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Solid AN discovered by satellite and laboratory 
measurements
The first evidence of solid AN aerosol particles in the UT was 
provided by satellite observations with the CRISTA (Cryogenic 
Infrared Spectrometers and Telescopes for the Atmosphere) instru-
ment inside the AMA in August 1997. We identified a distinct 
spectral signature at 831 cm−1 that is only present in spectra taken 
inside the AMA as the ν2(NO3

–) band of solid AN (Methods and 
Supplementary Fig. 1)33. Neither aqueous AN nor any other aerosol 
or trace gas could replicate the observed spectral feature.

We investigated the crystallization behaviour of aqueous AN 
aerosol particles at the temperature conditions of the UT by AIDA 
(Aerosol Interaction and Dynamics in the Atmosphere) aerosol  
and cloud-chamber measurements. In agreement with previous 
studies that extended down to a temperature of −35 °C (ref. 12), we 
did not detect the efflorescence of pure aqueous AN aerosol parti-
cles. However, the formation of solid AN was observed for particles 
composed of aqueous mixtures of AN and AS. At −50 °C, already 
a fraction of 2.9 mol% AS was sufficient to initiate the crystalliza-
tion of AN. The crystallization rate was dependent on the ambient 
relative humidity (RH) with respect to supercooled liquid water. 
On a timescale of several hours, the formation of solid AN parti-
cles was even observed at RHs as high as 61%, which corresponds 
to an almost ice-saturated environment at −50 °C (Methods and 
Supplementary Information). By demonstrating that small amounts 
of sulfate facilitate the formation of solid AN even at a high RH, 
these experimental results strongly support the satellite detection 
of solid AN particles within the AMA. Further, the highly resolved 
laboratory infrared spectra of the ν2(NO3

–) absorption band at low 
temperatures provide the basis for a quantitative retrieval of the 
AN particle mass density distributions from satellite and airborne 
observations (Methods).

The spatially resolved AN observations with the CRISTA satel-
lite reveal that enhanced concentrations of AN (0.05–0.3 μg m−3) are 
located only within the AMA (Fig. 1). These observations between 8 
and 16 August 1997 indicate that an ATAL was present in the Asian 
monsoon UT in summer 1997, years earlier than hitherto thought25.

The seasonal and interannual variability of AN concentrations 
in the AMA between 2002 and 2011 was derived from the analy-
sis of space-borne MIPAS (Michelson Interferometer for Passive 
Atmospheric Sounding) observations (Methods). Enhanced levels 
of AN appear in the second half of June, increase in areal cover-
age and concentration until the mid-to-end of August and reach  
values comparable to those derived from the CRISTA instrument 
(Fig. 2a). During these periods, the maximum concentrations are 

always located within the confines of the AMA and, for example, 
reach as far as the Eastern Mediterranean (Supplementary Figs. 5 
and 6). This seasonal cycle is modulated by a large interannual vari-
ability with a clear maximum in 2008 of values three to four times 
higher than during the other years.

Simultaneously observed concentrations of NH3 from a new 
MIPAS data set (Methods) start to increase by the mid-to-end 
of June, reach a maximum by the mid-to-end of July and vanish  
towards the end of August (Fig. 2b and Supplementary Figs. 5 and 6).  
This temporal evolution indicates a delay of 1–2 weeks of the AN  
maximum with respect to NH3. This is consistent with the notion of 
advective upward transport in the monsoon anticyclone at potential 
temperatures above about 360 K, which is much slower than con-
vection34. Despite this delay, the onset of the enhanced values of AN 
and NH3 inside the AMA appears simultaneously by the end of June.
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Fig. 1 | AN observed by CRISTA in the UT in 1997. a,b, Cross-sections of synoptically interpolated AN mass concentrations at a potential temperature of 
380!K (16–17!km altitude) (a) and at 30°!N (b) derived from CRISTA observations between 8 and 16 August 1997. The cyan line in a shows the 4.1 potential 
vorticity unit contour line, a rough measure for the extent of the AMA core, the white hexagons indicate missing data and the black line the position of the 
cross-section of b. The red lines in b show the potential temperature (K) and the blue dots the location of the lapse rate tropopause.
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Fig. 2 | Time series of AN and NH3 in the AMA. a,b, Time series of the total 
mass of AN (a) and NH3 (b) as derived from MIPAS observations for the 
region 10–110°!E, 20–40°!N and 13–17!km altitude. CRISTA observations of 
AN are included in a as a black cross. Error bars are Gaussian combinations 
of the estimated retrieval errors (Methods) and the s.d. of the mean values.
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Fig. 1 | AN observed by CRISTA in the UT in 1997. a,b, Cross-sections of synoptically interpolated AN mass concentrations at a potential temperature of 
380!K (16–17!km altitude) (a) and at 30°!N (b) derived from CRISTA observations between 8 and 16 August 1997. The cyan line in a shows the 4.1 potential 
vorticity unit contour line, a rough measure for the extent of the AMA core, the white hexagons indicate missing data and the black line the position of the 
cross-section of b. The red lines in b show the potential temperature (K) and the blue dots the location of the lapse rate tropopause.
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Fig. 2 | Time series of AN and NH3 in the AMA. a,b, Time series of the total 
mass of AN (a) and NH3 (b) as derived from MIPAS observations for the 
region 10–110°!E, 20–40°!N and 13–17!km altitude. CRISTA observations of 
AN are included in a as a black cross. Error bars are Gaussian combinations 
of the estimated retrieval errors (Methods) and the s.d. of the mean values.
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Adapted from Höpfner et al., Nat. Geo. (2019)
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Science-informed 
policymaking

