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Abstract.

The first indirect or Twomey effect was measured in marine stratocumulus clouds over the south Atlantic Ocean. Measure-

ments were collected over Ascension Island, a remote spot between the African and South American continents. This area

is known for its persistent broken cloud cover and smoke intrusions from vegetation fires in Africa during the monsoonal

dry period. The interactions between aerosols and clouds are among the least understood climatic processes and were studied5

over Ascension using a combination of in-situ and remote sensing instruments. Particularly, a new method using a ground-

based UV-polarisation lidar to infer cloud droplet sizes and droplet number concentrations was tested against more traditional

radar-radiometer measurements. The lidar measurements show to be robust and at least as accurate as the lidar-radiometer

measurements and have the large advantage of depending on a single instrument. The UV-lidar was deployed on Ascension for

one month in the summer of 2016 and one month in the summer of 2017. In 2016, the presence of smoke in the troposphere10

decreased the effective cloud droplet size and increased the average droplet number distribution. In 2017, alignment problems

of the lidar prohibited conclusions about a Twomey effect. The cloud microphysical properties showed differences between the

two years depending on the meteorological circumstances.

1 Introduction15

The typical clouds found in subtropical marine regions, such as around Ascension Island, are low lying bands of stratocumulus

capping the boundary layer, typically found between 1-1.5 km. These marine stratocumulus clouds are very important for the

global climate, as they have a high albedo compared to the dark ocean over which they occur and reflect around 30% of the

incoming solar radiation (Bennartz, 2007). An estimated 4% increase in their cover could offset the warming due to a doubling

of CO2 (Albrecht et al., 1988). These clouds are associated with large-scale subsidence over a cool ocean (Paluch et al., 1991).20
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Such conditions lead to a strong temperature inversion at the top of the boundary layer, through which clouds are not able

to penetrate, leading to expansive decks of stratocumulus clouds. They are maintained by turbulent mixing due to longwave

cooling at the cloud top and sustained by a balance between moisture supply from the ocean surface and the entrainment of dry

air from the troposphere (Bennartz, 2007). This longwave cooling at the cloud top also enhances the strength of the inversion

layer (Paluch et al., 1991). They are typically accompanied by light drizzle. As these clouds are so important in modulating25

the Earth’s climate, any interactions which they have with aerosols are also very important in regulating the earth-atmosphere

system.

In this paper, a method is explored to study the impact of light absorption by natural smoke excursions in, under and over the

stratocumulus cloud deck on the development of the cloud deck, using one single instrument, a UV-polarisation lidar. Such an

instrument was located on Ascension Island, a remote island in the south Atlantic Ocean, for one month in 2016 and one month30

in 2017 during the dry season in Africa, when numerous vegetation fires annually produce smoke which is often transported

over the Atlantic. The UV-lidar measurements were part of the measurement campaign CLARIFY-2017 (Haywood et al.,

2021), partnering with the LASIC (Zuidema et al., 2016), ORACLES (Redemann et al., 2020) and AEROCLO-sA (Formenti

et al., 2019) campaigns. The lidar data are used to derive both Aerosol Optical Thickness (AOT) from aerosol layers when

present, and cloud parameters from the stratocumulus cloud deck. For the latter, a newly developed technique to infer cloud35

parameters based on polarisation change due to multiple scattering in clouds was tested (Donovan et al., 2015). The details of

the retrievals of the aerosol and cloud properties are described in Sect. 2.

A short overview of the measurement campaign is given in Sect. 3. The measurements in 2017 were affected by alignment

problems, which resulted in a lower SNR compared to the 2016 measurements. Therefore, the measurements from 2016

are used mainly to show the Twomey effect in the stratocumulus clouds. The consistency of the lidar measurements was40

investigated by comparing with the abundant additional campaign measurements, which is described in Sect. 4.

2 Theory

2.1 UV-lidar

The total power returned to a lidar by backscattering in the atmosphere under single scattering conditions is

P (z) =
Clid

z2
βπ(z)exp


−2

z∫

0

α(z′)dz′


 (1)45

where P is the power received by the instrument, z the altitude from the instrument along the line of sight, Clid a lidar

calibration coefficient, α the atmospheric extinction coeffient, and βπ the atmospheric backscatter coefficient. The atmospheric

extinction and backscatter coefficients can be devided into a molecular, aerosol, and cloud part, viz.

