
To achieve accurate classification in such 
a high-dimensional space, Willett and col-
leagues’ classification algorithm used current 
machine-learning methods, along with a type 
of artificial neural network called a recurrent 
neural network (RNN), which is especially 
good at predicting sequential data. Harness-
ing the power of RNNs requires ample train-
ing data, but such data are limited in neural 
interfaces, because few users want to imagine 
writing for hours on end. The authors solved 
this problem using an approach known as 
data augmentation, in which neural activity 
patterns previously generated by the partici-
pant are used to produce artificial sentences 
on which to train the RNN. They also expanded 
their training data by introducing artificial 
variability into the patterns of neural activity, 
to mimic changes that occur naturally in the 
human brain. Such variability can make RNN 
BCIs more robust9.

Thanks to these methods, Willett and col-
leagues’ algorithm provided impressively 
accurate classification, picking the correct 
character 94.1% of the time. By including pre-
dictive-language models (similar to those 
that drive auto-correct functions on a smart-
phone), they further improved accuracy to 
99.1%. The participant was able to type accu-
rately at a speed of 90 characters per minute — 
a twofold improvement on his performance 
with past iBCIs.

This study’s achievements, however, stem 
from more than machine learning. A decoder’s 
performance is ultimately only as good as the 
data that are fed into it. The researchers found 
that neural data associated with attempted 
handwriting are particularly well-suited for 
typing tasks and classification. In fact, hand-
writing could be classified quite well even with 
simpler, linear algorithms, suggesting that the 
neural data themselves played a large part in 
the success of the authors’ approach.

By simulating how the classification algo-
rithm performed when tested with different 
types of neural activity, Willett et al. made a key 
insight — neural activity during handwriting 
has more temporal variability between char-
acters than does neural activity when users 
attempt to draw straight lines, and this vari-
ablility actually makes classification easier. 
This knowledge should inform future BCIs. 
Perhaps counter-intuitively, it might be advan-
tageous to decode complex behaviours rather 
than simple ones, particularly for classifica-
tion tasks.

Willett and co-workers’ study begins to 
deliver on the promise of BCI technologies. 
iBCIs will need to provide tremendous per-
formance and usability benefits to justify the 
expense and risks associated with implanting 
electrodes into the brain. Importantly, typing 
speed is not the only factor that will determine 
whether the technology is adopted — the 
longevity and robustness of the approach 

also require analysis. The authors present  
promising evidence that their algorithms will 
perform well with limited training data, but  
further research will probably be required to 
enable the device to maintain performance 
over its lifetime as neural activity patterns 
change. It will also be crucial to conduct 
studies to test whether the approach can be 
generalized for other users, and for settings 
outside the laboratory.

Another question is how the approach will 
scale and translate to other languages. Wil-
lett and colleagues’ simulations highlight that 
several characters of the Latin alphabet are 
written similarly (r, v and u, for instance), and 
so are harder to classify than are others. One 
of us (P.R.) speaks Tamil, which has 247, often 
very closely related, characters, and so might 
be much harder to classify. And the question 
of translation is particularly pertinent for 
languages that are not yet well represented 
in machine-learning predictive-language 
models.

Although much work remains to be done, 
Willett and co-workers’ study is a milestone 
that broadens the horizon of iBCI applications. 
Because it uses machine-learning methods 
that are rapidly improving, plugging in the 

latest models offers a promising path for 
future improvements. The team is also mak-
ing its data set publicly available, which will 
accelerate advances. The authors’ approach 
has brought neural interfaces that allow rapid 
communication much closer to a practical 
reality.
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Formic acid is one of the simplest and most 
abundant organic molecules in Earth’s atmos-
phere, but its sources have been poorly under-
stood for many years. Laboratory and field 
studies1–3 have shown that most formic acid 
is not emitted directly from sources, but is 
produced by chemical reactions in the atmos-
phere. However, the chemistry responsible 
has been a mystery. On page 233, Franco et al.4 

report that formic acid could be formed by 
a mechanism that starts with formaldehyde 
reacting with water in cloud droplets.

The word ‘formic’ derives from formica, 
the Latin word for ant, and the compound is 
indeed released from ant hills5. Other, and 
larger, emission sources include vegetation, 
biomass burning6 and fossil-fuel combus-
tion7. However, the combined emissions from 
known sources are too small to explain the 

concentrations of formic acid in the atmos-
phere, and several studies have concluded that 
formation in the atmosphere is a much bigger 
contributor (see ref. 1, for example).

