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Introduction & Motivation

* Cloud drop size distributions (DSDs) modulate precipitation formation, cold
pools, & the vertical profiles of droplet number concentration (N,) and

effective radius (R )

DSD evolution is influenced by (but not limited to):
1. Aerosol particle size distribution (PSD) profile

2. Collision-coalescence
3. Entrainment & dilution

* The airborne Research Scanning Polarimeter (RSP) provides retrievals of cloud-
top N, & R+ that complements in situ observations for constraining high-

resolution simulations

* The RSP was deployed during the NASA Cloud, Aerosol, and Monsoon
Processes Philippines Experiment (CAMP2Ex; Reid et al., 2023) field campaign
(2019) & provided retrievals in the cumulus congestus regime

Objectives:

1. Utilize RSP cloud-top retrievals & in situ cloud microphysics & aerosol
measurements to constrain large eddy simulations (LES) of cumulus

congestus

)=

Determine factors controlling the vertical profile of N, & R

3. Demonstrate foundational framework for using polarimetric retrievals to
constrain simulations that can translate to recently launched space-
borne polarimeters and Earth system models (ESMs)

4. Employ thermal tracking framework to obtain process-level
understanding of DSD evolution at the source of droplet production

Data & Methods

Research Scanning Polarimeter (RSP)

* Retrieval of cloud droplet size from polarized observations of the reflected
light in the rainbow region (scattering angles between 135° and 165°)

based on structure of cloud bow

* RSPyields: (1) accurate retrieval of R+ and (2) novel characterization of
«#); Both R_sand V_,—=> N, at cloud top
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Fig.1. From Alexandrov et al. (2020). RSP's view- Fig.2. From Alexandrov et al. (2012). Structure of polarized reflectance in the rainbow angular range and

lines forming the polarized rainbow for a point at the sensitivity to the effective radius (left) and effective variance (right) of the DSD.

cloud surface.

In Situ Aerosol & Cloud Measurements
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Fig.3. From Stanford et al. (2020). (a) Profiles of N, for 3 lognormal modes.
(b)-(d) Lognormal aerosol PSDs for three example altitude ranges that span
sub-cloud to upper entrainment environments.

Aerosol PSDs measured by Fast
Integrated Mobility Spectrometer
(FIMS; Wang et al., 2017) are used to
derive trimodal, lognormal PSDs w/
height-invariant aerosol number
concentration (N_) & height-varying
geometric mean particle diameter
(D,) and geometric standard
deviation (o) for simulation
initialization

Cloud probes onboard the SPEC,
Inc. Learjet used to construct DSDs
In warm regions of congestus

Large Eddy Simulations

10
Model Description & Setup (@)°T : 300_\10km ;
°Model D|str|buted Hydrodynamic Aerosol and 84 i ‘ZE“’ “ <
g o \ : ‘© —-8 km
Radiative Modeling for Atmospheres (DHARMA; = ' Ll & 400 g ~
X 6 il & . LS
Ackerman et al. 2000) = | @ 5004k L
*Ax: 100 m 2 44 | a2 JO0 X, ¢ 75
. . % : 9_) 600 4 kmy( === DHARMA T r P N f
*Az: 20-100 m (finerin BL) , ) | & 700 {skm oo i
*Domain Size: 19.2x19.2 km : 800 -2 t:_ i 27 /C
*Boundary Conditions: Doubly Periodic 0 1 ' ; ; 1388 | VAN 8 BV, i3
*Microphysics: Bulk (2M based on Morrison et -1 0 [ 11] 2 30 -20 -10 0 10 20 30
g W cms™ o
al., 2009) & Bin (CARMA; Ackerman et al., 1995) o Temperature [*C]
*For simplicity: No radiation or ice Fig.4. From Stanford et al. (2020). Profiles of (a) large-scale vertical motion (w,s) and (b)
*Large-scale conditions: Thermodynamics & thermodynamic profiles shown on a skew T — log P diagram from the NU-WRF-derived

vertical motion harvested from NU-WRF (Peters-
Lidard et al., 2015) mesoscale simulations

sounding & 2 dropsondes released by aircraft.