α= αm +αa +αc

βπ = βm +βa +βc (2)
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The extinction-to-backscatter ratio, or lidar ratio, S is defined as S(z) = α/β. The aerosol scattering ratio (Rasca) is defined as50

Rasca = (βa +βm)/βm, which is 1 if there are no aerosols.

2.2 Molecular scattering

The molecular backscatter coefficient can be calculated using (Collis and Russel, 1976)

βm =
ρatm

M

(
λ

550

)−4.09

10−32 m−1sr−1, (3)

where λ is the wavelength, M is the average molecular mass of air (4.81 · 10−26 kg), and the atmospheric density was deter-55

mined using

ρair =
p

T

1
ρdryair

, (4)

where p is the measured pressure, T the measured temperature and ρdryair the gas density of dry air with an average value of

287J kg−1K−1. The temperature and pressure were determined from radiosondes, launched four times daily from Ascension

Island. The molecular extinction coefficient αm can be calculated using the molecular extinction-to-backscatter ratio Smol =60

8π/3 sr (Guzzi, 2008).

At the lidar wavelength of 355 nm molecular scattering is strong and this was used to calibrate the lidar. Details can be found

in Schenkels (2018).

2.3 AOT retrieval

If one of the components in Eq. (2) can be neglected, e.g. in a cloud-free atmosphere, where αc = 0, βc = 0), or inside the65

cloud where αa� αc, βa� βc, the classical two-mode method following Klett (1981) and Fernald (1984) can be applied

using transformed variables (Sarna et al., 2021)

P ′(z) = S(z)P (z)exp


2

z∫

0

αm(z′)−S(z′)βm(z′)dz′


 (5)

and

α′(z) = (S(z)βm(z) +αa(z)) . (6)70

Now Eq. (1) can be rewritten as

P ′(z) =
Clid
z2

α′(z)exp


−2

z∫

0

α′(z′)dz′


 , (7)

with the analytical solution
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α′(z) =




P ′(z)z2

P ′(z0)z20

1
α′(z0) + 2

∫ z0
z

P ′(z)z2

P ′(z0)z20
dz′


 . (8)

where z0 is a normalisation height. From the transformed variable α′ the aerosol extinction is derived to be αa(z) = α′(z)−75

S(z)βm(z). The aerosol backscatter coefficient is now derived by dividing the aerosol extinction by the height dependent lidar

ratio. The aerosol optical thickness (τ ) of a layer can be obtained by integrating the aerosol extinction profile over the altitude

of the layer:

τ(z1;z2) =

z2∫

z1

αa(z)dz (9)

2.3.1 Cloud-free scenes80

In clear sky scenes the normalisation height is set to an altitude at which the aerosol extinction is zero. From literature (e.g.

Wandinger et al., 2016; Greatwood et al., 2017) and from observations on the island, it was concluded that marine aerosols

are always present in the lower boundary layer, up until 1200 m. Smarine was set to be 25 sr, a good approximation for marine

aerosols (Wandinger et al., 2016; Cattrall et al., 2005; Müller et al., 2007). (Aged) smoke and dust were often, almost always,

present above the boundary layer, in the layer from 1200 m to 5000 m, sometimes mixed in the boundary layer. For this layer85

the lidar ratio Sdark was set to 50 sr (Wandinger et al., 2016). Above 5000 m, the air was mostly clean and clear of aerosols

and the lidar ratio reduces to the molecular extinction-to-backscatter ratio defined above. The normalisation height was set to

7 km. Various tests were performed varying Smarine and Sdark around their values of 25 and 50 sr to check the sensitivity of the

choices.

