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A

rctic sea ice decline is one of the most profound
manifestations of contemporary climate change,
and the loss has been accelerating in recent years
as seen by regular extreme September minima and
lengthening of the melt season by 5 days decade−1
(Stroeve et al. 2012, 2014). This overall decline,
combined with a shift toward entirely seasonal ice
(Perovich and Polashenski 2012), implies the action
of numerous feedbacks involving thinner and darker
ice, changing cloud cover, and increasing energy input
to the upper water column. Radiation feedbacks are a
necessary mechanism to drive this decline (Perovich
et al. 2008), although anomalous winds and preconditioning also play a major role in both trends and
variability (Zhang et al. 2008). At the same time, it is
expected that this large-scale decrease in Arctic sea
ice will drive circulation anomalies throughout the
troposphere (Cassano et al. 2014). There is a need to
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diagnose these changes empirically, and to validate
climate model simulations, on a pan-Arctic basis.
Ultimately, this need is most satisfactorily addressed
with well-characterized satellite remote sensing data.
Several sensors from the National Aeronautics and
Space Administration (NASA)’s Terra and Aqua
spacecraft and A-Train constellation (https://atrain
.gsfc.nasa.gov/) have provided observations of key
components of the Arctic climate system for more than
a decade, including atmospheric structure, cloud optical properties, and sea ice concentration (sea ice being
available in the passive microwave satellite record
going back to 1979). Concurrently, the Cloud and the
Earth’s Radiant Energy System (CERES) sensors, and
their predecessors from the Earth Radiation Budget
Experiment (ERBE), retrieve the net shortwave and
longwave fluxes that reveal the combined action of the
radiative and dynamical feedbacks involving Arctic
sea ice. Hartmann and Ceppi (2014) use CERES data to
show that every 106 km2 decrease in September Arctic
sea ice in recent years corresponds to an annualmean increase in absorbed shortwave radiation of
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2.5 W m−2 between 75° and
90°N. Further progress in
our understanding of the
whole Arctic climate system
requires understanding
how the individual comp onent s of t he A rc t ic
ocean–atmosphere system
manifest in the CERESmeasured fluxes and how
well they are retrieved by
other satellite sensors.
In addition, high-quality
spectral and broadband radiometric data from above
sea ice, and below, within,
and above Arctic stratiform
clouds, can provide a valuable resource for testing
Fig. 1. The NASA C-130 research aircraft as configured for ARISE, showing
the overall effectiveness of
the location of each instrument described in Table 1.
parameterizations for cloud
and sea ice evolution in climate models. For example, if however, to date most Arctic aircraft studies related
a regional model is initialized with the meteorological to climate model parameterizations have concentrated
conditions pertaining to a given flight mission, then on cloud microphysics (e.g., Fridlind et al. 2007, 2012).
the simulated energy fluxes at the surface and below, Here we describe a unique aircraft campaign focused
within, and above cloud can be compared with the on cloud properties and radiative effects that can
data to note where agreement or discrepancies occur. If benefit both the remote sensing and climate modeling
general model–data agreement appears in the micro- approaches to the study of Arctic change.
physics, for example, then discrepancies in measured
irradiance may be related to the radiative transfer EXPERIMENT DESIGN AND EXECUTION.
parameterization (e.g., three-dimensional effects vs a One remarkable aspect of the Arctic Radiationplane-parallel model). Comparison of Arctic surface IceBridge Sea and Ice Experiment (ARISE) is the short
radiation measurements with climate model simula- timeline from experiment conception to successful
tions has proven valuable (Tjernström et al. 2008); execution in September 2014. NASA funding became
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Table 1. Parameters measured from the C-130 (NASA 439) during ARISE. NRL = Naval Research
Laboratory. NSERC = Natural Sciences and Engineering Research Council of Canada. GSFC = Goddard
Space Flight Center. LaRC = Langley Research Center.
Parameters

Instrument

Manufacturer (mentor)

Range (accuracy)

Broadband SW radiative flux,
upwelling and downwelling

Pyranometer

Kipp & Zonen, modified CM22
(NRL BBR suite)

0.2–3.6 µm (3%)

Broadband LW radiative flux,
upwelling and downwelling

Pyrgeometer

Kipp & Zonen, modified CG4
(NRL BBR)

4.5–42 µm (3%)

Global, direct, and diffuse SW
radiative flux, downwelling

Sunshine
pyranometer

Delta-T Devices SPN-1
(NRL BBR)

0.4–2.7 µm (5%)

4STAR

(NASA Ames Research
Center)

380–1700 nm, 6–12-nm
resolution (3%)

SSFR

(University of Colorado
Boulder)

350–2150 nm, 6–12-nm
resolution (3%–5%)

Pyrometer

Heitronics KT-19.85 series II
(NSERC and NRL)

9.6–11.5 µm (0.5°C)

LVIS

(NASA GSFC)

1064 nm (10-cm vertical and
1-m horizontal precision)

WCM-2000

SEA, Inc. (NASA LaRC)

Water contents 0–10 g m−3

CDP

DMT, Inc (NASA LaRC)

Sizes 2–50 µm

Liquid water path (LWP),
precipitable water vapor

GVR (183 ghz)

ProSensing, Inc.

LWP 0–300 g m−2 (20 g m−2)

Location, attitude, meteorological
variables [precipitation P,
temperature T, relative humidity
(RH), winds u and υ]

Digital air data
probes

Aventech ARIM200,
Rosemount package,
EdgeTech Vigilant (NSERC)

Static P (0.25 hPa), dynamic
P (0.5 hPa), static T (0.2°C),
RH (5%), u, υ (1 m s−1)

Video and imagery, forward
and nadir looking

Digital cameras

(NSERC and NASA GSFC)

1080 pixels

Spectral SW radiance,
downwelling
Spectral SW irradiance,
upwelling and downwelling
Cloud and surface temperature,
up- and downlooking
Surface topography, vertical
extent and structure
IWC, LWC
Cloud droplet size distribution

available in March of 2014 to supplement Operation
IceBridge (OIB) with sea ice observations during the
September transition in the Beaufort–Chukchi Seas,
and a C-130 aircraft (N439NA) was also available
that was capable of carrying advanced instrumentation for cloud and atmospheric energy budget
observations during a time frame that is relatively
undersampled in the high Arctic compared with
spring and midsummer. OIB is an ongoing airborne
science campaign to characterize sea ice, glaciers,
and ice sheets in unprecedented detail while bridging the gap in polar observations between NASA’s
Ice, Cloud, and Land Elevation Satellite (ICESat)
missions. The sea ice, radiation, cloud microprobe,
and meteorological instruments are listed in Table 1,
and their aircraft installation is depicted in Fig. 1.
Because of the unusually short planning timeline,
much of the instrument selection was based on proven
track records and uncomplicated installation in the
C-130. Nevertheless, the instrument suite was comprehensive and advanced, yielding a timely dataset,
preliminary results of which are presented here.
AMERICAN METEOROLOGICAL SOCIETY

While NASA satellites are making routine observations, an accurate interpretation of the data
required to track Arctic climate change can be
difficult. Uncertainties in atmospheric temperature
and humidity, heterogeneity in surface conditions
(including sea ice properties), and difficulties detecting
and characterizing clouds over sea ice all contribute to
the uncertainty associated with the CERES-derived irradiances, which is currently larger over sea ice than any
other scene type (Su et al. 2015b). Thus, the evaluation
of CERES top-of-atmosphere (TOA) and surface (SFC)
radiative fluxes over the Arctic with data from the C-130
payload is a unique and important ARISE scientific objective. A number of ARISE flight plans were designed
specifically to accomplish this objective over a wide
range of conditions. Other flight plans were designed
to characterize the composition of low-level clouds and
their radiative effects over various sea ice conditions
and to support OIB with sea and land ice characterizations. Recent work has shown that heterogeneity and
small-scale interactions are important to consider,
particularly in leads and over open water adjacent to
JULY 2017
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sea ice (Vihma et al. 2014). The high time resolution of
both the radiometric suite and surface remote sensors
provides direct observation of heterogeneity.
ARISE was based at Eielson Air Force Base (AFB)
near Fairbanks, Alaska. Weather prediction and regional modeling resources were used on-site for flight
planning. Aircraft mission planning fell into three major categories: 1) CERES collocation and validation, 2)
sea ice observation, and 3) cloud sampling. The missions
that were accomplished are detailed in Table 2, and the
associated flight tracks are illustrated in Fig. 2. Figure 3,
obtained from the nadir and forward-looking cameras,
shows examples of the wide variety of sea ice conditions

sampled during ARISE, including thick multiyear ice, a
wide range of broken and scattered ice conditions, melt
ponds, and frazil and black ice upon refreezing.
The dates for the CERES experiments were fixed in
advance, based on the known intersection of several
satellite overpasses sufficiently within the range of the
aircraft to allow for extensive gridbox flight patterns
over the Beaufort Sea. Outside of those dates, sea ice and
cloud radiation sampling missions were organized in
near–real time based on the comprehensive weather data
and forecasting available in the field. There was some
advance planning given to within-cloud stacked transects, but due to the dynamic nature of the cloud cover,

Table 2. ARISE mission summary: select satellite overpass times (A: Aqua, C: Cryosat-2, T: Terra, S: Suomi
National Polar-Orbiting Partnership), dominant surface type, and flight description. KWAL = Wallops Flight
Facility, Wallops Island, VA. KTCM = McChord AFB, Tacoma, WA. PAEI = Eielson AFB. SCT = scattered.
BKN = broken.
Start date (focal
location)

Satellite
overpasses (UTC)

Surface
type

Takeoff
(UTC)

Land
(UTC)

1 Sep 2014
(KWAL to KTCM)

—

Land

1415

2257

Transit from NASA Wallops to
McChord AFB. LVIS canopy
measurements.

