Williamson etal. A large source of cloud condensation nuclei from new particle formation in the tropics 2019

A Large Source of Cloud Condensation Nuclei from New Particle Formation in the Tropis

Christina J. Williamsoh?, Agnieszka Kup®3, Duncan Axis&’, KelseyR. Bilsbaclé, ThadPaul
Buib, Pedro Campuzandost’, Maximilian Dollneg, Karl D. Froyd'?, Anna L. Hodshirg Jose
L. JimeneZ’, John K. Kodro¥, Gan Luéd, Daniel M. Murphy, Benjamin A. Nault’, Eric A.
Ray'?, Bernadett Weinziet] James C. Wilsdin Fangqun Y& Pengfei Y&2, Jeffrey R. Pierce
Charles A. Brock

1. Cooperative Institute for Research in Environmental Sciences, University of Colorado,
Boulder, CO 80309, U.S.A.

2. Earth System Research LaboratdyationalOceanic andhtmosphericAdministration,
Boulder, CO 80305, U.S.A.

3. Faculty ofPhysics Aerosol and Environmental PhysiGsoup University of Vienna,
1090 Vienna, Austria

4, Department of Mechanical and Materials Engineering, University of Denver, Denver, CO
80208, USA

5. Department of Atmospheric Science, Colorado State Uniyeatrt Collins, CO 80523,
USA

6. Earth Science DivisioMJASA Ames Research Center, Moffett Field, CaliforiiksA

7. Department of Chemistry, University of Colorado, Boulder, CO, USA

8. Atmospheric Sciences Research CerémieUniversityof New Yak at Albany,

Albany, New York, USA

Cloud condensation nuclei (CCN) can affect cl
radiative balance>?2 New particle formation (NPF) from condensable vapors in the free

troposphere has been suggested tontribute to CCN, especially in remote, pristine

atmospheric region$, but direct evidence is sparse, and the magnitude of this contribution

is uncertain®>®’. Here we use irsitu aircraft measurements of vertical profiles of aerosol

size distributions topresent a globalscalesurvey of NPF occurrence. We observed intense

NPF occurring at high altitude in tropical convective regions over both the Pacific and

Atlantic Oceans. Together with the resuls of chemicattransport models, our findings

indicate that NPF persists at all longitudes as a globalcale band in the tropical upper
tropospher e, covering about 40% of the Eartho
NPF in the tropical upper troposphere is a globally important source of CCN in the lower
troposphere, where they can affect cloud properties. Our findings suggest that the

production of CCN, as these new particles descend towards the surfacecurrently not

adequately captured in global models, because they tend to underestimate both the

magnitude of tropical upper tropospheric NPF and the subsequent growth to CCN sizes

This haspotential implications for cloud albedo and the global radiatve balance.

New particles form when condensing gases produce stable clusters with a diameter 3~1.5 nm
Growth by condensation and coagulation may enable patrticles to reach diameters >~60 nm
where they can act as CCN. Atmospheric observations are retpugadle the incorporation of
NPF mechanisms into mod&léarge numbers of small particles have previously been observed
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at high altitude in the tropi¢%!*'? because deep convective clouds loft condensablaewspad
remove most larger particles treatmpete with NPF as sinks for these uapt (Fig. 1).Newly
formed particles grow to CCN sizes in subsiding air outside of the convective¢louds
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Figurel New particle formation and growth to CCN sizes in tinepical convective regionLeft, deep convective clouds loft air

from the boundary layer. Larger particles (CCN; dark blue circles) become activated to produce cloud droplets (ligleslue cir

wit with dark centres) and are removed throughNB OA LIA G G A2y | yR 6Si RSLIZaArAdArAzy oWgSih NI
aAyla GKIG FNB F2dzyR AY FANI 6SAy3d Y2@SR FTNRY &dubleadrbspldzR (2 (K
precursors detrain, oxidize and form new parscl@hich grow by condensation and coagulation as they descend (right), with

many reaching CCN sizes before they reach the top of the boundary layer. These CCN duly affect cloud properties. Image

courtesy of K. Bogan, Cooperative Institute for ResearafviroEmental Sciences, University of Colorado, Boulder.

