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Abstract—Shallow trade wind clouds pose one of the largest un-
certainties in climate models. Due to the difficulties in assessing
these clouds with routine observations the next-generation aircraft
remote-sensing for validation campaign with the German High Al-
titude and LOng range research aircraft (HALO) took place in De-
cember 2013. Here we take advantage of the synergy of the HALO
active and passive microwave package as well as spectrally resolved
solar radiation (SR) measured by HALO-SR to characterize shal-
low clouds in the Caribbean. Based on a cloud mask developed
from HALO-SR, about 12 000 cloudy profiles within ~ 4100 indi-
vidual clouds could be detected with about 70 % of them having a
length of less than 2 km. Corresponding measurements with pas-
sive microwave measurements reveal that these small clouds also
contain little water with 36% of the clouds showing a liquid wa-
ter path (LWP) of less than 50 g - m—2. We show that these small
and thin clouds are difficult to characterize with satellite observa-
tions by the special sensor microwave imager/sounder due to its
coarse resolution. Moderate imaging spectroradiometer measure-
ments are able to identify the smaller clouds but suffer in terms of
LWP when clouds start precipitating, which is the case for about
7% of the clouds as detected by the airborne 35 GHz radar.

Index Terms—Airborne active and passive microwaves, cloud
remote sensing, satellite.

I. INTRODUCTION

HE uncertainty in the climate sensitivity of clouds strongly

limits the reliability of climate model simulations [1], [2].
Especially, shallow marine boundary layer cumuli [3] in the
trade-wind-driven regions over the subtropical oceans have been
identified as a major source of observed intermodel spreads.
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Due to their coarse resolution, global climate models of
100 km or more, clouds are not resolved but need to be
parametrized (e.g., [4]). Evaluations of products such as cloud
fraction using satellite data, however, show a mismatch between
modeled and observed conditions [5]. Especially over remote
areas of the globe, such as over the oceans, observations mainly
emerge from satellite observations [6]. The liquid water con-
tent is especially important as it determines the cloud radiative
properties and the generation of precipitation. However, discrep-
ancies in cloud liquid water path (LWP) derived from different
satellite sensors are observed depending on cloud-fraction [7],
or vertical cloud structure assumptions [8]. The differences be-
tween satellite sensor products, but also between satellite and
modeling results, require more detailed observations.

Whereas marine cloud in situ or ship-based measurements
are limited in their spatial scale representativeness, airborne ob-
servations based on synergetic remote-sensing measurements
offer the potential to not only cover large spatial regimes, but
also to observe small scenes with high resolution and flexibility
[9], [10]. Field studies investigating trade-wind-driven environ-
ments such as the Rain in Shallow Cumulus over the Oceans
(RICO) [11], or the later Cloud, Aerosol, Radiation, and tuR-
bulence in the trade wind regime over BArbados (CARRIBA)
[12] studies try to answer problems in the characterization of
shallow cumuli seen in other studies: Do they rain, and if so,
how much precipitation do they contain [13]? How large are cu-
mulus clouds [14]? How variable are the distributions of cloud
sizes and scenes [15]?

To address the questions lined out above with an extended
high-resolution dataset, but also to evaluate the suitability of
coincident satellite observations the Next-generation Aircraft
Remote-sensing for Validation studies (NARVAL-South, [16])
was performed, during which the German High Altitude and
LOng range research aircraft (HALO) [17] performed research
flights over the subtropical ocean east of Barbados. The synergy
of the HALO active and passive Microwave Package (HAMP)
and the HALO solar radiation instrument (HALO-SR) operat-
ing jointly during this campaign will be exploited to character-
ize individual trade-wind clouds and their statistical behavior.
Furthermore, we will investigate whether operational satellite
instruments capture these clouds but also their environment in
terms of integrated water vapor (IWV). Our key focus is on
the LWP as it determines the radiative properties of clouds and
precipitation development.
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Fig. 1. NARVAL-South flight patterns with dropsonde launch positions
marked in black and trade-wind-driven study region in red.

II. OBSERVATIONS

A. Airborne Measurements

The NARVAL-South campaign [16] was performed with the
German HALO research aircraft in December 2013 encompass-
ing four transfer flights between Oberpfaffenhofen, Germany,
and Barbados as well as four local flights (see Fig. 1). Several
underflights with the A-Train [18] were undertaken. A total of 68
flight hours on HALO took place from December 10-21, 2013,
covering the meteorological situation in the dry winter season.
With an average groundspeed of 234 m/s at flight altitudes aver-
aging 13 km, HALO covered both trade-wind-dominated areas
in the east of Barbados, as well as large-scale-driven patterns
during transatlantic overpasses.