2 Sep 2014
(KTCM to PAEI)

—

Land

1600

2235

Transit from McChord AFB to Eileson
AFB. Southern Alaska glacier mapping

Ocean, sea
ice (sct)

1815

0050 a

Arctic Ocean survey near ice edge,
low-cloud profiling

Sea ice

2015

0320 a

140°W sea ice survey from
70.5° to 80°N

Sea ice

1910

0215a

MIZ survey, radiative flux profiles,
ML cloud characterization

Ocean

1815

0240 a

CERES TOA gridbox experiment,
full column profiles,
low-cloud characterization

Sea ice
(bkn)

1820

0200 a

CERES SFC gridbox experiment,
full column profiles,
low-cloud characterization

Sea ice

1710

0155a

MIZ survey, low-cloud
characterization and radiative
fluxes along ice edge

Sea ice

1835

0205a

CERES TOA gridbox experiment,
full column profiles, low-cloud
characterization

Sea ice

1705

0125a

CERES SFC gridbox experiment,
full column profiles, sea ice albedo
and low-cloud characterization

4 Sep 2014
(72.8°–75°N,
142°–159°W)

A: 2035, 2214

5 Sep 2014
(70.5°–80°N,
140°W)

A: 2119, 2258

6 Sep 2014
(72.5°–74.5°N,
135°–140°W)

A: 2023, 2202, 2341

7 Sep 2014
(74.1°–76.5°N,
140°–148°W)

A: 1927, 2106, 2245

9 Sep 2014
(73.5°–75.2°N,
138°–145°W)

A: 1915, 2054, 2233

10 Sep 2014
(75.2°–76.5°N,
134°–140°W)

A: 1958, 2137, 2316

11 Sep 2014
(72.2°–74.5°N,
130°–136.5°W)

A: 2042, 2221, 2359

13 Sep 2014
(72.7°–74.5°N,
130°–137°W)

A: 2029, 2208, 2347

a

T: 2013, 2155

Flight description

S: 2013, 2147
T: 2136, 2317
S: 2054, 2230
T: 1935, 2117, 2258
S: 2001, 2134, 2313
T: 1916, 2058, 2239
S: 2042, 2218, 2357
T: 2019, 2201, 2342
S: 2031, 2205, 2344
T: 2000, 2142, 2323
S: 1936, 2112, 2249
T: 1941, 2123, 2304
S: 2019, 2153, 2332
T: 1903, 2045, 2226
S: 2007, 2141, 2320

Flight completed following day.
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the cloud radiation missions more often adapted to the
conditions on the spot. On these occasions, satellite
meteorology observations and updated forecasts were
transmitted to the aircraft en route to the Beaufort Sea,
to help vector the mission to the most interesting scenes.
METEOROLOGICAL CONDITIONS. Supporting weather forecasts for the ARISE flights were
conducted with the NASA Goddard Earth Observing
System Model, version 5 (GEOS-5; Molod et al. 2015),
and Polar Weather Research and Forecasting (WRF)
Model, version 3.5.1 (http://polarmet.osu.edu/PWRF/;
Hines et al. 2015). Output fields from the forecasts
are used here along with atmospheric reanalyses to
represent synoptic meteorological conditions during
the field program. Meteorology during ARISE may be
categorized by two distinct regimes. During the first
seven flights over the Arctic Ocean (4–11 September),

the meteorological state was dominated by a surface
high pressure over the southern Chukchi and/or
Beaufort Seas. Figure 4 shows a composite set of 21-h
Polar WRF forecasts valid at 1300 Alaska daylight
time (AKDT), roughly at the midtimes of the C-130
flights. This resulted in northeasterly low-level flow
over the Arctic coast and northern and central Alaska.
There was considerable low-level cloudiness over
the southern Beaufort Sea, consistent with the seasonal climatology (e.g., Intrieri et al. 2002). However
midlevel and precipitating clouds were not extensive.
Temperatures over central Alaska were mild with limited cloud cover—as indicated by the GEOS-5 cloud
fraction (Fig. 5a), providing excellent flying weather.
A key synoptic shift occurred near 13 September
that accompanied a northward advance and deepening of low pressure over Bristol Bay. Surface pressures
fell over Alaska and the southern Beaufort Sea.

Table 2. Continued.
Start date (focal
location)

Satellite
overpasses (UTC)

15 Sep 2014
(72.5°–76.5°N,
149°–159°W)

A: 2017, 2156, 2335

16 Sep 2014
(74.7°–77°N,
136.5°–141°W)

A: 1921, 2100, 2239

17 Sep 2014
(73.2°–74.8°N,
150.5°–156°W)

A: 2005, 2143, 2322

18 Sep 2014
(75.5°–77.5°N,
137°–149°W)

A: 1909, 2048, 2227

Surface
type

Takeoff
(UTC)

Land
(UTC)

Ocean

1748

0156a

CERES TOA gridbox experiment,
full column profiles,
ML cloud characterization

Sea ice

1719

0135a

Low-cloud radiative closure
experiment, diffuse and
clear-sky albedo measurements

Ocean, sea
ice (bkn)

1815

0127a

CERES SFC gridbox experiment,
low-cloud characterization,
ML cloud sampling

Sea ice

1655

0130 a

Cryosat-2 underflight,
characterization of sea ice and
surface albedo, MIZ repeat line,
low-cloud profiling

Sea ice,
ocean

1653

0111a

Low-cloud radiative closure
experiment, cloud and surface
characterization across sea ice edge

Sea ice

1650

0100 a

MIZ sea ice characterization,
low ML cloud profiling

Sea ice

1952

0208 a

MIZ sea ice characterization,
low-cloud profiling

T: 2006, 2148, 2329
S: 1955, 2129, 2307
T: 1947, 2129, 2310
S: 2037, 2212, 2350
T: 1928, 2110, 2251
S: 1942, 2117, 2255
T: 1909, 2051, 2232
S: 2025, 2159, 2338
C: 1852