Globatscale measurements are needed to understand the scale and impacinathisRIBper
troposphereSatellites cannot detect particlegh diameters <100 nm, and previous-situ
observationhiave beemegionalscalé!3. We recently conducted-situ, globaiscale
measurements of particle size distributions over the Pacific and Atlantic Oceans with near pole
to-pole coverage and systematic profiling betweerd88nd ~12 km altitude over migte
seasonsHExtended DatéED) Fig. 1) on the NASA Atmospheric Tomography Mission
(ATom)!. We observeavidence fombundantecent NPF at high altitudegthin the tropical
convective rgion (TCR, Fig.2, 3 and ED Fig. 2and subsequent particle growth during
subsidence, and calculated the-ghase condensation sink to all partic\eth diameters>7 nm
(CS) and the particle coagulation sink, whidgethergovern the probability that particles will
form and grow to redcCCN sizes (Methods)Ve observedhis phenomenom August and
February, showing seasonal persistence.

In the TCR, high number concentrations occur ex88° latitude over both Atlantic and Pacific
Oceans (ED Fig. 2). NPF has also been observed atltigide over the Amazdh We

compare our observations to four glokahle chemicaransport models with explicit size

resolved aerosol microphysics (ED TableS9me models that reproduce the observed pattern of
small particles from NPF in the TCR indicate these particles persist as a nearly continuous band
around the global tropics (ED Fig). Together, these observations and models indicate that
tropicalNPFco er s ~40% of the Earthoés surface.
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Deepconvectve cloudsn the tropics
enable NPF by removing pexisting
particles >60 nm, thus reducing sinks for
small particles and condensable
vapaurst®’. However, our measurements,
which allow direct calculatioof
condensation and coagulation rates, show
that tropical convection does not produce
uniquely low sinks at high altitude in the
TCR where the most recent NPF is
observed (Fig. 2, ¢ ED Fig.4).

Therefore, further explanation is required
for the consistetty high numbers of
particles from NPF observed in this region
vs. others with even low&S,.

Low temperatures increase rates of ¥PF

If condenshle vapairs were uniform

across the atmosphere, we would expect to
see the most particles produced by NPF at
the lowest available temperatures and at
the lowesiCS. Globally, NPF occurs at
temperatures270 K andCS <8 x 10*s
1(Figs. 2,3). Within the TCR, NPF occurs
mainly at the lowest availableéS and
temperature; however, in other regions of
the troposphere much low€S and
temperatures exist with weaker or no NPF.
Therefore, a stronger source of
condensable material mus# available at
high altitude in the TCR than in other cold,
low-CS areaqexcept in the Southern
Ocean in Februa)yThis is likely due to a
combination of convective activity in this
region bringing precursor gases from
lower altitudes (Fig. 1), anldigh solar
elevationangles in the tropics increasing
thehydroxyl radical(OH) availahlity to
produce condensable vape at faster
rates®.

Within the TCR, median particle diameters increase fairly continuously with decreasing altitude
(Fig. 4a).This indicates particle growth over time, since these data are fromfcémudir

(Methods) which has a general descending mafi@md remains mostly in the tropics (ED Fig.

5). The observed increase in particle size with decreasing altitude is ienhgigh mixing

from continental boundary layer air, where size distributions instead show a substantial
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accumulatior(~60-500 nm)or nucleation~2-12 nm)mode accompanying the Aitkénl12-60
nm) mode (ED Fig6b).
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Figure3 The relationship between CS7, temperature and N&f€, Temperature and CS7 values for the TCR (&JT@n(b)

and Southern Ocean in February (c), with colours showing statistically significant concentrations of particles with didmeters
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concentrations of N& were not statistically significant. Higher concentrations@®8m particles are observed for given

temperatures and CS/alues within the TCR than elsewhere (except in the Southern Ocean during February), suggesting a

greater availability of condensable vapours in the TCR. d, Observed (grey) and modelled (coloured) CS7 and temperature values

in the TCR for number concenimats of 12y Y LJ NI A Ot Sa G KIF G SEOSSR wmPMghowh@Nbod ! £ £
concentrations of 812-nm particles at lower CS7 values than observed.

