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Supplemental S.1 Meteorological overview and mission operations 1 
CAMP2Ex operations had to conform to the spatio-temporal rhythms of the Southwest monsoon 2 

meteorology.  Indeed, the Maritime Continent is an environment of extrema at timescales ranging 3 

from inter-seasonal oscillations to the mesoscale circulations of the sea breeze (e.g., Reid et al., 4 

2012; Wang et al., 2013).  In this supplemental section, we briefly place the CAMP2Ex mission in 5 

meteorological context at the inter-annual and monsoonal timescales (Section S.1.1 and S.1.2, 6 

respectively), from which we briefly narrate daily airborne operations (Section S.1.3). 7 

 8 

S.1.1 The 2019 season in perspective 9 

There is an element of meteorological representativeness when conducting any airborne mission 10 

over a single season.  Precipitation and biomass burning emissions could be unusually high or low 11 

in association with ENSO and/or the MJO/BSISO could be active or inactive, as could the 12 

associated development of tropical cyclones and monsoon enhancements (e.g., Reid et al., 2012; 13 

Wang et al., 2013).  The 2019 season was an anomalous year with significant drought and burning, 14 

as well as seasonally unusual weather.  Figure S.1.1 (a) provides a 2000-2021 time series of the 15 

Standardized Precipitation Evapotranspiration Index (SPEI; Begueria et al., 2013) global drought 16 

monitor using a 6 month averaging kernel over two domains:  Borneo (6o S-8o N Latitude and 17 

108o-120 o E Longitude) and Sumatra + Malay Peninsula (6o S-8o N Latitude and 95o-108o E 18 

Longitude).  For comparison, as a gross indicator of fire activity, also included is the Terra MODIS 19 

average 550 nm aerosol optical depth (AOD; Levy et al., 2013) over an area average domain that 20 

covers Sumatra through Borneo (6o S-8 o N Latitude and 95o-120 o E Longitude).  A temporal zoom 21 

for the previous 5 years up to and including CAMP2Ex (2015 through 2019) is provided in Figure 22 

S.1.1 (b) along with major tropical indicators of El Nino (Multivariate ENSO Index V2; Wolter 23 

and Timlin, 2011), El Nino Modoki (Ashok et al., 2007), and the Indian Ocean Dipole (IOD, Saji 24 

et al., 1999) in Figure S.1.1 (c).  Clearly, the region can host strong seasonal variability in 25 

interannual to seasonal atmospheric variability, drought, and fire activity.   26 

The drought throughout Indonesia 2019 season was associated with the third highest MODIS 27 

AOD550 monthly average since Terra MODIS data records began (the September 2019 average 28 

AOD550 of 0.82 behind only the 2006 and 2015 El Nino related fire events).  While major events 29 

have occurred during every drought period regardless of season from significant agricultural 30 

burning (e.g., January 2005:  Reid et al., 2012; and June 2013:  Koblitz et al., 2018; Oozeer et al., 31 
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2020) the largest events typically occur in September and October, at the end of the Southwest 32 

Monsoon (SWM) and into the early Northeast Monsoon seasons. The 2019 burning season was no 33 

different in this regard.  ENSO induced drought has long been identified as the strongest forcing 34 

agent for biomass burning (e.g., Nicholes et al., 1989; Field and Shen, 2008).  However, other 35 

meteorological modes are important, including the timing of MJO/BSISO propagation, El Niño 36 

Modoki and IOD (e.g., Reid et al., 2012).  The ENSO MEIv2 index for the 2015 fire outbreak was 37 

the strongest since the record breaking 1997 event, being above 1 from May through July 2015 38 

and peaking above 2 during the August through Oct 2015 peak burning.  In comparison, the 2019 39 

MEI had weak El Niño conditions, registering 0.5-0.8 for January through March.  Nevertheless, 40 

based on the ERA5 reanalysis (Hersbach et al., 2020) the region spanning Sumatra through Borneo 41 

(6o S-8 o N Latitude and 95o-120o E Longitude) showed rainfall anomalies in the April-October 42 

time period associated with summer burning were similarly down ~18% from a typical 136 cm.  43 

In comparison, the 1997 El Nino exhibited a 32% negative anomaly. 44 

The details of the anomalous behavior of the 2019 season are outside the scope of this paper’s 45 

supplemental material.  However, several noteworthy characteristics are worth highlighting.  First, 46 

while El Nino was neutral to weak, nevertheless, warm sea surface temperature anomalies in the 47 

central Pacific and cooler waters around the MC were present, as indicated by the El Nino Modoki 48 

event on Figure S.1.1(b).  These conditions are known to bring negative precipitation anomalies 49 

to the MC (Ashok et al., 2007).  Second, 2019 exhibited an early monsoon transition, on and around 50 

September 21-23, 2019 in comparison of more typical early October (Reid et al., 2012), This 51 

transition was associated with a stalled BSISO/MJO event (e.g., Section S.1.2 and Reid et al., 52 

2012) and resulted in earlier than usual easterly winds over the Indian Ocean, and possibly 53 

contributed to a near record IOD event that formed post-CAMP2Ex (e.g., IOD index in Figure 54 

S.1.1(b)).   55 

Hydrological perturbations throughout the region in 2019have been recently studied.  Lu and Ren, 56 

(2020) observed, as early as May 2019, a strong Australian High and lowering sea level pressure 57 

over the Philippines and South China Sea, which created exceptionally strong cross equatorial 58 

flow, a pattern resulting in subsidence over the MC.  However, except for a wet period in Aug., 59 

2019, the drought index indicated increasing drought starting in February.  Clearly, several factors 60 

may be at play (early season El Niño, Modoki, and Australian high).  Qi et al., 2021 noted the near 61 
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record fall IOD event along with the stalled MJO/BSISO, brought drought to eastern China that 62 

fall.  At the same time, these conditions brought drier early Indian Monsoon conditions, but wetter 63 

conditions later (e.g., Ratna et al., 2021).  Lu and Ren (2020) noted the indicators of these 64 

anomalies were visible in seasonal forecasts, giving some hope to their predictability in the future. 65 

S.1.2 The CAMP2Ex Airborne Operations Period 66 

The six-week CAMP2Ex airborne intensive operations period was planned to coincide with a 67 

number of meteorological conditions.  These included:  a) the end of the southwest monsoon 68 

(SWM) season, when the likelihood of biomass burning in Borneo is at a maximum during periods 69 

with the possibility of Asian transport into the operations area (Reid et al., 2012; 2013); b) within 70 

a 45-day window for the intra-seasonal Madden Julian Oscillation (MJO) / Boreal Summer Intra-71 

seasonal Oscillation (BSISO; Jian and Wang., 2004; Zhang, 2005; Reid et al., 2012); and c) with 72 

the typhoon season, to capture several major typhoon-related monsoon enhancements that can lead 73 

to strong biomass burning injections into the operations area (Reid et al., 2012; Wang et al., 2013 74 

).  For reference, a temporal operations and meteorological synopsis for August through October 75 

2019 is provided in Figure S.1.2.   76 

The nature of convection and transport of pollutants in the operations area is indicated by daily 77 

variability in monsoon strength and tropical cyclone (TC) activity.  These are depicted in Figure 78 

S.1.2(a) with the 925 hPa ERA5 meridional velocity being used as an indicator of monsoonal 79 

strength for three locations:  Riau Island (4.5 N; 107.5 E) as characteristic of the southern South 80 

China Sea and Maritime Continent; West of Luzon (15.5 N; 119.5) ~1000 km to the NNE as 81 

characteristic of the northern South China Sea environment; and East of Luzon at the Sally Ride 82 

station point (16.5 N; 127.5) as characteristic of the North Tropical Western Pacific (NTWP) ~800 83 

km west of the North Luzon point.  Monsoon strength varied on roughly weekly timescales and 84 

was largely associated with the passage of the quiescence following TC activity.  Markers for 85 

tropical disturbances that developed or passed west of 130 E are included in Figure S.1.2 (a).  The 86 

early days of the mission experienced moderate quiescence, followed by a strong monsoon 87 

enhancement five days later due to TS Kajiki passing over Luzon, and subsequently TY Lingling 88 

developing over the northern South China Sea.  A monsoonal break then occurred from Sept. 8-89 

13, 2019, followed by a second monsoon enhancement Sept 14-19 due to a NTWP monsoon gyre 90 

that eventually evolved into TY Tapah.  After Tapah left the region, the full monsoon transition 91 
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occurred over the Sept 21-23 period, as evidenced by a reversal in sign in the meridional wind 92 

across all domains.  The final storm to impact the mission was TY Mitag, which passed closely 93 

east of Luzon on Sept 30, 2019.  While bringing strong southerly winds to the east of Luzon, Mitag 94 

was not quite strong enough to reverse winds over the South China Sea. 95 

CAMP2Ex captured portions of the BSISO/MJO across two cycles (Figure S.1.2(c) with additional 96 

markers when amplitudes were >1).  The operations period also fortuitously coincided with most 97 

of the BSISO/MJO cycle from phase 3 (where an active phase of convection is entering the MC) 98 

to phase 8 (when the MC is largely in a convectively suppressed phase).  Not surprisingly, as the 99 

BSISO is a boreal summer multi modal phenomenon including the MJO (Wang and Xie, 1996), 100 

the BSISO and MJO indices are well correlated, although the BSISO had turned for the season and 101 

shows statistically significant amplitude >1 throughout the IOP.  The BSISO/MJO then stalled 102 

during the last week of CAMP2Ex, but regained its westward propagation in late October.  The 103 

BSISO/MJO indices, monsoon enhancements, and TC activity conceptually matched regional 104 

precipitation, depicted by Figure S.1.2(d), with IMERG derived precipitation for boxes containing 105 

Borneo’s southern Kalimantan and Sumatra (6S-8N; 95-120E), and Luzon and a portion of the 106 

NWTP out to the Sally Ride operations area(10-20N; 117-130E).  Over Indonesia, the little SWM 107 

precipitation that did occur, happened as the BSISO entered the region from the Indian Ocean later 108 

in August.  Precipitation then returned in late September with the formation and propagation of 109 

the MJO into the MC-an event that very well may have been linked to the early monsoon transition.  110 

As befitting the border of the monsoon trough, the Luzon-Sally Ride region always hosted some 111 

convective activity until the monsoon transition.  After the transition, precipitation was punctuated 112 

by TY Mitag, but scattered CBs were typically present over the whole region.    113 

Biomass burning emissions from Indonesia were understandably out of phase with precipitation.  114 

Figure S.1.2(d) provides Fire Locating and Modeling of Burning Emissions (FLAMBE, Reid et 115 

al., 2009; Hyer et al., 2013) daily estimates of biomass burning Particulate Matter <2.5 μm (PM2.5) 116 

emissions for the islands of Borneo and Sumatra.  Corresponding AERONET interpolated 550nm 117 

AOD for sites with operational data during the mission are provided (site locations provided in 118 

Figure S.1.2(e) include:  1) Palangkaraya Borneo (2.2S; 113.9E)) and Jambi Sumatra (1.6S; 119 

103.6E) in the heart of burning regions; and 2) receptor sites at Singapore(1.3N; 103.8E), Taiping 120 

Island in the South China Sea(10.4N; 114.4E), and Marbel University on Mindanao(6.5N; 121 
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124.8E)).  Periods of agricultural or slash burning resulting in AODs above 0.5 to 1 are common 122 

in the region from June through August - whenever there are several days of dry weather (Reid et 123 

al., 2012).  However, after Sept 1 the region dried sufficiently to support large-scale burning in the 124 

peat forests, only to tail off after the monsoon transition with the return of some precipitation.  125 

Nevertheless, drought and burning continued until late November, when the water table rose 126 

sufficiently to saturate peat fields and extinguish combustion.  Atmospheric smoke loadings, as 127 

inferred from AERONET AOD, show exceptionally high aerosol loadings akin to the mammoth 128 

2015 extreme El Nino burning event (Eck et al., 2015), with AOD values reaching over 7 on 129 

Borneo and Sumatra (99.9% direct solar beam attenuation) - a value so high that it could only be 130 

estimated through the use of the 1.6 μm channel where smoke extinction is less than a fifth of that 131 

at 550 nm.  Such events are hypothesized to suppress convection and further enhance drought and 132 

burning (Tosca et al., 2010).  Fifteen hundred kilometers away from the source region during the 133 

second monsoon enhancement, at Marbel, Mindanao, and Taiping Island in the South China Sea, 134 

AOD reached 1 and 2, respectively (or 63% and 86% direct beam attenuation from the earth to the 135 

surface).  136 

S.1.3 CAMP2Ex Airborne Operations  137 

Mission operations and daily targets were dictated by variability in monsoon strength and tropical 138 

cyclone (TC) activity.  Included in S.1.2 (f) are P-3, Learjet 35 flights and Sally Ride on station 139 

periods, including halos for cross-platform coordination.  An associated flight calendar is provided 140 

in Table S.1.1.  The P-3 operated across the entire planned Aug 25-Oct. 5, 2019 mission period 141 

without any maintenance cancellations.  On only two occasions were there minor flight delays due 142 

to maintenance and instrumentation.  The SPEC Learjet 35 arrived 10 days after mission initiation, 143 

and departed early on September 30th having exhausted its flight hours.  The SPEC Learjet 35 also 144 

operated without any unplanned maintenance delays.  The PISTON R/V Sally Ride was on station 145 

for 20 days in the middle of the campaign, on Sept 5-25th, 2019. 146 

Flight operation areas, objectives and plans were typically decided two days in advance.  Because 147 

flight data and file naming conventions are based on UTC time at takeoff (GMT +8), users should 148 

be mindful of differences between data’s UTC based and “local Philippine” dates.  Each flight had 149 

a particular focus area application and appropriately selected flight scientists, but each flight 150 

addressed objectives for multiple focus areas.  Flight plans followed differences in the regional 151 