19 Sep 2014
(71.8°–73.2°N,
128°–137°W)

A: 1952, 2131, 2310

21 Sep 2014
(73°–76.5°N,
125°–131°W)

A: 1940, 2119, 2258

24 Sep 2014
(73°–75°N,
128°–133.5°W)

A: 2011, 2150, 2329

T: 2032, 2213, 2355
S: 1930, 2106, 2242
T: 1953, 2135, 2316

Flight description

S: 1918, 2054, 2230
T: 2038, 2219
S: 1948, 2123, 2301

2 Oct 2014
(southwest Alaska,
Bristol Bay)

—

Land, ocean

2127

0602a

Alaskan glacier mapping, radiometer
calibration maneuvers

4 Oct 2014
(PAEI to KTCM)

—

Land

0838

1814

Return transit to KWAL

a

Flight completed following day.
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soscale and fast synoptic time
scales between cold periods of
strong low-level static instability and warmer periods of
near-neutral low-level static
stability (Fig. 6). Low-level
temperatures were several degrees colder over sea ice than
over open water. Moreover, the
Polar WRF simulations show
that during the ARISE field
program faster net seasonal
cooling occurred over sea ice
than over open water.
The Polar Meteorolog y
Group at The Ohio State
University has done extensive Arctic testing of Polar
WRF, including in the northern Alaska and Beaufort Sea
regions. Specific to the ARISE
campaign, we compared a Polar
WRF, version 3.6, run against
near-surface observations from
Barrow, Nome, Prudhoe, and
Red Dog in Alaska, and buoys
in the Chukchi Sea. Polar WRF
Fig. 2. Map of the ARISE mission flight tracks as described in Table 2.
was run on a 283 × 312 cell grid
with 70 vertical levels and 8-km
During this second regime of 13–21 September, the horizontal resolution. Table 3 shows that the model
region of surface high pressure was now located sev- reasonably produces the near-surface air temperature,
eral hundred kilometers farther north over the Arctic wind speed, wind direction, and surface pressure durOcean (Fig. 4b). This resulted in east-northeasterly ing September 2014. The multiday sea level pressure
low-level flow over the flight target regions of the averages for regime 1 and regime 2, shown by Figs. 4a
Arctic Ocean originating from a cold source region and 4b, respectively, are highly consistent with the sumover sea ice. Simulated surface temperatures over the mer and fall seasonal low-level wind climatologies near
sea ice suggest surface freezing and thickening of the northern Alaska as shown by Figs. 3c and 3d in Zhang
ice pack, consistent with reports from the C-130 staff et al. (2016), respectively. Early analysis of the Polar
(Fig. 4b). A weak time-averaged minimum pressure WRF simulations suggest that ARISE meteorology durwas located over the northwest corner of Alaska, as ing September 2014 yielded less low cloud liquid water
a series of weak mesoscale lows propagated eastward and more cloud ice than during the August–September
through the region. This is consistent with increased 2008 Arctic Summer Cloud Ocean Study (ASCOS;
cloud cover over the North Slope of Alaska and the Tjernström et al. 2012).
southern Beaufort Sea (Fig. 5b). Increased cloud
cover and some light precipitation occurred in central PRELIMINARY RESULTS. CERES. CERES is
Alaska during the second regime, and daily average a key component of the Earth Observing System
temperatures dropped from near 15°C at Eielson on (EOS) and Suomi National Polar-Orbiting Partnership
13 September to 5°C on 21 September. During the (SNPP) observatory. During ARISE, four CERES inlater stages of this regime, dense fog occasionally strument flight models (FM) were fully functional on
appeared in the morning over central Alaska, limiting the EOS Terra (FM1 and FM2), Aqua (FM3), and the
the C-130 flights from Eielson. Time series of Polar SNPP (FM5) satellites. The CERES program strives
WRF low-level temperature over open ocean and sea for consistent instrument performance, calibration,
ice in the Beaufort Sea indicate fluctuations on me- and data products across satellite platforms to the
1404 |
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Fig. 3. Surface conditions during the 2014 sea ice transition period over the Beaufort Sea photographed from
the ARISE aircraft using the nadir camera. (a) 5 Sep, 80°N, 140°W; (b) 10 Sep, 77°N, 128°W; (c) 17 Sep, 74°N,
152°W; (d) 16 Sep, 77°N, 143°W; (e) 16 Sep, 76°N, 141°W; and (f) 24 Sep, 73°N, 129°W.

Fig. 4. Average sea level pressure (contours, interval 2 hPa) and 2-m temperature (°C; shaded) from Polar WRF 21-h
forecasts (1300 AKDT) for (a) the first seven flights (4–11 Sep 2014) and (b) the next seven flights (13–21 Sep 2014).

extent possible. CERES products provide the most accurate spatially complete depiction of radiant energy
exchanges in the Arctic. However, the uncertainty
associated with the CERES-derived irradiances is
AMERICAN METEOROLOGICAL SOCIETY

currently larger over sea ice than any other scene
type (Su et al. 2015b). The CERES Science Team provides instantaneous satellite footprint (level 2) and
the hourly gridded mean (level 3) TOA and surface
JULY 2017
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(a)

(b)

Fig. 5. Total cloud fraction from NASA’s Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2), for 2200 UTC, averaged for (a) 4–11 Sep and (b) 13–21 Sep 2014.

irradiance data products.
ARISE observations provide
an opportunity to evaluate irradiances for both of
these products over the Arctic. Two CERES objectives
are 1) to evaluate the level
2 CERES-derived top-ofatmosphere irradiance over
areas with different sea ice
conditions and 2) to evaluate
hourly gridded mean irradiances in the level 3 CERES
radiative flux data products.
The CERES instrument
measures reflected and emitted shortwave (SW; 0.2–5 µm)
and longwave (LW; 5–50 µm)
radiances at a footprint size
Fig. 6. Time series of skin temperature (solid lines) and 2-m temperature
(dashed) for Polar WRF grid points at 73°N, 133°W (blue) and 73°N, 150°W
of ~20 × 20 km at nadir. Loeb
(green). Temperatures are 21-h forecasts valid at 1300 AKDT, near the center
et al. (2012) demonstrate extimes of ARISE flights.
cellent stability of the CERES
instrument to better than
0.3 W m−2 decade−1 and an absolute accuracy (2σ) of Su et al. 2015a; Loeb et al. 2005). An ADM is a set of
the CERES TOA fluxes of 2% in the SW and 1% in the anisotropic factors that relates the radiance measured
LW (Loeb et al. 2009). After properly accounting for at a certain viewing geometry to a radiant flux. The
the spectral response of the radiometric filters (Loeb anisotropy of the radiation field varies significantly
et al. 2001), the CERES radiances are converted to under different surface types and cloud conditions.
irradiances using angular distribution models (ADMs; Thus, ADMs vary with scene type, especially for the
1406 |
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Table 3. Demonstration of monthly mean Polar WRF (<PWRF>), version 3.6, simulation agreement
with Alaska and Chukchi Sea monthly mean observations (<Obs>) of near-surface temperature (°C),
wind speed (m s−1), wind direction (°), and mean sea level pressure (MSLP, hPa), for Sep 2014. The
surface observation stations are Prudhoe Bay (70.40°N, 148.53°W), Nome (64.50°N, 165.43°W),
Klondike buoy (70.87°N, 168.25°W), Red Dog Dock (67.58°N, 164.07°W), Burger buoy (71.50°N,
164.13°W), and Barrow (71.29°N, 156.79°W).
Correlation

rmse

Bias

<Obs>

Prudhoe Bay buoy temperature

0.7726

1.307

−0.213

1.528

1.315

Nome temperature

0.9256

2.058

−1.485

8.330

6.845

Klondike buoy temperature

0.7938

0.771

0.112

2.738

2.850

Red Dog Dock temperature

0.8694

1.923

0.054

6.668

6.722

Burger buoy temperature

0.7391

1.068

0.790

1.299

2.089

Barrow 2-m temperature

0.8650

1.415

−1.055

2.019

0.965

Station variable

<PWRF>

Barrow 10-m temperature

0.8295

1.122

−0.445

1.385

0.940

Prudhoe Bay buoy wind speed

0.8904

3.054

−1.982

9.100

7.118

Nome wind speed

0.7359

2.062

−0.648

4.434

3.787

Klondike buoy wind speed

0.9044

1.352

0.276

8.040

8.317

Red Dog Dock wind speed

0.7989

2.149

0.197

5.349

5.546

Burger buoy wind speed

0.8773

1.807

1.056

7.018

8.073

Barrow 10-m wind speed

0.8372

1.984

−1.201

6.695

5.494

Prudhoe Bay buoy wind direction

0.7834

37.34

−1.13

150.04

148.91

Nome wind direction

0.5065

66.69

−20.35

170.97

150.62

Klondike buoy wind direction

0.8377

34.72

17.45

142.17

159.62

Red Dog Dock wind direction

0.6904

55.48

0.08

175.46

175.54

Burger buoy wind direction

0.8059

39.77

8.60

149.16

157.76

Barrow 10-m wind direction

0.9072

25.24

−10.52

167.67

157.15

Prudhoe Bay buoy MSLP

0.9983

0.56

−0.01

1,010.13

1,010.12

Nome MSLP

0.9978

0.66

−0.33

1,009.45

1,009.13

Klondike buoy MSLP

0.9927

1.49

1.11

1,010.92

1,009.81

Red Dog Dock MSLP

0.9965

0.76

0.29

1,008.91

1,009.19

Burger buoy MSLP

0.9976

1.11

−0.92

1,010.98

1,010.05

Barrow 2-m RH

0.6732

10.87

−7.29

90.65

83.36

shortwave, and accurate scene type identification is
critical. The scene properties of each footprint are
determined using a combination of satellite imager–
derived cloud and surface properties (Minnis et al.
2011) and microwave-derived sea ice information.
Temperature and humidity profiles required for the
cloud retrievals are obtained from the NASA Global
Modeling and Assimilation Office (GMAO) data
assimilations system (Rienecker et al. 2008). Scene
types in the Arctic are complex due to widely variable
surface (e.g., Fig. 3) and cloud conditions.
To better evaluate the ADM performance and
associated uncertainties in the instantaneous fluxes,
one of the two CERES instruments on the Terra
satellite—FM2—was placed in programmable azimuthal plane (PAP) scan mode during the ARISE campaign.
AMERICAN METEOROLOGICAL SOCIETY

