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1. The cutoff sizes of selected submicron measurements 16 

Table S1: The cutoff sizes of AMS, URG PM1 cyclones, MOUDI 1 ɛm stage impactor, and SAGA 17 

MC at two dry aerosol densities: 1.7 g cm-3 of ATom-2 campaign average and 0.9 g cm-3 of typical 18 

oily particles (Kuwata et al., 2012; Herring et al., 2015). For AMS, the cut sizes in dva are native 19 

and the other two sizes are calculated with Eqs. 1-2 in the main text (here only the upper side is 20 

listed); for URG, MOUDI, and SAGA MC, the cut sizes in dta are native; for MOUDI, the cut sizes 21 

in dp are calculated using Eq. 5.28 in Hinds (2012): Ὠ . For circular jets such as 22 

MOUDI, 50% collection efficiency corresponds to Stokes Number, Stk50, of 0.24. ɖ is air viscosity, 23 

Dj is the nozzle size (0.78 mm) (Marple et al., 2014), U is air velocity (a nominal volumetric flow 24 

of 30 L m-3 gives 26.16 m s-1 with 40 nozzles at the size of 0.78 mm). The equation is also used to 25 

estimate the d50 for SAGA MC by dividing the formulas between two conditions, and the base 26 

case gives dta,sea,50 of 1 ɛm (van Donkelaar et al., 2008) (discussed below at Sect. 10). Since the 27 

conversion of dp or dva to dta is pressure dependent, dta at sea level, 6 km, and 12 km are calculated 28 

for AMS, MOUDI, and SAGA MC. The P at 6 km and 12 km are based on the U.S. standard 29 

atmosphere, 467 mbar and 185 mbar, respectively (NOAA, NASA, U. S. Air Force, 1976). 30 

Dry Aerosol density 1.7 [g cm-3] 0.9 [g cm-3] 

Diameter [nm] dp,50 dta,sea,50 
dta,air,50 

(6/12km) 
dva,50 dp,50 dta,sea,50 

dta,air,50 

(6/12km) 
dva,50 

AMS 

ATom-1&-2 443 599 624/670 753 836 789 785/775 753 

ATom-3 455 615 639/687 773 859 811 807/797 859 

ATom-4 564 758 782/837 959 1065 1006 1002/991 959 

URG 
Standard cuta 757 1010  1287 1069 1010  962 

Sharp cuta 788 1050  1340 1111 1050  1000 

MOUDI 

1 ɛm 

stage 

impactor 

Sea level / 293 Kb 749 1000  1273 1058 1000  952 

6 km / 293 Kb 663  912 1127 970  912 873 

12 km / 293 Kb 454  686 772 741  686 667 

6 km / 250 Kc 612  845 1040 900  845 810 

12 km / 217 Kc 371  569 631 616  569 551 

SAGA Sea level / 293 Ka 749 1000  1273 1058 1000  952 

https://paperpile.com/c/O36XB0/yzo5b+wgQih
https://paperpile.com/c/O36XB0/Romzc/?noauthor=1
https://paperpile.com/c/O36XB0/gJyaT
https://paperpile.com/c/O36XB0/e60r
https://paperpile.com/c/O36XB0/H8Dld
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MC 6 km / 250 Kd 576  798 979 849  798 764 

12 km / 217 Kd 328  507 558 551  507 496 

a At sea level (P = 1013 mbar, T = 293 K). 31 
b 293 K, a typical cabin temperature. 32 
c T is based on the U.S. standard atmosphere if the MOUDI impactor operates at ambient conditions. 33 
d The SAGA MC inlet operates at ambient conditions.  34 
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2. Comparison of the observable particle size ranges between instruments or inlets 35 

Table S2: Comparison of the observable particle size ranges (i.e., contributing chemical 36 

composition information) between instruments or inlets for the conditions in ATom, a summary 37 

of the ATom-1 and -2 dataset. For the ñsubmicronò category in the table, e.g., the AMS to URG 38 

volume ratio is calculated via Vphys,TC / Vphys,URG, the ratio between the fraction seen by each 39 

instrument of the AMP volume. For the ñAMP full size rangeò category, e.g., the AMS vs. AMP 40 

volume ratio is calculated via Vphys,TC / Vphys. Lastly, for the ñOverlap of AMS and PALMS-AMPò 41 

category, e.g., the overlap between AMS and PALMS-AMP vs. AMS is calculated via 42 

