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Supplementary Discussion
Aerosol iron deposition
We estimated the supply of iron to ocean by aerosol deposition during the 2019-2020 Australian wildfires as:
. The aerosol deposition flux was obtained from CAMS reanalysis as described in the Methods. There are large uncertainties in both the Fe content and solubility of aerosols. We estimated upper and lower bounds on the soluble Fe deposition using published values1-3 and our estimates are summarised in Supplementary Table 3. In the Pacific sector of the Southern Ocean, where an expansive chlorophyll a ([Chla]) anomaly was observed, the estimated bioavailable Fe deposition ranges from ~4 to over 20 μg Fe m-2 d-1 (Supplementary Fig. 1). Given the very high Fe content and solubility (Extended Data Fig. 7) measured in Tasmania when sampling smoke plumes, we expect the Fe content and solubility of the aerosols transported across the Pacific to be closer to the upper bound estimate. 

Iron requirement to support the anomalous marine production 
We considered the following range of values to estimate the amount of iron required to support the enhanced phytoplankton growth and productivity. Cellular Fe:C quotas vary substantially across phytoplankton groups and their physiological status with values ranging from ~2 μmol:1 mol to >100 μmol:1 mol4,5. To mimic the Fe fertilization conditions, we applied a Fe:C ratio of a diverse group of phytoplankton (6-40 μmol:1 mol) observed during an iron fertilization experiment in the Southern Ocean6,7. For comparison, a natural iron fertilization in the Southern Ocean8 suggest a Fe:C ratio of ~4.4 μmol:1 mol, which is similar to our lower bound Fe:C ratio. Using the Net Primary Productivity (NPP) enhancement derived from 3 different NPP models, we estimated the range of additional Fe required to support the enhanced NPP during the wildfire season (Supplementary Fig. 2). In the [Chla] anomaly region of the Pacific sector of the Southern Ocean, the Fe requirement varies from <10 to over 40 μg Fe m-2 d-1, which is close to the upper bound estimate of the labile Fe aerosol deposition. 

While there are large uncertainties in the Fe deposition and Fe requirement, our estimates suggest that the increased aerosol deposition during the wildfire season could have provided sufficient Fe to sustain the observed phytoplankton response. 

Difference between dissolved inorganic carbon (DIC) removal, CO2 drawdown in seawater and air-sea CO2 flux
The estimated increase in export production of 186 ± 90 Tg C corresponds to excess DIC removal in seawater ().  should lead to a short-term reduction in the partial pressure or concentration of CO2 dissolved in seawater () (which is a function, among other things, of the Revelle Factor).  and the ensuing increase in air-sea CO2 gradient in turn should result in an enhancement of air-sea CO2 flux. In our study, we do not provide estimates of the ocean CO2 uptake associated with the wildfires because the ratio of cumulative air-sea CO2 flux to export associated with iron fertilization is highly uncertain (2-93%), varying as a function of numerous unmeasured factors (e.g., ﻿vertical distribution of the enhanced biological production and export)9,10.

Spatial differences of [Chla] response to aerosol deposition
Some regions with large black carbon AOD (AODbc) signals displayed only moderate [Chla] anomalies including east of Australia (e.g., Tasman Sea). Because AOD does not necessarily reflect aerosol deposition, we investigated the spatial relations of AODbc and black carbon deposition flux as estimated by the atmospheric reanalysis from CAMS (see Methods for the estimates of aerosol deposition flux). Two relevant results emerged from this analysis. First, the contours of monthly maximum AODbc rather than accumulated AODbc better delimit both patterns of the high aerosol deposition and the positive [Chla] anomalies (Extended Data Fig. 1). This result is consistent with the highly episodic nature of Fe deposition, where a few days of the year dominate the annual deposition flux11. Second, the spatial distribution of aerosol deposition fluxes, together with the biogeochemical and physical state of the ocean, further explains the spatial distribution of positive [Chla] anomalies in iron-limited waters (Supplementary Fig. 3). We observed a strong patch of black carbon deposition at the core of positive [Chla] anomaly in the Pacific sector of the Southern Ocean. In contrast, although the elevated aerosol deposition spread across a vast region between 20°S-60°S, small increases in [Chla] occurred north of the subtropical front (STF). For example, in the Tasman Sea where phytoplankton productivity is colimited by Fe and macronutrients12, [Chla] increased by around 0.1-0.2 mg m-3, which is lower than the response in the Pacific sector of the Southern Ocean. Waters north of the STF are nitrate limited (Supplementary Fig. 4). South of the Tasman Sea near the subantarctic front (160°E-50°S), high aerosol deposition did not result in a clear [Chla] increase despite likely being iron-limited. However, this region had deep summer mixed layer depth (MLD) (>50m), which results in light limitation of phytoplankton growth throughout the summer13. 