High number concentrations of particles >60 (Nb; large enough to act as CCNadanvective
clouds at 1% supersaturatiéh are seen in the lower troposphere (Fig(4tthoughNeo is

fairly constant, the fraction of particles60 nmincreasesvith decreasing altitude Air at

middle and lower altitudes in the TCR is a mix of descendingvaich has reduceBRH, and air
from lower altitudes, as shown by higher measireED Fig.7). However, concentrations of
Neo increase with decreasii®H at midaltitudes (Fig. 4d), indicating that CCHized particles
are more abundant in the dry descending air than in the moist air from lower altitu@€sni30
particlesexistin the TCR marine boundary layer (MBIhytare unlikely to be primafg?.
Lacking an evident source within the tropical MBL (no strong NPF events, Fig. 2a, and few
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nucleation mode particles, ED Fig), these particles may originate from the free troposphere.
Previous studies have observed NPF at the top of the?MBIbut we @ not observe this within
the TCR (although we observed it at other latitudes), and so conclude that this does not
contribute significantly to particle concentrations here. Therefore, NPF at high altitude in the
TCR appears to increase CCN concentratiartee lower troposphere, where they can affect
cloud properties and thus the global radiation bu@gePreliminary modeling studies suggest a
global radiative effect of ~0.1 W #from this CCN source (ED Fig. 10).
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Figure4 Evidence for particle growth on descerill data are from th@CR. a, b, Average number size distribution as a function
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combined models (b). ModBameters are shown with solid lines. Dp, particle diameter. ¢, Obsangethodelled number
concentrations of particles with diameters greatiean 60 nm (N60). d, Observed N60 values (grey data points) plotted against
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decreasingelative humidity shows thadescending air contains more G8ikked particles than lowetltitude air.
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Models show abundant NPF at high altitude in the T&fRough fewer nucleation mode
particles are produced than in the observatidng) except for CAMSAPM (which
significantly overestimates ggshase volatile organic compounds at high altitl@roduce
much lower concentrations of CCdized particle than observed (Fig. 4b, c).

High-altitude TCR NPF occurs at high€&; in the observations than in all models except
CAM5-APM (Fig. 3d). Models produce fewer small particles at high altitude than observed
(Fig. 4a, b; ED Fig. 7a). The overall perfante of these models implies a deficit of
condensable materiahd/ormissing nucleation/growth mechanisraspeciallybecause
increasingCS to match observations would reduce the modeled particle concentrations even
further. Previous observatiofsalso underestimated sinks in this region by considering only
particles >60 nm, so the higher obser@l values from ATom (Fig. 2b and 3a) represent a
departure from the models and previous observations.

Sensitivity analysigMethods, ED Fig. 103hows that errors in nucleation ratenoechanisms
are unlikely to cause the model underprediction of particle concentrations since substantial
scaling of nucleation rates did not produce a substantial change in the particle siadidrstrib
and resulting number of CCNhis isdue to a feedbackherebyincreasing nucleation rates
slows growth rates and increases coagulation rdmesgdampening the sensitivity of CCN to
changes in nucleatiéh Uncertainty in the amount @forganic condensable material is also
shown to have little effect on the result number of CCN.

Missing organics could also explain the underpredictiammeNof the models in this study
include organieamediated nucleatiorOrganicsin the free troposphee wellknown to be a
dominant contributor to nanoparticle growth in the boundary layer and maigrconditions®,
thoughtheyremain poorly simulateth many model¥. Organic matter significantly contributes
to the mass of 5800 nm patrticles at highititudes in the TCR (ED Fig@). All models except
CAM5-APM underestimate organic mass at high altitudes, suggdkgggremissng organic
species or growth mechanisms necessary to reproduce these observations.

