions are typical of the impacts that we expect to see with a strong El Niño (Foley et al., 2002), and have been linked to an increase in fire (van der Werf et al., 2004). The change in burned area across Africa, however, is more variable, with some regions showing an increase and some showing a decrease. Across the northern half of the continent the variability is in line with changes in precipitation, soil moisture and temperature, but there is a strong signal of decreased burned area in the far south which does not fit this trend. In this region the precipitation and soil moisture are lower, and temperature is higher compared to the mean climatology, which would usually be expected to lead to higher burned area.
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FIGURE 6. Drivers of burned area with El Niño, July 2015–June 2016. From CRU-NCEP driving data: Percentage change in annual precipitation (A), change in mean temperature (B), and percentage change in specific humidity (C). Stippling indicates where the change is large compared to natural variability across 2005–2014 (greater than two standard deviations). Modeled by JULES: percentage change in soil moisture (D).


There is a corresponding decrease in flammability of grasses across this region of Southern Africa (Figure 7). The meteorological conditions do not seem to be a major driver in this region (Figure 6), indicating a decline in fuel availability in the form of fraction of grasses may be driving the decrease in burned area. This is an area of semi-desert, so fuel is an important factor in burned area here. A similar decrease is seen in NPP and NBP (see section “Terrestrial carbon sink”), which supports this. A signal of the opposite sign is observable in Australia, indicating an increase in fuel corresponding to an increase in precipitation.
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FIGURE 7. Change in flammability due to El Niño for trees (A) and grasses (B) simulated by JULES-INFERNO.


To understand whether temperature or precipitation is the largest driver of burned area, we perform two new simulations using only the precipitation and only the temperature associated with observed El Niño together with the mean climatology for other climatic variables, referred to as “ENSO-Precip” and “ENSO-Temp,” respectively. We consider the results globally, and for South America as the region with the largest change in burnt area (Table 1) and a major net source of carbon in the 2015/16 El Niño (Rödenbeck et al., 2018).

Temperature is a larger driver of burned area than precipitation in this experiment both globally and for South America (Figure 8), which is also supported by observational studies of increases in fire (Silva et al., 2019). Considering South America, temperature is an important driver of burned area during the peak fire season August-October, but toward the end of the El Niño period over February-June this changes to precipitation being the more important driver. This coincides with the wet season in central Brazil, indicating that reduction in precipitation in the wet season is a more important driver of fire than in the dry season where it is already hot, dry and fire-prone. Humphrey et al. (2018) identify soil moisture as a dominant driver, however, Jung et al. (2017) show that on a local scale, precipitation is an important driver of changes in GPP and Net Ecosystem Exchange, whereas at larger spatial scales temperature is a more important driver. Their results indicate that water availability increases both GPP and respiration; therefore on a local scale water availability is the primary driver of carbon fluxes, but the two anomalies compensate on a larger scale and so temperature emerges as the stronger driver. The results here showing temperature as the dominant driver on large spatial scales may be reflective of this principle.
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FIGURE 8. Drivers of burned area globally (A) and for South America (B) from January 2015–June 2016 simulated by JULES-INFERNO.




Terrestrial Carbon Sink

Typically during an El Niño, carbon uptake in the terrestrial system is decreased due to lower GPP, increased respiration, and increased fire activity (Liu et al., 2017). Here we use NBP to assess the impact of the 2015/16 El Niño on the carbon cycle. NBP is a measure of the net carbon accumulated in an ecosystem and can therefore be a useful indicator of the change in the carbon sink. A negative NBP indicates that an ecosystem is a net emitter of carbon, which can happen under conditions such as large El Niño events where carbon uptake is reduced because of higher temperatures negatively impacting photosynthesis, and due to higher fire occurrence.

Negative NBP is seen particularly in the southern hemisphere, including South America, Southern Africa, India, Australia, and also over central Europe, while North America and across Russia show mainly positive NBP (Figure 9A). The main losses of carbon as indicated by reduction in NBP are seen across South America and southern Africa, with other areas of loss including Western Europe, Asia, and northern Australia (Figure 9B).
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FIGURE 9. Global Net Biome Productivity (NBP) July 2015–June 2016 (A), and change in NBP due to El Niño (B) simulated by JULES-INFERNO.