Standard in situ meteorology was measured by the BAsis
HALO Measurement And Sensor System (BAHAMAS). In to-
tal 75 Vaisala dropsondes RD94 [19] provided in situ verti-
cal profiles of temperature and humidity with 6-14 dropsondes
launched per flight. Most importantly HALO was equipped with
nadir-looking passive and active remote-sensing instruments
mounted in a bellypod underneath the aircraft. All instruments
were installed to be nadir pointing with a varying observation
angle between 0° and 4° due to the aircraft pitch with slight
differences in spatial and temporal resolution (see Table I). The
footprint horizontal diameter of all instruments determined by
their respective beamwidths is less than 1km and reflects the
instrument-specific lowest resolvable cloud length.

Nadir spectral solar radiance measurements covering the
wavelength range 300-2200 nm were performed with the
HALO-SR instrument [20]. The data were used to develop a
cloud detection algorithm (cf. Section III-A). Furthermore, for
some cases LWP, cloud droplet effective radius r.g and optical
depth 7 has been derived using an iterative algorithm based on
the radiance-ratio retrieval method developed by [21]. For NAR-
VAL, due to a weak instrument sensitivity at wavelengths larger
than 1500 nm, a radiance-ratio of 1050 and 1230 nm wavelength
and the radiance at 870 nm were applied. The iterative algorithm
successively adjusts LWP and r.g until radiative transfer simula-
tions agree with the HALO-SR measurements within predefined
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limits (0.005 for radiance-ratio and 0.005 Wm ™ 2sr 'nm~" for
radiance). Cloud optical depth was calculated using LWP and
Toff On basis of an adiabatic assumption [22]. In case of shallow
cumuli, the adiabatic assumption may not be valid for all clouds
leading to uncertainties in the retrieved cloud LWP. Similarly,
the cloud inhomogeneities are not considered in the radiative
transfer simulations. This simplification mostly increases the
retrieval uncertainty in case of high solar zenith angles, when
three-dimensional radiative effects (shadows and illuminated
cloud sides) will dominate the radiative transfer.

The HAMP combines passive microwave radiometers with 26
channels between 22 and 200 GHz and a 35 GHz active cloud
radar [9]. The increase in liquid water emission with frequencies
allows a rather direct estimate of LWP from passive HAMP. Six
channels along the wing of the 22.23 GHz H,O line and two
window channels (31.4 and 90 GHz) are used to simultaneously
retrieve IWV and LWP using a statistical retrieval approach fol-
lowing [23] and [24]. In order to obtain a representative retrieval
database, about 10 000 synthetic profiles were constructed from
the combination of dropsonde thermodynamic profiles and low-
level water clouds of different thickness and altitude. The clouds
were chosen such that the retrieved LWP will be representative
for the sum of cloud water and rain though strong rain events
were not included. Radiative transfer calculations were per-
formed to provide corresponding synthetic brightness tempera-
tures to which normally distributed noise was added to mimic
instrument accuracy. Due to the exclusion of strong rain events
and given the frequencies used for the retrieval, scattering ef-
fect from rain droplets was not included in the radiative transfer
simulations [23]. Retrieval coefficients were derived by apply-
ing a multivariable linear regression to the quadratic retrieval
approach, including a term for sea-surface temperature (SST)
[25] in order to account for the surface emission. Ocean emissiv-
ities were calculated using SST and satellite-derived 10 m wind
speed [26]. The theoretical retrieval accuracy amounts to about
0.5 kg - m~2 for IWV and 28 g - m~2 for LWP. Note that, for
the major part, the LWP uncertainty is caused by slowly varying
components (drifts, changes in environmental conditions) rather
than the sensitivity [24]. Due to the statistical retrieval approach,
negative LWP values can occur. Therefore, special care is taken
to improve the LWP estimate.