2.3.2 Aerosol below clouds90

In order to derive aerosol optical thickness close to clouds, aerosol extinction profiles were retrieved for cloudy scenes under

the clouds, using Eq. (8). However, in this case the normalisation height is not located at an altitude without aerosols, but inside

the cloud where the aerosol contribution can be neglected. The normalisation height was determined by the cloud base height

and the cloud extinction. The extinction-to-backscatter ratio was set to 20 sr in the cloud and 50 sr below the cloud (Wandinger

et al., 2016).95

Furthermore, multiple scattering, which influences the lidar return and the cloud extinction, should be taken into account

in a cloud. Therefore, the cloud extinction-to-backscatter ratio, used to determine α′ in Eq. (8), was corrected by a multiple

scattering correction factor η

Sc =
(1− η)αc

βc
. (10)

The correction factor η was determined from a sensitivity study over three days in 2016 with broken clouds. Aerosol profiles100

below clouds during these days were fitted to aerosol retrievals during clear sky spells close in time on these days. The
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Figure 1. Measured (solid line) and fitted (dots) vertical profiles for the parallel attenuated backscatter (black), perpendicular attenuated

backscatter (red) and depolarisation ratio (magenta) on 27 Aug. 2017.

correction factor was varied between 0.3 and 0.5 in steps of 0.05, resulting in overcorrection and undercorrection. The best fit

was found for 0.35 and 0.4. The difference in aerosol extinction coefficient at an altitude of 300 m below cloud base between η

= 0.35 and 0.4 is about 2.6 ·10−5 m−1. In all subsequent processing a value of η = 0.4 was used. See Tenner (2017) for details.

2.4 Clouds105

Although the lidar equation (1) formally only applies for single scattering, the derivation of cloud extinction and backscatter

coefficient in this section is based on a polarisation change after multiple scattering, first developed by Donovan et al. (2015).

Light returning from a liquid cloud will be partially depolarised due to multiple scattering by the cloud droplets (Liou and

Schotland, 1971). This multiple scattering in a liquid water cloud can be simulated by a Monte Carlo (MC) model, assuming

a proper cloud model. This was achieved using the Earth Clouds and Aerosol Radiation Explorer (EarthCARE) simulator110

(ECSIM) lidar-specific MC forward model. The ECSIM lidar MC model is a modular multi-sensor simulation framework,

which was used to calculate the spectral-polarisation state of the lidar signal.
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For the simulations, liquid water clouds with a (quasi-)linear liquid water content (LWC) and a (quasi-)constant cloud droplet

number concentration (Nd) were assumed (e.g. de Roode and Los, 2008). The cloud droplet size distribution was defined as a

single-mode modified-gamma distribution (Miles et al., 2000)115

n(r) =
Nd
Rm

1
(γ− 1)!

(
r

Rm

)γ−1

exp
(

r

Rm

)
, (11)

where Nd is the cloud droplet concentration, defined to be constant with height, r is the droplet radius, Rm the mode radius

and γ the shape parameter of the distribution.

A linear liquid water content defines a constant liquid water lapse rate, Γl. When the liquid water content increases with

height and the number density remains constant, the cloud droplet effective radius, defined as120

Reff =
∫
n(r)r3dr∫
n(r)r2dr

, (12)

will increase with height. The cloud extinction coefficient, αc, also increases with height. This leads to the prediction that

the depolarisation ratio is generally increasing throughout the cloud, while observations show that the depolarisation ratio

may exhibit a peak (Sassen and Petrilla, 1986). Furthermore, the model represents semi-infinite clouds, with a cloud top at

infinity. However, the lidar signal can only penetrate a few hundred meters into the cloud. Therefore, no information is known125

about the upper part of the cloud and any retrieved parameters are only applicable to the cloud-base region and the parameters

were calculated for a reference height. In this research, 100 m above cloud-base was assumed. This simple but effective cloud

representation reduces the parameters to describe the cloud to two, the cloud extinction α100
c at reference height, and the cloud

effective radius R100
eff at reference height.

MC simulations were performed for various values of the cloud base height (CBH), the lidar field-of-view (FOV), R100
eff130

and Γl. The values are replicated from (Donovan et al., 2015) in Table 1. Look-up tables (LUTs) were generated from the

simulations and predefined input parameters, the lidar constants and initial values for R100
eff and α100

c . These LUTs contain

information on the simulated parallel and perpendicular attenuated backscatter and therefore the depolarisation ratio.