Vphys,TC&PALMS-AMP vs Vphys,TC, where Vphys,TC&PALMS-AMP represents the volume measured by both 43 

AMS and PALMS-AMP. Six ratios are listed due to the three PALMS-AMP products discussed 44 

here. The PALMS-AMP 3-min and 60-min are calculated at the reported AMP size resolution (20 45 

bins/decade), while the combined 4 bins (Fig. S13) are based on Froyd et al. (2019). Both volume 46 

and number fractions indicate the aerosol population represented by each instrument or inlet but 47 

donôt necessarily mean that all of the aerosol population is collected and measured (i.e., depending 48 

on the detection technique). These volume fractions are meaningful for comparing the coverage of 49 

the size distribution for particle mass products across aerosol instruments. 50 

Category Instrument or inlet 
Volume [%] Number [%] 

Mean Median SD Mean Median SD 

Submicron 

AMS vs. URG 95.1% 95.1% 14.4% 41.2% 40.7% 24.1% 

AMS vs. MOUDI 85.2% 87.7% 10.2% 43.9% 44.4% 23.7% 

AMS vs. SAGA MCa 96.6% 94.7% 13.9% 41.1% 40.6% 24.0% 

AMP full 

size range 

(2.7 nm to 

4.8 µm dp) 

AMS vs. AMP 67.8% 74.3% 22.5% 40.9% 40.5% 23.7% 

MOUDI vs. AMP 78.4% 87.0% 23.1% 89.4% 93.2% 10.7% 

SAGA MC vs. AMPa 70.3% 77.1% 23.9% 99.7% 100.0% 0.8% 

SAGA filter vs. AMP 96.2% 99.9% 12.9% 98.4% 99.1% 1.9% 

PALMS-AMP (3-min) vs. AMP 53.5% 54.5% 23.1% 4.7% 1.2% 8.7% 

PALMS-AMP (60-min) vs. AMP 71.1% 77.0% 22.3% 8.8% 3.8% 12.6% 

PALMS-AMP (4 bins) vs. AMP 76.1% 82.9% 21.4% 11.0% 5.2% 14.6% 

https://paperpile.com/c/O36XB0/iDPU5/?noauthor=1
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Overlap of 

AMS and 

PALMS-

AMP 

vs. AMS (PALMS-AMP 3-min) 53.6% 56.3% 24.2% 9.6% 5.0% 12.0% 

vs. AMS (PALMS-AMP 60-min) 67.5% 73.4% 22.9% 17.0% 11.7% 16.0% 

vs. AMS (PALMS-AMP 4 bins) 72.8% 79.2% 21.8% 21.3% 15.5% 18.3% 

vs. PALMS-AMP (3-min) 65.3% 69.8% 21.6% 96.0% 97.1% 4.0% 

vs. PALMS-AMP (60-min) 64.8% 70.2% 23.9% 97.9% 98.7% 2.7% 

vs. PALMS-AMP (4 bins) 65.8% 71.5% 24.2% 98.4% 99.0% 2.1% 

a Diffusion loss not considered for SAGA MC but expected to be minimal due to the very high airflows and relatively 51 
large and short sample line.  52 
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3. AMS total mass, OA/(OA+SO4), ambient RH, and AMS inlet RH 53 

 54 
Fig. S1: The frequency distributions of (a) AMS detected total mass, (b) OA/(OA+SO4) mass ratio, 55 

(c) ambient air RH, and (d) AMS inlet RH.  56 
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4. AMS inlet configuration and performance 57 

Aerosols were sampled through a window-mounted NCAR High-Performance 58 

Instrumented Airborne Platform for Environmental Research (HIAPER) Modular Inlet (HIMIL) 59 

inlet (Stith et al., 2009), located 21.5 m behind the DC-8 nose. The inlet (tall HIMIL, 12ò) (Rogers, 60 

