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  23 

Cloud condensation nuclei (CCN) can affect cloud properties and therefore the Earth’s 24 

radiative balance1,2,3. New particle formation (NPF) from condensable vapours in the free 25 

troposphere has been suggested to contribute to CCN, especially in remote, pristine 26 

atmospheric regions4, but direct evidence is sparse, and the magnitude of this contribution 27 

is uncertain5,6,7. Here we use in-situ aircraft measurements of vertical profiles of aerosol 28 

size distributions to present a global-scale survey of NPF occurrence. We observed intense 29 

NPF occurring at high altitude in tropical convective regions over both the Pacific and 30 

Atlantic Oceans. Together with the results of chemical-transport models, our findings 31 

indicate that NPF persists at all longitudes as a global-scale band in the tropical upper 32 

troposphere, covering about 40% of the Earth’s surface. Furthermore, we find that this 33 

NPF in the tropical upper troposphere is a globally important source of CCN in the lower 34 

troposphere, where they can affect cloud properties. Our findings suggest that the 35 

production of CCN, as these new particles descend towards the surface, is currently not 36 

adequately captured in global models, because they tend to underestimate both the 37 

magnitude of tropical upper tropospheric NPF and the subsequent growth to CCN sizes. 38 

This has potential implications for cloud albedo and the global radiative balance. 39 

 40 

New particles form when condensing gases produce stable clusters with a diameter >~1.5 nm8. 41 

Growth by condensation and coagulation may enable particles to reach diameters >~60 nm 42 

where they can act as CCN. Atmospheric observations are required to guide the incorporation of 43 



 
 

NPF mechanisms into models9. Large numbers of small particles have previously been observed 44 

at high altitude in the tropics10,11,12 because deep convective clouds loft condensable vapours and 45 

remove most larger particles that compete with NPF as sinks for these vapours13 (Fig. 1). Newly 46 

formed particles grow to CCN sizes in subsiding air outside of the convective clouds14. 47 

 48 

Global-scale measurements are needed to understand the scale and impact of NPF in the upper 49 

troposphere. Satellites cannot detect particles with diameters < 100 nm, and previous in-situ 50 

observations have been regional scale11-13. We recently conducted in-situ, global-scale 51 

measurements of particle size distributions over the Pacific and Atlantic Oceans with near pole-52 

to-pole coverage and systematic profiling between ~0.18 and ~12 km altitude over multiple 53 

seasons (Extended Data (ED) Fig. 1) on the NASA Atmospheric Tomography Mission 54 

(ATom)15. We observed evidence for abundant recent NPF at high altitudes within the tropical 55 

convective region (TCR, Fig.3 and ED Fig. 2) and subsequent particle growth during subsidence, 56 

and calculated the gas-phase condensation sink to all particles with diameters >7 nm (CS7) and 57 

the particle coagulation sink, which together govern the probability that particles will form and 58 

grow to reach CCN sizes (Methods). We observed this phenomenon in August and February, 59 

showing seasonal persistence. 60 

 61 

In the TCR, high number concentrations occur over ~30° latitude over both Atlantic and Pacific 62 

Oceans (ED Fig. 2). NPF has also been observed at high altitude over the Amazon16. We 63 

compare our observations to four global-scale chemical-transport models with explicit size-64 

resolved aerosol microphysics (ED Table 1). Some models that reproduce the observed pattern of 65 

small particles from NPF in the TCR indicate these particles persist as a nearly continuous band 66 



 
 

around the global tropics (ED Fig. 3). Together, these observations and models indicate that 67 

tropical NPF covers ~40% of the Earth’s surface. 68 

 69 

Deep convective clouds in the tropics enable NPF by removing pre-existing particles >60 nm, 70 

thus reducing sinks for small particles and condensable vapours13,17. However, our 71 

measurements, which allow direct calculation of condensation and coagulation rates, show that 72 

tropical convection does not produce uniquely low sinks at high altitude in the TCR where the 73 

most recent NPF is observed (Fig. 2b, c; ED Fig. 4). Therefore, further explanation is required 74 

for the consistently high numbers of particles from NPF observed in this region vs. others with 75 

even lower CS7. 76 

 77 

Low temperatures increase rates of NPF18. If condensable vapours were uniform across the 78 

atmosphere, we would expect to see the most particles produced by NPF at the lowest available 79 

temperatures and at the lowest CS7. Globally, NPF occurs at temperatures <270 K and CS7 <8 x 80 

10-4 s-1(Figs. 2,3). Within the TCR, NPF occurs mainly at the lowest available CS7 and 81 

temperature; however, in other regions of the troposphere much lower CS7 and temperatures 82 

exist with weaker or no NPF. Therefore, a stronger source of condensable material must be 83 

available at high altitude in the TCR than in other cold, low-CS7 areas (except in the Southern 84 