Distribution Statement A: Approved for Public Release; Distribution Unlimited     6 
 

meteorology, and thus also tended to have regional foci.  For example, flights over the Sulu Sea 152 

(local days Aug 30, 31; Sept 4, 16; e.g., Figure 1 (a)) generally focused on emissions and radiative 153 

environment of outflow from Borneo, including 2019’s massive peat burning plume.  154 

Nevertheless, Aug 30 also provided sampling of land breeze convection.  These flights all occurred 155 

in the first half of the mission in association with monsoon breaks or early development.  Flights 156 

near Luzon (local time zone days of Aug 25, 27; Sep 9, 28, 29; Oct 4; e.g., Figure 8(a)) were 157 

conducted focusing on the aerosol environment in the vicinity of isolated and organized 158 

convection.  North of Luzon, with its climatologically lower cirrus fraction, supported radiation 159 

focused flights, including sunrise flights, as well as characterization of Asian emissions (Sept 14, 160 

20; Oct 2).  Flights over the NTWP (Sep 8, 17, 19, 22, 24, 25; Oct 5) included three P-3 and five 161 

Learjet 35 flights over the Sally Ride (Sep 8, 22, 24) focused on smoke transported into mildly 162 

convective environments and clean marine air. Most of these flights occurred during the post 163 

monsoon transition owing to the more scattered nature of convection. Finally, flight components 164 

were dedicated to sampling the metro Manila super plume (e.g., Sept 14, Oct 4) along with 165 

systematic take-off and landing collections at Clark.   166 

While the P-3 flight timeline was planned in detail two days before takeoff, the SPEC Learjet 35 167 

was used much more tactically.  Given its shorter 4 hour endurance but higher 450 knot transit 168 

speed, the SPEC Learjet 35 was placed on standby and then rapidly scrambled when appropriate 169 

convection targets were developing.  Examples include characterizing convection being scanned 170 

by the Sally Ride SeaPOL radar (Sept 10, 13, 15, 17, 21), flying in tight coordination with or 171 

underneath the NASA P-3 (Sept 20; 21; 24; 25; 29), or characterizing regional convection too deep 172 

for the NASA P-3 to sample (Sept 7, 9, 17).   173 

S.1.4 CAMP2Ex Sampled Environments 174 

As demonstrated in Figure 1 of the main body of the paper, and by this supplemental section, 175 

CAMP2Ex sampled a wide variety of dynamical, thermodynamic, and composition environments.  176 

These can be loosely categorized into several dimensions:  monsoon and post monsoon (delineated 177 

~Sept 22); monsoonal surge (Sept 6-8; Sept 15-17) versus quiescence, and pristine to polluted 178 

(throughout the mission).  Regarding pollution loadings, significant sources ranged from mainland 179 

Asia to the metro Manila super plume, and the aforementioned biomass burning ejection events 180 

from Borneo.  Large-scale flow patterns also afforded opportunities to sample air originating from 181 
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the remote NWTP.  Included in Table S.1.1 are notes on each flight.  Additional information on 182 

airmass histories sampled by the P-3 are provided in Hilario et al., (2021).   183 

One of the more challenging aspects of CAMP2Ex’s assessment of aerosol impacts on clouds is 184 

accounting for the overall meteorological state.  The Sept 6th case study discussed in the main body 185 

of this paper (Figure 7) shows the many dimensions of state that must be considered.  As another 186 

example, Figure S.1.3 and S.1.4 provide additional context near the time and location of the Figure 187 

1 data, providing AHI true color images and skew-T diagrams of relevant dropsondes.  Research 188 

flights 9 and 10 (Sept 16-17, 2019 local date) demonstrated another monsoon enhancement with 189 

biomass burning transport observed from Borneo through the Philippines and into the monsoonal 190 

trough.  Included in the figures are the region with the P-3 at the time of the dropsonde dispatch, 191 

and its last hour flight track,  For the dropsonde off of Sabah Borneo at ~0Z Sept 16th (Figure 192 

S.1.3-upper row; Figure 1 (c)) the sounding represents what is a fairly common occurrence for 193 

polluted boundary layers -overall a dry profile with altitude ranges of adiabatic lapse rates but with 194 

multiple inversions and associated moisture levels.  The mixed layer height was ~450 m and 195 

associated with a weak inversion having scattered clouds of ~ 200 m deep.  Above this, warm 196 

moist inversions are often at the top of aerosol detrainment layers and associated with congestus 197 

tops and altocumulus (e.g., Reid et al., 2019).  As seen in Figure 1(b) lidar profiles, biomass 198 

burning smoke was largely transported within the mixed layer and up to the 1.5 km/975 hPa 199 

inversion for ~1500 km from origin, with scattered cumulus.  Likewise, aerosol layers and 200 

scattered altocumulus were found at 2200 m/800 hPa and 3 km/700 Pa inversion levels.  The top 201 

most inversion at ~590 hPa/4.5 km that is in association with the well-known 0oC detrainment 202 

layer of deep convection (e.g. Johnson et al. 1996, 1999; Posselt et al., 2008) also shows an isolated 203 

aerosol layer.  In contrast, for the flight the next day east of Luzon, the air mass had travelled over 204 

the ocean for an additional 1200 km and the ~0Z Sept 17h dropsonde (Figure S.1.3- middle row; 205 

Figure 1 (d)) shows a deeper MBL and a much more moist profile.  Here, the primary smoke plume 206 

was in the MBL, with lower particle concentrations but better mixed smoke to 3 km/710 hPa, the 207 

location of the strongest inversion.  Finally, four hours later the P-3 sampled the outflow of an 208 

MCS across the boundary delineating smoke and pristine conditions.  This profile exhibited higher 209 

overall moisture, and isothermal layers, and perhaps subsidence inversions associated with 210 

congestus tops at 520 hPa/5500 m (Figure S.1.3 lower row; Figure 1 (e)).  Ultimately this case 211 
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demonstrates how the smoke and the thermodynamic environment evolve together during transport 212 

from source, and that its’ final fate 3000 km downwind and must be accounted for in the analyses.  213 

In addition to the monsoon enhancement induced smoke event referred to in the previous 214 

paragraph, CAMP2Ex captured a variety of cloud type and thermodynamic environments, some of 215 

which are included in Figure 1, such as land breeze induced convection, cold pools, and fields of 216 

congestus (Figure 1 (f), (g), and (h), respectively).  Figure S.1.4’s upper, middle and lower panels 217 

provide the associated AHI true color imagery and thermodynamic soundings respectively.  218 

Coastal convection was commonplace, with the first research flight to the Sulu Sea (Research 219 

Flight 3, August 31st local time; Figure 1(f) and Figure S.1.4 upper panel) being able to observe a 220 

string of thunderstorms triggered in association with a land breeze propagating earlier in the 221 

morning from Palawan Island with relatively clean conditions.  The profile was moderately moist 222 

with lapse rate near the moist adiabat, and the monsoon flow weak.  Indeed, winds were light, even 223 

becoming NW above the MBL.  Nevertheless, weak isothermal layers are present and one notable 224 

dry layer was seen at 660 hPa.  Cold pools were also prevalent, with the case of Research Flight 7 225 

(local date Sept. 9th; Figure 1 (g) Figure S.1.4 middle panels) capturing a well-defined cell and 226 

cold pool in a region of moderate shear and reduced lapse rate.  Finally, there were periods of 227 

monsoonal quiescence and notably the monsoon reversal around Sept 22nd.  Even with a weak or 228 

reversed monsoon, organized tropical disturbances to typhoons propagated across the region.  The 229 

October 5th case typifies these environments (Figure 1 (f) and Figure S.1.4 lower panels), with a 230 

isothermal layer to nearly 800 hPa but with isolated congestus reaching 600 hPa.  This case was 231 

formed by a vorticity maximum propagating from the NWTP to north of Luzon. 232 
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Table S.1.1 CAMP2Ex Flight Calendar.  Provided are:  the local date of operations (Philippine Standard Time); the P-3 flight number 312 
and takeoff time in UTC used in CAMP2Ex data files; Learjet flight number and takeoff time; region of operations; a description of 313 
the target or any other notes.  Superscripts are provided on flight numbers to indicate coordinated flights:  r Regional coordination 314 
between P-3 and Learjet 35; * Tight coordination between P-3 and Learjet 35; #Aircraft sampling in Sally Ride SEAPOL radar range.  315 
Other abbreviations include:  MBL-Marine Boundary Layer; Ac-altocumulus clouds; CB-thunderstorm; TCCON-Total Carbon 316 
Column Observing Network 317 

Local 
Date P-3 #: Takeoff (UTC) Learjet #: Takeoff Region Target/Notes 

8/25 01:  08/24/2019 22:11  Survey of Luzon Checkout; Profile over TCCON site 

8/27 02:  08/27/2019 00:05  W. of Luzon Altocumulus layers; Warm convection; MBL transects 

8/30 03:  08/29/2019 22:26  Sulu Sea Land breeze convection east of Palawan Island 

8/31 04:  08/30/2019 22:49  S. Sulu Sea Radiation profiles; Borneo emissions before burning event 

9/4 05:  09/04/2019 00:02  S. Sulu Sea Radiation profiles; ship emissions; Borneo emissions early in 
burning event 

9/7 06r: 09/06/2019 23:56 
LR1-1r: 9/7/2019 0:48 

LR1-2r: 9/7/2019 6:29 
W. of Luzon Borneo smoke;  warm convection from monsoon enhancement 

9/9 07r#: 09/08/2019 23:59 LR2r#: 9/9/2019 0:52 E. of Luzon & R/V 
Sally Ride 

CB outflow boundary; warm clouds;  Ac sampling & profile 
over Sally Ride 

9/10  LR3r#: 9/10/2019 
0:41:15 R/V Sally Ride Convection observed by the SeaPOL radar 

9/13  LR4: 9/13/2019 5:28 R/V Sally Ride Convection observed by the SeaPOL radar 

9/14 08: 09/13/2019 20:42  Luzon Strait & 
Manila 

Early morning radiation & MBL; Aeolus verification; Manila 
remote sensing 

9/15  LR5r#: 9/15/2019 7:32 E. of Luzon & R/V 
Sally Ride 

Convection observed by the SeaPOL radar 
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9/16 09: 09/15/2019 21:55  Sulu Sea Dense Borneo smoke and warm cloud sampling from 
monsoon enhancement 

9/17 10r: 09/16/2019 21:57 
LR6-1r: 9/17/2019 0:40 

LR6-2r: 9/17/2019 4:24 
E. of Luzon Dense Borneo smoke entering deep convection; Mt Mayon 

emissions 

9/20 11*: 09/19/2019 22:47 LR7*: 9/20/2019 1:18 N. of Luzon Warm convergence line induced by TY Tapah 

9/21  LR8: 9/21/2019 23:45 R/V Sally Ride Convection observed by the SeaPOL radar 

9/22 12#: 09/21/2019 22:28  E. of Luzon & R/V 
Sally Ride 

Fair weather clouds and warm convection 

9/24 13*#: 09/23/2019 23:55 LR9*#: 9/24/2019 6:15 E. of Luzon & R/V 
Sally Ride 

Fair weather cu and warm convection 

9/25 14*: 09/25/2019 02:55 LR10*: 9/25/2019 4:26 E. of Luzon Fair weather clouds and island spawned deep convection 

9/28 15:  09/27/2019 20:34  N. of Luzon Morning radiation and fair weather clouds; Aeolus verification 

9/29 16*: 09/29/2019 02:28 LR11*: 9/29/2019 2:54 E. of Luzon Convergence line induced by TY Mitag 

10/2 17:  10/1/2019 21:40  E. of Luzon Morning convection; fair weather clouds; Asian emissions 

10/4 18:  10/03/2019 22:55  Manila Metro Manila super plume 

10/5 19:  10/5/2019 01:31  W. of Luzon Fair weather convection outside of mesoscale low 

318 



Distribution Statement A: Approved for Public Release; Distribution Unlimited     13 
 

 319 
Figure S.1.1.  Time series of key climate variables to help place the 2019 CAMP2Ex campaign season in context.  (a) a 22 year 320 
time series of the SPEI drought index with a 6 month averaging kernel for two bounding boxes for Borneo (6 S to 8 N; 108E to 321 
120E); and Sumatra +the Malaya Peninsula (6 S to 8 N; 95E to 108E).  Also included is the average Terra MODIS monthly 322 
average Aerosol Optical Depth (550 nm) over that combined area (6 S- 8 N; 95 E-120 E).  (b) Same as (a) but zoomed for 2015 323 
through 2019 and a 2 month averaging kernel for the SPEI drought products.  (c) Key tropical indices for 2015 through 2019 324 
including the Multivariate ENSO Index Version 2 (MEIv2) for ENSO, for El Niño Modoki, and the JMA/JAXA DMI product 325 
Indian Ocean Dipole.  326 
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 327 