2011) was raised by 4ò using a custom mounting plate, so that the sampling axis was 38.8 cm away 61 

from the plane skin, ensuring no contamination from the boundary layer of the plane at the 62 

sampling location, which has been previously characterized (Vay et al., 2003). The HIMIL is a 63 

sharp-edged diffuser inlet (which could potentially lead to directional losses for larger particles) 64 

(Baumgardner and Huebert, 1993), with an estimated slowdown of ambient air from the speed of 65 

the plane by a factor of 3-4 inside the diffuser (D. Rogers, NCAR, pers. comm.). The flow was 66 

then sampled into a straight, sharp-edged 3.8 mm internal diameter (ID) stainless steel tube 67 

pointing in the flow direction (called here the ñsecondary diffuserò, although no actual additional 68 

slowdown of the flow happens in this part of the inlet since a redesign in 2016). As described in 69 

the main text, the flow rate through this tube was prescribed to be 9 sL min-1 (ñsò stands for STP: 70 

T = 273.15 K, P = 1013 mbar), except at high altitude (> 9 km) where a smaller flow rate was 71 

chosen (15 vL min-1; ñvò stands for volumetric at in-situ P and T) to increase ram pressure and 72 

hence boost pressure just before the AMS inlet. 73 

The inlet plumbing from the tip of the tube inside the HIMIL to the AMS is 1.5 m long 74 

(Fig. S2). To minimize residence time, the flow was operated turbulently (linear velocities between 75 

5-15 m s-1 and Reynolds numbers between 2000-5000) up to the takeoff of the excess flow. 76 

However, for the full range of diameters sampled by the AMS, the particle Reynolds number was 77 

always <1 and Dean numbers for bends were less <1000, hence calculated particle losses assuming 78 

mostly spherical particles are overall modest (Fig. S3). The overall transmission is mostly 79 

impacted by the 90° bend inside the HIMIL, the slight oversampling at the point where the main 80 

excess flow is taken out (ñmain takeoff,ò Fig. S2), and the diffusion losses downstream of the last 81 

critical orifice. Overall, the calculated inlet plumbing transmission does not affect the higher end 82 

of the instrumental transmission curve used in this work (Fig. S3, bottom). It has a minor impact 83 

on the sub-100 nm size range of the transmission curve. However, since that part of the 84 

transmission curve a) does not really impact the volume analysis presented in this work (i.e., main 85 

text Sect 3.3) and b) was not determined in-situ for ATom (a 20% uncertainty at least; literature 86 

values are assumed (Zhang et al., 2004a; Knote et al., 2011)), adding this additional correction 87 

https://paperpile.com/c/O36XB0/Ilfp
https://paperpile.com/c/O36XB0/XSUI
https://paperpile.com/c/O36XB0/XSUI
https://paperpile.com/c/O36XB0/b9H6
https://paperpile.com/c/O36XB0/bMX1
https://paperpile.com/c/O36XB0/xZtE+byDk6
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does not seem warranted. Also, there are additional uncertainties regarding the turbulent loss 88 

calculations, shown in Fig. S3, that would probably require experimental confirmation. 89 

The calculated transmission does not account for transmission prior to the first bend. 90 

However, as shown in Fig. S4, using a completely different inlet with the proven supermicron 91 

transmission (McNaughton et al., 2007) while maintaining the same conditions in the downstream 92 

plumbing, had no appreciable impact on the intercomparisons with other optical aerosol 93 

instruments during back-to-back inlet switches. So for the size range of interest, we assume that 94 

they are negligible. 95 

As described in Bahreini et al. (2008), for reliable airborne AMS performance, especially 96 

over the large range of ambient pressure sampled with the NASA DC-8 (down to about 170 mbar), 97 

a device is needed that maintains constant pressure in front of the AMS aerodynamic lens and 98 

hence ensures a constant sampling flow and, more importantly, consistent aerodynamic focusing 99 

of the aerosol onto the AMS vaporizer (Zhang et al., 2004b; Huffman et al., 2005). Bahreini et al. 100 