Ocean in February). This is likely due to a combination of convective activity in this region 85 

bringing precursor gases from lower altitudes (Fig. 1), and high solar elevation angles in the 86 

tropics increasing the hydroxyl radical (OH) availability to produce condensable vapours at 87 

faster rates19.  88 

 89 



 
 

Within the TCR, median particle diameters increase fairly continuously with decreasing altitude 90 

(Fig. 4a). This indicates particle growth over time, since these data are from cloud-free air 91 

(Methods), which has a general descending motion20 and remains mostly in the tropics (ED Fig. 92 

5). The observed increase in particle size with decreasing altitude is inconsistent with mixing 93 

from continental boundary layer air, where size distributions instead show a substantial 94 

accumulation (~60-500 nm) or nucleation (~2-12 nm) mode accompanying the Aitken (~12-60 95 

nm) mode (ED Fig. 6b). 96 

 97 

High number concentrations of particles >60 nm (N60; large enough to act as CCN in convective 98 

clouds at < 1% supersaturation21) are seen in the lower troposphere (Fig 4c) (although N60 is 99 

fairly constant, the fraction of particles > 60 nm increases with decreasing altitude). Air at 100 

middle and lower altitudes in the TCR is a mix of descending air, which has reduced RH, and air 101 

from lower altitudes, as shown by higher measured RH (ED Fig. 7). However, concentrations of 102 

N60 increase with decreasing RH at mid-altitudes (Fig. 4d), indicating that CCN-sized particles 103 

are more abundant in the dry descending air than in the moist air from lower altitudes. 30-60 nm 104 

particles exist in the TCR marine boundary layer (MBL), but are unlikely to be primary22,23. 105 

Lacking an evident source within the tropical MBL (no strong NPF events, Fig. 2a, and few 106 

nucleation mode particles, ED Fig 6c), these particles may originate from the free troposphere. 107 

Previous studies have observed NPF at the top of the MBL24,25, but we do not observe this within 108 

the TCR (although we observed it at other latitudes), and so conclude that this does not 109 

contribute significantly to particle concentrations here. Therefore, NPF at high altitude in the 110 

TCR appears to increase CCN concentrations in the lower troposphere, where they can affect 111 



 
 

cloud properties and thus the global radiation budget26,7.  Preliminary modeling studies suggest a 112 

global radiative effect of ~0.1 W m-2 from this CCN source (ED Fig. 10). 113 

 114 

Models show abundant NPF at high altitude in the TCR (although fewer nucleation mode 115 

particles are produced than in the observations), but, except for CAM5-APM (which 116 

significantly overestimates gas-phase volatile organic compounds at high altitude27), produce 117 

much lower concentrations of CCN-sized particles than observed (Fig. 4b, c).  118 

 119 

High-altitude TCR NPF occurs at higher CS7 in the observations than in all models except 120 

CAM5-APM (Fig. 3d).  Models produce fewer small particles at high altitude than observed 121 

(Fig. 4a, b; ED Fig. 7a).  The overall performance of these models implies a deficit of 122 

condensable material and/or missing nucleation/growth mechanisms, especially because 123 

increasing CS7 to match observations would reduce the modeled particle concentrations even 124 

further.  Previous observations11 also underestimated sinks in this region by considering only 125 

particles >60 nm, so the higher observed CS7 values from ATom (Fig. 2b and 3a) represent a 126 

departure from the models and previous observations.  127 

 128 

Sensitivity analysis (Methods, ED Fig. 10) shows that errors in nucleation rate or mechanisms 129 

are unlikely to cause the model underprediction of particle concentrations since substantial 130 

scaling of nucleation rates did not produce a substantial change in the particle size distribution 131 

and resulting number of CCN. This is due to a feedback whereby increasing nucleation rates 132 

slows growth rates and increases coagulation rates, thus dampening the sensitivity of CCN to 133 



 
 

changes in nucleation28. Uncertainty in the amount of inorganic condensable material is also 134 

shown to have little effect on the result number of CCN. 135 

 136 

Missing organics could also explain the underprediction. None of the models in this study 137 

include organic-mediated nucleation. Organics in the free troposphere are well known to be a 138 

dominant contributor to nanoparticle growth in the boundary layer and under many conditions29, 139 

though they remain poorly simulated in many models30. Organic matter significantly contributes 140 

to the mass of 50-500 nm particles at high altitudes in the TCR (ED Fig. 7). All models except 141 

