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“ƵƉƉůĞŵĞŶƚĂƌǇ MĂƚĞƌŝĂů ĨŽƌ ͞“ƵďƐƚĂŶƚŝĂů ŝŶĐƌĞĂƐĞƐ ŝŶ EĂƐƚĞƌŶ AŵĂǌŽŶ ĂŶĚ CĞƌƌĂĚŽ ďŝŽŵĂƐƐ 1 

burning-sourced ozone: Impacts on regional air quality͟ 2 

Pope R.J. et al., (Submitted to Geophysical Research Letters) 3 

 4 

Supplementary Material (SM 1): Satellite Data  5 

Anomalous Fire Activity Years 6 

Precipitation data from the Tropical Rainfall Measuring Mission (TRMM) satellite, has suggested that 7 

2005, 2007, 2010 and 2015 can be classed as extreme drought/anomalous fire (ED-AF) years where 8 

fire activity is enhanced across the western Amazon (Reddington et al., 2015; Aragäo et al., 2014). 9 

We undertook a similar approach to identify ED-AF years in the eastern Amazon (see defined region 10 

in Figure SM1: 40-60°W, 0-20°S), but did not find such a significant or distinct signal in this region. 11 

The correlation between precipitation and fire activity was also weaker in our study area. Therefore, 12 

as fire activity predominantly controls regional pollution, we used the GFED and GFAS datasets to 13 

identify ED-AF years. Figure SM1 shows the ASO standardised anomalies for both fire products. ED-14 

AF years where identified when the standardised anomalies of either product was greater than 1.0 15 

standard deviations (top dashed blue line). This resulted in 2005, 2007, 2010 and 2012 being 16 

classified as ED-AF years and excluded from any trend analysis. We experimented with the 17 

size/shape of the domain to test whether 2015 should also be included as an ED-AF year, but at no 18 

ƉŽŝŶƚ ĚŝĚ ĞŝƚŚĞƌ ƉƌŽĚƵĐƚƐ͛ standardised anomaly reach 1.0 standard deviation.  19 

 20 

Artificial Background NO2 Trends 21 

TCNO2 from OMI has been subject to the OMI row anomaly (reduced quality of the radiance data at 22 

all wavelengths for a particular viewing angle; KNMI, 2012) for the latter years of the data record. 23 

This row anomaly, though partially filtered out using the product quality flags (Braak, 2010)  24 

ƉƌŽǀŝĚĞĚ͕ Ɛƚŝůů ǇŝĞůĚƐ ͞ƐƚƌŝƉŝŶŐ͟ ŝƐƐƵĞƐ ǁŝƚŚ ƚŚĞ ĚĂƚĂ͕ ĞƐƉĞĐŝĂůůǇ ŝŶ ůĂƚĞƌ ǇĞĂƌƐ͘ TŚŝƐ ŝƐ ǁŚĞŶ ďĂĐŬŐƌŽƵŶĚ 25 

TCNO2 is artificially increased, which is evident in the biomass burning season (ASO) as seen in Figure 26 
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SM2a (2006), b (2009) and c (2014). Over the Amazon the artefact is more difficult to detect, but 27 

over the Pacific Ocean and north-western South America the data is becoming noisier with time and 28 

ĐůĞĂƌ ĚĂƚĂ ͞ƐƚƌŝƉĞƐ͟ ŽĐĐƵƌ͘ WŚĞŶ Ă linear least squares trend is calculated in the ASO mean 2005-29 

2016 TCNO2 time-series, there are positive (0.05-0.1 ×1015 molecules/cm2/year, Figure SM2d) TCNO2 30 

trend regions with no or limited NOx (nitrogen oxides, NO+NO2) sources (i.e. over the ocean). This 31 

strongly suggests an artificial instrument space and time-dependent issue yielding false positive 32 

background TCNO2 trends. To remove these artificial trends from the domain, the average 33 

background ASO 2005-2016 TCNO2 percentage trend was calculated in each of the blue boxes 34 

(Figure SM2d) and then spatially interpolated across the entire domain. The top-left box is not 35 

directly in the corner of the domain as source regions exist there. The blue dashed contour lines 36 

represent the estimated size of the artificial background trend. This 2-D background trend field was 37 

then used to de-trend all OMI TCNO2 time-series (i.e. one time series per grid box) in the domain 38 

yielding more robust trends shown in Figure 2c of the main manuscript. Background regions where 39 

the OMI row anomaly introduced excessively large artificial trends (i.e. grid boxes where TCNO 2 is 40 

less than 1.5 ×1015 molecules/cm2 and has a positive trend greater than 5%) where removed from 41 

the analysis. 42 

 43 

SM 2: TOMCAT Ozone (O3) Evaluation  44 

Surface Observations 45 

Surface observations of O3 (blue) are from Manaus (60.2°W, 2.6°S) in the Amazon and compared 46 

with the TOMCAT model (red) in Figure SM3.  This site is representative of background Amazon 47 

conditions with data between 2010 and 2011 covering all months (Figure SM3). There is a clearly 48 

defined O3 seasonal cycle with minimum (4-6 ppbv) concentrations from January to May and peak 49 