Because of the difficulties involved in the preflight radiometer
calibration on the runway at Barbados airport, measured bright-
ness temperatures were bias corrected based on the comparison
with clear sky dropsondes. Radiative transfer calculations were
performed for each sonde and, based on the mean offset, a con-
stant for each research flight, and each frequency channel was
determined. We follow the approach presented by van Meij-
gaard and Crewell [27] and made use of clear sky episodes
(cf. Section III-A) to bias-correct the retrieved LWP. Each mea-
surement’s offset was calculated by forming a distance-weighted
average LWP from all clear-sky cases within 30 min around each
measurement. This clear-sky correction upscales 95% of all neg-
ative LWP values by on average 27.0g - m~2 and shifts 1.3%
into the positive value range. As we base our analyzes on the
statistics of LWP rather than timeseries analysis, the remaining
negative LWP values indicate the presence of statistical noise
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TABLE I
INSTRUMENT CHARACTERISTICS OF AIRBORNE HAMP ACTIVE AND PASSIVE COMPONENT AND HALO-SR, AS WELL AS SPACEBORNE SSMIS AND MODIS

Spectral range Used Across-track Temporal Parameters
(number of channels) frequencies resolution availability
22.24,23.04, brightness temperature
HAMP 22-200 GHz 23.84,25.44, 1 km * 3s LWP
passive (26) 26.24,27.84, wv
31.4, and 90 GHz
HAMP 35.5 GHz 35.5GHz 130m* Is equivalent reflectivity Z.
active (1) Doppler velocity
422,532, spectral nadir radiance (T)
HALO-SR 300- 2200 nm 648, 858 700 m * Is effect. radius (reyr ),
(1056) 1238, and 1638 nm optical depth (1), LWP
SSMIS 24-190 GHz 19,22.24, 0.25° x 0.25° 2 daily WV, LWP
(24) and 37 GHz overpasses rain-rate, wind speed
0.66, 0.86,
AQUA 0.4—14.4 pm 12,1.6 2 daily Tetf, T,
MODIS (36) 2.1 and 3.7 pm 1 km overpasses LWP

* at 13 km height  K-band channel
and are kept in order to avoid biases in the LWP distribution and
average values (see [27] for further explanation).

The 35.5 GHz cloud radar measures profiles of the equivalent
radar reflectivity factor Z,. Its high sensitivity when operated
on ground of —48 dBZ is reduced during airborne operation due
to the contributions of the aircraft motion to the Doppler signal
to about —30 dBZ when operated at 13 km [9]. Because the Z,
equals the sixth moment of the drop size distribution, the ability
to detect thin low-level clouds without drizzle is limited.

The different instruments (see Table I) show different res-
olutions. In the following, the so-called D1 dataset considers
measurements in the original spatial and temporal resolution of
HAMP passive, HAMP active, and HALO-SR. These datasets
are used for satellite evaluation and cloud length derivation. A
merged dataset, called D2, has been generated containing valid
data of all three instruments on the same time stamp. The D2
dataset is used in the following for analyzes based on the in-
strument synergy. All analyzes focus on a region between 9 and
20°N and —60 to —40°E where we assume the meteorological
conditions to be driven by the trade winds.

B. Satellite Datasets

Global LWP climatologies rely on satellite observations
over ocean with microwave imagers, i.e., the same principle
as HAMP passive, considered to be the most reliable source
[28], but suffer from rather coarse resolution of about 40 km.
Near-infrared estimates by moderate imaging spectroradiometer
(MODIS), based on the same principle as HALO-SR, have finer
spatial resolutions but need to employ more assumptions [29].

The special sensor microwave imager (SSM/I) [30] and its
successor the special sensor microwave imager and sounder
(SSMIS) have been in orbit on various Defense Meteorological
Satellite Program (DMSP) polar orbiting satellites since 1987.
With their measurements in the microwave frequency range
between 19.35 and 85.5 for SSM/I and 183.3 & 6.6 for SSMIS,
respectively, they are used to monitor hydrological parameters
like water vapor and cloud water path and surface properties
like sea ice coverage. Within this study, products derived from

observations of the SSMIS sensor on the DMSP-F16 satellite
provided by remote sensing systems [31] have been utilized to
compare satellite- and airborne-derived water vapor and cloud
characteristics. Thereby, IWV, LWP, wind speed, and rain-rate
are retrieved from measurements at 19, 22.235, and 37 GHz
and compiled to a product on a regular 0.25° x 0.25° grid as
described in [32], [33], and [28]. In case of rain, a cloud-rain
partitioning threshold of LWP = 180 g - m~?2 is applied, above
which LWP is upscaled depending on the rain-rate. IWV is
retrieved with a nominal accuracy of 1.2kg - m~2, whereas the
lowest resolved LWP is 25 g - m 2.

MODIS is operated on two near polar-orbiting satellite plat-
forms, i.e., on Aqua within the A-train constellation [18] and
on the Earth observing system satellite Terra. MODIS captures
visible and near-infrared radiation in 36 channels with a hori-
zontal across-track resolution of up to 250 m. Optical depth and
effective radius is retrieved using reflectivity measurements and
used to derive LWP [34]. A cloud mask algorithm uses several
cloud detection tests to differentiate between clear and cloudy
cases [35], [36]. We use the atmosphere level-2 product MYDO06
with a spatial resolution of 1 km x 1 km available in collection
5.1, as well as the geolocation product MYDO3 [37]. The data
are filtered by applying quality flags, excluding cases where the
retrieval failed, land impacted the view, or sun glint impacted
the quality of the retrieval.