CAM5-APM underestimate organic mass at high altitudes, suggesting they are missing organic 142 

species or growth mechanisms necessary to reproduce these observations.  143 

 144 

The underprediction of N60 at lower altitudes suggests that models may scavenge growing 145 

particles too efficiently during their descent. Convective wet scavenging and aqueous processing 146 

in GEOS-Chem -TOMAS, -APM, and CAM5-APM affect all particles in a grid box, as particles 147 

in cloudy and clear portions mix at each time-step, whereas in reality the cloudy and clear 148 

regions do not generally mix quickly. This excess removal and processing of clear-sky aerosol 149 

by convective clouds in the models may cause the bimodal structure in the modeled mid- and 150 

lower- tropospheric size distributions (ED Fig. 6) that is caused by aqueous sulfate formation in 151 

activated aerosol in convective clouds, but which does not appear until lower altitudes in the 152 

observations.  153 

 154 

Reducing cloud-processing on descent (a proxy for correcting the clear-sky removal of aerosol) 155 

allows modeled N60 and CS7 to better represent ATom observations (Methods, ED Fig. 10). A 156 



 
 

full correction would need to track in-cloud particles between simulation time-steps. CESM-157 

CARMA, which correctly accounts for sub-grid clear-sky and cloudy aerosol tracking, shows a 158 

larger increase in N60 with altitude than the other models (Fig. 4), indicating that this correction 159 

may allow models with more complex nucleation schemes to capture the resultant increase in N60 160 

observed on ATom.  161 

 162 

It is therefore likely that many models may underestimate CCN in the remote tropical lower 163 

troposphere because they remove too many of the particles that form in the tropical upper 164 

troposphere through physically incorrect sub-grid aqueous aerosol processing and removal. 165 

Missing organics, or the mechanisms to include them in nucleation and growth may also be a 166 

factor. This is important for estimates of aerosol-cloud-radiation effects, as the radiative effect of 167 

NPF in the tropical upper troposphere could be on the order of 0.1 W m-2 globally (Methods, ED 168 

Fig. 10).  169 

 170 
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 291 

Figure Legends 292 

 293 

Figure 1| NPF and growth to CCN sizes in the Tropical Convective Region. Deep convective 294 

clouds loft air from the boundary layer. Larger particles activate as cloud droplets and are 295 

removed through precipitation and wet deposition, reducing the condensation sinks in air that 296 

detrains at high altitude. Less-soluble aerosol precursors detrain, oxidize, and form particles, 297 

which grow by condensation and coagulation as they descend, with many reaching CCN sizes 298 

before they reach the top of the boundary layer. Credit: Kathleen Bogan, Cooperative Institute 299 

for Research in Environmental Sciences, University of Colorado, Boulder. 300 

 301 

Figure 2| Average aerosol properties from ATom 1 and 2. a, Number concentrations of 302 

particles with diameters between 3 and 7 nm show high concentrations at high altitude in the 303 

tropics. b, c, Average number concentration of particles >60 nm and the condensation sink from 304 

all particles larger than 7 nm show mid to low values at high altitude in the tropics. Lines show 305 

10 K -spaced temperature contours (grey) and latitude range of the TCRs (black).  306 

 307 

Figure 3| The relationship between CS7, temperature and NPF. a, b, c, Temperature and CS7 308 

for TCR, non-TCR, and Southern Ocean in February respectively, with colours showing 309 

statistically significant concentrations of 3-7 nm particles. Higher concentrations of 3-7 nm 310 

particles are observed for given temperatures and CS7 within the TCR than elsewhere (except the 311 

Southern Ocean in February), suggesting greater availability condensable vapours in the TCR. d, 312 

Observed (grey) and modeled (coloured) CS7 and temperature where number concentrations of 313 



 
 

3-12 nm particles exceed 1750 cm-3. All models except CAM5-APM show high concentrations 314 

of 3-12 nm particles at lower CS7 than observed. 315 

 316 

Figure 4| Evidence for particle growth on descent. All data are from the TCR. a, b, Average 317 

number size distribution as a function of pressure (with regions with biomass burning and dust 318 

plumes removed) for ATom and models (combined) respectively, with mode diameters given by 319 

solid lines. c, Observed and modeled number concentrations of particles >60 nm (N60). d, 320 

Observed N60 vs RH between 600 and 800 hPa, with a linear least-squares regression fit (dashed 321 

line). RH >10% indicates mixing between descending and lower-altitude air. Increasing N60 with 322 

decreasing RH shows that descending air contains more CCN-sized particles than lower-altitude 323 

air.  324 

 325 

Methods 326 

 327 

Overview of the ATom mission.  328 

Measurements were taken on the first two deployments of NASA’s Atmospheric Tomography 329 

Mission (ATom; 29 July-23 August 2016 and 26 January-21 February 2017), referred to as 330 

ATom 1 and 2 respectively. This mission comprised four sets of contiguous flights over both 331 

