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• Jul 13, 2017: KDP-B
• May 1-4, 2018:  OCI PDR
• Jun 26, 2018: SPEXone PDR
• Aug 8, 2018:  HARP2 PDR
• Sep 17-20, 2018: spacecraft PDR
• Feb 7, 2019: SPEXone CDR
• Mar 19-20, 2019: ground system (GS) PDR
• Apr 25, 2019: HARP2 CDR
• Jun 11-14, 2019: mission PDR
• Aug 15, 2019: KDP-C

mission update

• Aug 2019: Sys Vicarious Calibration award
• Sep 2019: PACE in draft appropriations bills 
• Dec 2019: OCI CDR 
• Nov-Dec 2019: Science Team award (TBR)
• Feb 2020: mission/spacecraft/GS CDR
...
• Fall/Winter 2020: polarimeter delivery
• Aug 2021: Phase D – integration & testing
• Dec 2022: launch
• Mar 2023: science operations



science update – news
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2017 Decadal Survey - PACE appears in the “Program of Record” (POR)

• POR refers to OCI only
• polarimeters are not part of the POR – they are not required instruments

2 system vicarious calibration awards made through ROSES

• Marine Optical Buoy (MOBY) – Ken Voss, University of Miami; mooring
• HyperNAV – Andrew Barnard, Seabird Scientific; float

Science Team to be formed for 3 years; roughly CY 2020-2022 (launch in late 2022)

• Hyperspectral and/or SWIR aspects of OCI
• Multi-angle polarimetry (alone or with OCI)
• Applications (societal benefits) from the above



science update – definitions
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Threshold:  required for mission success; owned by HQ

• OCI is threshold
• atmosphere performance of 940, 1250, 1378, 1615, 2130, 2260 nm

Baseline:  mission design target; still successful if not achieved; owned by Project

• Project schedule & budget tuned to baseline
• the polarimeters are baseline
• ocean performance of 1250, 1615, and 2260 + 1038 nm
• processing of polarimetry to Level-1C

Goal:  anything above and beyond baseline

• OCI measurements from 320-350 nm
• production of Level-2/3 polarimetric, applications, land products



science update– required & desired products
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plus, production of …
marine inherent optical properties
chlorophyll + pigment concentrations
fluorescence line height
water path of liquid/ice clouds
shortwave radiation effect

… from OCI alone

Project plan is to produce far more 
(baseline/goal) science data 
products, including from polarimetry 
and combined OCI/polarimetry



PACE mission
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Key characteristics of the PACE observatory include:
• The Ocean Color Instrument (OCI), built at GSFC
• The Hyper Angular Rainbow Polarimeter (HARP-2), contributed by the Earth and Space 

Institute at the University of Maryland Baltimore County
• The Spectro-polarimeter for Planetary Exploration (SPEXone), contributed by a 

Netherlands-based consortium consisting of the Netherlands Institute for Space 
Research (SRON) and Airbus Defence and Space Netherlands

• 676.5 km altitude and 13:00 local Equatorial crossing time
• Sun synchronous, polar, ascending orbit with 98º inclination
• Fall 2022 launch, three-year design life, 10-years of fuel



Ocean Color Instrument
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• 340 – 890 nm at 5 nm resolution or better
• Plus, 940, 1038, 1250, 1378, 1615, 2130, and 2250 nm
• 1 – 2 day global coverage
• Ground pixel size of 1 km2 at nadir
• ± 20o fore/aft tilt to avoid Sun glint
• Twice monthly lunar calibration
• Daily on-board solar calibration
• Performance that meets or exceeds heritage
• Built at NASA Goddard Space Flight Center



Ocean Color Instrument
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Polarimetry on PACE: Two cubesat-sized contributed instruments
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Spectro-Polarimeter for Planetary Exploration (SPEXone)
Optimized for aerosol measurements

Contribution from the Netherlands (SRON, NSO, Airbus; TNO optics)
POC: Otto Hasekamp

Hyper Angular Rainbow Polarimeter (HARP-2)
Optimized for cloud measurements

Contribution from University of Maryland Baltimore County
POC: Vanderlei Martins

Hyperspectral (UV) + narrow swath + high 
accuracy

Hyperangular + wide swath

SPEXone HARP-2
Spectral range (resolution) 385-770 nm (continuous @ 5 nm) 440, 550, 670 nm (10) + 870 nm (40 nm)