The observed attenuated backscatter and depolarisation ratio were compared to the LUTs to find the best matching values

for R100
eff and α100

c , by iteratively minimizing a cost-function (Rodgers, 2000). In Fig. 1, the observed and fitted attenuated135

backscatter profiles from the LUTs are shown, for a cloud selected on 26 August 2017. The dotted lines correspond to the fitted

Table 1. Range of parameters used in the ECSIM MC calculations

Parameter Values

CHB[km] 0.5,1.0,2.0,4.0

FOV[mrad] 0.5,1.0,2.0,4.0

R100
eff [µm] 2.0,2.6,3.3,4.3,5.6,7.2,9.3,12.0

Γl[g m−3 km−1] 0.1,0.2,0.4,0.6,0.8,1.0,1.2,1.4,1.6,1.8,2.0

6
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values from the LUTs, with the parallel attenuated backscatter in black, the perpendicular attenuated backscatter in red and the

depolarisation ratio in magenta. The observed profiles are represented by the corresponding solid lines.

The cloud drop number density ND follows from the cloud effective radius and the cloud extinction

ND = α100
c

1
2π

1
(R100

eff )2

1
k
, (13)140

where k is 0.75± 0.15.

Because multiple-scattering occurs in a cloud, the LUTs, the shape of the attenuated backscatter and the depolarisation ratio

profiles are all well-defined functions of the LWC and effective radius profile. For single-scattering the parallel attenuated

backscatter profile will not depend on the effective radius profile.

It is important to note that the CBH is difficult to define from real observation due to the presence of sub-cloud drizzle and145

the presence of growing aerosol particles. The MC based inversion results would be very sensitive to the absolute calibration

of the attenuated backscatter if the CBH is used as a reference. Therefore, the peak of the observed parallel lidar attenuated

backscatter is used as a reference instead of the CBH in the fitting procedure. Consequently, the CBH is produced as a by-

product and in Sect. 4 the derived CBH will be compared to observations of the CBH using different instruments.

2.5 Aerosol-Cloud interaction150

The most straightforward aerosol-cloud interaction is the change in cloud droplet number due to a change in the number of

available condensation nucleii for a constant ambient relative humidity, the first indirect or Twomey effect (Twomey, 1977).

In order to quantify this effect, the Indirect Effect (IE) parameters defined by Feingold et al. (2001) were used, to describe the

relative change of cloud properties against the relative change in aerosols A. For the cloud effective radius

IEr =−d lnReff

d lnA
. (14)155

For the cloud droplet number density

IEN =−d lnND
d lnA

. (15)

In these equations A is the aerosol proxy, which should represent the aerosol abundance, and can be aerosol extinction, aerosol

optical thickness or another aerosol quantity.

3 Measurement campaign160

From 1–30 September 2016 and from 15 August to 9 September 2017 the KNMI UV-polarisation lidar, normally located

in Cabauw, The Netherlands, was relocated to Ascension Island, a remote volcanic island in the tropical Atlantic Ocean

(8◦S,14◦W). Ascension Island is located 1600 km from the African coast and 2250 km from the Brazilian coast. Its climate

is a tropical desert, with temperatures ranging from 22 to 31◦C and a low annual rainfall at an average of 142 mm (Dorman
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Figure 2. Map of Ascension Island, showing the topography and the location of the UV-lidar on Wideawake airfield and the ARM main site.

The distance between the sites is 6.3 km. Georgetown is the island’s main settlement.

and Bourke, 1981), the peak rainfall occurring in April. Typical clouds found in subtropical marine regions, such as around165

Ascension Island, are low lying bands of stratocumulus capping the boundary layer, found around 1–1.5 km altitude. The pre-

vailing winds in the boundary layer are from the south east (Kim et al., 2003) and mostly invariant. Above the boundary layer

(> 1200 m above sea level) the wind is coming from the equatorial regions and are frequently loaded with suspended particles

like smoke from African vegetation fires or desert dust.

The Ascension Island Initiative (ASCII) aimed at identifying microphysical properties of marine stratocumulus clouds in170

the presence of aerosols. Details of the measurement campaign can be found in Brown (2016); Tenner (2017); Schenkels

(2018). During the same time various other measurements campaigns were operated on and around Ascension, providing a

myriad of complementary measurements. The ground-based campaign LASIC (Zuidema et al., 2016) operated a fully-equipped

ARM Research Facility during 2016 and 2017, while air-borne measurements were provided during 2017 by CLARIFY-

2017 (Haywood et al., 2021), and in 2016, 2017, and 2018 by ORACLES (Redemann et al., 2020). On the African continent,175

in-situ and airborne measurements of the smoke near the source were provided by the AEROCLO-sA campaign in Namibia

(Formenti et al., 2019).

