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ABSTRACT

Microphysical and radiative measurements in boundary layer mixed-phase clouds (MPCs), consisting of ice
crystals and liquid droplets, have been analyzed. These cloud measurements were collected during a May—
June 2008 tethered-balloon campaign in Ny-z&lesund, Norway, located at 78.9°N, 11.9°E in the High Arctic.
The instruments deployed on the tethered-balloon platform included a radiometer, a cloud particle imager
(CPI), and a meteorological package. To analyze the data, a radiative transfer model (RTM) was constructed
with two cloud layers—consistent with the CPI data—embedded in a background Rayleigh scattering at-
mosphere. The mean intensities estimated from the radiometer measurements on the balloon were used in
conjunction with the RTM to quantify the vertical structure of the MPC system, while the downward irra-
diances measured by an upward-looking ground-based radiometer were used to constrain the total cloud
optical depth. The time series of radiometer and CPI data obtained while profiling the cloud system was used
to estimate the time evolution of the liquid water and ice particle optical depths as well as the vertical location

of the two cloud layers.

1. Introduction

Clouds are important in understanding the earth’s
radiation budget and climate. Mixed-phase clouds (MPCs),
consisting of supercooled liquid droplets and ice crys-
tals, have been found to cover large areas in the Arctic
(Shupe 2011). MPCs tend to consist of stratiform layers
of supercooled liquid water from which ice crystals form
and precipitate (Curry et al. 1997; Rangno and Hobbs
2001; Shupe et al. 2006; Verlinde et al. 2007; de Boer
et al. 2009; Sikand et al. 2010; Lawson et al. 2011). Even
though a mixture of supercooled droplets and ice is mi-
crophysically unstable because ice will grow at the expense
of liquid water by the Wegener-Bergeron-Findeisen
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(WBF) mechanism (Morrison et al. 2012), MPCs can be
very persistent and often last for several days. The solar
radiation field in a cloudy atmosphere is strongly influ-
enced by scattering and absorption by cloud particles as
well as by the albedo of the underlying surface (Kahnert
et al. 2008). Clouds have a particularly strong nonlinear
influence on the surface energy budget in the Arctic
(Tsay et al. 1989; Curry and Ebert 1992; Intrieri et al.
2002; Schweiger and Key 1994; Walsh and Chapman
1998; Sandvik et al. 2007), including the timing of the
onset of snowmelt (Zhang et al. 1997). The relatively
thin boundary layer clouds that are prolific from spring
through fall in the Arctic (Lawson et al. 2001; Intrieri
et al. 2002; Zuidema et al. 2004; Lawson and Zuidema
2009) transmit (shortwave) sunlight and absorb (long-
wave) thermal radiation. The greenhouse effect produced
by the thin cloud cover accelerates melting and increases
the amount of open water, which absorbs more incoming
sunlight than do ice surfaces, setting up a positive feedback
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process that leads to more melting and warming near the
surface (Perovich et al. 2008). Clouds have also been
observed to play a major role in sea ice loss (Kay and
Gettelman 2009), but identifying the reason is a chal-
lenge because the sea ice decline over the last 30 yr can
be attributed to an energy surplus of just 1 W m ™2 (Kwok
and Untersteiner 2011). Hence, reliable knowledge of
cloud microphysical and radiative properties is crucial
to understand radiative transfer and the earth’s energy
budget (Ramanathan et al. 1989).

Previous field campaigns such as the 1998 National
Science Foundation (NSF) Surface Heat Budget of the
Arctic Ocean (SHEBA) project, National Aeronautics
and Space Administration’s (NASA’s) First International
Satellite Cloud Climatology Project (ISCCP) Regional
Experiment-Arctic Cloud Experiment (FIRE-ACE), and
the Mixed-Phase Arctic Cloud Experiment (M-PACE)
provided aircraft measurements using cloud particle im-
ager (CPI) data of MPCs in the Arctic (Lawson et al.
2001; Verlinde et al. 2007). A tethered-balloon system
(TBS) was developed and deployed to study MPCs in
Ny-Alesund, Svalbard, Norway, at 78.9°N, 11.9°E in
May/June 2008 with support from the atmospheric di-
vision of the NSF and the Norwegian Research Council
through its International Polar Year (IPY) program and
the project IPY— The Observing System Research and
Predictability Experiment (THORPEX). The TBS in-
strument package provided measurements from the basic
meteorological sensors as well as miniaturized micro-
physical and radiation sensors (Stamnes and Storvold
1999). The meteorological sensors measured pressure,
temperature, humidity, wind speed, and wind direction.
The Norwegian Institute for Air Research’s [Norsk In-
stitutt for Luftforskning’s (NILU)] lightweight moder-
ate bandwidth filter instrument, named NILU CUBE
441, was used to measure irradiances in situ at 500 and
800 nm simultaneously on the six sides of a cube. These
measurements can be used to estimate the mean intensity
(MI). Microphysical cloud data were obtained using a
miniaturized version of an airborne CPI. The ability of
the CPI to identify the ice particles and cloud droplets
during vertical profiling can be used in conjunction with
a radiative transfer model (RTM) to improve micro-
physical retrievals. The Ny—Alesund deployment dem-
onstrated the utility of the TBS as an observing system
capable of making long-term and cost-effective mea-
surements of the microphysical and radiative properties
of clouds in the Arctic, and providing vertical profiles of
a cloud from the balloon’s maximum height all the way
down to the surface.