III. SYNERGY POTENTIAL

Similar as their space-borne counterparts HALO instruments
show different sensitivities toward clouds. HALO-SR is most
sensitive to thin water clouds due to their relatively high optical
depth, HAMP passive relates most directly to LWP and the
HAMP radar is strongly influenced by the presence of larger
drops. The benefit resulting from their synergy is illustrated in
the following.

A. Cloud Mask Algorithm

In order to distinguish between clear and cloudy cases, a
cloud mask algorithm similar to the one deployed for MODIS
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Fig. 2. Cumulative LWP distribution binned to 10g-m~2 for all 12 224
cloudy flagged measurements (solid) and distribution for 7416 cases missed by
the radar (dashed).

analysis was developed. It is based on nadir radiance / mea-
sured by HALO-SR at two wavelengths, 1; = 648 nm and
Ao = 858 nm. A measurement is attributed as “cloudy” if the
ratio of I(Ag) and I(A;), as well as the magnitude of one of
the two radiance measurements exceed certain thresholds. We
took advantage of the D2 radar reflectivities above 200 m and
determined the thresholds by qualitatively comparing the dis-
tributions of I(A1), I(A2), and their ratio in clear and cloud-
impacted cases. For the NARVAL observations, the thresh-

olds were set to ﬁ;j; > 0.45, I(x1) > 0.0l Wm?sr'nm™!,

and I(Xy) > 0.008 Wm?sr 'nm~'. Comparing the number of
cloudy cases determined by the cloud mask and by the radar, a
cloud-mask hit-rate of 85.6% is reached.

B. Radar Performance

Based on the cloud mask performance, the radar signals of
cloudy flagged cases were analyzed in order to quantify and
characterize the amount of clouds missed by the radar due to sen-
sitivity restrictions. For that purpose, the time-merged dataset
D2 isused that contains the cloud flag, LWP, and the correspond-
ing radar reflectivity profile. Considering all scenes identified
as cloudy by the cloud mask, we find that in 60.7% of the cases
no significant backscatter signal was detected by the radar. The
reason for this lies in the dominance of rather thin clouds that is
demonstrated by their median LWP of 5.9 g - m~? (see Fig. 2).
In 99% of the cases missed by the radar, LWP values do not
reach 100 g - m~2. In the following, due to the sensitivity limit
of the radar for the most frequent clouds, we only use the radar
for precipitation detection because of its increased sensitivity to
large drops and nonsaturation throughout the column.

C. LWP Retrieval Performance

In order to evaluate the LWP performance of the passive
radiometer product, the retrieval noise was assessed using all
scenes identified as clear by the cloud mask. As to be expected
due to the offset correction applied (see Section II-A), the mean
clear sky LWP is negligible with ;1 = —0.2g - m~2. The LWP
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trieved using HAMP and HALO-SR (top), 31.4 and 90 GHz brightness temper-
atures as well as 648 and 858 nm radiances (middle), 35 GHz radar backscatter
reflectivity (bottom).

distribution is close to a Gaussian distribution with a standard
deviation of o =4.3g-m~2. We neglect the occurring bias,
and claim the standard deviation as sensitivity of the retrieval
for further analyzes.

The relative performance of LWP retrieved by HAMP pas-
sive and by HALO-SR was compared for several case studies.
A scene of coincident measurement from research flight RF03,
December 13, 2013, is shown in Fig. 3. The radar data illustrate
that the observed shallow cloud tops were located below 2 km al-
titude. Observations performed at the close-by Barbados Cloud
Observatory [38] confirm that the cloud top heights match the
height of the boundary layer inversion. In cases of nonprecipi-
tating, shallow clouds as observed before 16:02 UTC, the LWPs
retrieved from the two instruments agree within their uncertain-
ties. However, if the clouds precipitate, as indicated by a high
radar backscatter reflectivity ranging down to the ground as ob-
served after 16:02:30 UTC, LWP from HAMP and HALO-SR
disagree. HALO-SR significantly underestimates the amount of
liquid with increasing precipitating amount compared to HAMP.
These differences can be attributed to the different measurement
techniques of the two instruments. The information content of
the HALO-SR measurements mainly originates from cloud top
since a major fraction of the reflected radiation is already scat-
tered within the upper cloud layers, whereas HAMP is sensitive
to the entire column. To derive LWP, the HALO-SR retrieval
assumes an adiabatic cloud profile in the radiative transfer sim-
ulations of the retrieval algorithm. However, in case of drizzle
or precipitation, droplet sizes may not follow the adiabatic as-
sumption but rather increase nonhomogeneously with distance
to cloud top. This leads to an underestimation of retrieved LWP
in the HALO-SR retrieval as discussed by [39]. In order to
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(a) IWV measured by SSMIS and HAMP during RF05. Dropsonde launch points are indicated in orange along the flight path. (b) Comparison of