 328 
Figure S.1.2.  Time series of key environmental parameters relevant to the CAMP2Ex study domain from August through 329 
October 2019.  Included are (a) 925 hPa ERA5 meridional velocity as an indicator of monsoonal strength for three locations, and 330 
markers for tropical disturbances that passed west of 130 E; b) MJO and BSISO phase, with additional markers for when the 331 
amplitude was >1; c) IMERG derived precipitation for boxes containing Borneo and Sumatra (6S-8N; 95-120E), and Luzon and 332 
a portion of the NWTP out to the Sally Ride operations area(10-20N; 117-130E); (d) daily FLAMBE (Reid et al., 2009; Hyer et 333 
al., 2013) estimates of biomass burning emissions for the islands of Borneo and Sumatra; (e) AERONET interpolated 550nm 334 
AOD for sites with operational data during the mission; and (f) flight days for the P-3 (Red) and Learjet 35 (Blue), and PISTON 335 
R/V Sally Ride on-station sampling period (Green), with a secondary outer circle indicating coordinated observations with the 336 
other assets.  337 

 338 

 339 
 340 
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 341 
 342 
Figure S.1.3.  Supplemental satellite images and soundings associated with Figure 1 (c), (d), and (e) Sept. 16-17 2019 biomass 343 
burning emissions case in the main body of this paper. Soundings, grey-temperature; red-dry adiabat; blue-wet adiabat. Satellite 344 
AHI true color image at the time of dropsonde release. 345 
 346 
 347 
 348 
 349 
 350 
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 351 
 352 
 353 
Figure S.1.4. Same as Figure S.1.3 but with supplemental satellite images and soundings associated with the Figure 1 (f), (g) and 354 
(h).  These correspond to environments related to sea breeze convection from Palawan Island (Aug. 30 2019);  Cold pool 355 
formation from isolated deep convection (Sept 9, 2019); and post monsoon congestus (Oct. 5, 2019), respectively. 356 
  357 
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Supplemental Section S.2:  Mission instrumentation  358 

The NASA P-3 and SPEC Learjet 35 were instrumented for atmospheric characterization 359 

specifically to help integrate aerosol lifecycle, clouds/precipitation and radiation research areas 360 

whereas the Manila Observatory was instrumented to provide a longer term record of the metro 361 

Manila environment. This supplemental section provides references to the airborne payloads and 362 

the Manila observatory supersite in a series of short descriptions and tables. As noted in the main 363 

body of the paper, data is all available at the NASA Langley airborne data archive (https://www-364 

air.larc.nasa.gov/missions/camp2ex/index.html) with the collection associated with doi: 365 

10.5067/Suborbital/CAMP2EX2018/DATA001 366 

S.2.1 The NASA P-3 367 

The CAMP2Ex science goals required the NASA P3 to perform both regional characterization as 368 

well as detailed measurements of atmospheric, aerosol, cloud, precipitation and radiative states. 369 

Therefore, while the P-3 was heavily instrumented for remote sensing for use at altitude to provide 370 

large scale context of the aerosol and cloud environment, in situ instrumentation for more detailed 371 

characterization of the column and the cloud environment were carried as well.   A listing of 372 

aircraft navigation, attitude and in situ state instruments are listed in Table S.2.1, instruments used 373 

for remote sensing and the dropsonde system  in Table S.2.2, in situ aerosol microphysics, aerosol 374 

optics, and aerosol and gas  chemistry in Table S.2.3, and cloud microphysics in Table S.2.4.  375 

While the references included in these tables provide comprehensive instrument descriptions, brief 376 

reviews are provided for the core remote sensors and aerosol instruments. Cloud and precipitation 377 

probes on the P-3 were also included on the Learjet 35 and are discussed in more detail in S.2.2 378 

S.2.1.1 The High Spectral Resolution Lidar 379 

The NASA Langley HSRL-2 instrument, which was deployed on the P-3 for CAMP2Ex, uses the 380 

HSRL technique to independently retrieve aerosol and tenuous cloud extinction and backscatter 381 

(Hair et al., 2008; Burton et al., 2018). This instrument uses the HSRL technique at 355 and 532 382 

nm and the standard backscatter technique at 1064 nm to derive these parameters.  Particulate 383 

depolarization is measured at all three wavelengths. Approximate horizontal and vertical 384 

resolutions are (Δx ~ 1.5 km, Δz ~ 15 m) for aerosol backscatter, depolarization, and aerosol 385 

backscatter wavelength dependence (i.e. Ǻngström exponent for aerosol backscatter) for two 386 

wavelength pairs (355-532 and 532-1064). The corresponding resolutions for aerosol extinction 387 
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and aerosol extinction-to-backscatter ratio at 355 and 532 nm are (Δx ~ 9 km, Δz ~ 150 m).  These 388 

resolutions can be varied depending on conditions and the required specific analyses. HSRL-2 389 

derived products include estimates of Planetary Boundary Layer (PBL) heights, which are 390 

identified as sharp gradients in aerosol backscatter profiles (Scarino et al., 2014). Additionally, an 391 

aerosol type identifier (i.e., urban, maritime, polluted marine, pure dust, dusty mix, smoke, fresh 392 

smoke, and ice) is inferred at the resolution of the extinction products via an aerosol classification 393 

algorithm that uses the HSRL-2 measurements of depolarization, aerosol extinction/backscatter 394 

ratio, and aerosol backscatter wavelength dependence (Burton et al., 2012).  395 

S.2.1.2 Airborne Third Generation Precipitation Radar (APR3) 396 

The JPL APR-3 instrument, which was deployed on the P-3 for CAMP2Ex, is a Ku-/Ka-/W-band 397 

Doppler cloud and Doppler precipitation radar with cross-track scanning capability between ±25˚ 398 

degrees cross-track. Some elements of APR-3 can also be configured differently to meet the 399 

specific needs of a particular airborne mission within the hosting aircraft capabilities: for 400 

CAMP2EX APR-3 was configured to deliver Linear Depolarization Ratio measurements at Ku-401 

band, and high sensitivity co-polar nadir measurements at W-band. APR-3 adopts High Power 402 

Amplifiers at all bands and pulse compression at Ku and Ka band. The fundamental products of 403 

APR-3 are calibrated and geolocated radar reflectivity measurements at all bands as well as mean 404 

Doppler velocity line of sight measurements. Products are delivered at a number of resolutions 405 

depending on the specific radar modes: in general, the range resolutions span from 30 to 500 m, 406 

and the horizontal resolutions are consistent with real aperture antennas with beamwidths ranging 407 

from 1˚ (W-band high gain nadir antenna) to 4 - 6˚ (for the three bands of the scanning antenna). 408 

The radar sensitivity is also variable depending on the adopted mode and range from aircraft, and 409 

an example of sensitivity curves is shown in Dzambo et al. (2019). Geophysical variables that have 410 

been derived from these quantities span from hydrometeor classification, precipitation detection 411 

and quantification, vertical (and in specific situations horizontal) velocity, and microphysical 412 

retrievals. Examples of recent data products and science results that include detailed APR-3 413 

analysis include Heymsfield et al., (2017); Tridon et al., 2019; Zagrodnik et al., 2019; Sy et al., 414 

2020, and Turk et al., 2020. 415 

S.2.1.3 Advanced Microwave Precipitation Radiometer (AMPR) 416 
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AMPR is a cross-track-scanning (-45° to +45° relative to nadir) microwave radiometer with four 417 

frequencies: 10.7, 19.35, 37.1, and 85.5 GHz, and two orthogonally polarized channels per 418 

frequency. AMPR’s scene polarization varies as a function of scan angle, from pure vertical (V) 419 

polarization on the left edge of the scan (relative to aircraft direction) varying to pure horizontal 420 

(H) by the right edge for the A channel, and the opposite for the B channel (Amiot et al. 2021). 421 

Relevant to CAMP2Ex, AMPR’s frequencies are sensitive to clouds and precipitation, atmospheric 422 

water vapor, and ocean surface winds.  423 

For the AMPR installation on the P-3B, a radome was required. During post-processing, the 424 

influence of the radome was removed from the observations, and the mixed-polarization 425 

observations were deconvolved to pure H and V inputs. In addition, retrievals of cloud liquid water 426 

path, total atmospheric water vapor content, and ocean surface wind speed were produced 427 

following the Amiot et al. (2021) methodology modified for the tropical atmosphere. These 428 

retrievals were validated against other CAMP2Ex observations (e.g., dropsondes) and they provide 429 

reasonable error characteristics. All AMPR products are available on the CAMP2Ex data archive, 430 

and imagery is available on the Jet Propulsion Laboratory (JPL) CAMP2Ex portal. AMPR was 431 

down for Science Flight (SF) #1, and full-polarization retrievals are available for SF #5-19. SF #2-432 

4 have brightness temperature observations from all four frequencies but some channels 433 

experienced partial outages, so no additional retrievals were performed for those SFs. 434 

 435 

S.2.1.4 The Research Scanning Polarimeter (RSP) 436 

Cloud properties are inferred from data of the Research Scanning Polarimeter (RSP, Cairns et al., 437 

2003). The RSP observes multi-angle total and polarized reflectances in nine spectral bands 438 

centered at 410, 470, 550, 670, 865, 960, 1590, 1880, and 2260 nm. The RSP scans along the 439 

aircraft track taking samples at 0.8° viewing angle intervals, with additional calibration 440 

measurements being made at the end of each scan. RSP’s field of view is about 14 mrad, leading 441 

to pixel sizes of about 10 to 50 m for typical separations between aircraft and the surface or cloud 442 

top of 1 to 4 km, respectively. Data files (level 1B) are provided containing all observations 443 

obtained per scan. In addition, data files (level 1C) are provided that contain measurements taken 444 

at different times, but collocated on a single footprint on the target (surface of cloud top).  445 
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Level 2 data files are provided containing derived cloud and aerosol products. Cloud top heights 446 

are inferred from the observed multi-angle parallax (Sinclair et al. 2015). Effective radii and 447 

variance of the drop size distribution at tops of liquid and mixed-phase clouds are retrieved using 448 

multi-angle polarimetry (Alexandrov et al. 2012a, 2012b). In addition, droplet effective radii are 449 

also retrieved, simultaneously with cloud optical thickness, using the bi-spectral approach 450 

(Nakajima and King, 1990). For non-cloudy scenes above ocean, aerosol spectral optical depth, 451 

complex refractive index, single-scattering albedo, layer height and the effective radius and 452 

variance of the aerosol size distribution for the fine- and coarse-mode aerosols are retrieved 453 

(Stamnes et al. 2018). The aerosol number concentration is inferred from the aerosol optical depth 454 

and layer height (Schlosser et al. 2022). The ocean surface roughness, which is proportional to 455 

wind speed, and the chlorophyl-a concentration are also simultaneously retrieved. For these data, 456 

observations of 21 scans are averaged, leading to temporal and spatial resolutions of about 18 457 

seconds and 2 km, respectively. For both cloudy and clear scenes the column water vapor amount 458 

is estimated using both total and polarized reflectance observations in the 960 nm band, which is 459 

in a water vapor absorption band, and the 865 nm band (Stamnes et al. 2018). These water vapor 460 

estimates have been used as part of the estimation of droplet number concentration (Sinclair et al. 461 

2019).  462 

S.2.1.5 Airborne Vertical Atmospheric Profiling System (AVAPS) 463 

The Airborne Vertical Atmospheric Profiling System (AVAPS) is a dropsonde system developed 464 

by the National Center for Atmospheric Research (NCAR).  The system is comprised of three 465 

primary components: (1) a launch rack containing the computer which operates the system, 466 

telemetry hardware, and launcher operation switches; (2) the dropsondes themselves, which are 467 

deployable tubes that contain a pressure, temperature, and relative humidity (PTH) sensor, GPS 468 

hardware for vertical location and horizontal winds, and a parachute; and (3) a launch tube (usually 469 

at the rear of the aircraft in use) containing a GPS re-radiator where the dropsondes are placed 470 

immediately prior to launch. When a sonde is launched, the parachute deploys within seconds, 471 

after which the dropsonde falls to the surface at approximately 10 m/s and transmits PTH 472 

information (2 Hz) and GPS position/winds information (4 Hz) until hitting the ocean surface. 473 

Vaisala RD41 dropsondes are presently in use, which include the Vaisala RSS421 pressure, 474 

temperature, and humidity sensor module and an independent GPS receiver used to calculate winds 475 

and fall speed. 476 
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 477 

Basic operation requires first initializing a dropsonde by connecting it to the computer and 478 

subsequently purging impurities from the PTH sensor. Then, the dropsonde can be configured for 479 

use by re-connecting it to the computer via the hardware rack’s umbilical cable and tuning it to a 480 

user-selected telemetry radio frequency. Once a telemetry frequency has been set, the dropsonde 481 

is placed in the tube to prepare for launch, where it obtains a GPS lock from the in-tube reradiator 482 

prior to launch. To launch the sonde, the “ARM” switch on the hardware rack must be on, and the 483 

“LAUNCH” switch is activated to open the bottom hatch of the launch tube and deploy the sonde. 484 

Pressure differentials between the cabin and outside help to force the sonde out of the launch tube, 485 

after which parachute deployment and GPS transmission should occur within seconds with ideal 486 

operation. 487 

The P3 released 197 sondes during CAMP2Ex, ranging from 6-13 per flight. The data yield was 488 

high, with only a handful of minor QA/QC issues. The most significant issue was a late or missing 489 

lock on GPS position and winds due to a broken cable during the first half of the mission. This 490 

significantly delayed the acquisition of position and wind measurements, with a median GPS 491 

acquisition time of 32 seconds. Fifty percent % of soundings report proper GPS position and winds 492 