(2008) accomplished this with a pressure controlled inlet (PCI) design consisting of a small volume 101 

between two critical orifices (C.O.; hereafter the first one encountered by the airflow is referred to 102 

as C.O. #1, and the bottom is referred to as C.O. #2) that is kept at constant pressure and placed in 103 

front of the AMS lens. Ideally, the pressure in the volume is lower at all times than ambient 104 

pressure, thus ensuring that both orifices remain under critical flow conditions. C.O. #2ôs size is 105 

then chosen to provide a suitable flow into the aerodynamic lens (ideally around 1.5 scm3 s-1, cf. 106 

Section 2.2) while the top orifice has to be large enough to ensure enough excess flow at all 107 

altitudes. 108 

The design in Bahreini et al. (2008) had two main drawbacks: a large residence time (~ 5 109 

s) due to a large internal volume, which could impact the sampling of very volatile aerosol at 110 

altitude due to potential evaporation losses, and poor performance at the very low air pressures 111 

needed for operation on a plane such as the DC-8. The first one was addressed by reducing both 112 

the length and ID and using an improved internal takeoff design, to achieve an internal volume of 113 

only 3.5 cm3 (vs. ~30 cm3 in the original design).   114 

The reason for the poor performance at lower pressure is discussed in Chen et al. (2007): 115 

for a flat critical orifice, reducing inlet pressure leads to a larger angle for the air expanding behind 116 

the orifice and eventually to recirculation and particle loss due to impaction. This depends on the 117 

exact parameters of the expansion, so that in general smaller orifice sizes and smaller tubing sizes 118 

https://paperpile.com/c/O36XB0/SAEs
https://paperpile.com/c/O36XB0/75vU/?noauthor=1
https://paperpile.com/c/O36XB0/qFVd+qH7E
https://paperpile.com/c/O36XB0/75vU/?noauthor=1
https://paperpile.com/c/O36XB0/75vU/?noauthor=1
https://paperpile.com/c/O36XB0/r6Cd/?noauthor=1
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downstream will increase the likelihood of losses. How this works in practice is illustrated in Fig. 119 

S5: for the regular, ground-based AMS with a PM1 lens at 1 atm, the large particle losses are 120 

mostly at the back of the C.O. (Williams et al., 2013), due to the small orifice and small expansion 121 

tube. For the larger C.O. #1 facing ambient pressure used in both Bahreini et al. (2008) and this 122 

work, even at low pressures, losses at this orifice are less critical (Fig. S5). This is also the case 123 

for newer AMS lens designs (Williams et al., 2013; Peck et al., 2016) with optimized expansion 124 

geometries. 125 

On the other hand, for C.O. #2, the one at the bottom of the PCI and facing the aerodynamic 126 

lens, as the pressure in the PCI decreases, an expansion into a small tube (ıò outer diameter (OD), 127 

as used by (Bahreini et al., 2008)) leads to significant losses at low pressures (Fig. S5). To address 128 

this, a double diffuser volume was designed and built-in collaboration with X. Wang and P. 129 

McMurry (University of  Minnesota) (Fig. S6, Volume A1), which allowed for a controlled 130 

expansion into a 30 mm diameter volume. This design was successfully flown on the ARCTAS 131 

(Jacob et al., 2010) and DC3 (Barth et al., 2015) missions with a PCI pressure of 130 mbar and 132 

minimal losses (Cubison et al., 2011; Yang et al., 2015). However, both the ıò OD tubing present 133 

in this design and possibly the overall gradual transition to larger diameters in the initial diffuser 134 

can lead to significant evaporation artifacts for the pure dry ammonium nitrate aerosol used to 135 

calibrate the AMS, as illustrated in Fig. S7. While there is no evidence that this issue impacted 136 

ambient, lower-volatility aerosol, it introduced a significant additional uncertainty on the AMS 137 

sensitivity calibration. Hence Volume A was first modified (Volume A2, which had a single fitting 138 

as an inlet/C.O. mount) and two other designs (B and C in Fig. S6) were tested in subsequent 139 

airborne missions (both on the NASA DC-8 and NCAR/NSF C-130). While Volume A2 still 140 

exhibits some evaporation artifacts the later designs did not (Fig. S7), and the transmission of 141 