Limitations and future improvements 
There are some caveats to our study worth highlighting and further studying in the future. 

First, due to the lack of observations, CAMS reanalysis of black carbon AOD was not directly validated, which is one of the uncertainties in this study. AOD is not a direct proxy of iron delivery to the ocean14. In fact, wet deposition often represents an important oceanic supply of iron not captured by AOD15. Direct measurements of aerosols and aerosol deposition in regions with [Chla] anomalies were not available in our study. We therefore used a modeled aerosol deposition product to assess the Fe supply to the ocean, which carries substantial uncertainties. Future targeted studies could follow the emission and deposition of wildfire aerosols in the ocean, and evaluate the response of marine ecosystems. In addition, the source of Fe and other nutrients may be not limited to wildfire aerosols. Large fires could trigger pyroconvective uplift of dust and soils, releasing an aerosol mixture of biomass and dust16. 

Second, the forward air parcel trajectories are applicable to qualitatively track the aerosol transport of some individual fire events but not to reproduce all the 2019-2020 Australian wildfires due to the unknown start dates, durations, intensities of emissions, and locations of some fires. Variations in the height of fire-sourced aerosols introduce uncertainties in the projected trajectories. While the height at which the trajectories are launched could also affect the distribution of the modeled trajectories, the majority of the trajectories launched at different heights overlap (Supplementary Fig. 5).

Third, though unlikely, aerosols may interfere with optical observations by satellite and BGC-Argo floats. While absorbing aerosols such as black soot could potentially interfere with [Chla] retrieval from satellites (even after standard atmospheric correction procedures applied to ocean-color data to remove the aerosol signal), we do not think that it can explain our observations because: 1) aerosol data from NCEP or ERA were inputs to the ocean-color processing; 2) areas with AOD above a threshold were masked from further processing; and 3) The [Chla] and the aerosol anomaly patterns observed in our study show substantial displacement from each other, both in time and space. For example, the smooth and sustained [Chla] enhancement contrasts with the sharp peaks in AOD in Fig. 2, as would be expected from a sustained biological response to a spike in atmospheric input17. In addition, aerosol particles in the water column are unlikely to explain our strong signals from BGC-Argo floats because 1) their concentrations are too low18 and their effect will disappear at hourly time scale even if existing19 in contrast to the observed biological response over weeks and months, and 2) fluorescence estimates of [Chla] on the floats are consistent with the bbp anomalies (Fig. 3 and Supplementary Fig. 6). Therefore, bbp measurements by BGC-Argo floats reflect real changes in plankton biomass.

Fourth, there are uncertainties associated with estimates of 2019-2020 Australian wildfire CO2 emission20,21 associated with the type of vegetation burned, areas burned, and other factors. A recent study based on satellite carbon monoxide observations estimated that the wildfires resulted in 715 (517-867) Tg CO2 (195 Tg C) emitted into the atmosphere22. We compared this value with the anomalous phytoplankton productivity. 

Fifth, regions directly affected by wildfire aerosols need to be further constrained as it impacts the estimated changes in net primary production and export production. For example, the anomalous carbon export at the basin scale (Fig. 4 and Extended Data Fig. 9) vs. for the two regions (South of Australia and Pacific Southern Ocean boxes in Fig. 1) are 95±46% and 37±7% of Australian wildfire CO2 emissions, respectively. In addition, some side effects may occur following the iron fertilization. For example, large algal blooms could release potent greenhouse gases such as methane and nitrous oxide23. Furthermore, the local macronutrient drawdown in response to Fe fertilization may reduce downstream productivity in tropical and subtropical waters in the coming decades because of decreased nutrient transport24.