500 m below flight level, with GPS availability increasing to about 80% at 2.5 km above ground 493 

level, and more than 98 % in the lowest 500 m above the surface. The second issue was a slight 494 

but consistent bias (around -1.99 hPa in R0 data) in the AVAPS pressure readings when compared 495 

to the P-3 at the same GPS altitude within an hour of launch. The pressure sensors are themselves 496 

known to have a slight negative offset of -0.56 hPa, but this was corrected in the raw data and 497 

would not explain the entirety of the observed bias. Lastly, about 4 drops of the 197 successful 498 

launches of the campaign were “fast fall” launches that had improper parachute deployment. This 499 

left over 97% of launches with proper deployment of the parachute. 500 

S.2.1.6 Turbulent Air Motion Measurement System (TAMMS) 501 

Fast-response and high-frequency measurements of the three-dimensional wind field, temperature, 502 

and pressure was made with the Turbulent Air Motion Measurement System (TAMMS; Barrick 503 

et al., 1996, Thornhill et al., 2003). The P-3 TAMMS configuration includes fast-response flow-504 

angle and temperature sensors, aircraft inertial data, and a real-time data acquisition system to 505 

record the incoming signals at a rate between 100 and 200 Hz. The flow-angle system includes 506 



Distribution Statement A: Approved for Public Release; Distribution Unlimited     22 
 

five, flush mounted pressure-ports installed in a cruciform pattern on the radome to provide the 507 

angles of attack (AOA) and sideslip (SSLIP). As a backup / redundancy, we also have heated 508 

Rosemount 858Y probes mounted on the side and top of the fuselage to provide an additional 509 

measurement of the angles of attack and sideslip. Corresponding fast response, high-precision 510 

pressure transducers are placed as close as possible to the pressure ports to minimize the 511 

introduction of time delays. Pitch and yaw maneuvers, speed variations and reverse headings are 512 

required periodically during deployments to verify system operation and for calibration/validation 513 

of the inputs required to compute the 3-dimensional winds utilizing the full air motion equations 514 

(Lenschow, 1986). Ambient air temperature measurements needed to determine the P-3 true air 515 

speed and for deriving heat fluxes are made with a Rosemount Model 102 non-deiced total air 516 

temperature sensor with a fast response platinum sensing element (E102E4AL). This sensor has 517 

been shown in previous field missions to provide real fluctuations at great than 5 Hz resolution. 518 

Archived data products include the 3-dimensional wind field (u, v, w, and wind speed/direction), 519 

ambient temperature, pressure and dew point, and aircraft position / attitude (latitude, longitude, 520 

altitude, pitch, roll, heading).  Post-mission analysis products of momentum fluxes as well as latent 521 

and sensible heat fluxes were created to aid in boundary layer analysis efforts. 522 

 523 

S.2.1.7 The Langley Aerosol Research Group Experiment (LARGE) 524 

Aerosol microphysical, optical, and chemical properties were measured by a suite of commercial 525 

instrumentation extensively modified for airborne operation and tailored to CAMP2Ex science 526 

objectives (Table S.2.3). Three particle sizers were used to measure particle size distributions from 527 

0.003 to 5 µm diameter (i.e., up to the cutpoint of the sample inlet), each with significant size 528 

overlap with the Fast Integrated Mobility Spectrometer (FIMS) to provide redundancy and 529 

additional information content from complimentary analytic techniques (e.g., mobility vs. optical 530 

or aerodynamic sizing). Total (with diameters greater than 3nm and 10nm) and non-volatile (at 531 

350C, diameters greater than 10nm) particle concentrations are also measured to corroborate 532 

integrated particle size distributions and to quantify ultrafine particle concentrations and new 533 

particle formation. Bulk aerosol scattering and absorption coefficients were measured at three 534 

visible wavelengths and are used to calculate secondary aerosol properties such as single scattering 535 

albedo, Angstrom exponents, and scattering hygroscopicity for validation of remote-sensing 536 

observations and retrievals. Aerosol chemical composition is measured by three complimentary 537 
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techniques: a Particle-into-Liquid Sampler (PILS), High-Resolution Time-of-Flight Aerosol Mass 538 

Spectrometer (HR-ToF-AMS), and Single Particle Soot Photometer (SP2). Together these 539 

observations provide a comprehensive view of both refractory (e.g., black carbon and sea-salt) and 540 

non-refractory (e.g., sulfate and organic) particle composition with a time response from several 541 

minutes (i.e., for PILS) and to 1-Hz (i.e., for HR-ToF-AMS and SP2).  542 

With a focus on aerosol-cloud interactions, identical analytic techniques employed for PILS 543 

samples (i.e., ion chromatography and water-soluble organic carbon analysis) were also utilized 544 

for cloud water samples collected with a custom Axial Cyclone Cloud-water Collector (AC3) to 545 

explore aqueous processing and wet scavenging processes. Concentrations of cloud condensation 546 

nuclei (CCN) were also explicitly measured at relevant cloud supersaturations.  547 

S.2.1.8 Trace Gas Measurements 548 

A suite of trace gas instruments was deployed on NASA’s P-3 to measure H2O(v), CO, CO2, CH4, 549 

O3, SO2, NO, NOx, and NOy. Water vapor was measured by the NASA Langley Diode Laser 550 

Hygrometer (Diskin, et al., 2002; Podolske, et al., 2003), an open-path near-infrared absorption 551 

spectrometer configured specifically for operation on the P-3B aircraft. This instrument utilizes an 552 

external optical path between a zenith port-mounted optical transceiver and a retroreflector 553 

installed on the aircraft’s vertical tail. The instrument operates on one of three isolated spectral 554 

lines of differing strengths to provide good signal to noise and precision over the wide dynamic 555 

range of water vapor present in the measurement domain. From the native ~100 Hz temporal 556 

sampling, data were averaged to 1 Hz and 20 Hz to align with other instrument measurement 557 

frequencies. Measurement accuracy and precision are 5% and 0.1% (1 sigma, 1 sec), respectively.  558 

The carbon species were measured by a near-infrared cavity ringdown spectrometer (G2401-m, 559 

Picarro, Inc.) with a custom sampling system to improve airborne performance (DiGangi et al., 560 

2021). Measurements were reported at 0.4 Hz, with concentrations traceable to the WMO X2014A 561 

(CO), X2007 (CO2), and X2004A (CH4) scales. Ozone was measured with a UV dual-beam 562 

absorption spectrometer (Model 205, 2B Technologies, Inc.) also with a custom sampling system 563 

to improve high altitude performance (Wei et al., 2021). Ozone measurements were reported at 564 

0.5 Hz, with intermittent zeroing in flight to correct for baseline drift, and calibrated before and 565 

after the campaign using a NIST-traceable ozone calibration source (Model 306, 2B Technologies, 566 

Inc.).  567 
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The nitrogen species were measured using a modified two-channel Air Quality Design (AQD), 568 

Inc., high sensitivity NOx instrument, using O3 chemiluminescence (CL) to detect NO and 569 

photolysis and CL to measure NO2 on one channel and a heated molybdenum converter installed 570 

upstream of the second channel’s sample line for NOy measurement. NOy was continuously 571 

measured while NO and NOx sampled serially every 30s using a single detector. The NO 572 

measurement was interpolated and subtracted from NOx mode to correct the NO2 fraction for 573 

photocell conversion efficiency. NOx was then calculated by adding back NO. For continuous SO2 574 

measurement a pulsed fluorescence instrument was used. Both nitrogen species and SO2 575 

measurements were sampled from a pressure controlled inlet. 576 

S.2.2.The SPEC Learjet 35 577 

The SPECc Learjet 35 was equipped to characterize active convection from cloud base to top, 578 

especially for those clouds penetrating above the P-3’s 8 km MSL service ceiling. The Learjet 35 579 

was also tasked with flying beneath the P-3 to help interpret and verify the P-3’s APR3 radar. 580 

Included were state, liquid/ice water, and microphysics probes to characterize cloud cores, 581 

precipitation and ice formation. These included an overlapping range of sampling sizes from 582 

aerosol CN and fine mode size to small cloud droplets to precipitation, and droplet and ice crystal 583 

imaging, with identical makes of instruments included on the P3 when possible. A listing of SPEC 584 

35 instrumentation is provided in Table S.2.5. 585 

S.2.3 The Manila Observatory Supersite 586 

To provide context to the airborne mission, a 2018 through early 2020 CAMP2Ex weatHer and 587 

Composition Monitoring (CHECSM) effort was initiated.  A supersite was established at the 588 

Manila Observatory (MO), an urban mixed background site in Quezon City on the grounds of 589 

Ateneo de Manila University (14.64 N; 121.08 E). This site is within the Metro -Manila mega-city 590 

(also known as the National Capital Region of the Philippines), which is composed of 16 cities 591 

and 1 municipality and a total with a total population of the surrounding area of over 13.5 million 592 

(Philippine Statistics Authority, 2020). Long-term particulate pollution measurements at the 593 

Manila Observatory site showed that the National Capital Region’s fine particulate matter 594 

concentration (PM2.5) has been exceeding the annual guideline values set by the World Health 595 

Organization (Cruz et al., 2019, Simpas et al., 2014, Kim Oanh et al., 2006) with significant 596 

contribution from black carbon (Alas et al., 2017, Kecorius et al., 2017, Cruz et al., 2019, Simpas 597 
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et al., 2014, Kim Oanh et al., 2006).  While much of the observed pollution in Metro Manila is 598 

from local emissions with 88% contribution from the transportation sector (DENR - EMB, 2015), 599 

evidences of long-range transport of pollution aided by southwesterly flow and low precipitation 600 

were also observed through the CHECSM effort (Braun et al., 2020, Stahl et al., 2020). This 601 

context is important for CAMP2Ex, as the study region is impacted not only by emissions from 602 

urban environments but also by other aerosol sources including emission from Borneo and the 603 

marine environment.  The CHECSM site provided an organization structure to be a laboratory for 604 

urban air quality and weather assessment, provide a study location for local, maritime and long 605 

range transport contributions to the Manila aerosol environment.  It is used to evaluate satellite 606 

and model products in a heavily urbanized environment in a Southeast Asia environment, and to 607 

serve as a laboratory for urban air quality and weather assessment.   CHECSM also provided 608 

research opportunities to students, allowing for hands-on experience with world class research 609 

instrumentation. 610 

The MO site has hosted an Aerosol Robotic Network (AERONET; Holben et al., 2018) site since 611 

2009, although due to prevalent cirrus and had no data yields for August –Sept 22 2019 during the 612 

SWM portion of the airborne IOP. A listing of instruments  deployments specifically for CHECSM 613 

is provided in Table S.2.6.  Given the high cirrus prevalence in the region, for baseline aerosol 614 

monitoring as part of CHECSM, the NASA CALIOP science team supported the deployment of 615 

the University of Wisconsin High Spectral Resolution Lidar (HSRL) to monitor aerosol and cloud 616 

layers. Alongside, was surface radiation instrumentation including broadband IR and  solar 617 

irradiances, and direct/diffuse solar radiation. Solar spectral radiation and direct/diffuse mid-618 

visible radiation was also measured to retrieve column aerosol and cloud column optical thickness 619 

and thus complement HSRL. Extensive surface sampling of aerosol properties was conducted at 620 

the Manila Observatory in association with the University of Arizona and NRL as were a host of 621 

surface weather observations. Of particular interest was diurnally varying and size resolved aerosol 622 

chemistry and black carbon within the megacity.   623 
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Table S2.1 Navigation, state and radiation instrumentation data carried onboard the NASA P-3; NSRC: NASA’s National 987 
Suborbital Research Center; TAMMS: turbulent air motion measurement system. Uncertainties are estimates, as they have complex 988 
proportion depending on the environment.  989 
 990 

Parameter Instrument Uncertainty PI Reference 
Position & Attitude Northrop Grumman Litton 

251 EGI 
~5 m SEP; 0.01 
deg. 

NSRC N/A 

Radar Altitude APN 232 100 ft. Facility N/A 
Temperature Rosemount 102E4AL type 

non-deiced 
0.5 deg C NSRC N/A 

Dew Point Edgetech Vigilant 3-Stage 
hygrometer 

0.2 deg C NSRC N/A 

Wind Speed/Direction Litton 251 EGI & 
Avionics 

1 ms-1; 0.5 deg NSRC N/A 

Water Vapor Mixing Ratio Diode Laser Hygrometer 
(DLH) 

5% Diskin (LaRC) Diskin (2002), Podolske 
(2003) 

Derived Relative Humidity Diode Laser Hygrometer 
(DLH), TAMMS 

15% Diskin (LaRC), 
Thornhill (SSAI/LaRC) 

Diskin (2002), Podolske 
(2003), Thornhill et al., 
2003. 

P, T, 3-D Winds (u, v, w, WSPD, 
WDIR), fluxes 

TAMMS   Thornhill (SSAI/LaRC) Thornhill et al., 2003. 