The PAP mode was set to rotate FM2 for continuous targeting of a specific area as Terra passed over the region.
This mode significantly increases the CERES sampling
density and provides irradiance estimates over a wider
range of viewing geometries in the area of interest. The
other CERES instrument on Terra—FM1—was set to
scan in the nominal cross-track direction. The difference in the spatial and angular sampling patterns for
the FM1 and FM2 instruments is illustrated in Fig. 7.
FM1 samples the broader area with a narrower viewing geometry, while FM2 samples over a more limited
area but with a wider range of viewing geometries. This
combination of coincident information from the PAP
and cross-track scan modes, along with the aircraft
measurements, provides a unique capability to test the
CERES ADMs and thus evaluate the uncertainties asJULY 2017
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sociated with CERES level 2 TOA data products.
Collocated aircraft measurements with level 2
satellite observations have been previously used to
evaluate instantaneous irradiances and retrievals
from satellite instruments. However, these occur only
over a short time window for a given satellite overpass,
leading to a small sample size and significant noise
in the comparisons. Even under a best-case scenario,
where instantaneous satellite-derived irradiances
are found to agree with aircraft measurements, the
corresponding uncertainty for hourly 1° × 1° gridded
radiant fluxes is not clear. Thus, the direct evaluation
of level 3 TOA and surface irradiances is a major goal
and a unique concept of the ARISE mission.
To create the level 3 data products, the level 2
CERES fluxes are aggregated to construct hourly
1° × 1° gridded mean TOA radiant fluxes (Doelling
et al. 2013). The CERES Synoptic (SYN) level 3 data
(CERES level 3) also contain hourly 1° × 1° gridboxmean surface irradiances (Rutan et al. 2015). CERES
level 3 atmospheric and surface irradiances are
computed hourly. Surface radiant fluxes are evaluated using radiant flux measurements at surface sites
(Rutan et al. 2015; Kato et al. 2013). Uncertainty in
level 3 surface radiant fluxes is described in Kato
et al. (2013). Over the Arctic Ocean, conventional
observations of the surface and atmosphere are scarce
and there are few opportunities to evaluate irradiances. Furthermore, the characterization of cloud and
atmospheric conditions required for CERES irradiance computations is more uncertain over the Arctic
than over other regions of the world. Thus, larger
errors in CERES surface irradiances are also likely.
ARISE observations enable an evaluation of CERES
input datasets and the subsequent TOA and surface
level 3 irradiances, which are extensively used in
model evaluation (e.g., Pincus et al. 2008; Wang and
Su 2013; Itterly and Taylor 2014; English et al. 2014).
To acquire the necessary data, the NASA C-130 flew
“lawn mower” patterns (Fig. 2) over ~200 km × 100 km
or ~100 km × 100 km grid boxes at a nearly constant
altitude, either ~6 km (TOA experiment) or near
the surface (surface experiment), for 2–3 h. TOA ex-

Fig. 7. (a) TOA SW irradiance derived from the CERES
FM1 instrument (operated in the cross-track mode) on
Terra.The orange box indicates the area where the TOA
gridbox experiment took place on 11 Sep 2014. (b) As
in (a), but for the FM2 instrument on Terra that was
operated in a programmable azimuthal-plane mode.
(c) Viewing zenith and relative azimuth angles of CERES
FM1 (red) and FM2 (blue) measurements inside the
orange grid box in (a) and (b).
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Fig . 8. (a)–(c) Sea ice cover derived from Advanced Microwave Scanning Radiometer 2 (AMSR2) [Arctic
Radiation and Turbulence Interaction Study (ARTIST) sea ice (ASI) algorithm] with NASA C-130 flight-track
overlays on 3 days when TOA gridbox experiments were conducted. The CALIPSO ground track is indicated
by the dashed red lines. The P and Q markers in (c) correspond to the P and Q points, respectively, in Fig. 9.
(d)–(f) Distribution of CERES-derived LW and SW irradiances over the grid box encompassed by the orange
solid lines shown in (a)–(c), respectively.

periment flight paths consisted of five legs of 200-km
length, spaced 20 km apart. The surface flight paths
consisted of seven 100-km-length legs, spaced 15 km
apart. The flight paths corresponding to the TOA experiments are shown in Figs. 8a–c. TOA and surface
experiments were conducted in pairs over a particular
region, separated by 2 days. This pairing strategy
allowed ARISE to capture aircraft measurements of
TOA and surface irradiances along with other data over
similar surface conditions, and with the most optimal
coincidence with CERES and other satellite overpasses.
One advantage of the Arctic compared to lowerlatitude areas is the high frequency of polar-orbiting
satellite overpasses that occur over a given region
since the satellite orbits spatially converge. For ARISE,
three “gridbox” locations were selected based upon the
expected sea ice conditions and the most coincident
AMERICAN METEOROLOGICAL SOCIETY

satellite overpass times for the following spacecraft:
Terra, Aqua, SNPP, Cloud–Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO), and
CloudSat. One flight leg of the lawn-mower pattern
was always aligned with the CALIPSO/CloudSat
ground track (Fig. 7, dashed red line). These active
sensor observations, collocated with the aircraft data,
provide detailed vertical profiles of clouds (Fig. 9) that
are important to the evaluation of CERES irradiances,
Moderate Resolution Imaging Spectroradiometer
(MODIS) cloud retrievals, and the attribution of
irradiance errors. For example, the MODIS cloud-top
heights shown in Fig. 9d are retrieved with a singlelayer assumption, which leads to underestimates
when compared to CloudSat/CALIPSO retrievals in
multilayered conditions. The MODIS cloud optical
properties are also more uncertain over snow and
JULY 2017
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ice for thinner clouds. Kato et al. (2011) demonstrate
improvements in surface radiation budget estimates
over polar regions when combining cloud properties
from CALIPSO and CloudSat with MODIS data. More
detailed analyses to determine how MODIS cloud
retrieval errors contribute to the surface irradiance
uncertainties, particularly when active sensor data
are not available, remain as future work. Multilayer
retrieval methods (e.g., demonstrated later in Fig. 14)
and other improvements in MODIS cloud retrievals
are being developed and evaluated with ARISE and
A-train data.
Each of the three sets of CERES level 3 evaluation
experiments were performed over different surface
conditions: over open ocean (15 and 17 September),
over the marginal ice zone (MIZ; 7 and 9 September),
and over an area of high sea ice concentration (11 and
13 September). All three regions were well sampled,
with at least four satellite overpasses (from a combination of Terra, Aqua, and SNPP) during each 2.5–3-h
aircraft flight. Figures 7d–f show the distribution of instantaneous CERES-derived SW and LW irradiances

at TOA from within each of the orange grid boxes that
bound the flight pattern. The distributions of LW and
SW irradiances are noticeably different for each of the
days. The differences can largely be understood by the
cloud and surface conditions present in each of the
grid boxes. On 7 September, the surface consisted of
marginal ice and open ocean with a very low and quite
optically thin overcast cloud layer. This results in a SW
irradiance distribution that is skewed toward lower
values with the long tail toward higher values due to
the marginal sea ice and some cloud optical depth
variability. Because the cloud tops were so low, there
is little variation in the emission height, resulting in a
narrow LW irradiance distribution. On 11 September,
the surface consisted of high sea ice concentration
with a combination of clear sky and low thin clouds.
This creates a bright scene and correspondingly higher
SW fluxes. The low cloud tops and cold sea ice results
in a narrow LW irradiance distribution. While the
surface on 15 September was open ocean, the cloud
conditions were overcast, high, and very optically
thick (see Fig. 9). This results in the comparatively