The underprediction dfleo at lower altitudesuggest that models may scavenge growing
particles too efficiently during their descent. Convective wet scaveagiti@gqueous processing
in GEOSChem-TOMAS, -APM, and CAM5APM affect all particles in a grid box, as particles
in cloudy and clear portions mix @ach timestep, whereas in reality the cloudy and clear
regions do not generally mix quickly. Tregcesgemovaland processingf clearsky aerosol

by convective clouds in the modelsay causéhe bimodal structure in the modeled raahd
lower- tropospleric size distributions (ED Fid) that is caused by aqueous sulfate formation in
activated aerosol in convective cloutigfwhich does not appear until lower altitudes in the
observations.

Reducing clougprocessing on descefa proxy for correctinghte clearsky removal of aerosol)
allowsmodeledNso andCS to better represent ATom observatioethods,ED Fig. 10). A

full correction would need to tragk-cloud particlesbetween simulation timsteps CESM
CARMA, which correctly accoustfor subgrid clearsky and cloudy aerosol tracking, shows a
larger increase iso with altitude than the other models (Fig. 4), indicating that this correction
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may allow models with more complex nucleation schemes to capture the resultant inciNgase in
observed n ATom.

It is therefore likely that many models may underestimate CCN in the remote tropical lower
troposphere because theymowe too manyof the particles that form in the tropical upper
troposphere¢hrough physically incorrect sudrid aqueous aerosol processargl removal
Missing organics, or the mechanisms to include them in nucleation and growth mayalso be
factor. This is importantor estimates of aeroseloud-radiation effects, as the radiative effect of
NPFin the tropical upper troposphere could be on the order of 0.12§labally Methods, ED

Fig. 10.
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Methods

Overview of the ATom mission.

Measurements were taken on the first two depl
Mission (ATom;29 July23 August 2016 and 26 Janu#&y February 2017), referred to as

ATom 1 and Zespectively. This mission comprised four sets of contiguous flights over both

Pacific and Atlantic Ocean basins from 81 °N to 65 °S. The flights focused on the remote marine
atmosphere, constantly profiling between abou8 @rid 1113 km altitude so a®tresolve the

vertical structure of the atmospheEIFig. 1).

Summary of aerosol measurements.

Aerosol dry size distributions were measured from2.7dm 8 e m di ameter at 1
resolution with a suite of instrumentatidninside the DE3, a Nuclation Mode Aerosol Size
Spectrometer (NMASS), a custdonilt battery of 5 condensation particle counters, each

operated with different detection limitdso), provided 5 channels between 2.7 and 60 nm

diametef>** on ATom 1. Two NMASSes were operated on ATom 2, providing 10 distinct

channels over the same siamge. A commercial optical particle counter (OPC), the tHigh

Sensitivity Aerosol Spectrometer (UHSAS, Droplet Measurement Technologies), specifically
adapted to operate over rapidly changing presstif&smeasured from 6600 nm. A second

commercial OPC, Laser Aerosol Spectrometer (LA$&rmoeSystems Engineering Qo.
extended this distribution to 4.8 ecouldbavhi ch w
efficiently sampled.

Dry (<40%RH) size distributions were measured at 1 Hz time resolution, which, given average
aircraft ascent/descent rates of ~7 m/s, provides ~7 m vertical resolution in the atmosphere (with
a range from- 11 m and the lowst altitudes te- 5 m at the highest). Fourier transform analysis

of concentration measurements from the NMASS revesiltsticalnoiseat frequencies0.1

HZz3" (ED Fig. 8), therefore we average the data to 0.1 Hz, giving average vertical resolution of

70 m (corresponding to 8 hPa at 1 km altitude and 3 hPa at 10 km altitude).

Cloud particle impaction on aircraft and inlet surfaces generates artifact particles that are then
sampled by aerosol instrumefitsTherefore, all ircloud sizedistribution datavere removed

from the dataset before analysis. Clouds are identified by coarse mode number concentration
measured with a secomgeneration Cloud, Aerosol, and Precipitation Spectrometer (CAPS,
Droplet Measurement Technologies), temperature and relatia@liy. Water, ice and mixed
phase clouds were removed.