Substantial uncertainties exist in observing these
MPCs from the ground and from satellites. These un-
certainties are partly due to the heterogeneity of the
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underlying surface and partly due to the fact that satel-
lite retrievals of the cloud and surface characteristics are
hampered by the complex vertical structure of the at-
mosphere, including temperature inversions, humidity
inversions, and low visible, thermal, and microwave
contrast between the clouds and the underlying surface
(Curry et al. 2000). To understand the cloud microphysics
and the radiative transfer in MPCs, unique observational
and modeling studies are required that will help to bridge
gaps in the understanding of MPC microphysics, cloud
dynamics, and cloud evolution. The temporal behavior
of MPCs indicates the changing cloud characteristics
related to cloud phase, location, and optical properties.
The in situ radiometric and microphysical measurements
collected via a TBS can aid in reducing these uncer-
tainties. The uniqueness of the TBS lies in its ability to
provide information about MPC characteristics through
vertical profiling. This information is also useful in eval-
uating climate model parameterizations of cloud and
radiation processes.

In a previous study (Sikand et al. 2010), we developed
a method to estimate the optical properties of MPCs in
the Arctic using a forward RTM combined with a man-
ual (trial and error) inversion—an approach that was
very labor intensive and time consuming. To alleviate
that problem, we have, in this study, extended and
automated this methodology to allow for faster re-
trievals of a more complex cloud scenario, in which the
MPC is allowed to evolve with time. This new approach
relies on the use of an RTM similar to that used in the
previous study (Sikand et al. 2010), but in combination
with a standard nonlinear, least squares inverse
method as described below. It also allows for a more
systematic and accurate analysis of the microphysical
and radiometric data collected on the balloon platform
by providing an optimal solution.

In this paper we employ this forward-inverse meth-
odology to examine the unique vertical profiles and cloud
phase partitioning of a boundary layer MPC system ob-
served on 16 May 2008. Cloud liquid droplets and ice
particles have different sizes, shapes, refractive indices,
densities, and concentrations (Sun and Shine 1994). The
horizontal and the vertical scales over which the two
phases exist impact cloud properties and therefore play
an important role in determining the climate evolution
in the Arctic. In section 2, we discuss and compare the
radiometric measurements of two MPC cases: 16 May
2008 analyzed in this study and 29 May 2008 analyzed in
the previous study (Sikand et al. 2010). The instruments
used to measure the radiometric data were described by
Sikand et al. (2010) and Lawson et al. (2011). In section
3, we discuss the RTM constructed to analyze the data
obtained on 16 May 2008. Inputs to this RTM were
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selected to be consistent with the CPI data. In section 4,
we present our methodology and results. In section 5, we
discuss the results obtained in this data analysis and
model simulation study. Finally, in section 6, we provide
a summary along with an outlook on the future use of
the TBS in atmospheric studies of microphysical and
radiative properties of MPCs.

2. Tethered-balloon radiometric measurements

In Sikand et al. (2010), we attempted to understand
the optical properties of the MPCs by analyzing the ra-
diometric measurements from the Ny-Alesund cam-
paign with the help of a state-of-the-art RTM (Stamnes
et al. 1988). The radiometric data can be accessed online
(at http://cdp.ucar.edu/browse/browse.htm?uri=http %
3a%2f%2fdataportal.ucar.edu%2fmetadata %2fsit %
2fsit.thredds.xml). The radiometric analysis was used to
estimate the optical depth due to ice crystals and water
droplets. In this paper, the radiometric TBS measure-
ments obtained for a cloudy situation on 16 May 2008
were analyzed and compared with those obtained on 29
May 2008, reported previously in Sikand et al. (2010).
The in situ measurements consisted of 47 irradiances
that were used to estimate the mean intensity at 500 and
800 nm, and CPI images that were used to determine the
cloud phase. The total downward (TD) irradiance was
measured by a collocated, ground-based reference in-
strument (TriOS RAMSES-ACC-UV Hyperspectral UV/
VIS irradiance sensor). The total downward irradiance at
the ground was found to be insensitive to the vertical
distribution of the cloud particles as long as the total
optical depth remained unchanged. However, the mean
intensity estimated from the 4+ irradiances measured on
the TBS was found to be quite sensitive to the vertical
cloud particle distribution, and was used to determine
the vertical structure of the boundary layer MPC system
(Sikand et al. 2010).