Polarized bands 385-770 nm (continuous @ 15-45 nm) All
Polarimetric accuracy (DoLP) 0.002 < 0.01

# viewing angles 5 (-57o, -20o, 0o, 20o, 57o) 10 for 440, 550, 870 nm + 60 for 670 nm (114o)
Swath width 9o (106 km at nadir); 30+ day global cov. 94o (1556 km at nadir); 2 day global coverage

Ground sample distance 2.5 km2 3.0 km2

Heritage AirSPEX, SPEX/ASPIM AirHARP, cubesat HARP for ISS
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Key characteristics of PACE
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OCI HARP-2 SPEXone
UV-NIR range 
[bandwidth]

Continuous from 345-890* nm in 5 
nm steps [5]

440, 550, 670 [10] nm and 
870 [40] nm

Continuous from 385-770 nm in 
2-4 nm steps

SWIR range 
[bandwidth]

940 [45], 1038 [75], 1250 [30], 
1378 [15], 1615 [75], 2130 [50], 
and 2260 [75] nm

None None

Polarized bands None All Continuous from 385-770 nm in 
15 to 45 nm steps

Number of viewing 
angles [degrees]

Fore-aft instrument tilt of ±20o to 
avoid Sun glint

10 for 440, 550, 870 nm; 60 
for 670 nm [spaced over 
114o]

5 [-57o, -20o, 0o, 20o, 57o]

Swath width ±56.5o [2663 km at 20o tilt] ±47o [1556 km at nadir] ±4o [100 km at nadir]

Global coverage 1-2+ days 2 days ~1 month

Ground pixel 1 km at nadir 3 km 2.5 km
Heritage N/A AirHARP, cubesat AirSPEX
Institution GSFC UMBC SRON
* The mission carries a goal of extending the shortest wavelength to 320 nm.
+ 2-day coverage when limited to solar and sensor viewing angles of 75o and 60o, respectively



PACE pixel-level polarimetric aerosol products
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• Aerosol microphysical retrievals
• Over ocean, land, clouds (and snow?)

• Aerosol layer height
• Blue/UV polarized observations (both) and O2 absorption bands from SPEXone

• Surface characterization (BPDF)
• Separation of brown and black carbon into different products, differentiation 

between BrC and CDOM
• Aerosol above clouds, polarization and UV - SWIR



SPEXone and HARP2 observations
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The hyperspectral observations of SPEXone and the hyperangular/higher 
angular sampling of HARP2 are complementary in identifying aerosol 
refractive index and size
Talks today before and after this one on detailed aerosol retrieval 
algorithms and Wednesday specifically on SPEX and HARP aerosol 
retrievals.

P12/P11



PACE pixel-level polarimetric aerosol products
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• Separation of brown and black carbon 
into different products, differentiations 
of BrC/CDOM

Wednesday 12:00 – 12:15; Spaceborne polarimetry …in the UV-A spectrum; Jacek Chowdhary, NASA GISS, USA

Ø atmospheric
correction 

SWIR

UV

products

VIS

NIR

Ø plankton

Ø CDOM absorption
Ø Aerosol absorption

data Launch: 2022

OCI

B.J. Sumlin et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 206 (2018) 392–398 395 

Fig. 3. A: Values of n show no significant dependence on λ, are constrained be- 
tween 1.5 and 1.7, and are independent of the fuel source depth, moisture con- 
tent, and geographic origin. B: κ decreases monotonically with λ between 375 and 
532 nm, above which it levels off at κ ≈ 0.002. 

Fig. 4. κ values and the Kramers–Kronig dispersion relation per Eq. (2 ). The rela- 
tionship is valid for λ up to 532 nm, beyond which κ appears constant. 
and averages across the literature referenced by Liu et al., we find 
that κ( λ) follows the Kramers–Kronig dispersion relation (KK) for a 
damped harmonic oscillator [39] . Fig. 4 shows data from this work 
and the mean of values taken from literature, overlaid with the an- 
alytical form of KK given by: 
κ = a γ ν