Fig. 9. Cloud-layer mask derived on 15 Sep 2014 from (a) CALIPSO vertical feature mask (VFM), (b) CloudSat 2BCLDCLASS, (c) clouds detected by both CALIPSO and CloudSat, and (d) merged clouds, that is, clouds detected
by CALIPSO or CloudSat. (e) CERES–CALIPSO–CloudSat–MODIS (CCCM)-merged 0.64-µm cloud extinction profiles
derived at the CERES footprint scale (~20 km). (f) A downlooking view of 0.64-µm COT constructed with the
method described in Barker et al. (2011). The C-130 flight track is shown in (a) and (b) by the black lines for the
entire pattern and by the dashed red line for the period collocated to CERES observations with a time difference <30 min and a distance <20 km. MODIS-derived cloud-top and effective heights are shown in (d) by red
and blue dots, respectively. The P and Q markers in (a) correspond to the locations shown of 15 Sep in Fig. 7c.
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high SW and low LW fluxes shown in Fig. 8f. These
distributions will be compared with the broadband
radiometer (BBR) irradiance measurements obtained
from the C-130 (with suitable atmospheric correction). BBR irradiances taken near the surface will be
compared with computed irradiances from the SYN
product. The spectral surface albedo derived from the
Solar Spectral Flux Radiometer (SSFR) will be used to
evaluate the surface albedo used in the computations.
BBR. BBRs were mounted on the top and bottom of the
aircraft to measure the down- and upwelling global
solar (SW) irradiance (0.2–3.6 µm); the downwelling
global, direct, and diffuse SW irradiance (0.4–42 µm);
and the down- and upwelling infrared (LW) irradiance
(4.5–42 µm; see Table 1). Kipp & Zonen pyranometers
(Kipp & Zonen 2004) and pyrgeometers (Kipp &
Zonen 2001), modified to make them better suited for
use on an aircraft, measured the SW and LW irradiances. Modifications included new hermetically sealed
back housings with the connector on the bottom that
prevented condensation and freezing inside the domes
and simplified the mounting of the sensors to the
aircraft. The front-end optics and electronics of the
original instruments were retained but an amplifier
was added right below the sensors and the instruments
were operated in current loop mode, a well-established
technique to minimize electronic noise.
A Delta-T Devices sunshine pyranometer (SPN-1)
was mounted on top of the aircraft to measure the
downwelling global, direct, and diffuse SW irradiance.
To accomplish this, the SPN-1 has a custom-designed
hemispheric “shadowmask” that lies just under the
protective glass dome that covers the instrument’s
seven thermopile sensors, each topped with a cosinecorrected diffuser and each with a spectral bandpass
of 0.4–2.7 µm. The shadowmask is designed to ensure
that at least one sensor is always exposed to the direct
solar radiation, and at least one sensor is always shaded
from the direct beam, independent of the orientation
of the instrument to the sun. The global, direct, and
diffuse SW irradiances are then derived from these
maximum and minimum readings (Delta-T Devices
2007). Although there is some uncertainty regarding
the absolute accuracy of the SPN-1 (Badosa et al.
2014), these data are particularly useful to obtain the
direct–diffuse ratio needed to correct the downwelling
SW irradiances for the attitude of the aircraft (Long
et al. 2010; Bucholtz et al. 2008).
The SW radiometers were calibrated using the
standard alternating sun–shade method (ASTM
2005), where the given sensor is compared to the
true direct solar irradiance measured by an Eppley
AMERICAN METEOROLOGICAL SOCIETY

automatic Hickey–Frieden (AHF) absolute cavity
radiometer. The sensitivities for the SW radiometers
from pre- and postmission calibrations agreed to
within 1%. The LW radiometers were calibrated by
comparison of the measured signals to the irradiance
of a blackbody immersed in a variable temperature
alcohol bath. The calibration coefficients for the LW
radiometers from pre- and postmission calibrations
agreed to within 2%. Thus, the stability of the SW
and LW radiometers during ARISE was excellent. For
the SPN-1 the calibration from the manufacturer was
used (8% estimated accuracy). This is sufficient here,
since the SPN-1 measurements will be mainly used to
correct the downwelling BBR SW irradiances for the
attitude of the aircraft, which requires only the relative
values of the global, direct, and diffuse SW irradiance.
Figures 10a and 10b show the CERES lawnmower pattern flown on 7 September overlaid on the
NOAA-19 red–green–blue (RGB) and IR satellite images taken during the flight at 2150 UTC. A uniform,
optically thin low-level cloud deck blanketed the
area. The pinker area, apparent in the RGB image of
the southeastern half of the pattern, indicates heavy
concentrations of sea ice, while the darker areas in
the northwestern half of the box indicate mostly open
ocean beneath the clouds. The infrared image (Fig. 10b)
indicates that the area was mostly clear of high clouds,
although some thin scattered cirrus are seen in the
northwestern portion of the box. These conditions
were confirmed by the onboard flight scientist’s notes
and the forward video on the aircraft. Figure 10c is
an image grab from the forward video taken at approximately the midpoint of the first leg of the pattern,
showing the mostly clear skies aloft and a uniform
low-level cloud deck. Figure 10d shows the order in
which the lawn-mower pattern was flown. This flight
is a good case for comparisons between the CERES
and BBR SW and LW irradiances because, while there
was some variation in the cloud and surface properties
within the box, they remained nearly constant while
the aircraft sampled the area. In fact, a particular advantage in conducting this type of experiment in the
Arctic in late summer/early fall is that the sun, though
low in the sky, remains at a nearly constant elevation
angle and thus the incoming solar irradiance at the
TOA is nearly constant for a long time during the
day. Figure 10e shows that the solar zenith angle θo
remained nearly constant (average θo = 69.75° ± 0.62°)
during the entire pattern. This simplifies the interpretation of the aircraft irradiances, which take about
2 h to survey over the region, when compared to the
nearly instantaneous CERES satellite measurements.
The corresponding BBR LW and SW irradiances
JULY 2017
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are shown in Fig. 11. Figure 11a shows the measured
down- and upwelling LW irradiances. The data
during turns has been removed. Little variation in
the down- or upwelling LW irradiances from leg
to leg is apparent during the pattern. The mean

downwelling LW for is 70.17 ± 5.74 W m−2 , while
the average upwelling LW is 251.90 ± 4.60 W m−2,
confirming the uniformity of the conditions with
respect to LW irradiance. Figure 11b shows the measured down- and upwelling SW irradiances. The

Fig. 10. Example of BBR data collection parameters on 7 Sep 2014. Aircraft flight pattern overlaid
on the NOAA-19 satellite (a) RGB and (b) IR images from 2150 UTC, (c) an image from the forward
video camera, (d) the order of the lawn mower flight pattern, and (e) SZA.
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downwelling SW fluxes require correction for the
attitude of the aircraft because changes in the pitch,
roll, or heading of the aircraft can cause changes in
the zenith angle of the sun with respect to the SW
radiometer on top of the aircraft. This causes artificial offsets in the downwelling SW measurements
(Bucholtz et al. 2008). This can be seen in Fig. 11b for
the uncorrected downwelling SW irradiances shown
in black. Dramatic shifts in the data are seen from
one leg to the next as the aircraft changes heading.
Using the pitch, roll, and heading from the aircraft’s
navigational system, the downwelling SW fluxes are
corrected back to the true solar zenith angle and
are found also to remain fairly constant during the
flight, as shown in red in Fig. 11b. In this case, the SW
irradiances are normalized to the mean solar zenith
angle during the pattern (θo = 69.75°) to make the
SW measurements consistent throughout the flight
pattern. In future analyses, other solar zenith angle
(SZA) normalization strategies will be employed (e.g.,
to the CERES observation time). Most of the variability in downwelling SW is attributed to the scattered
thin cirrus that occasionally occurred overhead.
The mean downwelling SW irradiance is 399.35 ±
16.87 W m−2. The upwelling SW irradiances show
more variation, with increases or decreases within a
given leg. This is attributed to the change in the sea
surface conditions beneath the low-cloud deck. For
example, the upwelling SW irradiances shown in Fig.
11b are smaller at the northwestern end of each leg
because of the darker ocean compared to the brighter
surfaces found over the southeastern end, where
there was much more sea ice. The average upwelling
SW irradiance for the entire pattern was 207.33 ±
32.48 W m−2. The upwelling SW and LW irradiances
are consistent with earlier Arctic aircraft campaigns
(Curry and Herman 1985; Herman and Curry 1984;
Pinto 1998; Curry et al. 2000), while the downwelling
LW irradiance is smaller due to the aircraft’s higher
altitude during this particular flight pattern. This
initial analysis is encouraging and supports the sampling strategy devised and employed during ARISE
for evaluating CERES TOA and surface irradiances
over the Arctic with aircraft measurements. More
detailed analyses and comparisons between BBR
and CERES are planned for all of the ARISE gridbox
experiments.
SSFR. The SSFR (Pilewskie et al. 2003) measures
downwelling (zenith: Fλ) and upwelling (nadir: Fλ )
SW spectral irradiance from 350 to 2150 nm with
a spectral resolution of 6–12 nm. Since its development, it has been used for deriving the radiative effect
AMERICAN METEOROLOGICAL SOCIETY

Fig. 11. BBR (a) LW and (b) SW fluxes from the flight
tracks in Fig. 10.

of cloud and aerosols, and for determining their
properties in conjunction with remote sensing and in
situ instruments (e.g., Schmidt and Pilewskie 2012).
The SSFR has been used to validate satellite data (e.g.,
Coddington et al. 2008, 2010) and to develop cloud
retrievals based on relative spectral information
(McBride et al. 2012; Coddington et al. 2013; LeBlanc
et al. 2015).
The instrument consists of two light collectors at
the top and bottom of the aircraft fuselage, as well as
a rack-mounted radiometer unit that is connected to
JULY 2017

| 1413

Unauthenticated | Downloaded 01/09/23 08:55 PM UTC

the light collectors through fiberoptic bundles. For ARISE, the zenith
light collector was mounted on an
active leveling platform to keep the
receiving plane of the light collectors
aligned with the horizon during attitude changes of the airplane. The radiometer box contains two identical
pairs of grating spectrometers covering the spectral range: (a) 350–1000
nm (Zeiss grating spectrometer with
silicon linear diode array) and (b)
950–2200 nm (Zeiss grating spectrometer with InGaAs linear diode
array). More instrument details can
be found in Wendisch et al. (2013,
chapter 7). The radiometric and
angular responses were determined
in the laboratory before and after
the field deployment; the drift of the
radiometric calibration was tracked
FIG. 12. SSFR-derived cloud properties for a case on 19 Sep 2015: A
with a portable field calibrator over
cloud field across the MIZ from open to ice covered (small and large
the course of the mission (accuracy
symbols, respectively). Green: cloud albedo (F /F above the cloud);
of 3%), and the horizontal alignment

red: surface albedo (F /F below the cloud); blue: transmittance (Fbelow
/
of the leveling platform was adjusted



Fabove ); and brown: flux divergence {apparent absorptance [(Fabove /Fabove )
before each flight (accuracy of 0.2°).