coincident IWV measurements during RFO5. The upper panel shows the number of HAMP measurements per SSMIS pixel together with the HALO flight path
(red). Flight direction is from right to left. The middle panel shows HAMP IWV with an uncertainty given by the dropsonde intercomparison (red), the mean
HAMP value per SSMIS pixel (orange, box width represents measurements standard deviation per pixel), and SSMIS IWV with its uncertainty (blue). The bottom

panel shows the time difference between HAMP and SSMIS measurements.

include thicker clouds in the following analyzes, the radiometer
retrieved LWP product was chosen and analyzed statistically.

IV. INTEGRATED WATER VAPOR

SSMIS water vapor observations are the most important
source for long-term assessments of the water cycle and are
frequently used to evaluate climate models (see for example
[40]). The D1 dataset with HAMP IWV on a spatial resolution
of about 1 km is used in the following analyzes to evaluate the
coarser SSMIS IWV product on a grid of 0.25° x 0.25°.

In a first analysis, the two datasets are compared in a case
study, taken from research flight RF05, December 15, 2013. On
that day, HALO started from Barbados at 15:15 UTC, flying the
same track east—as well as westwards on the return. The swath
of the overpassing SSMIS evening orbit at 20:36 UTC (16:36
local time) shown in Fig. 4 reveals water vapor fields with vari-
ations on a scale of degrees in longitude and latitude. A positive
North—South IWV gradient leads to increased IWV closer to
the equator. The highly resolved HAMP IWV measurements,
shown along the flight track throughout the entire flight, match
the satellite measurements in most of the cases.

In the next step, a case study of direct pixel-by-pixel compar-
ison of the differently resolved IWV products was performed,
in which the same scene was observed by HAMP and SSMIS
within 10 min. A 20 min. long case from research flight RF05,
December 15,2013 was selected to compare HAMP and SSMIS
measurements [see Fig. 4(b)]. For each SSMIS pixel all HAMP
IWYV observations that occur within the pixel were averaged and
compared to the satellite measurements. Differences can occur
due to the time-shift between the measurements, or due to the
fact that HAMP measurements are on a 11 km wide swath and
cannot fully represent the intrapixel variability [10]. Encourag-
ingly, the measurements agree well within the uncertainty of
the SSMIS IWV and the standard deviation of HAMP IWV
per pixel. The variability of IWV within each SSMIS pixel as

assessed by HAMP does not exceed 1.3 kg - m~2, and therefore,
does not limit the intercomparison significantly.

Expanding the case study approach to a comparison of all
cases during the campaign in which HAMP and SSMIS captured
the same scene within 1 h, 6288 HAMP measurements within
248 satellite pixels were compared as seen in Fig. 5. The am-
plitude of scatter around the 1:1-line does not show significant
sensitivity to the time difference between the measurements.
The negative bias between the two datasets of —0.3kg - m~>
shows a slight overestimation of the satellite IWV compared to
the airborne data. The root mean squared difference (rms) of
the two datasets is equal to 1.54kg - m~2, comparable to the
rms derived from a comparison between HAMP and dropsonde
IWV (1.53kg - m~2). For the latter comparison, HAMP IWV
was averaged over 30 s around each dropsonde launch and com-
pared to the IWV derived by integrating the humidity along the
descent of the dropsonde (see Fig. 4). Note, that the dropsonde
relative humidity measurements have a nominal accuracy of 2%.
The resulting bias of —0.16 kg - m~?2 also includes uncertainties
due to horizontal drift of the dropsonde, as well as the (small)
contribution of water vapor in the first 1 km below HALO, a re-
gion where the dropsonde measurements are discharged by the
processing software. This similar rms shows that the coarsely
resolved SSMIS product represents the water vapor variabilities
as measured by fine-resolution air and in sifu measurements.
Therefore, given the uncertainty of the HAMP IWV retrieval,
it is possible to conclude that SSMIS’ spatial resolution is ade-
quate to represent the water vapor variations, which in the region
under exam mainly occur on scales larger than the satellite pixel.