Broadband solar irradiance: 
downwelling and upwelling 

Modified Kipp & Zonen 
CM22 pyranometers 

4% Bucholtz (NPS) Bucholtz et al., 2010 

Broadband IR irradiance: 
downwelling and upwelling 

Modified Kipp&Zonen 
CG4 pyrgeometers 

5% Bucholtz(NPS) Bucholtz et al., 2010 

Diffuse and global broadband 
shortwave irradiance: downwelling 

Sunshine Pyranometer 
(SPN-1; Broadband) 

10% Bucholtz (NPS) Badosa et al. (2014) 

Diffuse and global spectral shortwave 
irradiance: downwelling 

Sunshine Pyranometer 
(SPN-S; Spectral) 

7% Schmidt (CU) Norgren et al. (2022) 

Above-aircraft optical thickness (500 
and 670 nm) 

Sunshine Pyranometer 
(SPN-S; Spectral) 

10-20% Schmidt (CU) Norgren et al. (2022) 

Spectral Solar irradiance: 
downwelling and upwelling 

Solar Spectral Flux 
Radiometer (SSFR) 

5% Schmidt (CU) Schmidt and Pilewskie 
(2011) 

SST, cloud top temperatures Heitronics KT-19.85 
pyrometer 

2oC NSRC Haggerty et al., 2003 
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Table S.2.2 Remote sensing and dropsonde instruments carried onboard the P-3 used primarily 993 
when the P3 was flying at high (>5 km) altitude to characterize the regional environment. 994 
Uncertainties are estimates, as they have complex proportion depending on the environment. 995 
 996 

Parameter Instrument Uncertainty PI Reference 
Imagery     
Forward & Nadir Video HD Full frame cameras N/A NSRC  
Hemispheric all-sky 
Images 

All-sky camera (zenith-
viewing) 

N/A Bucholtz (NPS)  

Hemispheric geolocated & 
calibrated radiance (red, 
green, blue) 

All-sky camera (nadir-
viewing) 

10% Schmidt (CU) Masuda et al. (2019) 

Brightness Temperature 3-
5 μm band 

FLIR SC6000 MWIR 
imager 

20 mK Smith (NRL) Marmorino et al., 2018 

Brightness Temperature 8-
14 μm band 

Sofradir ATOM1024 LWIR 
imager 

50 mK Smith (NRL) Marmorino et al., 2018 

Radiance 900-2500 nm, 
139 bands HSI 

Headwall XEVA-2.5-320 50 mK Smith (NRL) Marmorino et al., 2018 

     
Lidar, Radar & 
Microwave 

    

Aerosol profiles: 
Extinction, Backscatter, 
Depolarization, Type, 
Effective Radius, 
Concentration. 
Column: AOD, Above-
Cloud AOD, AOD 
apportioned by aerosol 
type. 
Mixed Layer Height 
(where possible from 
aerosol gradients). 

HSRL-2 (High Spectral 
Resolution Lidar – 
Generation 2) 

Extinction: 10 Mm-1 

Backscatter: 0.2 (Mm-
sr)-1 
Depolarization: 2% 
AOD: 0.02 
Mixed Layer Height: 
100 m 
Effective Radius: 30% 
Number, Surface, 
Volume 
Concentrations: 100, 
30, 50%  

Ferrare/Hostetler 
(LaRC) 

Burton et al., 2018; 
Hair et al., , 2008 
Scarino et al., 2014 
Müller et al., 2014 

Ka, Ku, and W band Radar 
Reflectivity Factor, Mean 
Doppler Velocity 

Airborne Precipitation 
Radar, Third Generation 
(APR3) 

 Mace(UT)/Tanelli(
JPL) 

Chase et al., 2018 
Dzambo et al., 2019 

Microwave Brightness 
Temperature at 10, 19, 37, 
85 GHz 

Advanced Microwave 
Precipitation Radiometer 
(AMPR) 

Noise equivalent delta 
temperature: 0.5 K 
Wind speed: 2 m s-1 
Water vapor: 10% 
Liquid water path: 0.1 
kg m-2 

Timothy Lang 
(MSFC) 

Amiot et al., (2021)      

     
Polarimetry     
Multi-angle total 
reflectances and degree of 
polarization at 410, 469, 
555, 670, 864, 1594, 2264 
nm 

Research Scanning 
Polarimeter (RSP)  

Reflectance: 3%; 
Degree of polarization: 
0.2% 

van 
Diedenhoven/Cair
ns (NASA GISS)  

Cairns et al. 2003 

Cloud top height, Cloud 
optical thickness, cloud 
top droplet effective 
radius, cloud top droplet 
effective variance 

Research Scanning 
Polarimeter (RSP)  

Eff. radius: ~1 µm; Eff. 
variance: ~0.02; Top 
height: 500m; Optical 
thickness: ~10% for 
COT<30 

van 
Diedenhoven/Cair
ns (NASA GISS)  

Alexandrov et al. 2012  
Sinclair et al 2015 
Alexandrov et al. 2018 
Platnick et al. 2018  

Aerosol optical depth, 
effective radius, effective 
variance, complex 
refractive index, single 
scattering albedo, number 
concentration, layer height 

Research Scanning 
Polarimeter (RSP)  

AOD: 0.04; Radius: 
0.02 µm; Variance: 
0.04; Number: ~100%; 
Layer height: 1km; 
Refr: 0.02, 0.004i; 
SSA: 0.03 

van 
Diedenhoven/Cair
ns (NASA GISS)  

Stamnes et al. 2018 
Schlosser et al. 2022 
Wu et al. 2016 
Knobelspiesse et al. 2012 
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Dropsondes     

Pressure Airborne Vertical 
Atmospheric Profiling 
System (AVAPS / 
Dropsondes) 

±0.5 hPa van den Heever 
(CSU) 

Hock and Franklin 1999; 
UCAR/NCAR Earth Observing 
Laboratory 1993. 

Temperature Airborne Vertical 
Atmospheric Profiling 
System (AVAPS / 
Dropsondes) 

±0.2 °C van den Heever 
(CSU) 

Hock and Franklin 1999; 
UCAR/NCAR Earth Observing 
Laboratory 1993. 

Relative Humidity Airborne Vertical 
Atmospheric Profiling 
System (AVAPS / 
Dropsondes) 

±3% van den Heever 
(CSU) 

Hock and Franklin 1999; 
UCAR/NCAR Earth Observing 
Laboratory 1993. 

Horizontal Wind Airborne Vertical 
Atmospheric Profiling 
System (AVAPS / 
Dropsondes) 

±0.5 m s-1 van den Heever 
(CSU) 

Hock and Franklin 1999; 
UCAR/NCAR Earth Observing 
Laboratory 1993. 
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Table S.2.3 Aerosol and gas microphysics, chemistry, and optics carried onboard the P-3. 1000 
Uncertainties are estimates, as they have complex proportion depending on the environment. 1001 
 1002 

Parameter Instrument Uncertainty PI Reference 
Aerosol Chemistry      
Submicron non-
refractory aerosol mass 
concentration.  Cl, 
Organic, NH4, NO3, 
SO4 

Aerodyne High-
Resolution Time-of-
Flight Aerosol Mass 
Spectrometer  

50% Ziemba (LaRC) DeCarlo et al. (2008) 

Water-soluble mass 
concentration 

Particle-Into-Liquid-
Sampler (PILS) 

30% Crosbie (LaRC) Sorooshian et al (2006) 

Submicron refractory 
black carbon mass 
concentration 

Single Particle Soot 
Photometer (DMT SP2) 

10% Ziemba (LaRC) Schwarz et al (2006) 

     
Aerosol Microphysics     
0.010 – 0.5 μm diameter 
mobility size 

Fast integrated mobility 
spectrometer (FIMS) 

Concentration: 
15%; Size 3% 

Wang (Washington 
U) 

Kulkarni and Wang, 2006; 
Wang et al., 2017; 2018 

0.1 – 5.0 µm diameter 
optical size  

TSI Laser Aerosol 
Spectrometer  

20% Ziemba (LaRC) Froyd et al. (2019) 

 0.1 - 3 µm  diameter 
optical size 

DMT Passive Cavity 
Aerosol Spectrometer 
(PCASP) 

Concentration 
~30%; size 25% 

Lawson (SPEC) DMT PCASP Manual, DOC-0228, 
Rev C. 
http://www.dropletmeasurement.co
m/resources/manuals-guides. 

0.003 – 0.1µm  diameter 
mobility size  

Scanning Mobility 
Particle Sizer (SMPS) 20% 

Ziemba (LaRC) Moore et al. (2017) 

0.7 – 5.0 µm  diameter 
aerodynamic size  

TSI Aerodynamic 
Particle Sizer  20% 

Ziemba (LaRC) McNaughton et al. (2007) 

Total (>0.003µm) and 
non-volatile (350°C) 
particle number 
concentrations 

TSI Condensation 
Particle  10% 

Ziemba (LaRC) Moore et al. (2017) 

CCN number 
concentration and 
spectra 

DMT Cloud 
Condensation Nuclei 
Spectrometer  

5-20% 
Nenes (GTech) & 
Weber(Cal Tech) 

Moore et al. (2009) 

     
Aerosol Optics     

Dry (RH<40%) & 
humidified (RH = 80%) 
3 λ (450, 550, 700 nm) 
light scattering 
coefficient 

Parallel humidified TSI 
Nephelometers 30% 

Ziemba (LaRC) Ziemba et al. (2013) 

Dry 3λ (450, 550, 700 
nm) light absorption 
coefficient 

Particle Soot Absorption 
Photometer (PSAP) 15% 

Ziemba (LaRC) Mason et al. (2018) 

     
Gas Chemistry     
CO2, CO, CH4 Picarro model G2401-m 0.1 ppm, 5 ppb, 

1 ppb 
Diskin (LaRC) DiGangi, et al. (2021) 

O3 2B Technologies model 
205 

6 ppbv Diskin (LaRC) Wei, et al. (2021) 
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SO2 Thermo 43i-TLE low alt 
(<2.5km)=12%; 
high alt (2.5 to 
5km) = 16% 

Flynn (UH) Luke, 1997 

NOx Air Quality Designs, Inc. 
using 
chemiluminescence 

NO=12%; 
NOx=14% 

Flynn (UH) Kley, andMcFarland, 1980:  
Pollacket al.,  2010  

NOy Air Quality Designs, Inc. 
using molybdenum 
converter 

12% Flynn (UH) Williams, et al., 1998 

 1003 
 1004 
 1005 
 1006 
S.2.4. Cloud microphysics and water chemistry carried by the NASA P-3 1007 

Parameter Instrument Uncertainty PI Reference 
Cloud droplets (2-50µm) SPEC Fast Cloud Droplet 

Probe (FCDP) 
50% Lawson (SPEC) Knollenberg 1981, O’Connor et al. 

2008, Lawson et al. 2017 
Cloud particles (10µm–3mm) SPEC 2D-S (Stereo) Optical 

Array Spectrometer 
20% Lawson (SPEC) Lawson et al. 2006a 

Cloud particles (2-50 µm) SPEC Hawkeye-FCDP 50% Lawson (SPEC) Knollenberg 1981, Lawson et al. 
2017;  Woods et al. 2018 

Cloud particles (10µm–3mm) SPEC Hawkeye-2DS 20% Lawson (SPEC) Lawson et al. 2006a, Woods et al. 
2018 

Cloud particle habit, high res 
imagery 

SPEC Hawkeye-CPI 10% Lawson (SPEC) Lawson et al. 2001, 2006b  Woods 
et al. 2018 

Precipitation (150µm – 2cm) SPEC High Volume 
Precipitation Spectrometer 
(HVPS-3) 

15% Lawson (SPEC) Lawson et al. 1993, 1998 

Ice-Nucleating Particle 
Concentrations and temperature 
dependence 

CSU Ice Spectrometer 30% Crosbie (LaRC)/DeMott 
(CSU) 

DeMott et al. (2017) 

Water-soluble mass 
concentrations of common ions 
and organic carbon, bulk 
solution pH 

Axial Cyclone Cloud-water 
Collector (AC3) 

Ion chromatography 

Sievers TOC 

ph electrode 

30% Crosbie (LaRC)/ 
Sorooshian (UA) 

Crosbie et al. (2018); Stahl et al., 
(2021) 
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Table S2.5 Parameters measured on the Stratton Park Engineering Company (SPEC) Learjet 35.  1009 
PI for all measurements is Paul Lawson, SPEC. Uncertainties are estimates, as they have complex 1010 
proportion depending on the environment. 1011 

Parameter Instrument Uncertainty Reference 
State    
Temperature Rosemount Model 102 & 

510BH 
0.3 C Lawson and Cooper (1990) 

Altitude Royal Air FAA RVSM 
Certification 

20 m  

Airspeed Royal Air FAA RVSM 
Certification 

1 m s-1  

Dew Point Temperature EdgeTech Chilled Mirror C-
137 

2 C  

Liquid Water/Total 
Water 

Sky Tech Nevzorov 
LWC/TWC 

0.1 g m-3 Korolev et al. (1999) 

Icing Rate Rosemount Icing Rod 
871LM5 

N/A Baumgardner and Rodi (1989); Cober et al. 2001 

Aircraft Position Aventech AIMMS-20 Dual 
GPS 

10 m Beswick et al. 2008 

Aircraft Heading Learjet Sperry Directional 
Gyro 

1°  

Horizontal  & Vertical 
Winds 

Aventech AIMMS - 20 5°, 5 m s-1 

1 m s-1 

Beswick et al. 2008 

    
Microphysics: 
Concentration, Area, 
Mass, Size, phase etc 

   

Cloud droplets (2-50 µm) SPEC Fast Forward Scattering 
Spectrometer Probe (FFSSP) 

50% Knollenberg 1981,  Brenguier et al. 1998,  

Lawson et al. 2017 
Cloud droplets (2-50 µm) SPEC Fast Cloud Droplet 

Probe (FCDP) 
50% Knollenberg 1981, O’Connor et al. 2008,  

Lawson et al. 2017 
Cloud particles (10 µm – 
3 mm) 

SPEC 2D-S (Stereo) Optical 
Array Spectrometer 

20% Lawson et al. (2006a) 

Cloud particles (2-50 
µm) 

SPEC Hawkeye-FCDP 50% Knollenberg (1981), Lawson et al. (2017);  Woods et al. 
(2018) 

Cloud particles (10 µm – 
3 mm) 

SPEC Hawkeye-2DS 20% Lawson et al. (2006a), Woods et al. (2018) 

Cloud particle habit, high 
res imagery 

SPEC Hawkeye-CPI 10% Lawson et al. (2001, 2006b);  Woods et al. (2018) 

Precipitation (150 µm – 2 
cm) 

SPEC High Volume 
Precipitation Spectrometer 
(HVPS-3) 