(13-15 ppbv) concentrations in August/September. The model reproduces this seasonal cycle, but is 50 

less well defined as it overestimates the observations by 7-8 ppbv between January and May. 51 

However, there is overlap between the model and observational variability (standard deviations). In 52 
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the biomass burning season (ASO) the model is in good agreement peaking at 15 ppbv. From June-53 

December, the model seasonal cycle sits within the observational variability and successfully 54 

reproduces the Manaus O3 concentrations.  55 

 56 

SAMBBA Aircraft Observations and Ozonesondes 57 

NO2 and O3 aircraft (out of plume) data from The South AMerican Biomass Burning Analysis 58 

(SAMBBA; Darbyshire et al., 2019) campaign (September-October, 2012) have been averaged 59 

spatially to produce regional vertical profiles (Figure SM4). Here model output was co-located in 60 

time and space to the aircraft observations before both data sets were averaged into vertical 61 

profiles. In the lower troposphere, the model successfully reproduces the seasonal-regional aircraft 62 

O3 profile (left panel) ranging from 30 ppbv near the surface to 50 ppbv at 2 km. At 2-3 km and 63 

above 4 km, TOMCAT underestimates (~10-15 ppbv) the SAMBBA O3 profile. The model 64 

underestimation above 4 km is consistent with comparisons to ozonesondes at Natal for 2008 65 

(Figure SM5). The nearest ozonesonde data, provided by the SHADOZ project, to the Amazon is from 66 

the Natal site and only available for 2007-2008. The model also underestimates O3 (by 15-20 ppbv) 67 

at 600-400 hPa (approximately 4-6 km). The model chemical tropopause (i.e. altitude at which O3 = 68 

100 ppbv) is too low in the model (around 250 hPa) where the model overestimates the 69 

observations by 30-35 ppbv. However, in the boundary layer, the model and ozonesonde profiles 70 

have reasonable agreement. 71 

 72 

For a global model, TOMCAT performs reasonably well in capturing the observed NO 2 vertical profile. 73 

Global models typically struggle to reproduce NO2 observations given the short NOx lifetime and 74 

their coarse horizontal/vertical resolutions (Monks et al., 2017). Near the surface, the model 75 

underestimates by 0.05-0.07 ppbv but this is within the observational variability. In the lower 76 

troposphere (1-3 km), the model successfully captures the observational profile shape, but the 77 

model low bias (0.05 ppbv) is outside the observational variability range. 78 
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 79 

Overall, the TOMCAT model successfully captures the Amazon O3 seasonality and absolute 80 

ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ŝŶ ƚŚĞ ůŽǁĞƌ ƚƌŽƉŽƐƉŚĞƌĞ  ͘TŚŝƐ ƉƌŽǀŝĚĞƐ ƵƐ ǁŝƚŚ ƐƵĨĨŝĐŝĞŶƚ ĐŽŶĨŝĚĞŶĐĞ ŝŶ ƚŚĞ ŵŽĚĞů͛Ɛ 81 

O3 simulations used in the main manuscript to investigate long-term changes in surface O3 and the 82 

corresponding health impacts.  83 

 84 

SM 3: TOMCAT O3 Seasonality and Trends 85 

Seasonality 86 

Peak model-simulated surface O3 occurs in ASO and reaches over 50 ppbv in the central Amazon 87 

(Figure SM6) during the biomass burning season. Minimum concentrations are in December-April 88 

over north-western South America. Throughout the year, O3 production is simulated from the large 89 

Brazilian cities (e.g. Rio de Janeiro) ranging from ~30 ppbv in May to ~40 ppbv in September. 90 

Between November-April, there is clear outflow of O3 from the central African fires entering the top-91 

right of the domain (30-40 ppbv). However, between July and October, O3 produced from southern 92 

African fire activity dominates concentrations over the South Atlantic (25-35 ppbv). 93 

 94 

WŚĞŶ “ŽƵƚŚ AŵĞƌŝĐĂŶ ĨŝƌĞ ĞŵŝƐƐŝŽŶƐ ĂƌĞ ƐǁŝƚĐŚĞĚ ŽĨĨ ;TOMCAT ͞ fire-ŽĨĨ͟ ƐŝŵƵůĂƚŝŽŶ  ͕Figure SM7) 95 

there is a small decrease in surface O3 (several ppbv) between November-June. However, in July-96 

October there is a large drop in O3 concentrations over the Amazon with peak reductions (20-30 97 

ppbv) in September. As no fire precursor gases are emitted there is no excess O3 formation during 98 

the ASO season. In Figure SM8, Eastern Brazil (red) and Wider Amazon Region (blue) (see boxed area 99 

in Figure 4d of the main manuscript) seasonal cycles show enhanced domain-average surface O3 (20-100 