V. CLouD LWP

A similar approach as used for IWV is performed to evaluate
the LWP product of SSMIS using the HAMP D1 dataset. The
same scene analyzed in Fig. 4 is shown in Fig. 6. Areas of
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heavy-loaded clouds with LWP larger than 500 g - m~2 match
the areas of increased IWV. However, the spatial variability
of LWP is much higher than for IWV with LWP significantly
changing from pixel to pixel. A large variability is also found
when analysing the highly resolved HAMP measurements on
the spatial scale of a SSMIS pixel. This subpixel variability
is confirmed when looking at the same period of coincident
measurements of SSMIS and HAMP LWP as chosen before
in the IWV case (see Fig. 6). Even though the SSMIS and
HAMP pixel LWP values agree in 70% of the cases within their
assigned uncertainties, the subpixel variability seen by HAMP
reveals individual clouds with LWP up to 200 g - m~2 on a scale
of less than 10 km, which are several times higher than the
SSMIS pixel mean. These peaks not captured by SSMIS consist
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(a) LWP measured by SSMIS during RF05 and by HAMP along the flight path. (b) As in Fig. 4 but for coincident LWP measurements.

of only few HAMP measurements and are examples for the
dominating shallow cumulus clouds regime in this area. As
these clouds are small in size and cannot be captured by the
SSMIS LWP, we conclude that SSMIS’ coarse resolution is
not sufficient to represent the LWP variability of the prevailing
trade-wind cumuli. The nonuniform beamfilling becomes most
problematic when pixels contain precipitating cells [41].

In a further approach, satellite data by Aqua MODIS with a
spatial resolution of 1 km were analyzed for cases where the
A-Train constellation overpassed HALO’s flight track, as for
example in research flight RF06, December 16, 2013, 16:00 -
16:15 UTC (see Fig. 7). The analysis was restricted to a period,
in which both sensors captured the scene with less than 10 min
of time difference. In this case, 41% of the MODIS data were
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between HAMP and MODIS measurements, with positive values representing
a later MODIS measurement (bottom panel).

excluded due to poor quality flagging, and 27% of the measure-
ments were marked as clear. In 56% of the cases where MODIS
cloud-mask identified the scene as clear, the airborne measure-
ments did not capture a cloud, either. In contrast to SSMIS, the
small-scale variability of LWP is well captured by MODIS.

In cases where both sensors capture a cloud at the same posi-
tion (around —38.6° E), MODIS underestimates the amount of
LWP significantly for clouds with LWP higher than 200 g - m~2.
HAMP measured LWP of 600 and 400 g - m~2, which are cap-
tured by MODIS with 350 and 120 g - m~2, respectively. This
can either result from further cloud development within the 2
and 4 min of time difference between the measurements, but
can also be caused by the differences in the two retrievals.
Borg and Bennartz [8] found similar results by analysing strati-
form marine boundary layer clouds with MODIS and AMSR-E
LWP data. They find differences in LWP due to vertically ho-
mogeneous cloud structure assumed by the MODIS retrieval
algorithm, leading to an underestimation of the real LWP. In
contrast to their results, however, we find that in cases where
HAMP captures clouds with LWP of less than 200 g - m~2,
MODIS captures higher values as for example at —38.66° E.
Zhou et al. [29] use microwave imager LWP estimates to im-
prove the assumptions within the MODIS retrieval. However,
within our study area, this approach might be difficult due to
cloud variability.

The development of clouds on a time scale of several minutes
is well visible in the peak around —39° E. HAMP and MODIS
capture the same amount of LWP, but within the time between
the two measurements, the cloud moved 0.01° further east. In
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cases around —38.9° E, HAMP captured cloud features, which
are, however, not seen by MODIS. Within the 5 and 7 min of
time difference, the clouds seem to have dissolved, as MODIS
data are either flagged or marked as clear.

The intercomparison of HAMP LWP with the corresponding
satellite estimates illustrated their limitations in terms of resolu-
tion and accuracy. In the following, we exploit HALO-SR and
HAMP passive to assess shallow cloud properties.