( ν0 −ν) 2 + ( γ ν) 2 (2) 
where a is a constant, γ is a line width parameter, ν is the 
frequency of incident light, and ν0 is the resonance frequency 
of the oscillator. Fig. 4 uses a = 10 29 s −2 and ν0 = c/ λ0 , where 

Fig. 5. Ångström exponents as a function of wavelength λ. A: κ Ångström exponent 
( κAE); B: absorption Ångström exponent (AAE). 
λ0 = 300 nm. The line width parameter γ was set to 2 × 10 13 s −1 . 
This function is appropriate near resonance for the BrC absorption 
spectrum at 375 ≤λ≤ 532 nm; far from resonance, i.e. λ= 1047 nm, 
average κ from literature and this work is 0.002 ± 0.005. 
3.2. Ångström exponents 

Ångström exponents (AE) can be used to describe the wave- 
length functionality of any optical parameter that follows a well- 
behaved power law [39] . For wavelength-independent parameters, 
the AE will be between zero and unity, and larger values indicate 
increasing sensitivity to changes in wavelength [40] . Fig. 5 demon- 
strates the wavelength dependence of BrC absorption by plotting 
the κ Ångström exponent ( κAE) and absorption Ångström expo- 
nent (AAE) in three intervals of λ (375–405 nm, 405–532 nm, and 
532–1047 nm) using the two-wavelength formula: 

AE ( λ1 , λ2 ) = − ln [ P ( λ1 ) 
P ( λ2 ) ] 

ln [ λ1 
λ2 ] (3) 

where P( λ) is the wavelength-dependent parameter in question, ei- 
ther κ for κAE or βabs for AAE. 

Previous studies have placed BrC κAE between 4 and 11 [39] . 
In this study, we find that BrC from peat smoldering is extremely 
sensitive to wavelength in the near-UV, with a 375–405 nm κAE 
values ranging between 7 and 9, while the AAE values range be- 
tween 8 and 11. Both κAE and AAE decrease with increasing λ. 
3.3. Single scattering albedo 

Given strong κ and weak n functionality with λ, SSA( λ) should 
follow an increasing trend with λ. Indeed, we observe such a trend 
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PACE pixel-level polarimetric aerosol products
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• Aerosol above clouds, polarization and UV – SWIR
• Cloud bow at pixel level  (HARP2)
• UV radiance (OCI) and multi-angle polarization (SPEXone)
• O2 A- B- band for vertical profile (OCI & SPEXone)
• SWIR bands for additional droplet size constraints 

Earlier; 5 Retrieval of aerosol properties above clouds from satellites: an overview Fabien Waquet, Lille Univ, France



Spectropolarimeter for Planetary Exploration (SPEXone)
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Provided by: SRON (Management, Science, Calibration), Airbus (Engineering), TNO 
(optics), using earlier optical designs.  100% contribution from Netherlands

Heritage: SPEX airborne flew in Oct/Nov 2017 ACEPOL campaign in Palmdale, CA 
on ER-2 (alongside AirHARP, RSP, AirMSPI, CPL and HSRL2). L2 algorithms delivered 
to NASA and in test at GSFC.

Fine mode AOT

SPEXone, 5 view angles, hyperspectral 
measurements from UV to NIR for detailed 
aerosol retrievals.

19/02/2019 EOVeYLeU EQKaQced ReadeU _ AeURVRO PeaVXUePeQWV b\ SPEXRQe RQ WKe NASA PACE PLVVLRQ: e[SecWed UeWULeYaO caSabLOLWLeV

KWWSV://UeadeU.eOVeYLeU.cRP/UeadeU/Vd/SLL/S0022407318308653?WRNeQ=307697ACEE4EAA1FC26B86DB64F6E2419923C60AB618478DC1B9AFA2A1512D8« 11/15

19/02/2019 EOVeYLeU EQKaQced ReadeU _ AeURVRO PeaVXUePeQWV b\ SPEXRQe RQ WKe NASA PACE PLVVLRQ: e[SecWed UeWULeYaO caSabLOLWLeV

KWWSV://UeadeU.eOVeYLeU.cRP/UeadeU/Vd/SLL/S0022407318308653?WRNeQ=307697ACEE4EAA1FC26B86DB64F6E2419923C60AB618478DC1B9AFA2A1512D8« 11/15

Wednesday: 10:40– 10:55 Aerosol retrievals from the ACEPOL campaign Guangliang Fu, SRON, The Netherlands



Hyper Angular Rainbow Polarimeter (HARP2)
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Provided by: PI Vanderlei Martins with a team at UMBC. Originally developed 
as a cubesat instrument. HARP2 for PACE has some improvements over the 
cubesat version for polarimetric calibration.
Heritage: AirHARP flew in Oct/Nov 2017 ACEPOL campaign in Palmdale, CA on 
ER-2 (alongside SPEXairborne, RSP, AirMSPI, CPL and HSRL2). 