15% Lawson et al. (1993, 1998) 

Condensation 
nuclei  >0.01 μm  

TSI Water-based 
Condensation Particle Counter 
(CPC) 

30% Liu et al. (2006), additional references, see bibliography 
at:  https://www.tsi.com/discontinued-products/water-
based-condensation-particle-counter-3782/  

Aerosol Size, 0.1 - 3 µm DMT Passive Cavity Aerosol 
Spectrometer (PCASP) 

30% DMT PCASP Manual, DOC-0228, Rev C. (Cai et al., 
2013)  http://www.dropletmeasurement.com/resources/
manuals-guides. 
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Table S2.6 Parameters measured at the Manila Observatory Super Site. 1014 

 1015 
Parameter Instrument Uncertainty PI Reference 
Aerosol profiles: 
Extinction, Backscatter, 
Depolarization,  
AOD, Below -Cloud AOD, 
AOD apportioned by 
aerosol type. 
Mixed Layer Height  

High Spectral Resolution 
Lidar – Generation 2 

Aerosol 
Backscatter 
~10% 
 
Extinction & 
AOD ~ 30% 

Holz (SSEC/U of Wisc) Eloranta (2005) 

     
Broadband Downward 
Solar Irradiance 

Kipp&Zonen CM22 
Pyranometer 

4% Bucholtz (NPS) Bucholtz et al., 2010 

Broadband Downward IR 
Irradiance       

Kipp&Zonen CG4 
pyrgeometers 

5% Bucholtz(NPS) Bucholtz et al., 2010 

Diffuse and global 
broadband shortwave 
irradiance: downwelling 

Sunshine Pyranometer 
(SPN-1; Broadband) 

10% Bucholtz (NPS) Badosa et al. (2014) 

Diffuse and global  
downward shortwave 
irradiance (532 nm)    

Sunshine Pyranometer 
(mid-visible; SPN-532) 

10% Schmidt (CU) Badosa et al. (2014)      
 

Spectral Downward Solar 
Irradiance (350-2150 nm) 
and Zenith Radiance (350-
1650 nm) 

Solar Spectral Flux 
Radiometer (SSFR) with 
zenith irradiance and 
radiance light collectors 

5% Schmidt (CU) LeBlanc et al., 2015 
Schmidt et al., 2021 

Diffuse and global  
downward shortwave 
irradiance (532 nm)       

Sunshine Pyranometer 
(SPN-532;mid-visible) 

7% Schmidt (CU) Badosa et al. (2014) 
Norgren et al. (2022) 

     
     
Size-resolved aerosol 
composition (water-soluble 
ions and elements) and mass 

Micro-Orifice Uniform 
Deposit Impactor 
(MOUDI) 

<20%, species 
dependent 

Sorooshian (U. 
Arizona) 

 Stahl et al. (2020) 
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Supplemental S.3 Remote Sensing and Modeling Components 1021 

All atmospheric science campaigns rely to some extent on remote sensing and modeling systems, 1022 

at the very least for daily forecasting and contextual analysis.  CAMP2Ex however had technology 1023 

development as a core mission objective and hence significant effort was placed on integrating 1024 

field observations into larger remote sensing and modeling constructs.  The datasets and efforts 1025 

are briefly outlined here.  1026 

S.3.1 Satellite Remote Sensing 1027 

NASA is the United States’ space agency, and the CAMP2Ex mission was as equally about the 1028 

development of remote sensing technology and techniques for data integration as it was about the 1029 

fundamental science objectives.  Dozens of international satellite sensors monitor the MC’s 1030 

aerosol, cloud, and meteorological environments every day, and to maximize environmental 1031 

characterization, CAMP2Ex considered overpass schedules during flight planning.  A list of 1032 

satellite remote sensing products considered significant to the mission is included in Table S.3.1.  1033 

Also noteworthy is the development of a satellite colocation database for the NASA P-3, SPEC 1034 

Learjet 35, and the PISTON R/V Sally Ride data that is now available at the NASA Langley 1035 

Airborne Archive, located on the main page (https://www-1036 

air.larc.nasa.gov/missions/camp2ex/index.html).  CAMP2Ex had special reliance on three classes 1037 

of satellite sensors:  1) next generation Advanced Himawari Imager; 2) high resolution imagery 1038 

over the maritime domain; and 3) the constellation of meteorological and climate satellites sensors.  1039 

Satellite data collections from CAMP2Ex that include both aircraft and ground assets are listed at 1040 

the LaRC airborne data repository at (https://www-1041 

air.larc.nasa.gov/missions/camp2ex/docs/Camp2Ex_Satellite_Coordinations_for_P3_Learjet_SR1042 

_MO_by_Organization_V02.xlsx ). 1043 

JMA’s Advanced Himawari Imager on the Himawari-8 spacecraft (Da et al., 2015) was crucial to 1044 

both the execution and the ongoing analysis phases of CAMP2Ex.  With many of the same channels 1045 

as MODIS, AHI provides much of MODIS’ retrieval capability, giving 10-minute hemispheric 1046 

data, with spatial resolution like MODIS in the visible channels (0.5 km for the 0.65 um and 1 km 1047 

for the rest of the visible channels). The SWIR and IR have a nominal 2 km resolution.  JMA 1048 

provided a dedicated AHI L1b access for the mission facilitating low latency (less than 25 minute) 1049 

true color imagery, cloud, and NASA Dark Target aerosol retrievals for flight support.  JMA also 1050 
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tasked AHI for 2.5 min rapid scan data over a northern Philippines domain for much of the mission-1051 

an important resource for object-oriented analysis and machine learning development. The NOAA 1052 

Enterprise cloud retrievals based on the CLAVR-x (Heidinger et al. 2013) algorithms were 1053 

processed in near-real time for mission flight planning and post mission science. The CAMP2Ex 1054 

AHI data record is being used for NASA aerosol and cloud geo-stationary algorithm development 1055 

using the ground and aircraft measurements for validation. 1056 

Given how rapidly convection evolved in the field campaign domain, CAMP2Ex aircraft needed 1057 

real-time direction to appropriate targets.  As commonly available imagery through standard feeds 1058 

lacked the resolution, timeliness, or derived products needed, and due to concern over internet 1059 

speed in the field, the CAMP2Ex remote sensing team had to develop a data flow architecture that 1060 

would ensure the mission’s base of operations could monitor the environment and advise the P-3 1061 

flight scientist on target opportunities, as well as ensure the safety of the aircraft.  The process 1062 

began at JMA, where CAMP2Ex would collect AHI data through two parallel data streams:  (1) 1063 

the AHI data was staged at a local ftp site in Japan provided by JMA. The data was ingested into 1064 

an Amazon Web Service (AWS) instance in Japan with the L1 imagery and L2 products processed 1065 

using AWS with the imagery saved in the NASA Worldview format.  These files where then 1066 

downloaded to a server located in the aircraft hangar at Clark running a local version of NASA 1067 

worldview customized to support the high temporal resolution AHI data (10 min resolution) 1068 

developed by the NASA worldview software developers for the experiment; and (2) a back-up 1069 

stream was processed at the Space Sciences and Engineering Center (SSEC) of University of 1070 

Wisconsin-Madison using the centers near real time data archive and processing resources.  A host 1071 

of imagery products were generated within 10-20 minutes, and a suite  of level 2 cloud and aerosol 1072 

products within 30 minutes, including products utilizing recent ports of the MODIS algorithms to 1073 

AHI.  As discussed in Section 3 and 6, these data were and can still be viewed on the University 1074 

of Wisconsin Space Science and Engineering Centers CAMP2Ex specific Worldview instance 1075 

(https://geoworldview.ssec.wisc.edu) as presented in Figure S.3.1.  There, imagery and products 1076 

would be overlaid with real time aircraft and R/V Sally Ride position and data, as well as other 1077 

meteorological information, such as large-scale meteorology.  To ensure data availability (as a 1078 

backup stream), CAMP2Ex could reach the website, but also hosted a separate instance locally in 1079 

the operations center.  1080 
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CAMP2Ex also pushed the boundaries of spatial resolution, specially ordering satellite data 1081 

collection designed for terrestrial monitoring over the maritime domain.  When orbit and viewing 1082 

conditions permitted, the P-3 was routed for inclusion in high resolution scenes.  Cloud products 1083 

operationally generated by meteorological imagers were modified for high resolution applications 1084 

(e.g., Werner et al. 2016).  NASA performed special data collection of the NASA/JAXA ASTER 1085 

imager on the Terra spacecraft and the NASA/USGS LANDSAT-8 to cover the South China Sea 1086 

through ~500 km west of the Philippines into the Northern Tropical Western Pacific.  These two 1087 

sensors include visible, near infrared and thermal infrared channels at resolutions better than 90 m 1088 

that allow for all manner of traditional cloud retrievals including mask, height/temperature, 1089 

effective radius, and liquid water path.  ESA granted Sentinel 2A&B MSI collections over a similar 1090 

domain.  With visible and near infrared channels, Sentinel 2 can generate cloud masks, effective 1091 

radius and liquid water path.  The P-3 was most successful with achieving Sentinel 2 under flights, 1092 

with four tight coordinations, and an additional 3 coordinations when the P-3 was in the vicinity.  1093 

Finally, NGA ordered several Digital Globe/Worldview imagery with pan chromatic views at 40 1094 

cm, and single wavelengths in the visible to near infrared at 1.2, and 3.7 m shortwave IR, providing 1095 

hyper resolution cloud masks.  Two instances of multi-look stereographic worldview images were 1096 

collected with the P-3 in the vicinity (RF 12: Sept 21, 2019 2:22; RF 17: Sept.2, 2019 2:54).  Data 1097 

for all of these collections can be acquired through the operational repositories from each agency. 1098 

While CAMP2Ex relied on AHI for airborne operations, and specifically targeted high-resolution 1099 

collections, as a matter of course the mission was supported by, and supported the development 1100 

of, a host of meteorological and climate sensors.  Instruments of particular importance are included 1101 

in Table S.3.1, with overpasses on assets available within the aforementioned satellite coordination 1102 

spreadsheet.  As discussed in more detail in Section S.3.3, weather related products, particularly 1103 

from microwave, radar and scatterometry as well as model data, can be viewed and downloaded 1104 

on the CAMP2Ex data portal (https://camp2ex.jpl.nasa.gov), with additional imagery, cloud, and 1105 

aerosol products from AHI, MODIS, and VIIRS on the on the CAMP2Ex geostationary site 1106 

(https://geoworldview.ssec.wisc.edu).  Given their wide coverage, the P-3 underflew at least one, 1107 

and typically three or four imagers on each flight (e.g., MODIS on Terra and/or Aqua and SNPP 1108 

and/or NOAA-20 VIIRS).  For narrower swath instruments, two P-3 flights underflew ESA’s 1109 

Aeolus wind lidar mission (RF 8: Sept. 13, 2019 21:51 UTC and RF 15: Sept. 27, 2019 21:51 UTC 1110 
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respectively), one underflew GPM’s precipitation radars during active convection (RF:6-Sept 7, 1111 

2019 7:01), and one under-flew the CALIPSO lidar (RF-4: Aug 31, 2019 5:36 ). 1112 

S.3.2 Forecasting and Modeling 1113 

As with remote sensing, CAMP2Ex modeling efforts spanned operational support to detailed 1114 

research focused physics studies.  While there are numerous efforts underway, here we provide a 1115 

short summary of datasets and efforts that are producing publically available data and/or whose 1116 

publication is imminent. 1117 

Daily CAMP2Ex forecasting was performed by a Manila Observatory student cohort under the 1118 

supervision of Edward Fukada, retired from 30 years at the Joint Typhoon Warning Center.  For 1119 

operational flight planning, forecasters took a consensus approach utilizing models from numerous 1120 

centers.  Particularly useful for tropical forecasting were products provided by the UK Met Office 1121 

Unified Model (UKMO-UM), European Center for Medium range Weather Forecasting Integrated 1122 

Forecast System (ECMWF IFS) and the US Navy Global Environmental Model 1123 

(NAVGEM).  Corresponding charts from the UM are archived within the LaRC Airborne data 1124 

repository (https://www-air.larc.nasa.gov/missions/camp2ex/index.html) as are daily charts 1125 

provided by the Japan Meteorological Agency (JMA).  For IFS and NAVGEM, interested 1126 

investigators are directed to the ECMWF Reanalysis Version 5 (ERA5, C3S, 2017; Hersbach et 1127 

al., 2020) available at Copernicus data store 1128 

(https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset), and the Navy Archives as 1129 

the US Global Oceans Data Assimilation Experiment site (US GODAE; 1130 

https://usgodae.org).  Tropical cyclone forecasting was central to operations and was supported by 1131 

consensus products of the Automated Tropical Cyclone Forecast system (Sampson and Schrader, 1132 

2000).  For mesoscale modeling, CAMP2Ex made use of parallel PISTON forecasting efforts 1133 

posted at https://onrpiston.colostate.edu/forecasting.html that included basin simulations from the 1134 

Coupled Ocean Atmosphere Mesoscale Prediction System (Chen et al., 2010; Golaz et al., 1135 

2010).  For aerosol forecasting, guidance was granted by US Navy Aerosol Analysis and Precision 1136 

System (NAAPS; Lynch et al., 2016), the NASA Goddard Earth Observing System (GEOS; 1137 

https://gmao.gsfc.nasa.gov/GMAO_products/NRT_products.php), and ICAP Multi Model 1138 

Ensemble consensus (ICAP-MME; Session et al., 2015; Xian et al., 2019).  NAAPS and ICAP-1139 