All concentrations are given at standard temperature and pressure{8T®hPa and CC.

Identifying new particle formation.

To identify recenNPF, we identified times when th@ncentration in the smallest size channel

of an NMASS (lso= 2.7 nm) was significantly larger than that in the Aaxgest channeb§o=

6.9 nm). Significantly larger means that the difference in concentrations was greater than could
be expected from atistical variations in the samplED Fig. 9).
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To identify statistically significant counts in the first channel, we assume that the counts in each
channel can be described by Poisson statistics such that the variance in the number &icounts,
in a given channel, i, is given by

Var(G) = C.. (1)
The concentration measured in channel,iiN
Ni = bi Ci, (2

where bis a factor calculated from the flow rate, pressure and temperature corrections to STP
and livetime correction.

Since variance follows the relationship

Var(aX) = &Var(X), (3)
we can describe the variance in the concentration in channel i as

Var(N) = bi?Var(G) = bi?Ci. 4)
Because variance also follows the relationship

Var(X71 Y) = Var(X) + Var(Y), (5)

the standard deviation of the difference between concentrations in channels 1 and 2 in the
NMASS is

Sdift = A2C1 + b22Cy). (6)
We consider that the difference between channel 1 and 2 is significant when
N1T N2> 3Suit. (7

For a 5 latitudeby 10 hPa box for each ocean basin, we calculated the proportion of data points
collected (at 0.1 Hz frequency) that show significaoricentrations of small particles usigg.
1.

Sink Calculations.

For each point in flight the condensation kernel feubiuric acid molecule with particles of
each diameter in the size distribution, at the ambient temperature and pressure, is calculated
using the Fuchs expression for coagulation rate coefffjentbstituting a séiiric acid

molecule for one of the pactes to get a condensation sink instead of a coagulation sink (and
noting that the accommodation coefficiedtjn equation 12.57 p 664 in Seinfeld and Pafidis
should read. /). Wecalculate the diameter afsulfuric acid molecule from bulk properties
following the method from Lovejoy et.&, neglecting temperature effects on the probability
distribution function of monomers, dimers and trimers. @Qwemeasurement conditigrikis
gives a diameter ranging between 0.545 and 0.552Vemakethe mass of the sulfuric acid
molecule to be 98.@7g/moll. We assume each particle to have the density of water (13kg m

This is then multiplied by the number of particles in that size bin and summed over all bins to
produce the condensation sink. Coagulation sinks are calculated in the same manner.

The condensation sink from particles >7 nm is correlated with coagulation sinks for particles of
various sizes and the total surface ar&i3 iig. 4). Therefore, it is reasonable to assume that the
relationships explored between new particle formatondensation sinks and temperatures in

the manuscript also hold for coagulation sinks.

Nucleation and growth rates are not sufficiently constrained by our data to calculate survival

probabilities(probability of a particle of a given sizirviving to reach CChizes these
typically range from ~0.1 to 1 depending on the environfAghtut these calculated sinks allow
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us to place our observations within the contexdtber studies of NPF and growth to CCN sizes
The condensation sink ratenstant in the tropics above 700 hPa is generally below 0.60005 s
(Fig. 2c) The condensation rate is effectively the coagulation rate of a 'particle’ the size of a
molecule The coagulation rate scales wittDp of the smaller molecule/parti¢fe whereDyp is

the particle diametegothe coagulation loss rate for a 3 nm particle here would be 0.6601
Coagulation rates tend to decrease with particle size, and so will be smaller as the particles grow
through larger sizes and into the accumulation m8detces of condensable vaps may be

lower in the remote upper troposphere than in the continentialdary layerso we expect

growth rates to be slower heljt condensation and coagulation sinks will also be much lower
becausdewer sources exist artttep conveote clouds remove many of the larger partickes
loss rates are also lower than expddatethe continental boundary layer

Back-trajectories.