Figure 1 shows two very different vertical profiles of
boundary layer MPCs. On 29 May 2008 the balloon flew
from 1045:02 to 1525:06 UTC in total and reached a max-
imum altitude of approximately 1177 m at 1352:38 UTC.
The solar zenith angle on 29 May 2008 changed from
57.3° at the start of the flight when the balloon was at the
ground to 60.2° at the top (approximately 1177 m) and
then to 63.8° at the end of the flight when the balloon
reached back to the ground. The CPI data obtained
during this flight on 29 May 2008 showed a layer of
water droplets over ice. During ascent, a general increase
in the mean intensity was observed, whereas a reduction
in the mean intensity was observed during descent. This
behavior in the mean intensity could be due to variations
during the time of flight of the solar zenith angle and also
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of cloud characteristics, such as cloud-base and cloud-top
height, as well as cloud phase and cloud optical depth.
The difference between the measured mean intensities
at 500 and 800 nm was mainly due to the difference in
absorption and scattering properties at the two wave-
lengths. A drop in the mean intensity with the corre-
sponding decrease in balloon height around 700 m
during the ascent could also be due to changing cloud
characteristics on this day. The thick lumps in Fig. 1 are
due to the balloon floating at a particular location for
some time and hence collecting data at that location
every 2 s. Two separate profiles between 600 and 750 m
in Fig. 1a are due to the balloon going up and down
within clouds at this location. However, on 16 May 2008
we observed a very different vertical profile showing
no regular trend of mean intensity from the ground all
the way up to the maximum altitude of approximately
1350 m. The CPI data obtained during the flight on 16
May 2008 indicated an inhomogeneous distribution of
both ice and water droplets. On this day the balloon flew
from 0800:38 to 0947:07 UTC in total. The solar zenith
angle changed from 63.5° at the start of balloon flight
on the ground to 60.5° as the balloon descended to the
ground. The slight decrease in the mean intensity with
height near the surface could be due to a decrease in the
surface albedo “‘perceived” by the radiometer as the
balloon ascended. The balloon stayed for about 20 min
near the maximum altitude when the solar zenith an-
gle was close to 61.7°. The change in mean intensity
near the maximum altitude could be due to an increase
in the concentration of cloud particles at that location
(Madronich 1987; de Arellano et al. 1994) caused by
a change in cloud phase or proximity to the cloud top
(Hobbs and Rangno 1998). The changing pattern of the
mean intensity seen in Fig. 1 during the descent could
be due to changing cloud optical properties and cloud
location. The reduction in the mean intensity around
1000 m during ascent as well as descent combined with
CPI data indicates the presence of a significant amount
of ice particles in that region. The vertical profiles ob-
served on 16 and 29 May 2008 were obtained during
different times of flight, that is, different solar zenith
angles. As explained below, the simple model with two
cloud layers in fixed positions used to analyze the data
obtained on 29 May had to be replaced by a model in
which the positions of the cloud layers were allowed to
vary in order to get a good match between measured
and computed mean intensities on 16 May. Also, the
straightforward trial-and-error retrieval scheme em-
ployed by Sikand et al. (2010) had to be replaced by
a more systematic approach based on nonlinear optimal
estimation in order to make sense of the vertical profiles
measured on 16 May.
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FIG. 1. Estimated mean intensity at 800 (left trace) and 500 nm (right trace) for cloudy-sky conditions during (a),(c)
ascent and (b),(d) descent on (a),(b) 29 and (c),(d) 16 May 2008. The vertical profiles observed on 29 and 16 May 2008
were obtained during different times of the day, i.e., different solar zenith angles. The thickness of the curves rep-
resents variability in mean intensity with time when the balloon was located at the same altitude.

3. Model simulations
a. Radiative transfer model

A plane-parallel inhomogeneous (multilayer) RTM
was used to simulate the radiation transport in the at-
mosphere in a manner that could be compared to the
observations. To simulate the TBS and ground-based
radiometric measurements, the cloud was represented
by vertically stratified layers of liquid droplets and ice
particles, so that one could compute irradiances and mean
intensities by using an azimuthally averaged version of the
radiative transfer equation, which describes the transfer of
the diffuse monochromatic solar intensity / in a scattering
and absorbing plane-parallel atmosphere. To incorporate

clouds in a plane-parallel RTM, one may use multiple
stratified layers. If one adopts a sufficiently large number
of layers, then this approach, which has been used in
a number of studies (e.g., Tsay et al. 1989, 1990), can
account for significant vertical variations in gaseous ab-
sorption and scattering as well as in the size distribution of
water droplets and in the size and shape distributions of ice
particles and their associated radiative effects. Based on
these considerations, we constructed a RTM that included
radiative interactions with atmospheric gases [see section
3b(1)] as well as parameterized treatments of scattering
and absorption by cloud particles [see section 3b(2)].

To solve the radiative transfer equation, we employed
the radiative transfer code Discrete Ordinate Radiative
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FIG. 2. Schematic illustration of a two-layer cloud model, con-
sisting of a low ice cloud (LC) and high liquid water cloud (HC),
embedded in a background clear-sky (molecular) atmosphere,
used to analyze the TBS data observed on 16 May 2008. Based on
the CPI images, the LC base was determined to be at about 300 m
and the HC base at about 1300 m. The HC base and LC top boundary
were allowed to change with time (UTC) and brought closer to
ground to achieve agreement between simulated and measured
mean intensities.