Sensitivity Tests

CNTL Seifert and Beheng (2001) warm-rain formulation
NO AC As in CNTL, w/ autoconversion turned off

As in CNTL, w/ aerosol PSD fixed to cloud-base value for entire profile

2X AC As in CNTL, w/ autoconversion scaled by a factor of 2

KK Khairoutdinov and Kogan (2000) warm-rain formulation
FIXED AERO NO _AC AsinCNTL, w/ autoconversion turned off AND fixed aerosol PSD to cloud-base value

BIN Size-resolved bin microphysics
BIN_ TURB As in BIN, w/ turbulent enhancement of collision-coalescence
BIN TURB_ 10X As in BIN_TURB, w/ turbulent enhancement scaled by a factor of 10
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Results
(2) N, & R+ Comparison w/ RSP & in situ

(4) Thermal-Tracking Framework
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Fig.5. From Stanford et al. (2024). Time-height series of in-cloud domain average cloud droplet number concentration (N,)
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Fig. 7. From Stanford et al. (2024). (a)-(d) Averaged “cloud pass” DSDs at various temperature levels (warmer
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Key Points

Fig. 8. From Stanford et al. (2024). As in Fig. 7 but for the BIN_TURB_10X simulation.

* Average thermal profiles show a constant profile of N, with height for the
FIXED_AERO_NO_AC simulation in units kg™ (i.e., controlling for dilution via expansion)
* Averaging over cloudy (LWC > 0.1 g kg-1) or convective cloudy (LWC >0.1g kg & w>
1 m s7) grid points results in same constant profile (Fig. 11, dashed & dotted lines)

* Both simulations appropriately show broadening of DSD with height (decreasing temperature) and capture cloud & precipitation modes * Suggests that without these 2 factors, the role of entrainment in diluting N, is offset

¢ Cumulatively integrated N, & R show N, is sensitive to narrow range of sizes & simulations capture clustering around observed values

Translation to Space

by continuous (secondary) activation (likely via toroidal circulations)

Conclusions

PACE Mission
PACE successfully launched on 8

SPEXone (Spectro-polarimeter for
Planetary Exploration) [SRON]

HARP2 (Hyper-Angular Rainbow
Polarimeter #2) [UMBC]

* RSP retrievals of cloud-top N, & R+ were used to complement in situ measurements to

Feb. 2024 w/ two polarimeters
Combined, SPEXone & HARP2
provide retrievals of aerosol
absorption & composition, cloud
droplet sizes, and ice particle
shapes & roughness

Translating RSP studies to space-
borne platforms presents a unique
set of challenges (see below)
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Fig. 12. PACE swath of HARP2-retrieved Ry (left) and Vg (right) over the SW U.S. during the NASA PACE Postlaunch Airborne

eXperiment (PACE-PEX; September 2024) designed to validate PACE retrievals against airborne instruments, including the RSP.
The red lines indicate the flight path of the NASA ER-2 aircraft housing the RSP. Figure courtesy of Chamara Rajapakshe (NASA

GSFC). Data courtesy of the PACE and PACE-PAX teams.
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Fig. 13. Comparison of HARP2 vs. RSP R+
during the flight shown in Fig. 12.). Data

courtesy of the PACE and PACE-PAX teams.

UV-NIR range (bandwidth) 410, 470, 550, 670, 865, 960, 1590, 440, 550,670, & 870 nm

1880, & 2260 nm
Ground Footprint ~ 120 m (depends on aircraft speed) 3 km

Swath Width +60° +47°

(1556 km at nadir)

Number of Viewing Angles 152 at 0.8 increments 10 for 440, 550, and 870 nm & 60 for
670 nm (spaced over 114°)

Global Coverage N/A 2 days

Adapted from Werdell et al. (2019), showing instrument specifications of polarimeters on PACE and compared to those of the airborne RSP.

Uniqueness & Challenges

* Polarimeters provide improved R retrievals over bi-spectral methods (Fu et al., 2022) and

novel information on DSD width via V retrievals

e Space-borne polarimeters have much larger footprint than RSP
 Need to develop simulators (a la COSP, EMC?) for subcolumn variability representation and

appropriate cloud-top retrieval emulation in ESM evaluations
* Validation of N, assumptions for various cloud regimes

Continuous from 385 to 770
nmin 2-4 nm steps

2.5km
+4° (100 km at nadir)
5(-57°,-20°,0°,20°,57°)

~ 30 days
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constrain LES of a cumulus congestus case during the NASA CAMP-2Ex field campaign

* Both bulk and bin microphysics schemes appropriately reproduce RSP trend of decreasing
N, & increasing R with increasing CTH, but both schemes produce a low biasin N,
(compared to RSP) while the bin scheme reproduces R magnitudes well

* Thermal-based analysis shows that in the absence of autoconversion (collision-
coalescence) & a height-varying N profile, the role of entrainment in diluting N, is offset by
continuous (secondary) activation in thermals

* New space-borne polarimeters on the PACE mission will provide global coverage of
polarimetric retrievals to constrain cloud microphysical properties in ESMs, but present
unique challenges associated with much larger footprints & need for simulator development
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