VI. CLOUD PROPERTIES
A. Cloud Length and LWP

When deriving the cloud lengths of the overflown single
clouds, we focus on the temporally highest resolvable dataset D1
of HALO-SR. We base the analysis on the cloud mask perfor-
mance and calculate cloud length as overflown distance between
start and end point of each cloud. A cloud starts between the
last clear and first cloudy measurement and ends between the
last cloudy and first clear measurement to account for uncer-
tainties at the cloud edges due to the data resolution (see Fig. 3
for illustration). Assuming 1-s time difference between subse-
quent measurements and a ground speed of 234 m/s, the smallest
cloud length that can be calculated is 234 m. However, due to
the footprint size of 700 m, the truly resolved cloud might be
larger and lengths lower than the footprint size should be con-
sidered carefully. In total, we find 4165 trade-wind clouds with
the calculation described above.

Fig. 8(a) shows the distribution of clouds that are smaller
than 10 km, representing 93% of the D1 cloud population. The
probability distribution p({) follows an exponential function of
the form of p(l) = al™*, confirming the results of [14], [42],
[43]. The distribution mean is located at 3.7 km, the median at
1 km. We find that 71% of the detected clouds are smaller than
2 km, 20% more than Zhao and Di Girolamo [14] who base
their analyzes on a year-long dataset from a similar region using
high spatially resolved data by the advanced spaceborne thermal
emission and reflection radiometer. Differences between the
results can arise due to the differences in the datasets in terms
of time coverage and number of measurements, but also due to
the sensitivity of our analysis to the cloud mask performance.

Next, we investigate how cloud length is related to the wa-
ter content of the individual clouds. For that, we quantified the
median cloud LWP by taking advantage of the HAMP passive
measurements using the time-merged D2 dataset [see Fig. 8(b)].
Note that the number of detected clouds decreases to 2069 due
to the lower time resolution of the dataset. Because of the higher
temporal distance between measurement times, here the length
of each cloud is calculated as distance between first and last
cloudy flagged measurement adding one footprint length to ac-
count for the length calculation uncertainty. Due to the HALO-
SR footprint size of 700 m (see Table I) and lower footprint
overlap, no clouds smaller than ~500 m occurred. The distribu-
tion of cloud length occurrence follows a different exponential
function than D1, as visible in Fig. 8(a). The artifacts in the small
bins below 1.5 km are due to the high sensitivity of the length
derivation to the resolution and processing of the data. Now,
55% of the clouds are classified smaller than 2 km in contrast to
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the 71% in the original D1 resolution. This might be explained
by the fact that small individual clouds are merged in the coarser
resolution, indicating again the need for high-resolution mea-
surements. The joint distribution of cloud median LWP and
cloud length [see Fig. 8(b)] reveals that no linear relation be-
tween both exist. Small clouds containing rather low LWP, i.e.,
between 0-50 g - m~2 with lengths smaller than 2 km are ev-
ident 36% of the time. Interestingly, hardly any lengths larger
than 8 km occur.

The limited predictability of cumulus-scale motions [44]
make a direct comparison between simulated and observed cu-
mulus clouds unfeasible. However, statistical approaches are
used in order compare high-resolution simulations to experi-
mental data, as for example performed during the RICO cam-
paign (see [45]). Macrophysical and microphysical parameters,
such as cloud length and LWP, respectively, determine radia-
tive cloud properties, and are thus, important variables for cloud
parametrization in models. By assessing these properties jointly
rather than separately, more constraints can be put on the model
in order to improve theoretical understanding. As illustrated by
the difference of the D1 and D2 dataset, however, it is highly
important that observations and model output are processed
consistently.

B. Precipitating Clouds

The fraction of precipitating cloud is another interesting sta-
tistical relation that can be used to evaluate models and to
investigate the autoconversion process. Several studies report
different radar equivalent reflectivity thresholds to quantify the
occurrence of precipitation [46]. Analyzes from the Barbados-
located BCO [47] show signal-affection by precipitation from
—20 dBZ on. We analyze the occurrence of precipitation based
on the 35 GHz cloud radar in the merged D2 dataset. A profile
is considered precipitating if the radar reflectivity close to the
surface in the range bins between 50 and 200 m exceeds a thresh-
old of —20 dBZ. Note, that due to shear effects and the time
needed for drops to sediment no physical surface precipitation
not necessarily is linked to the cloud above. We find that 7.4%
of all considered profiles contain precipitation [see Fig. 9(a)].
Combining the presence of precipitation with the HAMP de-
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rived LWP [see Fig. 9(a)], the cumulative occurrence of LWP
increases monotonically in precipitating clouds, whereas LWP
of nonprecipitating clouds starts saturating around 200 g - m~2
as most clouds contain very low LWP values (see Fig. 8). Cases
of 500 g - m~2 and more occur with less than two percent in case
of precipitation-free profiles, but with 54.7% for precipitating
cases [see Fig. 9(b)]. Note, that 28.5% of the precipitating cases
contain LWP higher than 1000 g - m~2 and lie beyond the range
of the plot. 16.6% of all profiles contain 120 g - m~2 or more that
can be derived by adding the cumulative precipitating (0.8%)
and nonprecipitating (82.6%) occurrences in Fig. 9(a). As seen
in Fig. 9(c), it is more likely that precipitation occurs in these
cases.