Pacific and Atlantic Ocean basins from 81 °N to 65 °S. The flights focused on the remote marine 332 

atmosphere, constantly profiling between about 0.18 and 11-13 km altitude so as to resolve the 333 

vertical structure of the atmosphere (ED Fig. 1). 334 

 335 

Summary of aerosol measurements. 336 



 
 

Aerosol dry size distributions were measured from 2.7 nm – 4.8 μm diameter at 1 Hz time 337 

resolution with a suite of instrumentation31. Inside the DC-8, a Nucleation Mode Aerosol Size 338 

Spectrometer (NMASS), a custom-built battery of 5 condensation particle counters, each 339 

operated with different detection limits (d50), provided 5 channels between 2.7 and 60 nm 340 

diameter32-34 on ATom 1. Two NMASSes were operated on ATom 2, providing 10 distinct 341 

channels over the same size-range. A commercial optical particle counter (OPC), the Ultra-High 342 

Sensitivity Aerosol Spectrometer (UHSAS, Droplet Measurement Technologies), specifically 343 

adapted to operate over rapidly changing pressures34,36, measured from 60-500 nm. A second 344 

commercial OPC, Laser Aerosol Spectrometer (LAS, Thermo-Systems Engineering Co.) 345 

extended this distribution to 4.8 μm, which was the upper size limit at which particles could be 346 

efficiently sampled.  347 

 348 

Dry (<40% RH) size distributions were measured at 1 Hz time resolution, which, given average 349 

aircraft ascent/descent rates of ~7 m/s, provides ~7 m vertical resolution in the atmosphere (with 350 

a range from ~ 11 m and the lowest altitudes to ~ 5 m at the highest). Fourier transform analysis 351 

of concentration measurements from the NMASS revealed statistical noise at frequencies >0.1 352 

Hz37 (ED Fig. 8), therefore we average the data to 0.1 Hz, giving average vertical resolution of 353 

70 m (corresponding to 8 hPa at 1 km altitude and 3 hPa at 10 km altitude).  354 

 355 

Cloud particle impaction on aircraft and inlet surfaces generates artifact particles that are then 356 

sampled by aerosol instruments38. Therefore, all in-cloud size-distribution data were removed 357 

from the dataset before analysis. Clouds are identified by coarse mode number concentration 358 

measured with a second-generation Cloud, Aerosol, and Precipitation Spectrometer (CAPS, 359 



 
 

Droplet Measurement Technologies), temperature and relative humidity. Water, ice and mixed 360 

phase clouds were removed.  361 

 362 

All concentrations are given at standard temperature and pressure (STP), 1013 hPa and 0 °C. 363 

 364 

Identifying new particle formation. 365 

To identify recent NPF, we identified times when the concentration in the smallest size channel 366 

of an NMASS (d50 = 2.7 nm) was significantly larger than that in the next-largest channel (d50 = 367 

6.9 nm). Significantly larger means that the difference in concentrations was greater than could 368 

be expected from statistical variations in the sample (ED Fig. 9). 369 

 370 

To identify statistically significant counts in the first channel, we assume that the counts in each 371 

channel can be described by Poisson statistics such that the variance in the number of counts, Ci, 372 

in a given channel, i, is given by  373 

  Var(Ci) = Ci.       (1)  374 

The concentration measured in channel i, Ni, is  375 

  Ni = bi Ci,       (2) 376 

where bi is a factor calculated from the flow rate, pressure and temperature corrections to STP 377 

and live-time correction.  378 

 379 

Since variance follows the relationship 380 

 Var(aX) = a2Var(X),     (3) 381 

we can describe the variance in the concentration in channel i as 382 



 
 

   Var(Ni) = bi2Var(Ci) = bi2Ci.    (4) 383 

Because variance also follows the relationship 384 

   Var(X – Y) = Var(X) + Var(Y),   (5) 385 

the standard deviation of the difference between concentrations in channels 1 and 2 in the 386 

NMASS is 387 

   σdiff = √(b12C1 + b22C2).    (6) 388 

We consider that the difference between channel 1 and 2 is significant when 389 

   N1 – N2 > 3σdiff.     (7) 390 

For a 5° latitude by 10 hPa box for each ocean basin, we calculated the proportion of data points 391 

collected (at 0.1 Hz frequency) that show significant concentrations of small particles using Eq. 392 

7. 393 

 394 

Sink Calculations. 395 

For each point in flight the condensation kernel for a sulfuric acid molecule with particles of 396 

each diameter in the size distribution, at the ambient temperature and pressure, is calculated 397 

using the Fuchs expression for coagulation rate coefficient39, substituting a sulfuric acid 398 

molecule for one of the particles to get a condensation sink instead of a coagulation sink (and 399 

noting that the accommodation coefficient, α, in equation 12.57 p 664 in Seinfeld and Pandis39 400 

should read 1/α). We calculate the diameter of a sulfuric acid molecule from bulk properties 401 

following the method from Lovejoy et al.40, neglecting temperature effects on the probability 402 

distribution function of monomers, dimers and trimers. Over the measurement conditions, this 403 

gives a diameter ranging between 0.545 and 0.552 nm. We take the mass of the sulfuric acid 404 

molecule to be 98.079 g/mol41. We assume each particle to have the density of water (1 kg m-3). 405 