The drivers of the reduction in NBP are spatially heterogeneous (Figure 10). While there are reductions in respiration (Figure 10B) as well as NPP (Figure 10C) in some areas, the reductions in NPP are stronger and dominate the signal of NBP decrease. Fire emissions, while smaller, also contribute to the signal (Figures 10A,D) (see Supplementary Material for actual values of change). Table 2 shows the total NBP globally and by region with and without the El Niño, as well as the total change. There is an overall decrease in NBP with the El Niño, and out of the regions analyzed the decrease is the strongest in South America.


TABLE 2. Total and change in NBP Globally and by region, with and without El Niño simulated by JULES-INFERNO.
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FIGURE 10. Drivers of change in NBP. Percentage change due to El Niño July 2015–June 2016 for annual emitted carbon from fire (A), respiration (vegetation and soil; B), and NPP (C) simulated by JULES-INFERNO. Panel (D) shows the percentage of the NBP anomaly that is due to fire emissions.


Table 3 shows the percentage contribution of fire, respiration and NPP to the change in NBP. An increase in fire emissions results in a global reduction in NBP, and the contribution is strongest in South America. In Africa, fire emissions are reduced with the El Niño, resulting in a negative contribution. An increase in respiration also contributes to a decline in NBP, which is seen in Asia, but in other regions and globally there is a decrease in respiration. NPP has the opposite sign, where a decline in NPP results in a reduction in NBP. In all three regions and globally there is an overall decline in NPP, with the strongest signal in Asia and South America.


TABLE 3. Percentage contribution of variables to NBP.

[image: Table 3]
Here, we use the last 10 years of data to explore whether the NBP in 2015/16 was unusual. We include the previous large El Niño, 1997/98, as a comparison (Figure 11). Years 2015/16 had the lowest NBP of any year in the series in the second half of 2015, but from March 2016 had the second lowest with 1998 having a lower NBP. The 1997/8 El Niño conditions were focused more in the Central Pacific, whereas the 2015/16 were more focused in the East Pacific (Chylek et al., 2018), which is a likely reason why the lowest NBP occurred at different times in each case. This reduction has also been found in observationally based estimates of the terrestrial carbon sink, where estimates for 2015 were 1.2 GtC below the 2006–2015 average due to El Niño conditions (Le Quéré et al., 2016).
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FIGURE 11. Global terrestrial (GtC/month) NBP for time series of 10 years from July–June. 2005–2014 shown in gray, large El Niño years shown in red (1997/98 dashed; 2015/16 solid), “No El Niño” shown in black.





DISCUSSION

Here we have considered the impact of the 2015/16 El Niño on fire, compared to a mean climatology. The results suggest that there was an impact on fire, and this varied spatially and temporally. It is well known that the impacts of El Niño conditions vary, causing drought across Asia, some parts of Africa and northern South America, and wetter conditions across central-east Africa and western America (NOAA). Both the 1997/98 (Page et al., 2002) and the recent 2015/16 (Aragão et al., 2018) El Niño events have been associated with an increase in fire, and the results here have shown that in some regions fire did increase with the 2015/16 El Niño compared to a “No El Niño” scenario. The largest signal of increased burned area was in South America, where there is an overall warming and drying of the region, with temperature being the more important driver. It is a well-known feature of El Niño conditions that there is a drying over the Amazon region, which is associated with a weakening of the land carbon sink and thus higher rates of CO2 growth (Humphrey et al., 2018).

In the three regions studied here, both the NPP and the respiration decreased with El Niño in all cases. However, looking at the overall impact of these changes showed that the decrease in NPP was larger than the decrease in respiration, leading to an overall decline in the uptake of carbon in all regions, exacerbated by the additional emissions from fire. The modeled carbon emissions are in agreement with GFED observations, producing a similar order of magnitude of emissions. However, it should also be noted that there are uncertainties in the observational data, and there can be large differences between different burned area products (Jain, 2007). GFED data for example have been found to underestimate burned area and emissions from the 2015/16 El Niño in Amazonia (Withey et al., 2018). The seasonality in burned area is dominated by high burned area in Africa, which is currently not well captured in the model. In many African savannah regions, burning coincides with crop timings rather than in the peak dry season (Laris et al., 2016), whereas human ignition datasets used in modeling are typically based on population on an annual to decadal timescale. Therefore, this may not be a model deficiency, but rather a current inability to capture seasonality of human trends in fire use.