– (Fbelow
/Fbelow
)]/Fabove
}. The channels of MODIS are shown in yellow.
Because of the low sun elevation in
the Arctic, minor misalignments of
the instrument with respect to the horizon increase
the absolute uncertainty (Wendisch et al. 2001) and [blue: (Fλ,below/ Fλ,above) × 100%] is substantially higher
low signal levels lead to elevated noise. In addition, above ice than over open ocean because part of the
reflections and obstructions from the aircraft itself enhanced upwelling radiation over ice is reflected down
or other instruments affect the measurements under by the cloud. The distinct spectral shape in the albedo
these conditions. Overall, the absolute uncertainty (decreasing toward the shortest wavelengths) is mirwas increased to about 7% for θo < 75°.
rored by the apparent absorptance (flux divergence),
Collocated legs above and below a cloud field can the difference between net irradiances above and below
be used to derive reflected, transmitted, and absorbed the layer normalized by incident irradiance
radiation above the open ocean and ice, providing
“ground truth” to satellite-derived estimates of these
quantities. The aircraft platform is the only way to get
the perspectives from “above,” “below,” and “within” This is indicative of the presence of horizontal transa cloud almost all at once. Figure 12 demonstrates this port of radiation (Schmidt et al. 2010; Song et al.
for a case from 19 September, where a cloud field in the 2016). In this case, the clouds act as net recipients
MIZ was sampled above both a clear area and an ice- of radiation from surrounding areas, which results
covered area. It shows that the albedo [green spectra: in higher transmittance (and/or reflectance) than
(Fλ/Fλ) × 100%], derived from a high-level leg, is almost predicted by one-dimensional radiative transfer.
identical for the cloud above ice (large symbols) and the Studies for reconciling measured in situ microphysics
one above open ocean (small symbols), even though profiles with the corresponding irradiances above the
the surface albedo (red), derived from a low-level leg, contrasting surface types are underway and will be
is very different. The small differences of the albedo published separately.
spectra can be explained by different cloud properties
This example begs the question whether such
(optical thickness and effective radius) for the two three-dimensional cloud effects remain significant
cases. On the other hand, the cloud transmittance when averaging over larger domains. A further
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interesting question concerns the relative magnitude
of cloud and water vapor absorption for different
types of clouds (thermodynamic phase and altitude)
above different surface types. In our example, the
water vapor absorption features (relative to the negative baseline caused by horizontal photon transport)
are much more prominent than the weak cloud
absorption features. For high clouds, the situation
may be reverse. This will be quantified in future
work, using spectral partitioning of the absorption
by constituents (Kindel et al. 2011).
SSFR data will provide spectral surface albedo as a
boundary condition for satellite and airborne remote
sensing—a first example is shown in Fig. 12. From the
measured albedo, transmittance, and absorptance
spectra, cloud properties (optical thickness, thermodynamic phase, effective radius) can be derived that
are averaged over the SSFR hemispherical footprint.
These can be compared with satellite retrievals. The
collection of aircraft and satellite cloud retrievals, in
situ measurements, and spectral and broadband irradiances is expected to lead to a deeper understanding
of the radiative effects of clouds in the MIZ.

mechanism. Atmospheric transmittance is derived
by dividing the dark-subtracted photon counts by a
TOA reference spectrum, accounting for measurement integration time. The TOA reference spectrum
is determined by the refined Langley plot method
(Shinozuka et al. 2013). In ARISE, we obtained the
4STAR TOA calibration spectrum (Segal Rosenhaimer et al. 2014) using measurements from a dedicated
high-altitude flight on 2 October. Direct sun products
include aerosol optical depth (AOD; Shinozuka et al.
2013), total column water vapor (CWV), O3, and NO2
(Segal Rosenhaimer et al. 2014) under clear sky and
cirrus optical depth under thin cirrus cases (Segal
Rosenhaimer et al. 2013).
In sky-scanning mode, 4STAR measures the
diffuse sky radiance at prescribed scattering angles
from the sun in the almucantar or principal plane to
retrieve aerosol properties (single-scattering albedo,
size distribution, and refractive index; see Kassianov
et al. 2012). In ARISE, a special modification of this
mode was applied under cloudy scenes, with the goal
of extracting scattering phase function properties
from the various cloud types.
In the zenith mode, the instrument points in the
zenith direction and measures diffuse radiances,
for the retrieval of cloud phase, optical depth, and
effective radii, following the method of LeBlanc

4STAR. The Spectrometer for Sky-Scanning, SunTracking Atmospheric Research (4STAR) instrument
combines airborne sun tracking and sky scanning
with spectroscopy by incorporating
a sun-tracking–sky-scanning–zenithpointing head with fiber-optic signal
transmission to rack-mounted grating spectrometers (Dunagan et al.
2013) that cover the ultraviolet–visible
(210–995 nm, spectrometer I) and SW
infrared (950–1703 nm, spectrometer
II) spectral regions, with a spectra acquisition rate of 1 Hz. During ARISE,
4STAR was operated in its three
operation modes: sun tracking, sky
scanning, and zenith pointing. The
4STAR tracking head was installed
in a modified escape hatch in the zenith port at flight station 220 on the
NASA C-130. The data acquisition,
Fig. 13. 4STAR spectra of zenith radiance transmitted through cloud
motion control, and spectrometers
over open water and over sea ice (black) on 19 Sep 2014 compared
were installed further aft at a flight
with radiative transfer model simulations for various single-phase
clouds (colors). Radiative transfer calculations used the scattering
operator station.
phase functions for ice particles described by Baum et al. (2011) and
In sun-tracking mode, two motors
flight-level spectral albedo measured by SSFR. The green and red
and a quadrant photodiode detector
curves show the extremes of considered cloud properties, while blue
provide active tracking of the solar
and purple curves represent modeled radiances matching closely
disk for measurements of direct solar
measured radiances. Gray areas indicate wavelength regions where
beam transmittance. Dark counts are
the spectral shape can be used to retrieve cloud properties (optical
measured every 20 min with a shutter
depth, effective particle radius, thermodynamic phase).
AMERICAN METEOROLOGICAL SOCIETY
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et al. (2015). This mode is used under cloudy skies
and accounts for 18% of the data collected by
4STAR during ARISE. Figure 13 shows an example
illustrating the sensitivity to the zenith radiances to
cloud optical properties. Modeled radiances closely
match the two example measured spectra, with
small differences owing to the possible inclusion of
cloud particles of mixed phase. The sky radiance
measurements were calibrated before and after the
4STAR ARISE deployment to a National Institute
of Standards and Technology (NIST)-traceable inte-

grating sphere at the NASA Ames Research Center,
and throughout the deployment with a field-portable
15.24-cm-diameter integrating sphere referenced
against the same NIST-traceable source.
Cirrus cloud optical thickness (COT) was calculated
based on the method detailed in Segal Rosenhaimer
et al. (2013). This retrieval approach is based on the
generation of lookup tables (LUTs) of total transmittance for the sun photometer’s field of view (FOV) due
to the direct and scattered irradiance over the spectral
range measured, for a range of cirrus COT (0–4), and