10 day back trajectories were calculated with the Bowman trajectory thaddINCEP GFS
meteorology’. Trajectories were initialized each minute along all of the ATom flight tracks. A
cluster of 240 trajectories offset slightly both horizontally and vertically from the flight track
locations were initialized each minute as an estimate of the trajectory uncertainties. The cloud
fractions were based on satellite derived cléudithin 5 degrees longitude of the flight tracks
averaged within flegree latitude bins.

Particle composition.

The Particle Analysis by Laser Mass Spectrometry (PALMS) instrument measures the size and
chemical composition of individual aerosol particles with dirsefrom 150 4000 nnf6. Mass
spectral signatures differentiate each particle into a compositional class such as biomass burning,
mineral dust, sea salt, sulfate/organic/nitrate mixtures, and others. The number fraction of each
particle class averaged &vl-3 minutes is indicative of relative abundance. Biomass burning
fractions measure the influence of smoke on the aerosol population. $ekemmneral dust

fractions are used to identify dust plumes such as those from the Saharan desert. We removed
datain the TCR prior tandicatedanalygs where biomass burning and dust patrticle types
accounted for >40% and 10% of total particle number concentration respectively, to exclude
plumes. For analysis of organic and sulfate mass, the PALMS size range weiedetst
particles¢500 nm.

A highly customized higiiesolution time of flight aerosol mass spectrometer-{FiR-AMS,
Aerodyne Research In¢’¥® measured noenefractory submicron50-500nm physical diameter

at 50 % counting efficiency, extending t0 @nd 700 nm with counting efficiency decreasing to
0) aerosol mass composition at 1 Hz resolution. Particles were samysidal through a

dedicated inlet (HIMIE®) and aerodynamic lens into a vacuum chamber, flashuviapd at 600

~C andanalyzed by electron impact tirod-flight mass spectrometry. Overall instrument
sensitivity was calibrated every flight day, and sulfate relative ionization efficiencies and
instrument particle transmission at regular intervals during the missions. [frovied

sensitivity, the raw mass spectra were averaged and analyzed at 46 s intervals (about 300 m
vertical resolution). Detection limits (as established by periodic blanks) for organic aerosol and
sulfate at that time resolution were on average 75 figmd 10 ng ni at STP, respectively, and
improve by the square root of the number of gaimnts with further averaging.

12
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Descriptions of models.

Four chemicatransport models were used to compare with the ATom data: GH@8, with
aerosol microphysicsdm either TOMAS! or APM?7°%; CAM5 with aerosol microphysics from
APM (Luo and Yu, Manuscript in preparatipand CESM with aerosol microphysics from
CARMAS3%5, We matched the location and time of the model outputs to our aircraft
measurements. Detadse given irED Table 1.

For analyses where biomass burning and dust plumes were filtered from the ATom data, they
were likewise filtered from the model outputs using the following methods. For CESM
CARMA, a separate model run was completed Wwithmass burning switched off, and times
when the total mass of dust aerosol exceeding 5'X K@ m? (STP) were removed. For CAM5
APM and GEOSChemAPM, times where the number fraction of dust or black carbon particles
excee@d10% and 40% were removetFGEOSChemTOMAS times where the number
fraction of dust and elemental carbsuwbmicronparticles exceeded 0.5% were removed.

Sensitivity Studies

To investigate the causes of model underprediction of CCN tir@pical upper tropospheric
NPF, we perfaned model sensitivity studies. CAMSPM was excluded from this analysis
because it is the only model in this stwdyere aerosols are fully coupled to convective clouds
and precipitationwhich increases ruto-run variability, making it difficult to asseghe impact

of prescribed changes to the modielthe first study, the nucleation rate between\2@8nd 28S
ataltitudesabove600 hPgressure levelas increased by a factor of 10. In the second study,
oceanic emissions of dimethyl sulfide (DM8gre increased by a factor of 3 globally. DMS
contributes to atmospheric $@ndis thus a source of condensable inorganic material for
forming and growing particles$n the third studyrainout and washout in cloud anvils and large
scale cloud systems, @@aqueous oxidation of S@ere reducethy a factor of 1@t all altitude
between 28\ and 28S. This is a proxy for reducing cloud processing of particles and gases in
descending ajrand indicates the potential effect of reducing the physically incorrect
representation aub-grid cloud processindiscussed in the main texthis cloud processing
scaling is not applied to CESKIARMA, which is not affected by surid cloud over
processing.