4 spectral bands, includes 
hyperangular capability in 
one spectral band for 
cloud bow size distribution 
retrievals 

RGB

Wednesday: 10:25– 10:40 Retrieval of aerosol properties from (AirHARP), Anin Puthukkudy, UMBC, USA



PACE pixel-level polarimetric cloud products

18

• Droplet size distributions at cloud tops
• Accurate in ‘challenging’ conditions: broken, mixed phase, low optical depth, snow, ….

• Robust cloud-top phase detection
• Detection of cloud is ‘unambiguous’ indication of liquid at tops 

• Ice shape and scattering properties collocated with OCI retrievals
• Constraining ice asymmetry parameter for OCI ice cloud retrievals

• SPEXone polarimetry O2 A band + UV adds potential for cloud top height, 
cloud fraction, physical thickness and CDNC



Droplet size distribution retrievals
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Primary rainbow 
width and 
supernumerary bows 
structure depends on 
drop size distribution

Polarized reflectances can 
be approximated by Mie 
calculations and simple 
formula accounting for 
other effects A, B, C are fit parameters accounting for optical thickness, multiple 

scattering, 3D effects, calibration, Rayleigh, ice, aerosols

Varying effective 
radius

Varying effective 
variance

Alexandrov et al., RSE 2012



Droplet size distribution retrievals
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Expected uncertainties
• Effective radius:

• 1-D and 3-D simulated measurements: <5%
• RSP retrievals versus in situ: <10%

• Variance (for mono-modal situations):
• 1-D and 3-D simulated measurements: 6-27%
• RSP retrievals versus in situ: mostly <50%

• References:
• Alexandrov et al., RSE, 2012, 2018
• Miller et al., AMT, 2018
• Shang et al., AMT 2015 

Alexandrov et al. 2018



Droplet size distribution retrievals
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Sufficient angular resolution 
is important to infer droplet 

size distributions 

Varying effective 
radius

HARP-2’s resolution of ~2o allows distinction of 
drop sizes up to effective radius of ~25 micron

SPEXone resolution of 10o + is not sufficient

HARP2 @ 670 

Miller et al., AMT, 2018



Droplet size distribution retrievals
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Using SPEXone
• Varying refractive index and 

size parameter with wavelength 
also results in spectral variation 
of rainbow structure

Spectral sampling 
by SPEXone

Angular sampling 
by HARP-2



Droplet size distribution retrievals
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Using SPEXone
• Varying refractive index and 

size parameter with wavelength 
also results in spectral variation 
of rainbow structure

• Preliminary results on 
simulated SPEX measurements 
using adapted aerosol retrievals 
code from Hasekamp et al. are 
promising 



Rainbow Fourier Transform DSD retrievals
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Time [h, UTC]

RSP flight direction

Mono-modal DSD at 2.5 km height bi-modal DSD at 5.2 km height tri-modal DSD at 5.7 km height

Cl
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]• Deconvolution of rainbow 
structures to infer non-
parametric size distribution 
(Alexandrov et al., JQSRT 2012)

• HARP’s 2o resolution sufficient
• RSP example of convective 

tower obs. shown



Rainbow Fourier Transform DSD retrievals
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RSP flight direction

• Comparison of RFT retrievals to drizzle retrievals from APR3
• Initial results show the RFT technique has skill at detecting precipitation

Thursday: Poster Session 2;  An investigation of a cloud droplet size distributions , Ken Sinclair, Columbia/GISS



Detection of liquid at cloud top

• References: (Goloub et al. 2000; Riedi et al. 2010; 
van Diedenhoven et al., JAS 2012

• HARP resolution will allow pixel level phase 
detection

Likely thin cirrus 
over liquid

SEAC4RS RSP 
measurement 
showing good 
agreement with 
CPL lidar 

Liquid-topped clouds have strong polarized rainbow 
feature, while ice-topped cloud are featureless

van Diedenhoven et 
al., JAS 2012

Ice

Liquid



Ice crystal shape and asymmetry parameter

Likely thin cirrus 
over liquid

• Polarized reflectance depends on 
ice shape, not size!