Fig. 14. 4STAR retrievals of cirrus COT on 15 Sep 2014 compared with MODIS retrievals from the nearest satellite overpass. (a) All ice clouds’ top heights derived by CERES, overlaid by aircraft altitude (open circles). (b)
Top-layer cloud height of ML clouds, derived by CERES, overlaid by aircraft altitude (open circles) for 15 Sep
flight. (c) COT for all ML ice clouds with top above 5-km height derived by CERES (solid circles), overlaid by
direct sun cirrus retrievals [based on procedure developed in Segal-Rosenheimer et al. (2013)] from the 4STAR
instrument on board C-130 (open circles). (d) COT for only upper-layer clouds, as derived by CERES, overlaid
by direct sun cirrus retrievals from 4STAR (open circles) for 15 Sep flight. Note the different color bar scales
for (c) and (d).
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a range of ice cloud effective
diameters (10–120 µm) by
using explicit cirrus optical property models from
Baum et al. (2011). To calculate the total transmittance seen by the instrument, which includes both
the direct and forwardscattered components, we
use a function suggested
by Shiobara and Asano
(1994), generated by a threedimensional (3D) Monte
Carlo radiative transfer
model. Our measurements
Fig. 15. Cirrus COT statistics from CERES–MODIS upper-layer cloud retrievare then corrected for the
als (yellow) and those derived from 4STAR (blue) using data taken on 15 Sep
appropriate gas absorption
2014 along the C-130 flight track shown in Fig. 14. Solid black lines indicate
the median values, while the top and bottom numerical values indicate the
and solar zenith angle at the
mean values and the number of samples, respectively.
time of measurement and
compared to the modeled
values over a range of wavelengths, spanning both the total column COT derived from the MODIS SL
visible and infrared spectrometers, and are chosen by method. For areas with clouds beneath the aircraft
the best-fit approach. Cirrus locations were adjusted these retrievals are not comparable to 4STAR, since
from aircraft coordinates, since the 4STAR tracks the 4STAR is pointing at the overhead sun. However, the
sun and does not view the clouds in zenith directly MODIS ML COT retrieval for the upper-level cloud
above the aircraft. The new location was calculated should be more comparable to the 4STAR retrievals of
based on distance derived by the estimated cirrus cirrus above the aircraft. This statistical comparison
height, the solar zenith angle, and the sun azimuth. is shown in Fig. 15. The CERES–MODIS upper-layer
Cirrus top height was approximated from MODIS COTs, derived from the 2140 UTC Terra overpass,
and was ~9 km (300 mb for cirrus top height). The were spatially interpolated to match the 4STAR
latter adjusted cirrus location is about 8 km from the cirrus locations (found between 2100 and 2200 UTC).
aircraft coordinates.
While the overall mean and median values of COT
The 4STAR cirrus retrievals will not only aid the along the flight track are found to agree quite well
interpretation of the aircraft irradiance measurements as shown in Fig. 15 (0.84 and 0.77 for 4STAR and
but also be useful for validating satellite cloud prop- MODIS, respectively), the 4STAR data suggest more
erty retrievals, such as COT (by direct comparison), widespread cirrus may have been occurring than were
and cloud-top height (CTH; indirectly). For example, detected with the CERES–MODIS method. Only
Fig. 14 shows the CTH derived from the MODIS 164 valid CERES points were found in comparison
imager on Terra at 2140 UTC 15 September 2014. to 664 from 4STAR. One possible contributing factor
Two sets of MODIS CTH retrievals are shown. The to this difference is the relatively large 4STAR instrufirst, shown in Fig. 14a, is based on a single-layer (SL) ment FOV (compared to MODIS), which spans about
cloud assumption for all ice-phase clouds (Minnis 2°, allowing for coverage of the entire solar disk plus
et al. 2011), which often underestimates CTH (Chang about 0.5° from each side. Thus, as the box plots
et al. 2010a, and references therein). The second is indicate, 4STAR appears to be more sensitive to the
based on a multilayer (ML) cloud algorithm (Chang optically thinner cirrus clouds, which are difficult
et al. 2010b) and shown in Fig. 14b for the upper to detect from MODIS. A comparison between only
layer (Fig. 14b). While the satellite CTH estimates the coincident positive cirrus COT retrievals (not
from the SL method are near or below the altitude of shown) indicates that the MODIS mean value of
the aircraft, the upper-level CTHs determined from 0.77 is considerably lower than the mean value of 1.3
the ML algorithm are consistently higher than the found from the corresponding 4STAR points. This is
aircraft, which is corroborated by numerous 4STAR useful information that can be used to improve the
observations of overhead cirrus. Figure 14c shows skill of the satellite method. Table 4 describes the full
AMERICAN METEOROLOGICAL SOCIETY
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range of 4STAR data products that will be available
from ARISE.
LARGE cloud probes. Cloud droplet microphysical
properties were measured in situ by the C-130 using
multiple probes operated by the NASA Langley
Aerosol Research Group (LARGE). The probes were
mounted on the starboard side of the aircraft just
forward of the propeller line (Fig. 1).
The multielement water content system (WCM2000; SEA Inc.) is a three-wire probe based on
commonly used and proven technologies that are
combined to measure the total and liquid water content (TWC and LWC, respectively) simultaneously.
The ice water content (IWC) is inferred from the
difference between TWC and LWC. During ARISE,
most of the mass measured with this instrument was
liquid. Typically the ratio LWC/TWC is on the order
of 90%–95%, and this is consistent with an earlier
aircraft study of autumnal Arctic clouds sampled
approximately a month later in the season (Pinto
1998). Uncertainties of 20% have been found across
different Johnson–Williams LWC probes in a wind
tunnel testing (Strapp and Schemenauer 1982), which
lend support to the premise that these are supercooled
liquid rather than ice clouds. In our preliminary
inspection of the dataset, there does not seem to be
a dependence of LWC/TWC across surface types.
Cloud droplet number and size distribution
(2–50-μm diameter) are measured with a cloud
droplet probe [CDP; Droplet Measurement Technologies (DMT)]. The CDP measures the forwardscattered light from cloud particles that pass through
a laser beam. The intensity of the scattered light is
related to the cloud particle size assuming spherical
particles and is verified using NIST-traceable glass
spheres (Thermo Fisher Scientific, Inc.). Liquid water
and water vapor path above the aircraft are measured

using a G-band (183 GHz) water vapor radiometer
(GVR; ProSensing, Inc.). The GVR measures the
brightness temperature of four receiver channels
centered on the water vapor absorption line at 183.31
± 1, ±3, ±7, and ±14 GHz. Two internal references (i.e.,
hot and warm targets at 333 and 293K, respectively)
are used to calibrate the receivers once every 10 s
during flight.
Low-level Arctic stratus clouds were sampled
in situ during each of the ARISE science f lights
and were consistently observed within the shallow
boundary layers spanning 0–350 m in altitude. An
example of this vertical structure is shown in Fig. 16
for the research f light on 15 September. For this
flight, the C-130 initially transited northwest toward
the sea ice edge at approximately 7000 m before
descending to the surface to profile three cloud
layers centered at approximately 5500, 4000, and
300 m. The aircraft then ascended and descended
through the low-cloud layer, for which vertical profiles are shown in Fig. 16, indicating that the cloud
layer extended from 30 to 90 m at cloud base up
to 490–550 m at cloud top. Mean droplet number
concentrations were observed to be relatively constant throughout the cloud layer at approximately
100 cm−3, while both droplet mean diameters and
liquid water content increased with altitude (from 4
to 14–16 µm and from 0.15 to 0.4–0.5 g m−3, respectively). Despite being near the monthly mean sea ice
extent for September 2014, it was noted at the time
that these aircraft maneuvers were conducted over a
mostly sea ice–free surface with only the occasional
patch of broken sea ice below.
This low-cloud structure contrasts that seen for a
cloud sampling pattern carried out on 19 September
considerably to the east of that on 15 September,
where the aircraft flew vertically stacked legs across

Table 4. 4STAR data products during ARISE.
Product name

a
b

Description

Data level

Accuracy 4STAR mode

Aerosol optical depth

Total column AOD above the aircraft at 14 discrete
wavelengthsa

2

±0.02

Direct sun

Column water vapor

Total column water vapor above the aircraft

2

±0.05

Direct sun

Ozone

Total column ozone above the aircraft

2

1%

Direct sun

Zenith cloud radiances

Zenith cloud radiances at 24 discrete wavelengths

1

3%–5%

Zenith

Sky radiances

Sky radiances at four wavelengths (440, 673, 873,
and 1020 nm) for selected cases

1

3%–5%

Sky scanning

Cloud properties

Cloud phase, cloud optical depth, and effective radius

2b

—

Zenith

Cirrus properties

Thin cirrus (0.01–4) optical depths

2

±0.05

Direct sun

b

These 14 wavelengths were chosen for window regions from the hyperspectral AOD measured.
These products are still under development and are being processed for selected cases.
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the sea ice edge from approximately 136° to 129°W
longitude. As shown in the top-left panel of Fig. 17,
the aircraft initially ascended from west to east while
skirting the ever-increasing top of the cloud layer
(black trace), then retraced its transect from east to
west in a descending/ascending porpoise maneuver
(red, blue, gold), and finally turned back west to
east for a low-level horizontal leg through the lowest
portion of the cloud. The western portion of the
low-cloud layer (gold traces in Fig. 17) spanned
150–1200 m altitude, while the eastern portion (red
traces) was shifted higher (600–2100 m). Despite these
differences, typical droplet number concentrations,

mean droplet diameter, and liquid water content were
of similar magnitude across all three profiles.
In addition to the vertical cloud structure, level
flight legs (green and cyan in Fig. 17) show a marked
amount of horizontal variability. The cloud droplet
number concentration and LWC traces in the topright panel of Fig. 17 show an alternating pattern of
cloud and cloud-free air as both LWC and the cloud
droplet number concentration (CDNC) drop quickly
to zero for brief periods of time. This cloud structure
was clearly visible from the aircraft during this (and
other) flight—the ocean surface could be discerned
when looking at angles near nadir, while the view at