Time (UTC) ™

Transfer (DISORT) (Stamnes et al. 1988), which was
well suited for our purpose. The input to the model in-
cluded solar irradiance data obtained from NASA’s Solar
Radiation and Climate Experiment (SORCE) was taken
to be approximately 1900 mW m 2 nm ! at 500 nm and
1100 mW m~2 nm ™! at 800 nm. Other input parameters
included the cosine of the solar zenith angle calculated
from the National Oceanic and Atmospheric Adminis-
tration’s (NOAA’s) solar position calculator (at http://
www.srrb.noaa.gov/highlights/sunrise/azel.html) and a
Lambertian surface albedo, which was estimated from
measurements taken under clear-sky conditions (Sikand
2012).

b. Inherent optical properties (IOPs)

1) CLEAR (CLOUD FREE) BACKGROUND
ATMOSPHERE IOPS

We used a stratified atmosphere of 42 layers as a back-
ground. The atmospheric transmittance model Moderate
Resolution Atmospheric Transmission (MODTRAN),
a computer program designed to simulate atmospheric
propagation of electromagnetic radiation in the 100-
50 000 cm ' (0.2-100 wm) spectral range, was used to
estimate the radiative interactions with gases. Our at-
mospheric model represented the vertical variations of
the atmosphere with a height resolution of 100 m from
the ground up to 2000 m and a coarser height resolution
from 2 up to 70 km (see Fig. 2). The MODTRAN trans-
mittance model was used to compute the scattering
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FIG. 3. The vertical profile of MPC particle images consisting of
ice crystals and liquid droplets observed during the descent on 16
May 2008.

optical depth 7y.er and the total optical depth 7, at
500 and 800 nm for molecular (Rayleigh) scattering and
absorption in each of the 42 atmospheric layers.

To simulate the radiation field at the location of the
44 radiometer deployed on the TBS platform, the ap-
propriate altitude to be used in the model was calculated
from the pressure data collected by the meteorological
package.

2) CrLoup IOPs

Figure 2 shows a schematic illustration of the atmo-
spheric model with cloud layers embedded within the 42
layers of clear atmosphere. The cloud model was based
on images observed by the CPI, which showed vertical
profiles of MPCs consisting of ice crystals with a variety
of sizes, shapes, and degree of riming as well as liquid water
droplets. The amount of ice in the MPCs varied consid-
erably with altitude, but it did not appear to be a function
of temperature. On 16 May 2008 the balloon flight started
at 0800:38 UTC at a solar zenith angle of 63.5°. The balloon
moved continually up and reached a maximum altitude of
approximately 1343 m at 0857:45 UTC and then stayed
around 1300 m for approximately 20 min. At the top of
the flight, the solar zenith angle was close to 61.7°. As the
balloon descended from the 1300 m level at 0903 UTC,
the CPIimages revealed a predominance of liquid water
droplets down to temperatures of —6.4°C (see Fig. 3).
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Liquid-water-topped clouds are likely to be common in
the Arctic, and they may play an important role in the
radiation balance of the region (Hobbs and Rangno
1998). As the balloon descended farther, the CPI images
began to show presence of mostly ice particles below
1300 m, and that trend continued down to approxi-
mately 300 m, where the temperature was about —2°C
(see Fig. 3). As indicated in Fig. 3, a few water droplets
appear again around 300 m, and this pattern persists all
the way to near the surface. Based on the CPI data ob-
tained during the descent on 16 May 2008 (see Fig. 3), we
constructed a two-layer cloud model. As shown in Fig. 2,
in this two-layer cloud model, we assumed that the lower
layer consisted primarily of ice particles and stretched
from 300 to 1300 m. We further assumed that the upper
layer consisted primarily of water droplets and stretched
from 1300 to 1400 m. Since there were a few water
droplets in the lower layer, which is assumed to con-
sist primarily of ice, and a few ice crystals in the upper
layer, which is assumed to consist primarily of liquid
water, the results presented below will have some un-
certainties related to the validity of the assumption that
the upper layer consisted of liquid particles only and
the lower layer of ice particles only. The two layers had
slightly different optical properties. The first moment
of the scattering phase function, the so-called asym-
metry factor g, is often adopted to describe the angular
scattering or phase function of cloud particles. The asym-
metry factor and the single-scattering albedo were pa-
rameterized on the basis of Mie theory for liquid water
clouds in terms of the effective droplet size (Hu and
Stamnes 1993). For computations of integrated radiative
quantities, such as irradiances and mean intensities, used
in the data analysis in this paper, the details of the phase
function are not important, and the first moment of the
phase function—that is, the asymmetry factor—is suffi-
cient to provide adequate results. We may therefore use
the simple Henyey—Greenstein phase function, which
depends only on the asymmetry factor, to characterize
the angular distribution of the scattered radiation. Since
the asymmetry factor for ice particles is typically smaller
than for liquid droplets (Sun and Shine 1994; Fu 1996;
Curry et al. 2000; Garrett et al. 2001; Kahnert et al.
2008), we let the asymmetry factor for the cloud particles
in the ice cloud layer be smaller (g = 0.75; Garrett et al.
2001) than in the liquid water cloud layer (g = 0.80). The
single-scattering albedo at both 500 and 800 nm was
assumed to be 0.999. Since the optical depth decreases
when a liquid cloud layer transforms into the solid phase
(Curry and Ebert 1992), the lower ice cloud layer may
typically be expected to be optically thinner than the
higher liquid water layer even though its vertical extent
was assumed to be small. Based on 47 measurements
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FIG. 4. Total downward irradiance measured on 16 May 2008
with a ground-based spectrometer (RAMSES) at 500 (black stars)
and 800 nm (gray squares). In the inset the total downward flux in-

terpolated at 500 (black stars) and 800 nm (gray squares) is shown
with time to match the balloon flight time.