Volume C matched the performance of the Volume A2, as shown in Fig. S8. Nevertheless, it 142 

should be noted that overall the performance of both Volume B and C is worse than the originally 143 

designed Volume A1, which worked well up to 300 µm orifice size, for reasons that are still 144 

unclear.  145 

Hence for ATom (starting with the Aug 12, 2016, flight on ATom-1, Volume A2 was flown 146 

previously to that), Volume C was flown using a 220 µm C.O. for C.O. #2. As Fig. S8 and this 147 

manuscript overall make clear, this resulted in reproducible near-reference PM1-aerodynamic lens 148 

performance (Hu et al., 2017) with no evaporation artifacts (Fig. S7), but with the drawback that 149 

https://paperpile.com/c/O36XB0/CDya
https://paperpile.com/c/O36XB0/75vU/?noauthor=1
https://paperpile.com/c/O36XB0/CDya+Dhog
https://paperpile.com/c/O36XB0/75vU
https://paperpile.com/c/O36XB0/jvGa
https://paperpile.com/c/O36XB0/URBR
https://paperpile.com/c/O36XB0/yJ97+MF79
https://paperpile.com/c/O36XB0/kyPb8
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constant pressure (in the expansion volume) could only be maintained up to a pressure altitude of 150 

about 9 km. While not ideal, this configuration guaranteed that, even at max DC-8 altitude, the 151 

pressure in the aerodynamic lens would never go below 1.33 mbar, and hence the aerodynamic 152 

focusing into the vaporizer was not substantially impacted (but some additional diffusional losses 153 

are shown in Fig. S3). 154 

 It should be noted that overall, based on the calculations shown in Fig. S5 and the 155 

improved geometry interfacing the PCI with the aerosol lens, both lower PCI pressures and slightly 156 

above the reference performance (Hu et al., 2017) should be possible. The observed performance 157 

is likely related to the impact of mechanical imperfections on the overall flow profile through the 158 

PCI, something that is not unusual for aerodynamic focusing devices (Schreiner et al., 1999) and 159 

that is currently being further characterized. The improvement in transmission from ATom 1-3 to 160 

ATom-4 is likely related to this. 161 

In summary, the current CU-AMS aircraft inlet provides to our knowledge the best 162 

transmission of a PM1 lens-based airborne system with reproducible performance up to 13 km and 163 

very low residence times over the full atmospheric column. Recently, Molleker et al. (2020) have 164 

described a new airborne AMS inlet system based on PM2.5 lens with a larger size range and 165 

comparable residence times to the system described here, although it is currently unclear how well 166 

it works for small particles and how well it performs in the field. But it highlights that there are 167 

realistic options to expand the airborne size range in the future beyond the limits currently 168 

described in this work.  169 

https://paperpile.com/c/O36XB0/kyPb8
https://paperpile.com/c/O36XB0/HmT5
https://paperpile.com/c/O36XB0/YKRD/?noauthor=1
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 170 
Fig. S2: Left: Simplified flow diagram for the AMS inlet assembly (not to scale, only the most 171 

relevant valves shown). Airflow is turbulent outside the cabin, and laminar inside. Air is pulled 172 

constantly through HIMIL at 9 sL min-1 up to ~9 km and 15 vL min-1 above that. The sum of AMS 173 

flow and excess flow is 2 vL min-1 controlled by two tandem critical orifices. Also shown is the 174 

line to the LARGE inlet operated by the AMP team that was used at times instead of the HIMIL 175 

to check performance (see the comparison in Fig. S4) (Brock et al., 2019). Right: Total residence 176 

time from the tip of the secondary diffuser inside the HIMIL to the AMS, as a function of altitude, 177 

color-coded by the different parts of the inlet assembly.  178 

https://paperpile.com/c/O36XB0/TYD4
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 179 