30 ppbv) in July-October (top panel). When fire emissions are switched off (middle panel), there is 101 

no seasonality with concentrations of 15-16 ppbv. The fire emission contributions to average surface 102 

O3 (bottom) is approximately 0-1 ppbv from January to June in both domains. However, in August 103 
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and September, fire emission contributions jump to 10-11 ppbv in the Amazon Region. Over Eastern 104 

Brazil, the peak O3 contributions are 12-14 ppbv in ASO.  105 

 106 

Surface Trends 107 

Figure 4a & b of the main manuscript show significant (90% confidence level; 90%CL) trends in 108 

TOMCAT model ASO average surface NO2 and O3 concentrations between 2005 and 2016. To 109 

investigate whether pollutant trends were qualitatively similar to OMI TCNO2 trends (Figure 2c of 110 

the main manuscript), average regional trends (black box region in Figure 2a of the main manuscript) 111 

were calculated over the Cerrado Region. Here, significant (90%CL) positive trends ( Figure SM9) are 112 

found when the ED-AF years (2005, 2007, 2010 and 2012 ʹ hollow circles) are removed from the 113 

analysis, supporting the satellite observed trends.  114 

 115 
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Supplementary Figures: 155 

 156 

Figure SM1: Annual average standardised anomalies for GFED Fire-Burned-Area (FBA, red) and GFAS 157 

Fire Radiative Power (FRP, black) calculated over North-Eastern South America (black dashed 158 

region). Blue dashed lines show the ±1.0 standard deviations.  159 
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 160 

Figure SM2: Demonstration of deterioration of OMI TCNO2 (1015 molecules/cm2) retrieved over 161 

background regions (e.g. the ocean) for the ASO average in a) 2006, b) 2009 and c) 2014. The ASO 162 

trend (1015 molecules/cm2/year) between 2005 and 2016 is shown in panel d). The blue boxes 163 

highlight the regions used to calculate the positive artificial background trends (%) mapped over the 164 

domain, used to de-trend the OMI TCNO2 record. 165 

 166 

 167 
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 168 

Figure SM3: Average surface O3 (ppbv) seasonal cycle for 2010-2011 at Manaus (TT34), Brazil 169 

(60.2°W, 2.6°S). Observations and model seasonal cycles are shown in blue and red, respectively. 170 

Observational and model variability is represented by the monthly standard deviations.  171 

 172 

 173 
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 174 

Figure SM4: Median aircraft (blue) and modelled (red) profiles from the SAMBBA campaign 175 

(September-October, 2012) of O3 (left panel, ppbv) and NO2 (right panel, ppbv) over the Amazon. 176 

Dashed lines represent the 25th and 75th percentiles in the model and aircraft data. 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 
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 188 

Figure SM5: Averaged ozonesonde (black) and model (red) vertical O3 profiles (ppbv) for July-189 

November (2007-2008) at Natal, Brazil. Black horizontal lines represent the observational variability 190 

(standard deviation). 191 

 192 

 193 

 194 

 195 

 196 
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 201 

 202 
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 203 

Figure SM6: Mean TOMCAT surface O3 (ppbv) seasonal cycle (2005-2016 average) over South 204 

America from the simulation which includes fire emissions (fire-ctl). 205 

 206 

 207 

 208 

 209 
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 210 

Figure SM7: Mean TOMCAT surface O3 (ppbv) seasonal cycle (2005-2016 average) over South 211 

America from the simulation without fire emissions (fire-off). 212 

 213 

 214 

 215 

 216 
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 222 

 223 
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 224 

Figure SM8: TOMCAT surface O3 (ppbv) seasonal cycle (2005-2016 average) for the Wider Amazon 225 

Region (blue) and Eastern Brazil (red; see Figure 4 of the main manuscript). Surface O3 from the 226 

TOMCAT ͞fire-Đƚů͟ ƐŝŵƵůĂƚŝŽŶ  ͕͞ĨŝƌĞ-ŽĨĨ͟ ƐŝŵƵůĂƚŝŽŶ ĂŶĚ ͞ fire-ctů͟ - ͞ ĨŝƌĞ-ŽĨĨ͟ ĚŝĨĨĞƌĞŶĐĞ ĂƌĞ ƐŚŽǁŶ ŝŶ 227 

the top, middle and bottom panels, respectively. Dashed lines represent the monthly standard 228 

deviations. 229 
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 230 

Figure SM9: TOMCAT surface NO2 (ppbv, top panel) and O3 (ppbv, bottom panel) averaged over the 231 

black box in Figure 2a (main manuscript) for August-September-October (ASO) between 2005 and 232 

2016. Hollow circles represent extreme drought ʹ  anomalous fire (ED-AF) years. Black dashed lines 233 

show significant trends (90%CL). 234 
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