during a balloon flight on 4 May 2008 under clear-sky
conditions, the surface albedo was estimated to be 0.75
at 500 nm and 0.7 at 800 nm (Sikand 2012).

4. Methodology and results

The total downward irradiance measured by the
ground-based radiometer was found to be insensitive to
the vertical distribution of the cloud particles (liquid or
ice). We first used the ground radiometer measurement
shown in Fig. 4 to estimate the total optical depth of the
cloud system. The ground instrument provided the total
downward irradiance every 5 min, whereas the balloon
radiometer provided mean intensity data every 2 s. Be-
cause of inconsistency in the timing of the data collection
on the balloon and on the ground, we interpolated the
measured total downward irradiance to the balloon flight
time (see inset of Fig. 5). In Sikand et al. (2010), the cloud
model consisted of two cloud layers with fixed positions in
the background of 42 atmospheric layers used to describe
the clear-sky atmosphere. In the cloud model used in this
paper, the positions of the two cloud layers were allowed
to evolve with time. We also found through RTM simu-
lations, that the total downward irradiance reaching the
surface did not depend on the cloud location, and that it
remained the same irrespective of the vertical positions
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FIG. 5. The total downward irradiances computed from the two-
layer cloud RTM agree within 10% with the interpolated measured
total downward irradiances during the balloon flight (time in UTC).
The total downward irradiance measured by the ground-based ra-
diometer was found to be insensitive to the vertical distribution of
the cloud particles (liquid or ice). The model results at 500 (black
stars) and 800 nm (gray squares) were inferred using a nonlinear
least squares solution approach as discussed in the text.

of the two cloud layers as long as the total optical depth
of the MPC was the same. However, the mean intensity
at a particular height varied because of changes in the
positions of the two cloud layers. In Sikand et al. (2010),
the optical depths of the two cloud layers, which were in
fixed positions, were varied until the best match was ob-
tained between measured and simulated mean intensities.
Attempting to obtain a match between measured and
simulated mean intensities for the data collected on 16
May 2008 proved to be impossible with the two cloud
layers in fixed positions. Therefore, in this paper, we
extended this methodology to allow the positions of the
two cloud layers to vary as the cloud system evolved with
time.

The manual (trial and error) approach used to analyze
the data obtained on 29 May 2008 with fixed cloud po-
sitions, as described in Sikand et al. (2010), was found to
be inadequate to analyze the data obtained on 16 May
2008. The forward-inverse modeling approach used in
the analysis in this paper allows for adjustment of the
positions of the cloud layers as needed to obtain a good
fit of the measured mean intensities to the simulated
ones. To estimate the cloud optical depth in the two cloud
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layers from the complex vertical profile of the mean
intensities obtained on 16 May 2008, we used a nonlinear
least squares solution approach. The irradiance and the
mean intensity were computed by using a forward RTM
based on DISORT (Stamnes et al. 1988) with IOPs spec-
ified as described above. Although the radiative transfer
equation is linear, the response of the computed radiative
quantities depends nonlinearly on the retrieval parame-
ters, such as the cloud optical depth.

An approximate solution to the retrieval problem can
be obtained by linearizing the forward model F(x) about
some reference state x, using a first-order Taylor series
expansion (Rodgers 2000) as shown:

y =F(x); 1)
and

Fx)

F(x) —F(x)) ~J(x —x;); J= X

2
Here, the data vector y consisted of four simultaneous
observations composed the mean intensities at 500 and
800 nm (two measurements) estimated from the 44 ra-
diometer deployed on the balloon, and the irradiances at
500 and 800 nm (two measurements) measured by the
ground-based spectrometer. The state vector x consisted
of the optical depths of the two cloud layers, and J was
the Jacobian matrix consisting of irradiance or mean
intensity variations (partial derivatives) with respect to
the state vector. The cloud optical depths on 16 May 2008
were then estimated by a set of linear algebraic equations,
that is,

y = F(x) =~ Jx. 3)

The least squares solution of Eq. (3) can be obtained
from the following set of normal equations

x=WT9) Ty, “4)

Since the problem is nonlinear, we solve it by iteration as
shown:

X =X+ (J19) Ty - F(x)], (5)

where the number of iterations are determined by the
need to minimize the cost function ®(x), which is the
difference between the measurements and the forward
model, as shown:

®(x) = [y~ F®)]'S, [y - F(x)] (6)

or
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Modeled mean intensities (stars: 500 nm, squares: 800 nm) agree
within 10% with the measurements. The optical depths and posi-
tions of two cloud layers were varied in this forward-inverse
modeling approach until the best match was obtained between
measured and simulated mean intensities.

