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Abstract

The VOCALS-REx field campaign which took place in 2008 used several platforms to
investigate the persistent marine stratocumulus cloud deck off the Chilean and Peru-
vian coasts. VOCALS-UK was the UK component of the experiment, during which the
FAAM BAe-146 aircraft gathered data in the stratocumulus cloud. It flew 13 research5

flights including investigations along 20◦ S transects.
In this paper, the shortwave cloud albedo derived from the Cloud Droplet Probe is

compared with the albedo measured from two shortwave radiometers. Four clean cloud
segments were selected for investigation. The suitability of the δ-Eddington approxima-
tion as a method of calculating shortwave albedo is investigated and it is found to be10

acceptable (with a R2 of 0.78) for solar zenith angles below 65 degrees.

1 Introduction

Marine stratocumulus clouds are known to have a significant impact on the climate
system, reflecting up to 30 % of the solar radiation incident on the Earth (Borg and
Bennartz, 2007) They are regularly found off the coasts of Peru, California and An-15

gola (Hanson, 1991). The ability to assess the albedo of clouds using microphysics
enables more detailed investigation of marine stratocumulus clouds using a single plat-
form.

The stratocumulus deck found in the southeast Pacific was investigated by the
VOCALS-REx field campaign in 2008 (Wood et al., 2011). The campaign involved20

the NCAR C-130, the UK FAAM BAe-146, the UK Dornier 228 and the CIRPAS Twin
Otter. The Ronald H. Brown and the IMARPE R/V José Olaya were also involved.
Ground based observations included surface and atmosphere measurements from Pa-
poso (two sites), Paranal and Iqueque. Data from the UK’s BAe-146-301 Atmospheric
Research Aircraft operated by the Faculty for Airborne Atmospheric Measurements25

(FAAM). It will henceforth be called the FAAM BAe-146.
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Much of the investigation of the southeast Pacific stratocumulus cloud deck was per-
formed using flight paths along 20◦ S, where it was found that air parcels further from
the coast generally contained lower cloud droplet numbers and were more prone to
drizzle formation (Bretherton et al., 2010). The impact of cellular convection on clouds
has been investigated in Wang et al. (2010), where it was suggested that cellular con-5

vection leads to increased precipitation rate and a reduced cloud albedo.
The Eddington approximation of albedo is an approximation based on a two stream

approach. The δ-Eddington is an expanded version of the Eddington approximation
which improves the results at low solar zenith angles, where the cosine of the angle is
close to 1. Both the Eddington and δ-Eddington approximations are weaker at higher10

solar zenith angles and break down where the cosine of the solar zenith angle is be-
low 0.4 (Joseph et al., 1976). The Eddington approximation described in Meador and
Weaver (1980) was used by Twohy et al. (2005) to investigate the radiative properties
of clouds from the DYCOMS-II experiment using data from the NCAR C-130 where the
cloud albedo was found to be strongly influenced by aerosol content. The cloud albedo15

was also investigated using a simplified two stream approximation in Roberts et al.
(2008) where aerosol loadings in clouds were shown to increase the microphysical
albedo.

Calculation of the cloud albedo in this work has been performed using methods
based on the δ-Eddington approximation (Van-Weele and Duynkerke, 1993; Joseph20

et al., 1976). The work in Van-Weele and Duynkerke (1993) is combined with the cloud
optical thickness and liquid water path approximations in Los and Duynkerke (2001)
to produce a method suitable for use with aircraft data (See Equations 1 and 2 and
discussion later). All times used in this paper are UTC. Local time is UTC-4 h. All
altitudes are given in altitude above mean sea level (MSL), unless otherwise stated.25
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2 Method

2.1 Instruments

Both the Cloud Droplet Probe (CDP) and the Two-Dimensional Stereo (2D-S) collected
data during the VOCALS-REx field campaign and were used to find the effective radius
and liquid water content of clouds. The CDP measures the size and concentration5

of cloud droplets nominally between 3 and 50 µm (Wood et al., 2011; Lance et al.,
2010; Rosenberg et al., 2012). The size bins for the data gathered in VOCALS-REx
and used in this paper, were adjusted after the recalibration (Wood et al., 2011). The
2D-S measures particles in the size range of 15 µm to 2 mm by imaging the shadows
of the particles (Lawson et al., 2006). Only one laser and detector array was used10

during VOCALS. The shortwave radiometric data was collected using two clear domed
pyranometers. The pyranometers are shielded from convection using two domes that
also restrict the signal to wavelengths between 0.3 and 3 µm (FAAM, 2011).

The radiative albedo error bars were derived from the measurement uncertainties
of the upward and downward facing aircraft pyranometers which were taken to be15

10 W m−2 each. These were in turn based upon calibration curves derived from com-
parison to UKMO standards. The microphysical albedo contains uncertainties from two
major of sources. These are the sample volume uncertainty of the CDP which trans-
lates to an uncertainty in absolute concentration and the sizing uncertainty which gives
an uncertainty in the droplet radius. We have used an uncertainty of 14 % for the sam-20

ple volume of the CDP due to instrument-to-instrument optical alignment variations.
This is based on the difference between the manufacturer’s derived value based on
geometry calculations and the experimentally derived value for another CDP by Lance
et al. (2010). The diameter uncertainties are based on a calibration made before the
VOCALS project using spherical glass beads as calibration particles and are approxi-25

mately 10 %. The different uncertainties are combined using the standard methods for
uncorrelated uncertainties based on Eqs. (1–3). When combined with the uncertainty
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in the cloud thickness (described below) the uncertainty in the microphysical albedo is
20 %.