Aerosol Indirect Effects.

We used GEO&hem with TOMAS andPM, to estimate the magnitude of the aerosol first
indirect effectresulting fromtropical upper tropospheriPFfollowing the method from Kodros

and Pierc0176. Forthe month of August 2016 (ATof), forthe base case, and the case with
reduced clougbrocessing of descending air in the tropics, nucleation was switched off at
pressues< 600 hPa between 28! and 28 S. This caused ahange in magnitude of tlggobally
averagederosol first indirect effect (ED Fig.10), which wé@s12 and0.14 W m? for GEOS
ChemTOMAS, and-0.089 and-0.081 W m? for GEOSChemAPM for thebase and reduced

cloud processingasesrespectively GEOSChemAPM shows a positive radiative forcing in
regionswhere liquid water content in the upper troposphere is elevated. High liquid water
content indicates stronger vertical transport, and therefore more particles will be lofted from the
lower troposphere in these regions. Turning off nucleation here therethrees the number of
particles competing for the available condensable vapours, so more vapours condense onto lofted
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particles, growing them to sizes where they can act as CCN. This increases the cloud drop
number and thus the cloud optical deftbr GEOS-ChemTOMAS, we ran the same calculation
for each month of the year (starting August 2016), and noticed a seasonal cycle (ED,Fig.
which is likely due to the seasonally dependent position of the ITCZ shifting the fraction of the
tropics that contaipollution emitted in the northern hemisphddéscrepancies between the
models and observations exist, and we have comgideredhe first aerosol indirect effect,
therefore these calculations are only an estimate of the magnitude of the radiativef effect
tropically upper tropospheric NPF.
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The full ATom dataset is publicly availabteas are data specific to this anal§sis

Code availability.
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GEOSChem with TOMAS and APRA. Code usetb analyze ATom data and model output, and
recent modifications to CARMA, GEGShem and CAM5 with APM used in this analysis are
available on request.
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ExtendedData
Geos-Chem-TOMAS Geos-Chem-APM Cam5-APM CESM-CARMA
Meteorology GEOSFP MERRA2 Nudging with MERRA2 GEOSS
Horizontal 4x5 2x2.5 1.9%2.5 1.9%x2.5
Resolution
Vertical Resolution 47 levels 47 levels 32 levels 56 levels
MNucleation Theory Temary and binary neutral Ternary neutral and ternary Temary neutral and ternary Binary neutral
ion-induced ion-induced

Condensing Gases

Size Bins (3-60 nm)
Size Bins (> 60 nm)

Mixing State

H2504, secondary organic
vapors*

7
8

Internal

H2S04, low volatility
secondary organic gases

19
15

Semi-external

H2504, low volatility
secondary organic gases

19
15

Semi-external

HzS04, low volatility
secondary organic gases

7
13

Semi-external

Extended Data Table 1| Relevant properties of the model$. organics formed in boundary
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Extended Data Figure 1| Location of ATom measurements, ATom 1 (gold) and 2 (blue)
measurements by latitude and longitualec, Altitude and latitude of measurements over the
Pacific and Atlantic respectivelyJropical convective regions (TCRs) are highlightedeid
(ATom 1) and dark blue (ATom 2).
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Extended Data Figure 2 Identifying the tropical convective region.Average measuredH

over water (blue), number concentration of partiél@sim(red), and cloud fraction from
reanalysis meteorology (dasheldck between 200 and 400 hR&a.b, ATom 1 Pacific and

Atlantic transectsg, d, ATom 2 Pacific and Atlantic transects. We take tleatral peak ilRH to

be the Inter Tropical Convergence Zone (ITCZ), and define a tropical convective region (TCR)
between the minima on either side of this peaky shaded These correspond to latitudes 2.5

to 17.5 °N AToml Pacific, 2.5 to 27.5 °MTom 1 Atlantic, 27.5 °S to 2.5 °S ATom 2 Pacific,

and 7.5 °S to 22.5 N ATom 2 Atlantic.
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August 2016 February 2017
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Extended Data Figure 3| Modeled global concentrations of particles>3 nniMonthly mean

number concentration of particles >3 (iN3) in the free troposphere at pressures less than 600
hPa (weighted by grittox height) modeled for August 2016 (left) and February 2017 (right).