®(x) = [y — Fx)]"[y — F(x)] ™)

if we set the measurement error covariance matrix to
S, = I. The optical depths of the two cloud layers at 500
and 800 nm were estimated using this forward-inverse
modeling approach, which provided the best simulta-
neous match to the balloon measurements of the mean
intensities at a particular time (height) and the total
downward irradiances measured with the upward-looking
radiometer on the ground.

At the maximum altitude where the balloon spent
a considerable amount of time, we were able to get a
good match between the computed and measured 47
mean intensities with fixed cloud boundaries. As the
balloon began to descend, Fig. 6 shows a reduction in the
mean intensity just below the maximum altitude. How-
ever, as the balloon descended farther, it became chal-
lenging to achieve good agreement between computed
and measured 47 mean intensities. This difficulty could
be due to changing optical properties of the clouds, cloud
movement, assumptions of surface albedo on a cloudy day
based on clear-sky results, asymmetry factor values, or
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other/unknown factors. During the descent, we ob-
served liquid droplets in CPI images between 0903 and
0904 UTC when the balloon was located near 1300 m.
As the balloon reached altitudes below 1300 m, the CPI
images showed a predominance of ice particles. Hence,
a two-layer cloud model consisting of a low ice cloud
with a cloud base around 300 m and a high liquid water
cloud with a cloud base around 1300 m was constructed.
As time progressed during the descent, we observed
a thin layer of the liquid droplets at 0934 UTC near
300 m (cloud base). Since the cloud appeared vertically
inhomogeneous, we allowed the boundaries of the two
cloud layers to move toward the surface with time in
order to achieve agreement between the simulated and
measured mean intensities. We assumed that ice from
the cloud base at 300 m extended to the surface as the
balloon descended with time and as indicated schemat-
ically in Fig. 2. This adjustment of the lower cloud layer
closer to the ground as time progressed during TBS de-
scent was based on the assumption that the cloud drops
observed at the cloud base precipitates as ice through the
cloud base all the way to the surface (Lawson et al. 2001;
Curry et al. 1996). We found that as the balloon de-
scended farther, a good match between measured and
simulated mean intensities could be obtained by (i) in-
creasing the vertical extent of the higher liquid water
cloud toward the surface, (ii) reducing the vertical extent
of the lower ice cloud toward the surface, and (iii) con-
straining the top of the lower cloud to be located just
above the balloon height to provide better control on the
tuning of the two cloud optical depths.

By allowing the cloud boundaries to adjust in this
manner, we were able to obtain a good match between
the mean intensities inferred from the balloon 47 radi-
ometer data and the total downward irradiance mea-
sured on the ground by the upward-looking radiometer.
The total optical thickness of the two cloud layers re-
trieved in this manner during the balloon descent are
shown in Fig. 7. The partitioning of the optical depths of
the two cloud layers is also shown in Fig. 7 as a function
of time during balloon descent. The maximum cloud
optical depth estimated from a good match between
measured and simulated radiometric data was found to
be approximately 32 at 500 nm and 31 at 800 nm on 29
May 2008 (Sikand et al. 2010). By contrast, on 16 May
2008 it was found to be approximately 18 at 500 nm as
shown in Fig. 7 and approximately 17 at 800 nm.

5. Discussion and sensitivity analysis

The vertical profile of the mean intensity observed on
16 May 2008 (Fig. 1) shows that it increased and de-
creased irregularly with altitude during the balloon flight.
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This behavior is due to changing cloud characteristics
including optical properties as well as cloud-top and
cloud-base heights. The tethered balloon spent about
20 min at the maximum altitude around 1300 m during
this flight where the CPI showed a predominance of
water droplets. This feature is consistent with the anal-
yses of aircraft data by Hobbs and Rangno (1998), who
showed that many MPCs in the Arctic attain a steady-
state consisting of a liquid-topped cloud that continually
precipitates ice. Such a structure appears to be common,
as shown by the SHEBA lidar data (Intrieri et al. 1999)
and by the Department of Energy Atmospheric Radia-
tion Measurement Program (DOE ARM) North Slope
of Alaska (NSA) radar and lidar data. We also observed
an increase in the mean intensity near the ground that
could be due to an increase in the surface albedo per-
ceived by the radiometer as the balloon descended.
Uncertainties in the results could be due to changing
optical properties of the clouds, cloud movement, as-
sumptions regarding surface albedo on a cloudy day
based on clear-sky results, adopted asymmetry factors,
and other/unknown factors. Simulations indicate that
the retrieved low cloud optical depth changes by about
15%-20% and the retrieved high cloud optical depth by
about 20%-30% when the surface albedo or asymmetry
factor changes by 10%.