These results can be used to evaluate the SSMIS cloud-rain
partitioning LWP threshold of 180 g - m~2 reported by Wentz
and Spencer [33]. Our results illustrate that there is no clear
threshold but show that also clouds with lower LWP contain
precipitation but with less likelihood. Because different factors
such as the availability of cloud condensation nuclei contribute
to the likelihood of precipitation, more studies for different
climate zones and also other types as the shallow clouds studied
here are needed.

VII. CONCLUSION

Shallow marine boundary layer clouds prevailing in the trade-
wind-driven subtropical oceans constitute a major uncertainty
in climate sensitivity studies. Intercomparison studies between
different satellite sensors, also in comparison to model results,
require product evaluation, for example by airborne campaigns.
The NARVAL-South studies investigated shallow marine clouds
driven by the trade winds over the North-Atlantic in December
2013. We combined three remote sensing instruments mounted
on the research aircraft HALO to evaluate satellite products of
LWP and IWYV, and characterize the prevailing clouds as well
as precipitation occurrence.

Based on solar radiance data measured by HALO-SR, a cloud
mask algorithm was developed that allowed the detection of in-
dividual clouds and to improve the LWP estimate of HAMP
using clear sky scenes leading to a sensitivity of better than
10g - m~2. HAMP LWP that makes use of the direct emission
of liquid water above the radiatively cold ocean (same princi-
ple as microwave imagers like SSMI/S) agrees well with inde-
pendently retrieved LWP from HALO-SR in cases of shallow
clouds. However, in cases of thicker clouds likely containing
drizzle or precipitation particles, the HAMP retrievals disagree
with HALO-SR underestimating the amount of liquid. This bias
is attributed to assumptions on the cloud vertical composition
applied in the near-infrared retrieval and agrees with similar re-
trieval uncertainties of satellite cloud retrieval, e.g., by MODIS,
studied by [29].

The SSMIS IWV product resolved on a coarse 0.25° x 0.25°
grid showed large-scale variations on a scale of degrees in lon-
gitude and latitude. A comparison of the satellite measurements
to the airborne HAMP IWYV revealed a rms of 1.6 kg-m~2,
similar to the rms derived from a comparison of HAMP and
dropsonde derived IWV. We conclude that the satellite resolu-
tion is high enough to cover water vapor variabilities, in contrast
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to the LWP variations within each SSMIS pixel that are captured
by high-resolution HAMP estimates.

Finer resolved MODIS data with a resolution of 1 km, ana-
lyzed in a case study, however, represent single trade-wind cu-
muli as seen from the aircraft. Direct comparisons of clouds co-
incidently measured by HAMP and MODIS show that MODIS
underestimates the amount of LWP for clouds with more than
200 g - m~2, and overestimates the LWP for clouds with small
LWP. As shown by other studies [8], these disagreements re-
sult from vertical homogeneity assumptions made in the LWP
retrieval.

Based on the cloud mask, we find that 93% and 71% of
the observed clouds in prevailing trade winds are smaller than
10 and 2 km, respectively. Former studies based on satellite
data [14] only found 50% to be smaller than 2 km, which we
explain with the differences in the datasets used and advocate
the need for more detailed measurements in the future. About a
third of these small clouds contain LWP less than 50 g - m~2.
Using a simple radar reflectivity threshold of —20 dBZ close
to the surface, we identified 7% of the clouds as precipitating.
Precipitation not only occurred in cases of LWP larger than the
cloud-rain partitioning threshold of 180 g - m~2 assumed by
Wentz and Spencer [33] for SSMI retrievals, but also arose in
shallower clouds.

Further studies will include the use of the cloud radar to inves-
tigate the formation of drizzle and to analyze the differences in
the estimation of water content by microwave and near-infrared
passive techniques as has been done for the satellite perspective
by Lebsock and Su [48]. Ultimately, the data will be used to
evaluate large Eddy simulations, which in a first assessment,
showed high potential to improve current cloud parametrisation
schemes. Observations of the follow-up campaign NARVAL-II,
successfully performed in fall 2016, will expand the analyzes to
the wet summer season, and will further deepen the understand-
ing of clouds in the trade winds.
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