b, CESM-CARMA, c, d, CAM5-APM, e, f, GEOSChemAPM, andg, h, GEOSChem

TOMAS. Horizontal black lines mark ¢hTCR defined by the ATom data. GE@&em

TOMAS (g,h) shows higher number concentrationBlobutside the TCR than the other models.
This is partly the effect of 2009 volcanic emissions, which are included in the emission database
for this model.
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Extended Data Figure 5] TCR Backtrajectories. 30-day back trajectories calculated every
minute of flight time within the TCR®-d, Pressure from the time of minimum pressure of the
trajectory to the flight track for all back trajectories from ATom 1 Pacific and Atlantic and

ATom 2 Pacific and Atlantic respectively. Cats distinguish separate trajectories. The general
slope of incredag pressure with time indicates a general descending motion of tee air.
Histogram of instantaneous descent rates (1 point every 3 hours) of all trajectories within the
pressurebins shown in the legend. The skew at all altitudes towards positive descent rates is
evidence of an overall descending motion of the air. The meseilerate is higher at higher
altitudes, and almost 0 at the lowest altitudes, which is to be expected as this is often within the
MBL where the air cannot descend furtifeAverage fraction of time trajectories spent in cloud
between the time of mininm pressure and the flight track-d¢toud time was taken d&&H 2

90% (an overestimate). It is binned by the pressure on the flight track (not the pressure of the
trajectory itself as in (e)). For measurements made at pres25@ hPa, the air spent labsn

5% of its time in cloud on average. For air at pressures >850 hPa this increased to ~14%. This
shows that most of the particles descend with the air instead of being removed byg;louds.
Histograms of the latitudes of the trajectories betweemthenum pressure and fligiitack for
ATom 1 and 2 respectively, caleed by pressure of the point on the fligrack. Apart from at

the lowest altitudes, air parcels entering the flight track mostly remain within the tropics
(histograms peak around thguator). Peaks shift towards the summer hemisphere with the
season, in the same manner as the TCRs.
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Extended Data Figure 6| Average Size Distributionsa, b, g Average size distributions in the
tropical convective regions between 250 and 300 hPaag@®00 hPa, and 800 and 1000 hPa
respectively. Regions of biomass burning or dust plumes have been excluded. Except for
particles >100 nm in CAMBPM, the models show fewer particles than the observations. All
models except for CAMB\PM show strong evidece of cloud processing in the form of the dip

in the size distribution around @®0 nm in panels (b) and (c). This indication of cloud
processing’is far less pronounced in the ATom data, suggesting that too many particles are
being cloud processed ihag models. (b) also shows average size distributions measured between
900-1000 hPa over the contiguous USA and Alaska, as examples of continental size
distributions.
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Extended Data Figure 7| Chemical composition of particles in the TCRa, Organic and

sulfate mass of particles, measured by the AMS5@D nm) and PALMS (15600 nm), and
ambientRH for the TCR with data affected by biomass burning and dust plumes removed (AMS
excludes ATom 2 Pacific where overall mass was too low to messlia¢ée and organic
components). Both composition measurements have limitations in this regime (the AMS is close
to detection limit, and PALMS cannot measure particles <150 sorperfect agreement is not
expected. However, low sulfate mass at high aléiteeems robust as it is supported by both
measurements, and differences between PALMS and AMS organic concentrations suggest
organics dominate smaller particle composition at high altitoid8ize resolved volume in the

TCR. Between 400 and 800 hPa thedian diameter by volume, and the majority of the aerosol
volume, is within the measured-500 nm range. The composition results should thus be
regarded as informative within this pressure rangd, Modeled sulfate and organic masses

over the same regims compared with measurements.
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