By adjusting the boundaries and the optical depths of
the two cloud layers in the RTM, we achieved a good
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match between mean intensities simulated by the RTM
and inferred from the 47 radiometer measurements. We
used this approach to estimate the optical thickness of
the two cloud layers, employing the nonlinear least
squares fitting procedure described in section 4. The
total optical thickness estimated from the 47 radi-
ometer measurements was constrained to be the same
as that measured by the upward-looking radiometer
on the ground. This procedure provided the optical
thickness of the cloud layers at a particular instant in
time. To obtain a good match, it was necessary to allow
the location of the base of the lower cloud to move closer
to the ground, which led to an increase in its retrieved
optical depth as shown in Fig. 7. In this manner the 4
radiometer data collected by the NILU CUBE in-
strument were used to estimate the partitioning of the
optical depth between liquid water and ice in the Arctic
MPC. By vertical profiling the 47 radiometer data also
helped us estimate the vertical extent of the cloud layers
as a function of time as indicated in Fig. 2. Such in-
formation is very challenging to retrieve from satellites
or aircraft.

To understand the response of our model to pertur-
bations in optical parameters, we evaluated the sensi-
tivity of the computed downward irradiance at the
surface as well as the mean intensity at the location of
the TBS platform due to changes in individual cloud
layer optical thicknesses when the total optical thickness
was constrained to be constant. We perturbed the opti-
cal thickness of the low cloud as well as the high cloud in
steps of 0.1 until we reached two extremes as follows.
First, we increased the optical thickness of the low cloud
in steps of 0.1 but constrained it to be slightly less than
that of the high cloud, and then we decreased it in steps
of 0.1 until it became very thin. By constraining the low
cloud optical depth to be less than that of the high cloud,
we maintained consistency in our two-layer cloud model
based on CPI images. Figure 8 shows the estimated sen-
sitivity of the total downward irradiance as well as the
mean intensity due to the perturbation in cloud optical
thickness at 500 and 800 nm. We found that the total
downward irradiance reaching the surface was not very
sensitive (within 4%) to changes in individual cloud layer
optical thicknesses of the cloud system as long as the
total cloud optical thickness remained the same. How-
ever, the mean intensity at different times (balloon
heights) showed a sensitivity of about 25%. Thus, the
mean intensity data collected with the 47 instrument on
the TBS were quite sensitive to the partitioning of the
optical thicknesses between the two cloud layers. This
kind of information could be useful in future TBS cam-
paigns to infer the total cloud optical depth and its par-
titioning between liquid water and ice.
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FIG. 8. Estimated sensitivity (due to perturbations in optical
depths in the two cloud layers) of the total downward (TD) irra-
diance (solid black) and mean intensity (MI) (solid gray) at 500 and
800 nm. The total optical thickness is constrained to be the same as
before the perturbations. The TD is not very sensitive to a change
in optical depth of the two cloud layers and varies within 4%. The
ML, in contrast, has been found to be quite sensitive to a change in
optical depth of the two cloud layers and varies within 25%. The
area around the solid line is unsymmetric due to the changing
positions of the cloud layers as well as the changing location of the
NILU-CUBE instrument, whose response is being simulated with
time.

6. Summary and outlook
a. Summary

A novel TBS (Sikand et al. 2010; Lawson et al. 2011),
capable of measuring true vertical profiles and time se-
ries of microphysical and radiometric properties, was
used to collect data in May—June 2008 at Ny-Alesund,
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Norway (78.9°N, 11.9°E). The powered-tether approach
allows for long time series and uninterrupted operation.
This feature is especially valuable in cold climates where
battery lifetime is limited. Such in situ measurements are
not feasible using aircraft or ground-based remote sens-
ing instruments only. The radiometric data collected via
two instruments—namely, the NILU-CUBE 47 radi-
ometer on the TBS and the RAMSES radiometer on the
ground—were analyzed to retrieve optical properties of
MPCs observed on 16 May 2008 using an RTM. The CPI
data were used to construct an RTM that included scat-
tering and absorption by cloud particles embedded in a
background clear-sky (molecular) atmosphere. The RTM
was used in conjunction with the ground-based irradi-
ance measurements to estimate the total optical thick-
ness of the cloud system as a function of time, irrespective
of the vertical distribution of ice particles and liquid
droplets. The mean intensity measured on the TBS was
used in conjunction with the RTM to estimate the time
evolution of the vertical distribution of ice particles and
liquid droplets.

Our analysis of the CPI and radiometer data for the
flight on 16 May 2008 can be summarized as follows:

e an increase in the vertical extent of the upper cloud
layer and a reduction in the vertical extent of the lower
cloud layer was needed in order to obtain a good match
between measured and simulated mean intensities;

o the optical thickness of the upper liquid cloud gradu-
ally became smaller toward the end of the balloon
flight;

o the maximum total cloud optical depth on 16 May
2008 was found to be approximately 18 at 500 nm as
shown in Fig. 7 and approximately 17 at 800 nm.