2.2 Observed data

The FAAM BAe-146 flew in the stratocumulus clouds on all flights made during the
VOCALS-REx field campaign. Initially 19 cloud legs were identified and of these, four5

clean cloud segments were selected for further analysis. A clean cloud segment is de-
fined as one where there is little pollution from coastal air parcels. The presence of
relatively large amounts of sulphate aerosol in the Aerosol Mass Spectrometer indi-
cated a polluted air parcel from the coast. It was also required that both the CDP and
the 2D-S instruments and be free from coastal pollution. Table 1 gives the length of time10

used, the altitude of the cloud base and the thickness of the cloud segment. Each flight
involved ascent into the cloud followed by a straight and level run and finally ascent out
of the cloud. The cloud-segment boundaries that defined the start and end times and
cloud top and bottom, were determined by using a threshold number of particle counts
on the CDP. An example of the data selected for Cloud segment 1 is shown in Fig. 115

where the start and end times and altitudes are shown by the black dashed lines, the
altitude of the aircraft is in blue and the analysed section is shown in red. The analysed
times for each cloud are shown in Table 1. With the exception of Cloud 1 all flat and
levels runs took place in the top third of the cloud.

2.3 Albedo derivation20

The microphysical albedo derivation was based upon the δ-Eddington approximation
detailed in Los and Duynkerke (2001) and shown in Eq. (1). In that equation µ0 is
the cosine of the solar zenith angle, g is an asymmetry factor, τ is the cloud optical
depth as described by Equation (2) and Aδ−Edd(τ) is the albedo. The value of g set
to be 0.85, as suggested by Twohy et al. (2005), as a suitable value for droplets in a25

clean environment. The derivation of the optical thickness is dependent on the liquid
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water path (LWP), the density of water (ρw) and the effective radius (re). The method
of calculating the effective radius is shown in Eq. (3).

To calculate the cloud albedo using the CDP several assumptions are made, each
of which adds uncertainty to the result. The liquid water path is assumed to be the
liquid water content multiplied by the cloud thickness below the aircraft (Roberts et al.,5

2008). The liquid water content is recorded at a rate of 1 Hz by the CDP and the mean
from ten seconds of data is used to give the value plotted. The uncertainty in the liquid
water path, both from the liquid water path and the relative position of the aircraft to the
top and bottom of the cloud is assumed to be 10 %. The flight legs are about 10 min
each in segment from the flight on the 9 November 2008 and 20 min each in segment10

from the flight on 12 November 2008. The shortwave albedo is calculated by taking
the ratio of upwelling to downwelling shortwave radiation recorded by two clear-domed
pyranometers mounted facing down and up from the aircraft.

Aδ−Edd(τ) = 1−
(2+3µ0)+ (2−3µ0)e−τ(1−g2)/µ0

4+3(1−g)τ
(1)

15

τ =
3LWP
2ρwre

(2)

re =

∫r2
r1
πr3n(r)dr∫r2

r1
πr2n(r)dr

(3)
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3 Results

3.1 Effective radius

The relative contribution of the 2D-S and the CDP to the effective radius was investi-
gated. It was found that the droplets observed by the 2D-S had little impact on the ef-
fective radius and therefore the result from the 2D-S were no longer used. Henceforth5

the CDP was used as the source for microphysical data. Figure 2 shows the relation
between the effective radius and the radiometric shortwave albedo. There appears to
be two regimes in the relationship between shortwave albedo and effective radius, be-
low 18 µm there is an increase in albedo with increasing effective radius, above this
value the albedo reaches a plateau.10

3.2 Liquid water path

The liquid water path (LWP) is calculated using data from the CDP by multiplying the
liquid water content (LWC) by the cloud thickness, using the assumption that the LWP
is constant throughout the cloud (Stephens, 1978). Figure 3 shows the ten-second
mean LWP from four clean cloud segments plotted against the shortwave albedo. The15

results shown in Fig. 3 are similar to the results from the WENPEX field campaign in
Japan, detailed in Fujiyoshi et al. (1995) and a field campaign in turreted clouds off the
eastern coast of Australia, detailed in Paltridge (1974). The results in Fig. 3 show a
similar trend to those in Fig. 2 where the shortwave albedo increases with LWP up to a
LWP of 250 g m−2 after which there is a plateau.20

3.3 Albedo comparisons

A comparison between the shortwave albedo and the microphysical albedo from the
four clean cloud segments defined in Table 1 is shown in Fig. 4. The correlation be-
tween the results is poor with an R2 value of 0.51. In addition to the poor correla-
tion there is a considerable offset of results. The results for Cloud segment 1 are25
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significantly different from the other three clouds. A plot of the ratio of microphysical
to shortwave albedo against the solar zenith angle was produced to investigate the
impacts of the high solar zenith angles (See Fig. 5). The results from Fig. 5 show sig-
nificant variance in the albedo for Cloud segment 1. The δ-Eddington approximation
appears to break down for solar zenith angles over 65 degrees. In this region it is possi-5

ble that side scattering is more important than forward and backward scattering. This is
possible because incoming radiation is now striking the droplets obliquely with respect
to the aircraft. In the light of the results in Fig. 5, Cloud segment 1 has been removed
from further analysis.