 
 

 406 

This is then multiplied by the number of particles in that size bin and summed over all bins to 407 

produce the condensation sink. Coagulation sinks are calculated in the same manner.  408 

The condensation sink from particles >7 nm is correlated with coagulation sinks for particles of 409 

various sizes and the total surface areas (ED Fig. 4). Therefore, it is reasonable to assume that the 410 

relationships explored between new particle formation, condensation sinks and temperatures in 411 

the manuscript also hold for coagulation sinks.  412 

 413 

Nucleation and growth rates are not sufficiently constrained by our data to calculate survival 414 

probabilities (probability of a particle of a given size surviving to reach CCN-sizes, these 415 

typically range from ~0.1 to 1 depending on the environment42), but these calculated sinks allow 416 

us to place our observations within the context of other studies of NPF and growth to CCN sizes. 417 

The condensation sink rate constant in the tropics above 700 hPa is generally below 0.0005 s-1 418 

(Fig. 2c). The condensation rate is effectively the coagulation rate of a 'particle' the size of a 419 

molecule. The coagulation rate scales with 1/Dp of the smaller molecule/particle39, where Dp is 420 

the particle diameter, so the coagulation loss rate for a 3 nm particle here would be 0.0001  s-1. 421 

Coagulation rates tend to decrease with particle size, and so will be smaller as the particles grow 422 

through larger sizes and into the accumulation mode. Sources of condensable vapours may be 423 

lower in the remote upper troposphere than in the continental boundary layer, so we expect 424 

growth rates to be slower here, but condensation and coagulation sinks will also be much lower 425 

because fewer sources exist and deep convective clouds remove many of the larger particles, so 426 

loss rates are also lower than expected in the continental boundary layer. 427 

 428 



 
 

 429 

Back-trajectories. 430 

10 day back trajectories were calculated with the Bowman trajectory model43 and NCEP GFS 431 

meteorology44. Trajectories were initialized each minute along all of the ATom flight tracks. A 432 

cluster of 240 trajectories offset slightly both horizontally and vertically from the flight track 433 

locations were initialized each minute as an estimate of the trajectory uncertainties. The cloud 434 

fractions were based on satellite derived clouds45 within 5 degrees longitude of the flight tracks 435 

averaged within 5-degree latitude bins.  436 

 437 

Particle composition. 438 

The Particle Analysis by Laser Mass Spectrometry (PALMS) instrument measures the size and 439 

chemical composition of individual aerosol particles with diameters from 150 – 4000 nm46. Mass 440 

spectral signatures differentiate each particle into a compositional class such as biomass burning, 441 

mineral dust, sea salt, sulfate/organic/nitrate mixtures, and others. The number fraction of each 442 

particle class averaged over 1-3 minutes is indicative of relative abundance. Biomass burning 443 

fractions measure the influence of smoke on the aerosol population. Likewise, mineral dust 444 

fractions are used to identify dust plumes such as those from the Saharan desert. We removed 445 

data in the TCR prior to indicated analyses where biomass burning and dust particle types 446 

accounted for >40% and 10% of total particle number concentration respectively, to exclude 447 

plumes. For analysis of organic and sulfate mass, the PALMS size range was restricted to 448 

particles ≤500 nm.  449 

 450 



 
 

A highly customized high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, 451 

Aerodyne Research Inc.)47-49 measured non-refractory submicron (50-500 nm physical diameter 452 

at 50 % counting efficiency, extending to 20 and 700 nm with counting efficiency decreasing to 453 

0) aerosol mass composition at 1 Hz resolution. Particles were sampled in-situ through a 454 

dedicated inlet (HIMIL50) and aerodynamic lens into a vacuum chamber, flash vapourized at 600 455 

°C and analyzed by electron impact time-of-flight mass spectrometry. Overall instrument 456 

sensitivity was calibrated every flight day, and sulfate relative ionization efficiencies and 457 

instrument particle transmission at regular intervals during the missions. For improved 458 

sensitivity, the raw mass spectra were averaged and analyzed at 46 s intervals (about 300 m 459 

vertical resolution). Detection limits (as established by periodic blanks) for organic aerosol and 460 

sulfate at that time resolution were on average 75 ng m-3 and 10 ng m-3 at STP, respectively, and 461 

improve by the square root of the number of data-points with further averaging. 462 