It should be noted that in our analysis, we used a two-
layer cloud model with liquid water only in the upper
layer and ice particles only in the lower layer. Since the
CPI data indicated that there were a few water droplets
in the lower layer, assumed to be primarily ice, and a few
ice crystals in the upper layer, assumed to be primarily
liquid water, the results presented in this paper will
have some uncertainties related to the validity of these
assumptions.

b. Outlook

The TBS platform can be used to deploy a variety of
instrument packages into the atmospheric boundary
layer. Here is our “dream list” of potential instruments
that could be deployed on the TBS. This list includes,
but is not limited to, counters of cloud condensation
nuclei (CCN) and ice-forming nuclei (IFN) as well as
cameras for monitoring the surface conditions, filters for
collecting and analyzing ice nuclei, a particle imaging
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probe that extends to centimeter-size particles, and
a new miniaturized (<2 kg) in situ cloud lidar currently
under development.

The CPI used in the current TBS weighs 7 kg. A
miniature CPI, designed to fly on a small, unmanned
aerial system, is now under development and weighs less
than 2 kg. Adoption of this new CPI technology into the
TBS would increase the payload potential by 5 kg and
thus enable one to add new instruments, such as those
discussed above.

The 47 radiometer deployed in May 2008 at Ny-
Alesund had only two channels. A next-generation ra-
diometer that will include additional near-infrared (NIR)
channels is now being contemplated. One idea is to ex-
pand the wavelength range into the NIR (potentially up
to 1650 nm). While silicon photodiodes are optimum
over the wavelength range from 300 to 1000 nm, beyond
1050 nm different detectors, such as indium gallium
arsenide (InGaAs) photodiodes, with bandwidths larger
than 20 nm may be required. NIR measurements typi-
cally necessitate detectors with thermoelectric or cryo-
genic cooling. The use of uncooled detectors, which have
a high dark current but also a high spectral response,
could be a possibility. Also, efforts should be made to
reduce the weight of the instrument by using lightweight
material for the mechanical frame, and the feasibility of
redesigning the instrument to make it more compact
should be explored. Other desirable improvements in-
clude the addition of a GPS/three-axis compass to record
the orientation of the sensor heads as well as accurate
temperature sensors to allow for corrections of tem-
perature effects.

The present winch, built for the 1998 SHEBA project,
was dimensioned for a tether designed to carry high
currents that would heat the tether for deicing purposes.
The high-current approach necessitated a large drum
that would provide large surface area exposure for ad-
equate cooling of the tether. It was found that the high
current was unnecessary for deicing and a lower-current
approach was subsequently adopted. Since the high cur-
rent and large drum are no longer needed, a smaller drum
could be fabricated that would considerably reduce the
size and weight of the TBS and allow it to be transported
on commercial airliners with limited cargo door access
dimensions.

Finally, it would be useful to develop reliable data-
processing tools that could be used to turn the data
collected by the TBS instruments into meaningful geo-
physical parameters. For example, flow modeling and
calibration techniques need to be developed to better
quantify CPI collection efficiency of water and ice par-
ticles, which is a complex function of particle type and
size, fall velocity, ambient wind speed, and sample tube
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angle of attack. Quantified water drop and ice particle
size distributions could then be used to compute total
water drop and ice particle concentrations, liquid water
content (LWC), ice water content (IWC), effective particle
sizes, and extinction coefficients, and combined values
of these parameters. The asymmetry factor can be de-
rived from Mie scattering theory for the liquid water
drop portion of the cloud and from lookup tables that
relate CPI particle shape to the scattering phase func-
tion for the ice portion of the cloud (Lawson et al. 1998;
Shcherbakov et al. 2006). Also, data collected with the
44t radiometer, as discussed in this paper, in conjunction
with the CPI data can be used to infer the total optical
depth and its partitioning between liquid water and ice.
These optical properties (effective particle size, liquid/
ice water path, extinction coefficient, optical depth, and
asymmetry factor), which can be derived from future
TBS measurements, are the inputs required by climate
models.

In attempting this difficult experiment, we learned
some lessons that would be helpful in future TBS cam-
paigns. One of the significant lessons learned was that
making in-cloud measurements using a “‘new’’ delivery
system brought out issues that one does not need to
consider with conventional aircraft platforms. For ex-
ample, when sampling from the TBS platform, particle
trajectories (and thus collection efficiencies) are a func-
tion of both particle fall speed and wind velocity. Such
considerations are generally absent when flying at air-
craft speeds. Another example is snow loading on the
top of the balloon, which can cause it to pitch up (or
down) and affect the sampling. We considered icing on
the balloon, which did not turn out to be a problem, but
snow loading did require cleaning snow from the bal-
loon. The bottom line is that, while it may appear to be
much simpler to sample from a “‘stationary’ platform,
such as a tethered balloon, and perhaps this will be the
case once the learning curve is ascended, there is much
to be learned in the meantime.

To put future TBS measurements into perspective, we
close by noting that (i) MPCs have been found to cover
large areas in the Arctic; (i) MPCs can be very persis-
tent and last for several days; and (iii) a proper treatment
of clouds in the Arctic, including MPCs, is a prerequisite
for reliable estimates of climate forcing, the onset of
snowmelt, the rate of snow/ice ablation, the length of
the melt season (Zhang et al. 1996, 1997; Shupe 2011;
Morrison et al. 2012), and ultimately the fate of sea ice
and ice sheets in a changing climate.
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