The results in Fig. 4 when Cloud segment 1 is dismissed shows an improved R2
10

correlation of 0.78. This indicates that for Cloud segments 2–4 it is appropriate to use
the δ-Eddington approximation to calculate the shortwave albedo.

4 Conclusions

In this work we have shown the microphysical and optical shortwave albedo from four
clean cloud segments observed during the VOCALS-REx field campaign. Each of the15

clouds were required to have good CDP and radiometric data with satellite coverage
and contain little to no coastal pollution. The assumption that the LWP can be calcu-
lated by multiplying the LWC by the cloud thickness was justified since the results from
Fig. 3 are in good agreement with previous experimental results.

The results from Fig. 4 and Fig. 5 indicate that the δ-Eddington approximation cannot20

be used as a method for finding the shortwave albedo of clouds in all circumstances.
However the results from Fig. 4 when Cloud segment 1 is ignored show that it is suit-
able for solar zenith angles below approximately 65 degrees (µ0 = 0.42) where the R2

improves to 0.78. The results in this work show that the δ-Eddington approximation is
suitable for solar zenith angles below 65 degrees and this agrees well with the theoret-25

ical work in Joseph et al. (1976).
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Table 1. Four clean cloud segments observed during the VOCALS-REx field campaign.

Start time End time Thickness Cloud base
(UTC) (UTC) (m) (m)

Cloud segment 1 11:58:23 12:07:41 464.6 974.8
Cloud segment 2 12:40:41 12:50:44 523.1 940.3
Cloud segment 3 13:02:01 13:22:06 402.3 812.4
Cloud segment 4 13:37:21 13:57:31 428.2 804.0
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Fig. 1. Altitude of the FAAM BAe-146 from a section of flight B417, where the rejected periods are in
blue, the time analysed as Cloud 1 is in red and the black dashed lines show the start and end time of the
in cloud leg defined by CDP activity.
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Fig. 1. Altitude of the FAAM BAe-146 from a section from the flight on 26th October 2008,
where the rejected periods are in blue, the time analysed as Cloud 1 is in red and the black
dashed lines show the start and end time of the in cloud leg defined by CDP activity.
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Fig. 2. The ten second mean effective radius (µm) against the shortwave radiometric albedo for four
clean cloud segments identified during the VOCALS-REx field campaign. The error bars are the mean
of the uncertainties which were calculated for each measured value.

Table 1. Four clean cloud segments observed during the VOCALS-REx field campaign.

Start time (UTC) End time (UTC) Thickness (m) Cloud base (m)

Cloud segment 1 11:58:23 12:07:41 464.6 974.8
Cloud segment 2 12:40:41 12:50:44 523.1 940.3
Cloud segment 3 13:02:01 13:22:06 402.3 812.4
Cloud segment 4 13:37:21 13:57:31 428.2 804.0

11

Fig. 2. The ten second mean effective radius (µm) against the shortwave radiometric albedo for
four clean cloud segments identified during the VOCALS-REx field campaign. The error bars
are the mean of the uncertainties which were calculated for each measured value.
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Fig. 3. The ten second mean liquid water path (gm−2) against the shortwave radiometric albedo for four
clean cloud segments identified during the VOCALS-REx field campaign. The error bars are the mean
of the uncertainties which were calculated for each measured value.

12

Fig. 3. The ten second mean liquid water path (gm−2) against the shortwave radiometric albedo
for four clean cloud segments identified during the VOCALS-REx field campaign. The error bars
are the mean of the uncertainties which were calculated for each measured value.
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Fig. 4. Albedo comparison for four clean cloud segments observed during the VOCALS-REx field
campaign. The error bars are the mean of the uncertainties which were calculated for each measured
value. A 1:1 line is shown in by the dashed black line.

Fig. 5. The ratio of microphysical to shortwave albedo plotted against solar zenith angle from the FAAM
BAe-146 .

13

Fig. 4. Albedo comparison for four clean cloud segments observed during the VOCALS-REx
field campaign. The error bars are the mean of the uncertainties which were calculated for each
measured value. A 1:1 line is shown in by the dashed black line.
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Fig. 4. Albedo comparison for four clean cloud segments observed during the VOCALS-REx field
campaign. The error bars are the mean of the uncertainties which were calculated for each measured
value. A 1:1 line is shown in by the dashed black line.

Fig. 5. The ratio of microphysical to shortwave albedo plotted against solar zenith angle from the FAAM
BAe-146 .
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Fig. 5. The ratio of microphysical to shortwave albedo plotted against solar zenith angle from
the FAAM BAe-146.
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