MME products are archived at the aforementioned US GODAE site. 1140 
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To aid in the CAMP2Ex analysis, following the intensive operations period, a retrospective global 1141 

scale “mini-reanalysis” was generated for the entirety of the campaign using NASA GEOS. There 1142 

are two primary benefits of this mini-reanalysis relative to the model output that was produced in 1143 

NRT and used for flight planning purposes. A retrospective run allows for the use of observational 1144 

data that was previously not available such as sea surface temperature and biomass burning aerosol 1145 

emissions. Additionally, upgrades were implemented with respect to model physics and the 1146 

Goddard Chemistry Aerosol Radiation and Transport (GOCART) aerosol module. To improve 1147 

performance in tropical environments, a relaxed Arakawa Schubert convection parameterization 1148 

was replaced by the scale-aware Grell-Freitas parameterization for deep convection and the 1149 

University of Washington shallow convection scheme (Arnold et al., 2022). This change resulted 1150 

in an improvement in the relative humidity within the lower free troposphere over the CAMP2Ex 1151 

domain, however a positive bias in boundary layer humidity remains (Collow et al, 2022). With 1152 

respect to aerosol chemistry, the most notable update is the introduction of brown carbon and 1153 

secondary organic aerosol as described in Das et al. (2021). A final version of the mini-reanalysis 1154 

will include the assimilation of AOD from Himawari which is expected to improve the temporal 1155 

variability of aerosols within GEOS. These updates have been implemented incrementally within 1156 

GEOS. Model data has been sampled along the flight trajectories for all CAMP2Ex flights (Collow 1157 

et al., 2020) and is available for download at 1158 

https://portal.nccs.nasa.gov/datashare/iesa/campaigns/CAMP2EX/sampled/P3B/ under GEOS-1159 

FP, in addition to flight trajectory sampled data from the Modern Era Retrospective analysis for 1160 

Research and Applications, version 2 (MERRA-2). 1161 

To improve our understanding of mesoscale to microscale processes, a suite of Regional 1162 

Atmospheric Modeling System (RAMS; Cotton et al., 2003; Saleeby and van den Heever 2013) 1163 

simulations were performed for the team by Colorado State University at scales ranging from 1164 

basin-wide to large eddy simulations (LES) (Figure S.3.2).  All of the simulations described below 1165 

are readily available for further use and analysis by request from the authors at Colorado State 1166 

University.  The long duration (~40 days) basin-scale simulations were run at high resolution (Δx 1167 

~ 1km, Δz ~ 100-300m, 5-minute output)  over a large domain (1950 x 1800 x 25 km; ~5-25°N, 1168 

110-135°E) coincident with the CAMP2Ex and 2019 PISTON operational areas, thereby enabling 1169 

detailed analysis of convective properties over a range of thermodynamic environments (Figure 1170 

S.3.2 (a)). This suite of basin-scale consists of three simulations with varying aerosol loadings as 1171 
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well as two additional simulations in which aerosol-radiation interactions were varied, thereby 1172 

facilitating analysis of aerosol impacts at a scene-level, as well as attribution of those impacts to 1173 

direct versus indirect effects (Freeman et al. 2022).  Nineteen additional large-scale “forecast-like” 1174 

simulations were run with a similar high resolution (Δx ~ 1km, Δz ~ 100-300m, 15-minute output) 1175 

and large domain (1950 x 1800 x 25 km) to specifically examine individual P-3 flights (Figure 1176 

S.3.2 (b)).  These forecast-like simulations are set-up in a case-study mode initialized and nudged 1177 

at the boundaries by ERA-5 reanalysis.  Quick looks for these simulations are available at: 1178 

https://vandenheever.atmos.colostate.edu/vdhpage/camp2ex_share/forecast-1179 

like_quicklooks/forecast-like_quicklooks.php.  At the highest resolution, several suites of Large 1180 

Eddy Simulations (LESs; Δx ~ 100m, Δz ~ 50-300m, 5-minute output) were run covering a 1181 

mesoscale domain (150 x 150 x 17.6 km, 48 hours).  These simulations were initialized using 1182 

profiles derived from the aforementioned basin-scale simulations, and are thus representative of 1183 

conditions in the CAMP2Ex domain.  The suite of high-resolution simulations included nine runs 1184 

exploring the individual and combined effects of aerosol loading and static stability on trimodal 1185 

convection (Sokolowsky et al., 2022).  Finally, a second suite of LES (Δx ~ 100m, Δz ~ 50-200m, 1186 

5-minute output) was run over a smaller domain (100 x 100 x 15km, 48 hours), but with full 1187 

representation and tracking of aerosol processes such as nucleation scavenging, evaporative 1188 

regeneration, and wet deposition (Saleeby and van den Heever 2013) (Figure S.3.2 (c)).  These 1189 

simulations were targeted at studying the shallow cumulus and congestus modes (Leung and van 1190 

den Heever, 2022), and were initialized with a combination of CAMP2Ex dropsondes and ERA-5 1191 

reanalysis data. Simulations were run in which the aerosol concentration and type were varied (e.g. 1192 

sulfate, absorbing carbon), and included  RAMS aerosol budget capabilities, thereby facilitating 1193 

analysis of aerosol impacts on convective transport and midlevel detrainment.  1194 

S.3.3 Visualization and Informatics 1195 

CAMP2Ex is a highly interdisciplinary mission that must integrate and utilize the host of 1196 

aforementioned satellite and model products with airborne observations.  The strategy required:  1197 

1) extensive utilization of AHI geostationary datasets to direct and interpret research flights; 2) 1198 

integration of satellite and model data into a visualization framework to allow for contextual 1199 

analysis of the CAMP2Ex analysis; and 3) development of an object oriented framework to allow 1200 

for temporal consistency in data analyses. 1201 
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S.3.3.1 Geoworldview 1202 

As discussed in the main body of the article and Section S.3.1, the rapid processing of AHI data 1203 

was critical to CAMP2Ex’s ability to provide guidance to the aircraft within the study domains’ 1204 

rapidly evolving environment.  At the same time, CAMP2Ex was a pathfinder mission for the 1205 

development of next generation of geostationary aerosol and cloud products.  As analysis and 1206 

evaluation of these products is difficult, developers needed a way to perform rapid evaluation of 1207 

the environment and differences between products in a consistent manner.  To meet these 1208 

challenges, as part of a joint SSEC NASA Goddard Space Flight Center effort, the NASA 1209 

Worldview site (https://worldview.earthdata.nasa.gov/ ) was modified and ported to SSEC 1210 

(https://geoworldview.ssec.wisc.edu/ ).  This site not only hosts specific CAMP2Ex products, but 1211 

can also tap into the primary image server that supports the primary Worldview page.  1212 

Geoworldview has the same look and feel as the primary Worldview site.  Notable developments 1213 

include:  1) on both Geoworldview and Worldview, the timeline supports 10 minute and custom 1214 

time increments when geostationary products are activated; 2) on Geoworldview, additional layers 1215 

can be displayed during the CAMP2Ex mission period, including model and next generation 1216 

satellite products, model layers; and 3) data associated with air and ship assets, including 1217 

trajectories and R/V Sally Ride SEAPOL reflectivity.  The current list of available products and 1218 

their temporal availability is provided in Table S.3.3.  These layers can be found through the “+ 1219 

add layers” button at the bottom of overlays.  During the field component, CLAVRX cloud and 1220 

aerosol products were also posted here. 1221 

S.3.3.2 CAMP2Ex Data Portal 1222 

Questions persist in the scientific literature about the processes that control the genesis and 1223 

evolution of tropical convection.  This is in part due to the interplay of multi scale processes.  1224 

Dynamic and thermodynamic conditions of the large-scale environment set-up the scene where 1225 

individual convective clouds are born, live and die.  Yet, the fate of tropical convective clouds is 1226 

often determined by the interplay between the large-scale environment and storm-scale processes, 1227 

largely controlled by the microphysical properties of the storms.  In turn, these microphysical 1228 

properties are affected by the aerosol particle content of the environment.  As the CAMP2Ex field 1229 

campaign was designed to help untangle the complex multi-scale processes and interactions that 1230 

lead to convective development, investigators needed a mechanism to put observation of 1231 
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convective systems into a larger scale meteorological context.  For example, before investigators 1232 

can draw conclusions as to the dominant process affecting convection, they need to distinguish 1233 

“why” convection from “where” and “how”.  This requires the application of a visualization 1234 

capability different from what Geoworldview was optimized for. 1235 

To support the science goals of CAMP2Ex, JPL modified the existing JPL North Atlantic 1236 

Hurricane Watch website (https://nahw.jpl.nasa.gov/; Hristova-Veleva et al., 2020) to create a 1237 

similar CAMP2Ex portal (https://camp2ex.jpl.nasa.gov).  These sites integrate numerous multi 1238 

parameter satellite data sets, model forecast layers, and airborne observations.  Included in the 1239 

CAMP2Ex portal are interactive visualization and on-line analysis tools allowing quick 1240 

investigation of the storm structure and evolution.  This allows investigator’s to:  1) interrogate a 1241 

large number of atmospheric and ocean variables to help better understand the processes associated 1242 

with tropical convection; 2) evaluate models by comparison with observations, including the 1243 

comparison of forecast taus with observations; and 3) access information in consistent formats 1244 

during the mission planning, post-campaign research and analysis stages. 1245 

Included on the CAMP2Ex portal are most of the key satellite products used by meteorologists to 1246 

forecast convection and tropical cyclone activity, as well as support CAMP2Ex aerosol lifecycle 1247 

investigations.  A list of available data is provided in Table S.3.4, including satellite (AHI 1248 

scatterometer, radar, microwave, sounder), model (GFS, GEOS-5 and ICAP consensus), and 1249 

aircraft data (track, dropsonde, APR 3 radar, and microwave).  Examples of the interface are 1250 

provided in Figure S.3.3. In this case, a user started with AHI visible imagery and a microwave 1251 

precipitation product to diagnose intense shallow versus deep convection relative to the P3 and 1252 

Learjet 35 flight paths.  By utilizing ECVMWF 850 hPa winds, and surface scat sat scatterometery 1253 

winds, the user could observe that the P3 was sampling a line of intense warm convection with 1254 

occasional deep turrets formed in an area of surface convergence.  By examining multiple hours 1255 

of data and sensors, this convergence line formed by the interaction of the Southwest Monsoon 1256 

flow with large scale broad outflow boundaries from a developing Mesoscale Convective System 1257 

(MCS) that later formed into Typhoon Tapah.  By using MODIS Aerosol Optical Depth data, this 1258 

convergence line is shown to delineated highly polluted air masses from Borneo to the south, with 1259 

cleaner outflow air formed by the MCs’s cold pools to the north.  The portal also allows for the 1260 

polling of key P3 datasets including dropsondes (Figure 3.3.3(b)) and the APR3 radar profiles of 1261 
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Ku, Ka and w band reflectivity showing intense warm precipitation within the line (Figure 1262 

3.3.3(b)). 1263 

 1264 

S.3.3.3 Object-oriented analysis 1265 

While CAMP2Ex invested heavily in data acquisition, visualization and contextual analysis, 1266 

ultimately a framework was required to allow for an appropriate comparison of products.  Satellite 1267 

sensors sample at different efficacies and periods, and aircraft observations are highly localized.  1268 

Models on the other hand, have an ability to provide detailed simulations over wide areas, but 1269 

given the stochastic nature of convection lack specificity relative to an individual cloud.  In order 1270 

to bridge observations to models, the team is investigating the use of more object oriented analysis.  1271 

While models cannot generate an appropriate cloud at the given time and place sampled by aircraft, 1272 

individual cloud objects can be tracked in model environments similar to the clouds and states 1273 

sampled by the aircraft and satellites.   1274 

Collaborators from NASA Langley Research Center (LaRC) have been prototyping an automated 1275 

cloud-tracking tool that utilizes the special AHI Rapid Scan dataset acquired during CAMP2EX 1276 

(e.g., Section 5).  The high spatiotemporal resolution of AHI makes it an ideal sensor for capturing 1277 

cloud lifecycle from space.  To maximize the cloud population, the team generated cloud 1278 

segmentations using AHI 0.5-km visible reflectance for daylit areas, capturing cloud initiation and 1279 

decay at the smallest possible scales (~1-2 km).  The tracking procedure leverages a computer 1280 

vision package that includes Kalman filters for motion prediction, object overlap search, and the 1281 

Hungarian (or Kuhn-Munkres) matching algorithm for track designation.  Finally, a cataloging 1282 

procedure compiles all AHI radiances available within the tracked cloud boundaries to form 1283 

individual spectral histories (e.g., Figure 10(c)).  Recent integration with the CLAVR-x 1284 

geostationary satellite retrieval, produced by SSEC of U. Wisconsin, has enabled comparisons 1285 

with collocated physical properties such as cloud-top height and droplet size.  Although the 1286 

tracking technique currently relies on daytime hours, thousands of cloud histories can be obtained 1287 

from a single scene measuring only a few degrees in both dimensions.  The particular utility of 1288 

this technique is that we can evaluate where a cloud was in its lifecycle when it was sampled by 1289 

the research aircraft (e.g., Figure 10(d)). 1290 
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In parallel to the satellite based object analysis, Colorado State University has been developing a 1291 

counterpart analysis based on the Tracking and Object-Based Analysis of Clouds algorithm v1.2 1292 

(tobac; Heikenfeld et al. 2019) and has successfully enhanced tobac through performance 1293 

improvements, the inclusion of vertical tracking (2D to 3D) and the incorporation of periodic 1294 

boundary conditions.  Using tobac, specific modeled cloud objects within CAMP2Ex simulations 1295 

can be tracked through their attributes, including their convective updrafts (Freeman et al., 2022; 1296 