Levels of formic acid can be measured by 
mass spectrometry and optical spectro scopy, 
and from satellite instruments, so there is 
excellent information about the distribution 
of this compound in the atmosphere. Obser-
vations have shown that atmospheric con-
centrations of formic acid increase rapidly in 
urban8 and forest9 air during the day. However, 
researchers have been unable to identify 
the chemical reactions responsible for this 
increase. Detailed studies that considered 
all of the possible known chemical path-
ways could explain only a fraction of formic 
acid produced, both in polluted and remote 
regions3,9, and so the search for alternative 
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How ant acid forms 
in the atmosphere
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Known sources of formic acid could not explain the observed 
atmospheric concentrations of this compound. The discovery 
of a previously unknown pathway that generates formic acid in 
the atmosphere resolves this discrepancy. See p.233
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chemical pathways has continued10.
Formic acid constitutes a substantial frac-

tion of the organic carbon in the atmosphere11. 
Organic compounds in the gas phase have a 
key role in atmospheric oxidation reactions. 
They therefore influence the lifetime of green-
house gases and the formation of ozone and 
aerosols — microscopic particles suspended 
in the air — in the troposphere, the lowest 
approximately 10 kilometres of the atmos-
phere. Organic compounds in the aerosol 
phase are air pollutants and have a cooling 
effect on climate. The simple fact that formic 
acid formation is so poorly understood calls 
into question our understanding of atmos-
pheric organic carbon as a whole. Formic acid 
also contributes to acidity in the atmosphere 
and to the deposition of acids in ecosystems, 
particularly in remote regions.

Franco et al. now show that hydrolysis of for-
maldehyde in cloud droplets can lead to the 
formation of formic acid (Fig. 1). Inside cloud 
droplets, formaldehyde (HCHO) converts to 
its hydrated form, methanediol (HOCH2OH). 
The authors demonstrate that methanediol 
can outgas from the cloud droplets and react 
with hydroxyl radicals (OH•) in the atmosphere 
to form formic acid (HCOOH) in the gas phase.

Why did it take so long to uncover this 
pathway? It had previously been assumed 
that two other processes short-circuit this 
chemistry: dehydration of methanediol, 
which re-forms formaldehyde; and rapid oxi-
dation of methane diol inside cloud droplets. 
Simply put, methanediol was thought to be 
so short-lived that it never leaves the cloud 
droplet. However, by carefully considering the 
timescale for dehydration, and combining this 
analysis with results from experiments in an 
atmospheric-simulation chamber, Franco and 
colleagues show that methanediol can volatil-
ize into the gas phase from cloud droplets and 
then oxidize to formic acid.

Franco et al. go on to incorporate methane-
diol oxidation into a global climate–chemis-
try model (a computational climate model 
that incorporates atmospheric-chemistry 
pathways) and evaluate the predicted lev-
els of formic acid by comparing them with 
measurements obtained from a space-based 
instrument. The authors adopted an innova-
tive approach to do this in more detail than was 
previously possible: they identified columns 
of formic acid in the atmosphere by analys-
ing satellite data using a computer algorithm 
known as an artificial neural network. Such 
approaches are increasingly being used to 
quantify, at relatively low computational 
cost, atmospheric chemical species that have 

weak spectroscopic signatures. Crucially, the 
authors show that levels of atmospheric for-
mic acid simulated by models that include 
methanediol oxidation agree with obser-
vations much more closely than with levels 
predicted by models that do not include this 
chemistry.

Methanediol oxidation potentially explains 
some of the previously reported field observa-
tions. Formaldehyde is predominantly formed 
by photochemistry (light-induced reactions 
in the atmosphere), and a key precursor of 
formaldehyde on a global scale is isoprene — 
a compound emitted by trees and shrubs. 
Methane diol oxidation involves formalde-
hyde, and so it makes sense that concentra-
tions of formic acid over forested regions are 
large. Moreover, formaldehyde formation in 
air is enhanced when atmospheric levels of the 

pollutant nitrogen oxide are high12. This could 
explain why formic acid formation is observed 
in urban air at nitrogen oxide concentrations 
that would prohibit formation of this acid by 
other gas-phase reactions (such as reactions 
between alkene compounds and ozone13).

Nevertheless, many questions remain. 
Formic acid can form in cloud-free atmos-
pheres8 and in the canopies of forests14. Could 
methanediol oxidation occur not only in cloud 
droplets, but also in aqueous aerosol particles 
or on wet surfaces? And are atmospheric con-
centrations of methanediol as high as the levels 
implied by Franco and colleagues’ study? This 
will need to be evaluated by measurements.

Several other organic acids behave similarly 
to formic acid in the atmosphere8. Could their 
formation be explained by analogous path-
ways involving other aldehydes? The devil is in 
the detail — the rates of the various processes 
involved will determine whether these puta-
tive pathways contribute much to the atmos-
pheric levels of other acids. And what are the 
sinks of formic acid? Franco and colleagues 
suggest that formic acid is removed from the 
atmosphere by scavenging (absorption by 
precipitation and cloud droplets) and photo-
chemical reactions more quickly than was 
reported in previous studies, which implies 
that formic acid sinks should be further inves-
tigated. The authors’ findings will motivate 
many follow-up studies, both in the laboratory 
and in the field, and methanediol oxidation 
adds to the array of pathways that atmospheric 
chemists can use to explain observations of 
formic acid.
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“This oxidation chemistry 
potentially explains  
some previously reported 
field observations.”
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Figure 1 | A pathway for the formation of formic acid. Franco et al.4 report evidence of a previously 
unknown mechanism for the production of atmospheric formic acid. The authors propose that 
formaldehyde reacts with water in cloud droplets to form methanediol. This compound escapes to 
the atmosphere, where it reacts with oxidants such as hydroxyl radicals (OH•) to form formic acid. The 
mechanism potentially explains why atmospheric levels of formic acid are higher than would be expected on 
the basis of previously known sources.
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