Aerosol forcing 
prediction

Climate intervention 
assessment

§ The satellite has observed an enhanced layer of 
NH4NO3 particles at altitudes of 14-18 km over 
the Asian monsoon region;

§ NH4NO3 particles may originate from the reaction 
between abundant HNO3 from lightning and NH3 
from upward transport of ground level emissions.

§ Q: What mechanisms drive the consistent 
upper atmospheric particle formation?

Enhanced aerosol layer over the tropics

§ H2SO4 and NH3 alone form 1.7 nm particles as 
expected, but these particles did not reach 2.5 
nm in 2 hours due to a slow growth rate; 

§ Adding HNO3 to the mix increases the particle 
number concentration by 1000 times, with much 
faster particle growth to 20 nm;

§ Two other experiments, holding another pair of 
vapors constant while adding the third, show 
increases in particle number concentration of 
several orders of magnitude consistently.

Particle formation experiments at 223 K

§ At 223 K, HNO3 and NH3 can nucleate particles, 
but at a much slower rate than H2SO4 and NH3;

§ HNO3-H2SO4-NH3 nucleation is even faster than 
the sum of HNO3-NH3 and H2SO4-NH3 nucleation;

§ H2SO4-NH3 nucleation may dominate in regions 
with low NH3, while HNO3-H2SO4-NH3 nucleation 
may dominate at higher NH3 levels (> 108 cm-3) 
typical of the Asian monsoon upper troposphere.

Rapid HNO3-H2SO4-NH3 particle formation

§ HNO3-H2SO4-NH3 nucleation increases particle 
population by a factor of 3-5, compared to the 
same model with only H2SO4-NH3 nucleation; 

§ Although these particles are formed over Asia, 
they can influence cloud formation across the 
mid-latitude Northern Hemisphere;

§ With potentially increasing NH3 emissions from 
agriculture, this mechanism is likely to become 
progressively more important in the future.

5x increase in regional particle population

Wang et al., Nature, 605, 483-489 (2022)

2. Problem setup

Adapted from Williamson et al., Nature (2019)

§ Deep convective clouds efficiently remove pre-
existing particles, reducing condensation sink…

§ … and carry condensable gases aloft into the 
cold upper atmosphere for particle formation by 
entrainment or cloud glaciation;

§ Many newly formed particles may grow on their 
descent and contribute to cloud condensation 
nuclei at lower levels.

Convective overshoots as natural analogs

§ Aerosol nucleation: Gas-to-particle conversion 
can be parameterized by the first nucleation 
theorem 𝐽 = [𝑋]!∗ 𝑌 " ∗ 𝑍 # ∗ ⋯;

§ Aerosol growth: Saturation ratio determines the 
thermodynamic driving force for condensation;

§ However, mechanistic understanding is still 
lacking at compositional, spatial, and temporal 
scales; ambient observations and laboratory 
experiments are critical.

Missing processes in models

Convection from 
the boundary layer

Elevation of 
condensable gases

Removal of 
existing aerosols

New particle 
formation

Contribution to 
new clouds

Climate 
intervention 

analogs
=

Nucleation

> 1.5 nm
Aerosol particles

> 50-100 nm
Cloud seeds

Growth

Diameter < 1 nm
Gas molecules

Adapted from Yao et al., Science (2018)

§ Aerosols of a few hundred nm dia. scatter the 
incoming sunlight, ~ stratospheric aerosol 
injection (SAI);

§ Aerosols > 50-100 nm dia. increase cloud albedo 
& lifetime, ~ marine cloud brightening (MCB);

§ Solid aerosols > a few hundred nm dia. reduce 
homogeneous ice formation, ~ cirrus cloud 
thinning (CCT).

Microphysics driven climate impacts

2 km

10 km

Increasing scattering by 
stratospheric aerosols

Increasing scattering by 
brightened clouds

Thinning high clouds to allow 
more heat to escape