A reduction in NBP was seen in the simulations with El Niño, and the drivers of the reduction were spatially varying. Fire and a reduction in NPP drive the decrease in NBP across South America, whereas a reduction in NPP drives carbon loss across southern Africa. All three inputs of fire, respiration and reduced NPP drive carbon loss in Asia (Figure 10 and Table 3). This supports other research by Liu et al. (2017) showing that carbon losses due to the 2015/16 El Niño vary regionally, although the drivers here differ; Liu et al. concluded that the main cause of carbon losses was reduction in GPP in South America, an increase in fire in tropical Asia, and respiration increase in Africa. Here the JULES-INFERNO model shows that out of all the regions, fire has the largest impact on NBP in South America, NPP has the largest impact in Asia, and respiration also makes the largest contribution to NBP decline in Asia. The previous large El Niño of 1997/98 showed a large spike in carbon emissions, as shown in the GFED observations. A significant part of this was due to emissions from peatlands across Indonesia (Page et al., 2002). The same peak in emissions was not seen in the JULES-INFERNO model, and this points to an important development for the model to be able to represent peatland fires in future iterations.

The period of 2005–2014 used for this study was chosen to ensure conditions are as similar as possible to 2015/16 in terms of climate and CO2 levels, while 10 years was chosen to reduce the effects of inter-annual variability. However, this period does include the weak El Niño years of 2004–2005, 2006–2007, and 2009–2010, meaning some of the impacts of the 2015/16 El Niño may look weaker than if compared only to La Niña or neutral years. It should also be noted that this experiment cannot be defined strictly as an attribution study for El Niño impacts, as other modes of variability may have driven changes during 2015/16. For a more complete attribution study to be conducted, El Niño events could be isolated from the historical period and compared to standard years, however, this is complicated by the relatively few occurrences of El Niño events, and large range in strengths across numerous indexes that make it difficult to compare each event. We can define the 2015/16 meteorological conditions as dominated by a significant El Niño in this case, and using a coupled fire-vegetation model we are able to compare the impacts against a 10-year mean climatology which gives us greater insight into the causes and impacts of the El Niño event on fire and terrestrial carbon.



CONCLUSION

Here, we have assessed the impact of the 2015/16 El Niño on fire and on the terrestrial carbon cycle by using the JULES-INFERNO model with an experiment comparing the observed 2015/16 El Niño to an average climatology from the previous 10 years. Burned area was impacted by the El Niño, with some areas showing an increase in burned area (south United States, South America, and central Australia), and others showing a decrease (Africa, East Asia). This also affected emissions in the same way. Globally burned area was higher with the El Niño in the last half of 2015, and emissions were higher for most of the period July 2015–June 2016. We compared observations from GFED4.1s to simulated burned area and emissions annually from JULES-INFERNO, and showed that the magnitude of burned area and emissions are well modeled, but the seasonal variability in emissions is less well captured from February – June across a year. Three regions were considered in the study: Asia, Africa, and South America; out of these regions South America showed the largest change in burned area and fire emissions (13% increase) with the El Niño, driven by increased temperature and reduction in moisture availability. Africa showed a negative change driven by higher moisture (humidity and precipitation) and lower fuel availability. Overall, the impact of the 2015/16 El Niño on fire varied by region. Using exclusion experiments for temperature and precipitation, we found that temperature was a larger driver of burned area, both globally and for South America where the change in burned area was largest.

Finally, we used NBP to understand the change in carbon uptake and found that the year 2015/16 had the lowest NBP in the series of 10 years, and lower for most of the year than the previous largest El Niño in 1997/98.

In conclusion, this paper has shown that although 2015/16 was not a peak year for global total burned area or fire emissions, the El Niño had an impact on fire which varied regionally, with the highest change in South America. This led to an overall increase in burned area and emissions compared to a “No El Niño” scenario for 2015/16, and contributed to a reduction in the terrestrial carbon sink.
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