Fig. 16. Vertical profiles of cloud microphysical properties for three cloud penetrations on 15 Sep 2014. (left)
The location of each profile is highlighted (red: 75.60°N, 156.04°W, blue: 74.82°N, 155.43°W, gold: 76.33°N,
156.83°W). The complete flight track is shown in black, the National Snow and Ice Data Center (NSIDC)
monthly mean sea ice extent is shown as solid white, and the MODIS visible imagery is shown for the non-ice
region. (top right) Traces of droplet number density, mean droplet size, and LWC at 1-Hz resolution during
each profile. (bottom right) Droplet number size distributions binned by altitude.
AMERICAN METEOROLOGICAL SOCIETY

JULY 2017

| 1419

Unauthenticated | Downloaded 01/09/23 08:55 PM UTC

lower angles was entirely opaque. Finally, we note
the strong increase in cloud droplet number and
corresponding decreases in both LWC and mean
droplet diameter as the aircraft passed over the ice
sheet edge. This transition may be explained by a shift
in the dynamics controlling these clouds or, possibly,
by an increase in cloud condensation nuclei over the
open waters.
LVIS. NASA’s Land, Vegetation and Ice Sensor (LVIS)
is a wide-swath scanning laser altimeter (lidar) system
that digitally records the shapes of the outgoing and
reflected laser pulses (Blair et al. 1999). Information
extracted from the laser waveforms is combined
postflight with precise laser pointing, scanning, and
positioning data to precisely and accurately measure
surface elevation and 3D surface structure relative
to a reference surface, such as the World Geodetic
System 1984 (WGS-84) reference ellipsoid (Hofton

et al. 2008). Operating at a wavelength of 1064 nm
and at a data rate of 1500 Hz, typical data precision
and accuracy are at the 10-cm level over ice surfaces
(Hofton et al. 2008). The sensor is used to collect data
for cryospheric, ecological, biodiversity, and solidEarth applications, providing a characterization of
the three-dimensional nature of overflown surfaces.
An atmospheric channel, implemented for the first
time for the ARISE mission, provided a record of the
returns at 1064 nm along the full laser path from the
airplane to the ground. During data processing, these
waveforms were combined over 1-s intervals within
a common elevation range to provide the vertical
distribution of reflected surfaces between the laser
and the ground.
During ARISE, the sensor operated in two principal configurations that defined the data swath
width. From medium to high flight altitudes, the
full laser swath width was used. For example,

Fig. 17. Sampling of cloud properties across the ice edge centered near 72.3°N, 133.5°W on 19 Sep 2014. (top
left) The altitude vs longitude trace shows the aircraft sampling strategy along (bottom left) the parallel tracks.
Initially, the aircraft ascended from west to east following just above the cloud top (black trace). Then, three
vertical profiles were carried out to map the vertical extent of the clouds (red, blue, gold). The vertical profile
of droplet number density, mean diameter and LWC are shown in the lower right. Finally, a series of horizontal
legs was performed at 800 ft (~245 m) along the same track. The cloud properties along one of these legs is
shown in the upper right. Green (cyan) denotes the underflight of the gold (blue) profiles at 800 ft.
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from a 7-km f light altitude the laser swath was
~140 0 m w ide w it h a n
18-m-wide footprint. From
lower altitudes, in order
to prevent overstressing
of system components,
a n 80 -mrad-w ide laser
swath was used (e.g., from
a 0.45-km flight altitude,
the laser swath was ~4.5 m
wide with eight ~1-m-wide
footprints). Data products include the geolocated
return laser waveform,
defining the vertical distribution of the reflecting
surfaces within the laser
footprint relative to the
reference ellipsoid (level
1B), and elevation data
products extracted from
the level 1B laser waveform
using standard waveform
interpretation algorithms,
in this case the locations
of the lowest and highest
ref lecting surfaces with
the laser footprint (level 2).
Data were typically collected throughout each
ARISE f light even if the
surface was not discernible
Fig. 18. Surface elevation data derived from the scanning LVIS superimposed
through clouds in order to
on digital camera imagery taken near 76.4°N, 140°W on 5 Sep 2014 to help
enable both radiation and
characterize sea ice properties and variability.
ice target objectives to be
met. Mission highlights
included a 1,000-km-long transect from open water SUMMARY AND FUTURE WORK. ARISE was
to sea ice along the 140°W longitude line (Fig. 18); a uniquely successful experiment in three respects.
a 600-km-long transect of an orbit track of the First, the experiment collected advanced radiometric,
European Space Agency (ESA)’s Cryosat-2 with the laser altimeter, and in situ atmospheric data during the
satellite passing directly overhead at the start of critical period of late summer and early autumn sea
the line; repeated passes over the MIZ throughout ice transition in the Beaufort Sea. Second, the aircraft
the ARISE campaign over the time of the sea ice measurements were effectively coordinated with mulminimum; data swaths along several Alaskan glaciers, tiple intersecting satellite overpasses, allowing for thorincluding the Columbia, Portage, Spencer, Trail, and ough validation of CERES climate data record products
Wolverine glaciers; and characterization of cloud- plus a greater understanding of the subgrid-scale varitop heights throughout each flight to interpret the ability that influences satellite products at high northradiation measurements (Fig. 19). The LVIS team is ern latitudes. Third, the experiment was conceived,
developing a cloud-top height product based on the planned, and executed in a remarkably short time—6
laser returns. As long as the laser beam is not fully months from concept to flight missions, whereas
attenuated, there is information on the top height of many other experiments of this complexity often take
multiple cloud layers.
several years to realize. This third success also entails
AMERICAN METEOROLOGICAL SOCIETY
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a challenge for the ARISE
Science Team: our expertise is almost exclusively
within the domains of the
flight instruments and data
interpretation specific to the
instruments and satellite
remote sensing. We therefore invite and encourage
as wide a collaboration as
possible with the broader
community, particularly
researchers interested in
1) applying the resulting
well-tested CERES data
products to global and regional climate modeling
Fig. 19. LVIS return pulse intensity (a) along the C-130 flight track and (b) on
and climate change studies
15 Sep 2014, depicting surface and cloud-top altitudes. An LVIS level 2 cloud
and 2) applying the combialtitude product is in development to complement and help interpret the
nation of spectrally resolved
cloudy-sky radiative flux measurements obtained during ARISE.
and radiometric data and
sea ice structure data to process studies involving radiant ice–ocean–atmosphere ward trend over the past three decades (Stroeve et al.
energy exchange during the sea ice transition. Already 2012). Additional missions during this transition seawe have noticed one potentially important aspect of son with similar instrumentation could provide insight
the clouds sampled throughout ARISE: there is a pro- into the precise radiative and thermodynamic precurnounced tendency toward liquid water in lower- and sors for onset of seasonal ice recovery. Stroeve et al.
midtropospheric clouds, with relatively little radiative (2014) show that the timing of the melt onset impacts
influence of cloud ice particles as compared with the the amount of insolation absorbed during summer,
geometrically extensive mixed-phase clouds observed which in turn influences the timing of the autumn
over the region later in autumn (Verlinde et al. 2007). ice recovery. Similar attention, perhaps an additional
In this sense the cloud cover during the critical sea campaign, should focus on the springtime melt onset
ice transition may be more typical of summer (e.g., in the Beaufort Sea. Finally, for both the satellite and
Tjernström et al. 2012) than autumn. This merits fur- in situ objectives presented here, a follow-on aircraft
ther investigation because ice water content in Arctic mission would benefit from additional active sensors,
mixed-phase clouds exerts a significantly contrast- such as polarized cloud lidar and cloud radar; a more
ing radiative forcing compared with clouds that are complete cloud microprobe suite, including aerosol
almost entirely liquid water (Lubin and Vogelmann composition and microphysics; and dropsondes, to
2011). At the same time, the apparent simplicity of a provide measurements of atmospheric thermodynamic
cloud possibly dominated by a single thermodynamic structure specifically over ice of varying concentraphase may be offset by the 3D radiative transfer effects tions versus open water during a given mission. ARISE
noted above (Fig. 12), and the high-time-resolution has demonstrated what is possible from long-range
spectral radiometric data from ARISE can address research aircraft; over the next decade, enhancements
these complexities.
to instrumentation combined with a focus on timing
The ARISE data, which are available at the NASA of sea ice melt onset and autumn recovery can provide
Langley Atmospheric Science Data Center and in the a foundation for thorough understanding of mechaNASA OIB archive, contain a wealth of information nisms for Arctic sea ice trends.
on the Arctic sea ice transition from in situ process to
satellite spatial scales. In addition to data analysis from ACKNOWLEDGMENTS. ARISE was sponsored and
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