Leung and van den Heever 2022).  By tracking clouds and their attributes, such as their 1297 

characteristics in the surrounding modeled dynamical, thermodynamic, and aerosol environments, 1298 

they can be compared throughout their lifetime to satellite and field observations in an “apples to 1299 

apples” manner.  The team continues to analyze results from multiple campaign days that can be 1300 

compared against concurrent field measurements and regional meteorological factors.  1301 

Publications on these analyses are expected in the near future. 1302 
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 1466 

Figure S.3.1 The local instance of the NASA Worldview (https://geoworldview.ssec.wisc.edu) 1467 
was installed on a server at the hanger in Clark Philippines. It is now hosted at the U. of Wisconsin 1468 
Space Science and Engineering Center). Custom layers were developed to support the field 1469 
experiment including the aircraft flight tracks and PISTON ship location shown on this example 1470 
overlaid on a AHI 1km true color image. 1471 

 1472 

  1473 
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 1474 

1475 
Figure S.3.2: A wide range of RAMS forecasting and research simulations were run in support of 1476 
the CAMP2Ex field campaign. (a) Integrated total condensate (mm) from one of the basin scale 1477 
simulations approximately two weeks after initialization (01Z 27 August 2019), showing the wide 1478 
variety of convective modes captured by these experiments. Overlaid (dots) are locations of 1479 
identified updraft cores, colored by maximum 3-8 km updraft, that were identified and tracked by 1480 
the tobac algorithm. (b) Snapshot of the Science Flight 16 Forecast-Like simulation at 2019-09-1481 
29 0500 Z. Surface precipitation rate (shaded), coastlines (black lines), P-3 flight path (orange 1482 
line), and location of P-3 at 2019-09-29 0500 Z (red star). Simulations are available for each one 1483 
of the field campaign days. (c) Snapshot of the LES 23 hours after initialization, showing the 1484 
presence of shallow cumulus and congestus clouds. Total condensate isosurfaces at 0.01 g/kg 1485 
shown in gray. Colored surface shows the potential temperature at the lowest model level.   1486 



Distribution Statement A: Approved for Public Release; Distribution Unlimited     58 
 

 1487 

 1488 

Figure S.3.3 Example display screen components of the JPL data portal for the CAMP2Ex 1489 
mission for Swept 17, 2019. On this day, the P3 studied convergence line formed from 1490 
Southwest flow from Borneo bringing high concentrations of smoke, with an outflow boundary 1491 
from a mesoscale convective system to the north. (a) Main control screen, with P3 (red) and 1492 
Learjet 35 (green) flight tracks, 850 hPa ECMWF wind streamlines (yellow), Scat Sat surface 1493 
wind vectors,  semi-quantitative microwave precipitation indicator (rainbow), Terra MODIS 1494 
aerosol optical deoth (green to orange) all on AHI visible imagery. (b) Example P3 dropsonde 1495 
plot ordered from the main page as the P3 was working an area of convergence. (c) P3’s APR3 1496 
quicklook ordered form the main page of Ku,. Ka and w band radar as the P3 flew above the 1497 
convergence line. 1498 
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Table S.3.1 Satellite remote sensing systems of particular relevance to CAMP2Ex.  Sensor: Img=Imager; Vis=Visible; NIR: near IR 1499 
SW=Shortwave IR; TIR: Thermal IR; Pol=Polarimetery; MW=midwave IR; MicroIm=Microwave Imager; Pol=Polarimeter; 1500 
Scat=Scatterometer. Orbit: Geo=Geostationary; Inc=Inclined; SunSync=Sun synchronous; Term=Terminator 1501 

 Class Spacecraft Orbit Products Reference 
Digital Globe, Inc.      
WV110  Img: Vis, NIR Worldview 2&3 SunSync Vigh res img, stereo DigitalGlobe Core 

Imagery Product 
Guide 

      
EUMETSAT      
Advanced 
Scatterometer A&B 

Scat. Metop-A & B SunSync Surface wind vectors Figa-Saldaña et al., 
2002 

      
European Space 
Agency 

     

Atmospheric Laser 
Doppler Instrument 
(ALADIN) 

Doppler Wind Lidar Aeolus Term. Wind profiles and aerosol 
extinction 

Witschas et al., 2020 

Multispectral 
Instrument (MSI) 

Vis, NIR, SW Img; 
10-60 m 

Sentinel-2 A&B SunSync Imagery, cloud OD & reff Martimort et al., 2012 

Ocean and Land 
Colour Instrument 
(OLCI) 

Vis, NIR Img;0.3-1.2 
km 

Sentinel-3A&B SunSync Ocean color products Donlon et al., 2012 

Sea and Land Surface 
Temperature 
Radiometer  (SLSTR) 

Vis, SW, TIR Img; 
0.5-1 km 

Sentinel-3A&B SunSync SST Donlon et al., 2012 

      
Indian Space Agency      
SCATSAT-1 Scat PSLV C35 SunSync Surface winds Misra et al., 2019 
      
JAXA      
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Second generation 
GLobal Imager 
(SGLI) 

Img: Vis, SW, TIR & 
Pol. 

Global Change 
Observation 
Mission Climate 
(GCOM-C) 

Sun Sync Aerosol and cloud Mukai et al., 2021 
Nakajima et al., , 
2019 

Advanced Microwave 
Scanning Radiometer 
2 (AMSR-2) 

MicroIm Global Change 
Observation 
Mission Water 
(GCOM-W) 

SunSync Water vapor, Precipitation,  
SST 

Alsweiss et al., 2017 
Imaoka et al., 2010 

      
Japan 
Meteorological 
Agency (JMA) 

     

Advanced Himiwari 
Imager 

Img:Vis, NIR, SW, 
MW, TIR 

Himiwari-8 Geo Imagery, aerosol, cloud & 
water vapor products 

Da (2015) 

      
NASA      
Atmospheric Infrared 
Sounder (AIRS) 

MW-TIR Sounder Aqua SunSync Temperature & water 
vapor profiles  

Aumann et al., 2003 

Cloud-Aerosol Lidar 
with Orthogonal 
Polarization 
(CALIOP) 

Lidar, 532 &1064 nm Cloud-Aerosol 
Lidar and 
Infrared 
Pathfinder 
Satellite 
Observation 
(CALIPSO) 

SunSync Attenuated backscatter Winker et al., 2013 

Moderate Resolution 
Imaging 
Spectroradiometer 
(MODIS) 

Vis, NIR, SW, 
MW,TIR Img 

Terra& Aqua SunSync  Levy et al., 2013 
Platnick et al., 2017. 

Multi Angle 
SpectroRadiometerr 
(MISR) 

Stereo Img. Terra SunSync  Diner et al., 2005 
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NASA/JAXA      
Advanced Spaceborne 
Thermal Emission and 
Reflection Radiometer 
(ASTER) 

Vis-TIR Img, 30-90 m Terra SunSync  Yamaguchi et al., 
1998 

Dual Frequency 
Precipitation Radar 
(DPI) 

Precip Radar GPM Inc-65o Ka/Ku profiles Skofronick-Jackson 
et al., 2017 

GPM Microwave Img 
(GMI) 

MicroIm GPM Inc-65o  Skofronick-Jackson 
et al., 2017 

      
NASA NOAA      
Visible Infrared 
Imaging Radiometer 
Suite (VIIRS) 

Vis, NIR, SW, 
MW,TIR Img 

Soumi NPP. 
JPSS 

SunSync Imagery, cloud, aerosol 
properties 

Cao et al., 2013 

      
      
NASA/USGS      
Operational Land 
Imager 

Vis,, NIR, SWIR, TIR 
Img 15-100m 

LANDSAT-8 SunSync Imagery, cloud T, OD & 
reff 

Roy et al., 2014 

      
US Dept. of Defense      
Special Sensor 
Microwave 
Imager/Sounder 
(SSMIS) 

MicroImg F15- F18 SunSync Water vapor, precipitation Sun and Wang, 2008 

      
 1502 

 1503 

  1504 
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Table S.3.2 Operational model data product used in the CAMP2Ex operations and analysis.  O=Operational feed; RA=Reanalysis; 1505 
RE=Research run, AF= Analysis fields; FF Forecast fields 1506 

Model Type Products Source 
    
Meteorology    
ECMWF O Level DA &Charts https:// https://www.ecmwf.int/en/forecasts 
ERA-5 RA Level DA https://cds.climate.copernicus.eu 
JMA Surface Charts O Charts https://www-air.larc.nasa.gov/missions/camp2ex/index.html 
NAVGEM O Level DA https://usgodae.org 
UKMO-Unified 
Model 

O Charts https://www-air.larc.nasa.gov/missions/camp2ex/index.html 

    
Composition     
GEOS O, RA  https://portal.nccs.nasa.gov/datashare/iesa/campaigns/CAMP2EX/ 
ICAP-MME O AOD-A, FF https://usgodae.org 
NAAPS RA Level  Digital https://usgodae.org 

 1507 

  1508 
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Table S.3.3. CAMP2Ex Specific Geoworldview (https://geoworldview.ssec.wisc.edu) product availability 1509 

 Period Description 
AHI Imagery   
11 um Brightness Temperature  02JUL2018-09JUN2020 10 min, 4 km product 
Corrected Reflectance (true 
color) 

02JUL2018-09JUN2020 10 min, 2 km product daylight only (~22-7Z) 

Corrected Reflectance (true 
color) 

02JUL2019-31DEC2019 10 min, 1 km product daylight only (~22-7Z) 

6.2, 6.9, 7.3 um Brightness 
Temperature 

02JUL2019-31DEC2019 10 min, 4 km  high, middle, and low trop water 
vapor channels 

2.2, 3.9 Brightness 
Temperature 

  

   
AHI CLAVR-X Products   
Cloud Top Height 09MAY2019-02DEC2019 10 min, 4 km product 
Cloud Phase 09MAY2019-02DEC2019 10 min, 4 km product 
Cloud Effective Radius 08AUG2019-02DEC2019 10 min, 4 km product 
   
Assets   
NASA P3 Position 25AUG-05OCT 2019 Location of P3 on the 10 minute, with 30 minute tail 
SPEC Learjet 35 Position 25AUG-05OCT 2019 Location of the Learjet on the 10 minute, with 30 

minute tail 
R/V Sally Ride 15AUG-30SEP2018 

5SEP-25SEP, 2019 
PISTON Sally Ride Cruise position with 2 hour tail. 

SEAPOL Base Reflectivity 5SEP-25SEP, 2019 SEAPOL C Band radar reflectivity from the Sally 
Ride 
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Table S.3.4. Available datasets that can be displayed on the JPL CAMP2Ex data portal; https://camp2ex.jpl.nasa.gov/    1511 

 Data Products Data Source 
Remote sensing 
Imagery  

AHI hourly RGB,  IR (11.2 um)  & water vapor  (6.2, 6.9, 7.3 
um) 

CIMSS-SSEC 

Aerosol  Composition  MODIS and VIIRS Aerosol Optical Depth https://ladsweb.modaps.eosdis.nasa.gov
/ 

Fire MODIS and VIIRS Active Fire Hotspot https://ladsweb.modaps.eosdis.nasa.gov
/ 

Microwave rain 
signatures 

GMI, AMSR2, SSMIS microwave brightness temperatures; 
Rain Index (relative rain rates) 

https://arthurhou.pps.eosdis.nasa.gov/ 

Rain totals (1 hr) GPM-IMERG https://arthurhou.pps.eosdis.nasa.gov/ 
Sea Surface 

Temperature 
MUR-SST https://podaac.jpl.nasa.gov/ 

Soundings AIRS Temperature and Water Vapor Vertical Profiles https://disc.gsfc.nasa.gov/ 
Surface Wind (ocean)  ASCAT-A; ASCAT-B;  

ScatSat SMAP; CYGNSS 
https://podaac.jpl.nasa.gov/ 

Total Precipitable Water MHS, ATMS (NOAA, MetOp, NPP) https://disc.gsfc.nasa.gov/ 
Tropical Cyclone  Best track: TC location/max wind/min. MSLP every 6 hours https://www.ncdc.noaa.gov/ibtracs/ 

   
Meteorology Models   

ECMWF  
 

3D Temperature/RH/UVW- at standard pressure levels; 
2D 10m winds/2m temperature/2m 
dewpoint/SST/MSLP/TPW/Total Precipitation/Total 
Convective Precipitation; RH850/Wind850/Wind500 

ECMWF 

GEOS5  
 

3D Temperature/RH/UVW at standard pressure levels; 
2D 10m winds/2m temperature /surface temperature/ 
TPW/Ice & Liquid Water Path; RH850/Wind850/Wind500 

NCCS/GSFC MDISC 
 

GFS 3D Temperature/RH/UVW - at standard pressure levels; 
2D 10m winds/surface temperature/MSLP/TPW 
RH850/Wind850/Wind500 

https://nomads.ncep.noaa.gov/ 

   
Composition Models   
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GEOS-5 2D AOD – Total, coarse & fine; Surface particulate matter https://www.nccs.nasa.gov/ 
ICAP-MME 2D AOD – Total, coarse, & fine multi model consensus https://usgodae.org/ 

   
Platform Data   

Tracks  NASA P-3; SPEC Learjet 35; R/V Sally Ride https://www-
air.larc.nasa.gov/missions/camp2ex/ 

Instrument Quick Looks APR-3 reflectivity; AMPR brightness temperatures; AMPR 
ocean surface winds; Skew-Ts from the dropsondes 

https://www-
air.larc.nasa.gov/missions/camp2ex/ 
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