 463 

Descriptions of models. 464 

Four chemical-transport models were used to compare with the ATom data: GEOS-Chem, with 465 

aerosol microphysics from either TOMAS51 or APM27,52; CAM5 with aerosol microphysics from 466 

APM (described below); and CESM with aerosol microphysics from CARMA53-55. We matched 467 

the location and time of the model outputs to our aircraft measurements. Details are given in ED 468 

Table 1.  469 

 470 

CAM-APM incorporated the APM sectional aerosol microphysics with MOZART online 471 

chemistry in CAM-Chem56 following the approaches shown in the works of Yu and Luo52, 57. 472 

Anthropogenic and biogenic emissions of carbon monoxide and non-methane volatile organic 473 



 
 

compounds come from the POET (Precursors of Ozone and their Effects in the Troposphere) 474 

database for 200058. Anthropogenic emissions of nitrogen oxides, sulphur dioxide, ammonia, 475 

black carbon, and organic carbon used by CAM-Chem56 are replaced by the Harvard-NASA 476 

Emissions Component (HEMCO)59 for simulation years. Open fire emissions of black carbon 477 

and organic carbon are produced from the International Panel on Climate Change gridded 478 

decadal monthly mean forest fire and grass fire emissions by the National Center for 479 

Atmospheric Research60. Sea-salt emissions are based on the size-resolved sea spray emission 480 

scheme developed by Gong61. Dust emissions are based on the parameterization developed by 481 

Mahowald et al62. Both sea-salt and dust emissions are calculated using online meteorology 482 

simulated by CAM. Thermodynamic equilibrium and aqueous phase chemistry of sulfate-nitrate-483 

ammonium, size resolved aerosol dry and wet depositions, and aerosol-cloud interactions are 484 

considered in the model. 485 

 486 

For analyses where biomass burning and dust plumes were filtered from the ATom data, they 487 

were likewise filtered from the model outputs using the following methods. For CESM-488 

CARMA, a separate model run was completed with biomass burning switched off, and times 489 

when the total mass of dust aerosol exceeding 5 x 10-13 kg m3 (STP) were removed. For CAM5-490 

APM and GEOS-Chem-APM, times where the number fraction of dust or black carbon particles 491 

exceeded 10% and 40% were removed. For GEOS-Chem-TOMAS, times where the number 492 

fraction of dust and elemental carbon submicron particles exceeded 0.5% were removed.  493 

 494 

Sensitivity Studies. 495 



 
 

To investigate the causes of model underprediction of CCN from tropical upper tropospheric 496 

NPF, we performed model sensitivity studies. CAM5-APM was excluded from this analysis 497 

because it is the only model in this study where aerosols are fully coupled to convective clouds 498 

and precipitation, which increases run-to-run variability, making it difficult to assess the impact 499 

of prescribed changes to the model. In the first study, the nucleation rate between 28°N and 28°S 500 

at altitudes above 600 hPa pressure level was increased by a factor of 10. In the second study, 501 

oceanic emissions of dimethyl sulfide (DMS) were increased by a factor of 3 globally. DMS 502 

contributes to atmospheric SO2 and is thus a source of condensable inorganic material for 503 

forming and growing particles. In the third study, rainout and washout in cloud anvils and large-504 

scale cloud systems, and aqueous oxidation of SO2 were reduced by a factor of 10 at all altitude 505 

between 28°N and 28°S. This is a proxy for reducing cloud processing of particles and gases in 506 

descending air, and indicates the potential effect of reducing the physically incorrect 507 

representation of sub-grid cloud processing discussed in the main text. This cloud processing 508 

scaling is not applied to CESM-CARMA, which is not affected by sub-grid cloud over-509 

processing.  510 

 511 

Aerosol Indirect Effects. 512 

We used GEOS-Chem with TOMAS and APM, to estimate the magnitude of the aerosol first 513 

indirect effect resulting from tropical upper tropospheric NPF following the method from Kodros 514 

and Pierce 201763. For the month of August 2016 (ATom 1), for the base case, and the case with 515 

reduced cloud processing of descending air in the tropics, nucleation was switched off at 516 

pressures < 600 hPa between 28 °N and 28 °S. This caused a change in magnitude of the globally 517 

averaged aerosol first indirect effect (ED Fig.10), which was -0.12 and -0.14 W m-2 for GEOS-518 



 
 