• Ice scattering properties depend on 
(in order of importance):

1. Aspect ratio of crystal 
components

2. Level of distortion/roughness
3. General shape (a.k.a. habit)

• Practical algorithm: 
• Use simple hexagonal plates & 

columns 
• Vary aspect ratios and 

distortion to match measured 
and simulated polarized 
reflectances at 125-150o

In situ images of 
complex ice crystals

electron microscope images of 
roughness on ice crystals (Magee et al.)

van Diedenhoven et. 
al., AMT 2012

Thursday 10:05 – 10:20 Global statistics of cloud top ice microphysical and optical properties, Bastiaan van 
Diedenhoven, Columbia Univ. and NASA/GISS, USA 



Multi-angle polarimetry in the O2 A-band

• Polarimetric measurements can be sampled at same spectral resolution as total 
reflectances (van Harten et al., AO, 2014)

• O2 A band depth
• total reflectance depends on height + thickness + optical thickness (Sanghavi et al., AMT 2015)
• polarized reflectance depends on height only!

• Cloud droplet number concentrations without adiabatic assumptions

van Harten et 
al., AO, 2014

4.2. NAAMES-1 and NAAMES-2 comparisons

We compare the mean values of RSP retrievals with those of the CDP
collected primarily within cloud modules throughout 12 science flights
from the NAAMES-1 and NAAMES-2 campaigns. These cloud modules
are geographic areas of special focus during science flights, the aircraft
often makes multiple passes over the same ground path and samples the
atmosphere at several altitudes within the module. The modules are
typically no larger than 200 km by 200 km, and an example of one can
be seen in Fig. 7 highlighted by the RSP and CDP sampling. These re-
sults show the robustness of RSP's ability to sense Nd for a range of
atmospheric conditions, cloud types and SZAs. In additional to the
measurement screening described in the introduction of Section 4, we
spatially select measurements made by both instruments near cloud
modules. Additionally, high Nd are routinely observed near St. John's
International Airport that are often outlying values when compared
with values observed over the ocean, and we therefore remove all of
these continental measurements for both instruments. Supplementary
Table S2 outlines the time selection used for each instrument on each
day. The selected times are also dependent on flight time, flight pattern,
solar geometry and the presence of clouds. The average number of Nd

retrievals used in this comparison per day is 2554 for the RSP and 1563
for the CDP.

We define a metric, Δm, to quantitatively compare daily colocated
means from each of the two instruments, Nd,RSP and Nd,CDP, on multiple
days:

⎜ ⎟= ∙⎛⎝ −+ ⎞⎠∆ 2 N N
N Nm

d,RSP d,CDP

d,RSP d,CDP (23)

Given biases due to uncertainties and colocation in the RSP and in
situ data we consider comparisons where Δm < |0.2| as having strong
agreement, Δm < |0.4| as having good agreement and finally with
Δm < |0.6| as showing acceptable agreement. A negative value implies
that the mean CDP Nd is higher than the RSP. We further employ an-
other metric, Δd, (cf. Alexandrov et al., 2012b, 2018) as a quantitative
comparison of the shape of the normalized Nd histograms for each

instrument:

∑= −= b b∆ 1
2

| |
i

N

RSP i CDP id
0

, ,
d max,

(24)

bRSP, i represents the number of normalized RSP Nd retrievals in a
number concentration bin with index i, which ranges from 0 to Nd,max.
Here we use a bin width of 10 droplets cm−3. The value Δd ranges from
zero (for matching normalized Nd distributions) and one (for entirely
distinct distributions). Here we define Δd < 0.2 as having strong
agreement, Δd < 0.4 as having good agreement and finally with
Δd < 0.6 as showing acceptable agreement.