Sixth, we cannot rule out that other factors may have contributed to the anomalous phytoplankton blooms during 2019-2020 Australian wildfire season, including the changes in ocean dynamics due to large-scale climate patterns and subsequent nutrient supply. For example, a negative correlation between sea surface temperature and [Chla] anomalies has been attributed to vertical mixing of iron rich waters25. However, our preliminary analyses suggest that changes in vertical mixing played a small role compared to the effects of wildfires (Extended Data Fig. 10d-e and Supplementary Fig. 7).  

Finally, there were contemporaneous [Chla] anomalies downwind of southern Africa (Supplementary Fig. 9), a region recently plagued with unprecedented droughts26. However, the biogeochemical conditions downwind of southern Africa (e.g., nitrate concentration) are different from our study regions in the south of Australia and in the Pacific Southern Ocean. Although our analyses hint at an explanation (e.g., dust input), a detailed study is required to uncover the drivers of the phytoplankton response in that region.

Supplementary Table 1. Statistical analyses of aerosol Fe content during the 2019-2020 Australian wildfires compared to historical measurements. Note the large variations in the Fe measurements due to complex iron sources and atmospheric transport. The p-values were determined in a t-test to evaluate if Fe content in aerosols collected during the 2019-2020 Australian wildfires was different from the historical measurements.  
 
	Parameter
	Total Fe concentration
(ng m-3)
	Labile Fe concentration
(ng m-3)

	Sampling period
	wildfire
	historical
	wildfire
	historical

	Mean
	97.2
	57.1
	12.5
	3.5

	Variance
	4091.3
	2064.0
	532.2
	8.5

	Number of observations
	9
	65
	9
	65

	p value
	<0.05
	<0.1



Supplementary Table 2. Anomalies of net primary production (NPP) and export production (EP) during the 2019-2020 Australian wildfires (from 2019 October to 2020 April) in the broad South Pacific and Southern Ocean overlaid by positive black carbon AOD (20°S-55°S, 120°E-90°W). Unit: Tg C.  

	NPP model
	NPP anomaly
	Standard deviation
	EP model
	EP anomaly
	Standard deviation

	CAFE
	479
	70
	Laws et al., 2011(27)
	110
	16

	
	
	
	Dunne et al., 2005(28)
	145
	15

	
	
	
	Li & Cassar. 2016(29)
	120
	18

	VGPM
	703
	60
	Laws et al., 2011
	164
	14

	
	
	
	Dunne et al., 2005
	186
	16

	
	
	
	Li & Cassar. 2016
	174
	15

	CbPM
	1078
	103
	Laws et al., 2011
	258
	24

	
	
	
	Dunne et al., 2005
	250
	20

	
	
	
	Li & Cassar. 2016
	265
	26



Supplementary Table 3. Range of Fe content and solubility in aerosols. 

	Parameter
	Lower Bound
	Upper Bound

	Fe:Dust
	2%
	3.5%

	Fe:BC
	6%
	12%

	DustFe solubility
	2%
	4%

	BCFe solubility
	12%
	33%
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Supplementary Fig. 1. Lower (a) and upper (b) estimates of aerosol Fe deposition in the South Pacific and Southern Ocean during 2019-2020 austral summer. Dotted, dot-dashed, and solid lines represent the climatological positions of the subtropical front, subantarctic front, and polar front, respectively30.
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Supplementary Fig. 2. Additional Fe required to support the observed anomalies of net primary production during 2019-2020 austral summer. (a) lower bound with Fe:C ratio = 6 μmol:1 mol; (b) upper bound with Fe:C ratio = 40 μmol:1 mol. 