Chem-TOMAS, and -0.039 and -0.031 W m-2 for GEOS-Chem-APM for the base and reduced 519 

cloud processing cases, respectively. GEOS-Chem-APM shows a positive radiative forcing in 520 

regions where liquid water content in the upper troposphere is elevated. High liquid water 521 

content indicates stronger vertical transport, and therefore more particles will be lofted from the 522 

lower troposphere in these regions. Turning off nucleation here therefore reduces the number of 523 

particles competing for the available condensable vapours, so more vapours condense onto lofted 524 

particles, growing them to sizes where they can act as CCN. This increases the cloud drop 525 

number and thus the cloud optical depth. For GEOS-Chem-TOMAS, we ran the same calculation 526 

for each month of the year (starting August 2016), and noticed a seasonal cycle (ED Fig. 10), 527 

which is likely due to the seasonally dependent position of the ITCZ shifting the fraction of the 528 

tropics that contain pollution emitted in the northern hemisphere. Discrepancies between the 529 

models and observations exist, and we have only considered the first aerosol indirect effect, 530 

therefore these calculations are only an estimate of the magnitude of the radiative effect of 531 

tropically upper tropospheric NPF. 532 

 533 
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Data availability. 643 

The full ATom dataset is publicly available15, as are data specific to this analysis64. 644 
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Code availability. 646 

Code for the model CESM with the base version of CARMA is available online65, as is code for 647 

GEOS-Chem with TOMAS and APM66. Code used to analyze ATom data and model output, and 648 

recent modifications to CARMA, GEOS-Chem and CAM5 with APM used in this analysis are 649 

available on request. 650 
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 653 

Extended Data Table 1| Relevant properties of the models.  * organics formed in boundary 654 

layer only 655 

 656 

Extended Data Figure 1| Location of ATom measurements. a, ATom 1 (gold) and 2 (blue) 657 

measurements by latitude and longitude. b, c, Altitude and latitude of measurements over the 658 

Pacific and Atlantic respectively. Tropical convective regions (TCRs) are highlighted in red 659 

(ATom 1) and dark blue (ATom 2). Word map is made with Natural Earth67. 660 

 661 

Extended Data Figure 2| Identifying the tropical convective region. Average measured RH 662 

over water (blue), number concentration of particles ≥3 nm (red), and cloud fraction from 663 

reanalysis meteorology (dashed black) between 200 and 400 hPa. a, b, ATom 1 Pacific and 664 

Atlantic transects, c, d, ATom 2 Pacific and Atlantic transects. We take the central peak in RH to 665 

be the Inter Tropical Convergence Zone (ITCZ), and define a tropical convective region (TCR) 666 

between the minima on either side of this peak (grey shaded). These correspond to latitudes 2.5 667 

to 17.5 °N ATom 1 Pacific, 2.5 to 27.5 °N ATom 1 Atlantic, 27.5 °S to 2.5 °S ATom 2 Pacific, 668 

and 7.5 °S to 22.5 N ATom 2 Atlantic. 669 

  670 

Extended Data Figure 3| Modeled global concentrations of particles>3 nm.  Monthly mean 671 

number concentration of particles >3 nm (N3) in the free troposphere at pressures less than 600 672 

hPa (weighted by grid-box height) modeled for August 2016 (left) and February 2017 (right). a, 673 

b, CESM-CARMA, c, d, CAM5-APM, e, f, GEOS-Chem-APM, and g, h, GEOS-Chem-674 



 
 

TOMAS. Horizontal black lines mark the TCR defined by the ATom data. GEOS-Chem-675 

TOMAS (g,h) shows higher number concentrations of N3 outside the TCR than the other models. 676 

This is partly the effect of 2009 volcanic emissions, which are included in the emission database 677 

for this model.  Word map is made with Natural Earth67. 678 

 679 

Extended Data Figure 4| Condensation and coagulation rate details. a, The relationship 680 

between the gas-phase condensation rate onto particles larger than 7 nm, coagulation rate 681 

between 5 nm particles and all other particles, and the total aerosol surface area (2.6-4800 nm), 682 

which show a strongly linear relationship. b, The contribution of each mode to the average 683 

condensation rate in the TCR as a function of pressure. This shows that this sink is not always 684 

dominated by particles >60 nm, but that, especially at high altitude, 12-60 nm particles (Aitken 685 

mode) can dominate the coagulation sink, and must therefore be considered. Lines are 50th 686 

percentile, shaded areas 25-75th percentile range.  687 

 688 

Extended Data Figure 5| TCR Back-trajectories.  30-day back trajectories calculated every 689 

minute of flight time within the TCRs. a-d, Pressure from the time of minimum pressure of the 690 

trajectory to the flight track for all back trajectories from ATom 1 Pacific and Atlantic and 691 

ATom 2 Pacific and Atlantic respectively. Colours distinguish separate trajectories. The general 692 

slope of increasing pressure with time indicates a general descending motion of the air. e, 693 

Histogram of instantaneous descent rates (1 point every 3 hours) of all trajectories within the 694 

pressure-bins shown in the legend. The skew at all altitudes towards positive descent rates is 695 

evidence of an overall descending motion of the air. The mean descent rate is higher at higher 696 



 
 

altitudes, and almost 0 at the lowest altitudes, which is to be expected as this is often within the 697 