This study includes Nd measurements representing 82% of the total
Reff and Veff measurements. Successful size distribution retrievals are
possible when the RSP measures a scattering angle range including the
cloud-bow, which is dependent on solar zenith angle and the aircraft's
orientation. Of all measurements with a successful size distribution
retrieval, 2% are excluded because the retrieved Nd was below 2 dro-
plets cm−3, 0.2% are not included due to τ values being over 200, 2%
are not included due to extinction cross-section value being below
100 μm2, and 15% are not included because of low cloud base.
Supplementary Table S4 shows the number of Nd retrievals made on
each day along with the number of points that were removed because of
a parameter exceeding the thresholds. Note that a portion of the re-
trievals did not satisfy multiple requirements resulting in the removed
and retrieved points exceeding 100% of the total Reff measurements.
6.6% of the values removed because of a low cloud base height origi-
nate from 5/26/2016, which was largely characterized by multilayered
cloud systems as identified by the MODIS Cloud Multi-Layer Flag.

Overall, the geometric means of the RSP and CDP from all science
flights have strong agreement with an R value of 0.96. A linear least
squares fit has a slope of 0.92 and an intercept of 0.3 droplets cm−3.
Fig. 7 shows the comparison of daily colocated geometric mean Nd

values from both instruments for 12 science flights throughout the
NAAMES-1 and NAAMES-2 campaigns. Despite the temporal and spa-
tial differences in the comparison, the RSP and CDP's geometric means
compare well. From Fig. 7 it can be seen that Nd observed during the
NAAMES-1 campaign are generally lower than the Nd observed during
NAAMES-2. The mean Nd for NAAMES-1 is 20 droplets cm−3 while
NAAMES-2 is 44 cm−3. The mean Nd value from both campaigns is
34 droplets cm−3. Supplementary Table S1 shows daily colocated,
campaign and entire study averages of cloud properties that include Nd,
Reff, Veff, τ, CTH and H. From the individual components that the RSP
Nd is comprised, it can be seen that there is no single cloud property
dominating the variability in the retrieval. Reff relates inversely to Nd

for the NAAMES-1 and NAAMES-2 campaign, which have mean values
of 15 μm and 10 μm respectively. A slight decrease in the average cloud
physical thickness is observed, varying from 1.6 km in NAAMES-1 to
1.4 km in NAAMES-2. Interestingly, despite the observed micro and
macrophysical changes over the campaigns, both campaigns share
certain cloud properties including the same average Veff of 0.07, τ of 14
and have similar average CTH's of 2.0 km and 2.1 km for NAAMES-1
and 2 respectively.

Table 1 shows the values of the daily colocated means for each in-
strument along with the Δm and Δd metrics used to evaluate the com-
parisons. Table 1 also shows the daily standard deviation (σ) of each
instrument. Overall, the Δm metrics indicate the means generally have a
strong comparison throughout both campaigns. The average of the
absolute Δm metrics is 0.20, indicating a 20% average difference be-
tween instruments. The Δd values indicate that the shape of the histo-
grams have good agreement. The RSP's average geometric standard
deviation is 2.12 while the CDP's is 2.07. The RSP Nd histograms often
resemble a log-normal distribution. Supplementary Figs. 17 through 28
show the histogram comparison from each science flight.

Fig. 7. Daily colocated geometric mean droplet concentrations from the RSP
and CDP for NAAMES 1 (+) and 2 (◊) campaigns, geometric standard devia-
tions shown as bars and linear least squares fit shown in blue. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

K. Sinclair, et al. 5HPRWH�6HQVLQJ�RI�(QYLURQPHQW���������������²���

���

Sinclair et al., 
RSE, 2019



PACE mission
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Key characteristics of the PACE observatory :
• The Ocean Color Instrument (OCI), single view hyperspectra,l extending deep into the UV with 

SWIR bands similar to MODIS/VIIRS
• The Hyper Angular Rainbow Polarimeter (HARP-2), up to 60 views at 670 nm to observe cloud 

bows (and neutral points) at the pixel level
• The Spectro-polarimeter for Planetary Exploration (SPEXone), multi-angle polarimetry extending 

into the UV
• All instrument data provided on a common grid (L1C)
• 676.5 km altitude and 13:00 local Equatorial crossing time
• Sun synchronous, polar, ascending orbit with 98º inclination
• Fall 2022 launch, three-year design li

Lots of new and exciting opportunities to remotely 
sense the properties of aerosols and clouds

• fe, 10-years of fuel