 180 

181 

 182 
Fig. S3: Top: Calculated aerosol transmission through the AMS inlet plumbing for all ATom 183 

altitudes (including aerosol gravitational and diffusional losses and aspirational and inertial 184 

sampling efficiencies), assuming the average ATom1-2 mass-weighted density of 1.63 g cm-3 and 185 

using the Pui et al. (1987) parameterization of turbulent losses in bends. Middle: Same as top panel, 186 

but using the turbulent loss formulation of McFarland et al. (1997) for describing losses in bends, 187 

which predicts higher transmission for intermediate Dean numbers. Bottom: Effect of these losses 188 

on the AMS transmission function at sea level and the highest ATom altitude, where the lower 189 

flows increase the losses due to diffusional deposition somewhat. Note that these transmission 190 

calculations do not include (a) the losses in the HIMIL inlet, which have not been fully 191 

characterized, but given the geometry likely has a dp50 of around 1-1.5 µm (Porter et al., 1992; 192 

https://paperpile.com/c/O36XB0/21vJ/?noauthor=1
https://paperpile.com/c/O36XB0/PwyX/?noauthor=1
https://paperpile.com/c/O36XB0/bMX1+Sdxy+oO0d+cEfS
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Baumgardner and Huebert, 1993; Sheridan and Norton, 1998; Hermann et al., 2001), (b) the 193 

potential oversampling of large aerosols at altitude in the HIMIL secondary diffuser, and (c) the 194 

losses in the PCI. (c) is discussed in detail below (Fig. S5), (b) was not included in the calculations 195 

since there is scant experimental data on the validity of the parametrizations normally used for 196 

turbulent supersampling at higher Mach numbers (e.g., 0.2-0.4 under ATom conditions) and there 197 

is also limited data on what the actual flow speed inside the HIMIL is (slowdown by the primary 198 

diffuser is assumed to be about 3-4 times, D. Rogers, NCAR, pers. comm.). However, (a) and (b) 199 

were indirectly characterized by the comparisons with the LARGE inlet, that do not include either 200 

of them and showed identical concentrations (Fig. S4).  201 

https://paperpile.com/c/O36XB0/bMX1+Sdxy+oO0d+cEfS
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 202 

   203 
Fig. S4: Top: Comparison of AMS speciated mass with UHSAS volume and PM1 550 nm 204 

scattering (both operated by the NASA Langley Group) for a period during Research Flight 4 of 205 

the NSF/NASA DC3 Mission (Barth et al., 2015), onboard the NASA DC-8, with the AMS 206 

sampling line being switched between the AMS HIMIL inlet and the LARGE inlet (the same inlet 207 

that the AMP Group used during ATom). Bottom: Average UHSAS volume distributions for the 208 

five periods shown. While comparisons like these were performed repeatedly during ATom with 209 

similar results, this one was chosen for the much higher concentrations and availability of 210 

concurrent optical measurements.  211 

https://paperpile.com/c/O36XB0/URBR
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212 

 213 
Fig. S5: Top: Calculated aerosol losses for ammonium nitrate aerosol (the standard AMS 214 

calibrant) for the CU AMS in the expansion behind the critical orifice (C.O.) facing ambient 215 

pressure (C.O. #1, top of the PCI), calculated for 3 different altitudes, based on a sigmoidal fit to 216 

the experimental data for the parametrization derived in Chen et al. (2007). Even at sea level, the 217 

losses are small compared to both the AMS transmission curve and the inlet plumbing losses. For 218 

comparison, the same calculation was performed for a standard AMS operating with a PM1 inlet 219 

(smaller orifice, smaller upstream diameter). A comparison with the published transmission curve 220 

for that instrument (Hu et al., 2017) suggests that in fact losses at the back of the C.O. are the main 221 

reason for the observed shape of the curve on the high end (losses at the front side are 1-2 orders 222 

of magnitude less for the sizes shown). Also shown is the performance of the same inlet at 200 223 

https://paperpile.com/c/O36XB0/r6Cd/?noauthor=1
https://paperpile.com/c/O36XB0/kyPb8