MBL where the air cannot descend further. f, Average fraction of time trajectories spent in cloud 698 

between the time of minimum pressure and the flight track. In-cloud time was taken as RH ≥ 699 

90% (an overestimate). It is binned by the pressure on the flight track (not the pressure of the 700 

trajectory itself as in (e)). For measurements made at pressures <850 hPa, the air spent less than 701 

5% of its time in cloud on average. For air at pressures >850 hPa this increased to ~14%. This 702 

shows that most of the particles descend with the air instead of being removed by clouds. g, h, 703 

Histograms of the latitudes of the trajectories between the minimum pressure and flight-track for 704 

ATom 1 and 2 respectively, coloured by pressure of the point on the flight-track. Apart from at 705 

the lowest altitudes, air parcels entering the flight track mostly remain within the tropics 706 

(histograms peak around the equator). Peaks shift towards the summer hemisphere with the 707 

season, in the same manner as the TCRs.   708 

 709 

Extended Data Figure 6| Average Size Distributions.  a, b, c, Average size distributions in the 710 

tropical convective regions between 250 and 300 hPa, 600 and 800 hPa, and 800 and 1000 hPa 711 

respectively. Regions of biomass burning or dust plumes have been excluded. Except for 712 

particles >100 nm in CAM5-APM, the models show fewer particles than the observations. All 713 

models except for CAM5-APM show strong evidence of cloud processing in the form of the dip 714 

in the size distribution around 60-100 nm in panels (b) and (c). This indication of cloud 715 

processing23 is far less pronounced in the ATom data, suggesting that too many particles are 716 

being cloud processed in the models. (b) also shows average size distributions measured between 717 

900-1000 hPa over the contiguous USA and Alaska, as examples of continental size 718 

distributions. 719 



 
 

 720 

Extended Data Figure 7| Chemical composition of particles in the TCR. a, Organic and 721 

sulfate mass of particles, measured by the AMS (50-500 nm) and PALMS (150-500 nm), and 722 

ambient RH for the TCR with data affected by biomass burning and dust plumes removed (AMS 723 

excludes ATom 2 Pacific where overall mass was too low to measure sulfate and organic 724 

components). Both composition measurements have limitations in this regime (the AMS is close 725 

to detection limit, and PALMS cannot measure particles <150 nm), so perfect agreement is not 726 

expected. However, low sulfate mass at high altitude seems robust as it is supported by both 727 

measurements, and differences between PALMS and AMS organic concentrations suggest 728 

organics dominate smaller particle composition at high altitude. b, Size resolved volume in the 729 

TCR. Between 400 and 800 hPa the median diameter by volume, and the majority of the aerosol 730 

volume, is within the measured 50-500 nm range. The composition results should thus be 731 

regarded as informative within this pressure range. c, d, Modeled sulfate and organic masses 732 

over the same regions compared with measurements. 733 

 734 

Extended Data Figure 8| Details from NMASS data. a, Identifying instrumental noise on 735 

particle measurements using Fourier transforms of number concentration of particles >3 nm as 736 

measured in the first NMASS channel, for 30 minutes of data at different altitudes and total 737 

concentrations. b, Concentrations from the 1st and 2nd channels of NMASS 1 (red and blue 738 

respectively), and the calculated relative difference (black) for an example time period. Missing 739 

data are when the aircraft flew through a cloud and the data were discarded. Three standard 740 

deviations (sigma) relative difference is shown in the dashed horizontal line. Any relative 741 

difference larger than this is considered statistically significant. 742 



 
 

 743 

Extended Data Figure 9| Sensitivity studies and radiative effects. Changes to modeled N60 744 

and condensation sink for ATom 1 Pacific for GEOS-Chem-TOMAS (a,d),  -APM (b,e) and 745 

CESM-CARMA (c,f), with the base model run (red), nucleation rates increased by a factor of 10 746 

between 28 °N and 28 °S at pressures < 600 hPa (orange), oceanic emissions of DMS tripled 747 

(light blue), cloud processing on descent reduced by a factor of 10 (dark blue), and nucleation 748 

turned off between 28 °N and 28 °S at pressures < 600 hPa (dashed). These results are compared 749 

to the ATom observations (black and grey). Simulated aerosol indirect effect from tropical upper 750 

tropospheric NPF (g,h GEOS-Chem-TOMAS; i, j GEOS-Chem-APM) for the base and reduced 751 

cloud processing cases respectively, calculated by turning off nucleation 28 °N-28 °S at 752 

pressures below 600 hPa. The seasonal cycle of this global aerosol indirect effect for GEOS-753 

Chem-TOMAS (k) for the base (red) and reduced cloud processing (blue) case. Word map is 754 

made with Natural Earth67. 755 