[image: ]
Supplementary Fig. 3. Atmospheric and biogeochemical characteristics in austral summer during the 2019-2020 Australian wildfires. (a) Accumulated black carbon AOD. (b) Black carbon aerosol deposition. (c) [Chla] anomalies. (d) Surface summer nitrate climatology31. (e) Summer mixed layer depth climatology32. (f) Mixed layer depth during 2019-2020 austral summer. The red box denotes regions where large amount of aerosols deposited but [Chla] increased moderately.
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Supplementary Fig. 4. BGC Argo in situ nitrate measurements. (a) Float trajectories of four BGC Argo floats profiling the South Pacific bloom region – south of the subtropical gyre (blue, float ID: 5904842), the South Pacific Gyre north of the subtropical front (red, 5904844), the Great Australian Bight (yellow, 5904846), and the East Australian Current (violet, 5905441). Float positions from the September through March fire season are shown where the triangle indicates first profile and the square indicates the last profile. Dotted, dot-dashed, and solid lines in (a) represent the climatological positions of the subtropical front, subantarctic front, and polar front, respectively30. (b) In situ nitrate concentration depth profiles taken by the BGC Argo floats during the time period of interest. Panel titles show the float IDs (with matching colors). (c) Surface nitrate estimates calculated as the mean nitrate concentration between 0 and 50 m depth (logarithmic y-axis). This analysis is consistent with our hypothesis that the biological response was due to iron fertilization by wildfire aerosols and therefore greatest in HNLC waters (blue float: 5904842). The region profiled by the blue float shows the highest nitrate concentrations by up to two orders of magnitude. Similarly, the yellow float (5904846) shows slightly elevated nitrate concentrations. Nitrate was extremely low in the regions profiled by the violet (5905441) and red (5904844) floats, which may explain the minimal response to aerosol fertilization.

[image: ]
Supplementary Fig. 5. 7-day air parcel forward trajectories launched at different heights to track the transport of aerosols derived from the Oct 26, 2019 wildfire event over a 10-day period (cf. Extended Data Fig. 2a). The trajectories were launched every 6 hours. The trajectory origin is depicted by a black circle. (a) variation of trajectories. (b) overlapping regions of trajectories in 2° by 2° grid are shaded in green. The majority of the trajectories (~62%) launched from different heights overlapped spatially during their transport. (c) regions with high frequency of trajectories (color-coded map: averaged frequency distribution of trajectories launched at different heights) generally overlap with regions with high AOD observed by the concurrent MODIS satellite (contours). (d) standard deviation of frequency distribution of trajectories launched at different heights. 
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Supplementary Fig. 6. In situ [Chla]:bbp ratio from BGC-Argo floats. In situ summer 2019-2020 surface [Chla]:bbp measured  by  the  same  BGC  Argo  floats  used  for  the  bbp analysis (see Methods for details). Surface [Chla] estimates were calculated as the median [Chla] between 0 and 20 m depth, from adjusted [Chla] data (see BGC Argo reference manual for [Chla]). Surface bbp estimates were calculated in the same way using uncalibrated bbp. Note that using calibrated bbp yields similar ratios. The results show low variability and an increase in the ratio during the wildfire period (particularly for yellow and red floats). This analysis supports our assumption that bbp measurements are not substantially biased by aerosols and corroborates the use of bbp as a proxy for phytoplankton.
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Supplementary Fig. 7. Sea surface temperature (SST) and [Chla] anomalies. (a) SST anomalies during the 2019 December to 2020 February compared to the climatology. (b) Correlation coefficient between monthly SST and [Chla] anomalies from 2003 to 2020. The correlation coefficient in the two study regions is generally small. (c) Monthly average SST in the box region – south of Australia in individual years. Grey lines: historical years; black line: monthly climatologies; red line: 2019-2020 Australian wildfire season. (d) Same as (c) but for the Pacific Southern Ocean box region. The variation of SST is within historical values. The SST anomaly appears unlikely to be the main factor driving the unprecedented widespread [Chla] increase. 

[image: ]
Supplementary Fig. 8. Export production (EP) anomaly in relation to sea surface temperature (SST) anomaly in 2020 January. (a) SST in 2020 January; (b) SST anomaly compared to climatology; (c) EP in 2020 January; (d) EP in 2020 January calculated using January SST climatology; (e) difference between c and d: c-d; (f) percentage difference between c and d: (c-d)/c*100%.  
[image: ]
Supplementary Fig. 9. (a) [Chla] anomalies in January 2020 in the southern hemisphere. (b) surface nitrate climatology in January obtained from World Ocean Atlas 2018. Dashed line shows the position of the subtropical front while the solid lines represent the nitrate contours (1 μM and 5 μM).
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