Figure 2 shows the main locations of the instruments used in this paper during the campaigns. The UV-lidar was located

on the southwest side of the island throughout the 2016 and 2017 campaigns on Wideawake airfield, at 79 m above sea level.

All of 2016 and 2017 the ARM research facility was located on the south slope of Green Mountain, at 859 m the highest180

peak of the volcanic island. This location ensured the transport of pristine oceanic air at the prevailing wind direction, which is

east-southeast. The ARM research facility was located at 365 m altitude and about 6 km from Wideawake airfield. Radiosondes

were launched from the airfield four times daily.

4 Results
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Figure 3. Classification of the average clear-sky AOT during broken cloud days, at two levels: from 850 to 2150 m, assumed to be at cloud

level, and from 2150 to 5000 m, which is assumed to be in the free troposphere above the clouds.

4.1 Classification185

A first coarse indication of the change in cloud properties can be obtained from a comparison of periods with a high aerosol

loading over Ascension Island, compared to periods with low aerosol loading, assuming everything else will be the same. A

classification was made using the 2016 measurements using the clear sky aerosol extinction retrievals, i.e. using Eqs. 8 and 9,

after defining periods of clear sky and cloudy periods for each day with broken clouds and useful cloud property retrievals.

The average aerosol optical thickness was determined during the cloud free periods, and the average cloud properties were190

determined during the cloudy periods.

A classification was made of days when aerosols were expected to mix with the clouds and days when the aerosol loading

was particularly low. Figure 3 explains the logic: two layers were discriminated, one from 850 to 2150 altitude, which is

assumed to be the altitude of the clouds, and from 2150 to 5000 m, which is the free troposphere. If the AOT in both layers

was low (below 0.07 was chosen), the day was assigned the label ‘clean’, if the AOT in the layer between 850 and 2150 m was195

high (higher than 0.07), the days was assigned the label ‘mixed’. If the AOT was high only in the upper air, the day was labeled

‘separated’ and not considered, which happened in one case.

Using this crude selection of cases resulted in a clear difference in the average cloud properties between the different days,

as shown in Fig. 4. ND was 294±91 cm3 during all ‘clean’ days, doubling to over 611±191 cm3 during the ‘mixed’ days.

Conversely, R100
eff was reduced from 3.81±0.6 µm to 2.85±0.2 µm. This suggests a change to smaller more numerous cloud200

particles with the availability of a larger number of cloud condensation nuclei. However, the assumption that the humidity does

not change cannot be garantueed with such an approach.

4.2 AOT around cloud base

In order to determine the cloud properties and aerosol availability as close together in time as possible, two approaches are

presented. First, by determining the AOT from the daily average extinction profile as before, but now averaged around the205
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Figure 4. The mean value of the cloud droplet number density ND (left) and the cloud effective radius at reference height R100
eff (right) for

the ‘clean’ and ‘mixed’ cases. The black error bar represents the standard error of the mean, the grey bars represent the sample standard

deviation.

cloud base, more specifically from 300 m below the cloud base until 1000 m above the cloud base. It is assumed that aerosols

between these levels have a significant impact on cloud forming. For each cloudy period the cloud properties were determined

and used in Eqs. (14) and (15) to quantify the indirect effect. The results are shown in Fig. 5.

A linear fit was drawn through the points, weighted by the standard deviation, showing the indirect effect: 0.3 ± 0.21 cm−3

for the cloud droplet number density and 0.18 ±0.06 µm for the cloud effective radius.210

Figure 5. (Left) Weighted mean of the cloud drop number density versus daioly average AOT for each cloud selection. (Right) Weighted

mean of the cloud effective radius versus daily average AOT for each cloud selection. For both cloud properties a linear fit is plotted and the

Indirect Effect parameter (IE) is given. The standard error of the mean values were used as weights in the fit.
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4.3 AOT below the cloud

In order to get aerosol and cloud proxies closer together in time, IEr and IEN were also calculated using the AOT below the

clouds during cloudy periods. For this, the aerosol extinction profile was computed using Eq. (8), but with the normalisation

height set inside the cloud and the extinction-to-backscatter ratio set to 20 sr in the cloud and 50 sr below the cloud, as described

in Sect. 2. Furthermore, the cloud extinction-to-backscatter ratio was corrected for multiple scattering (Eq. (10)). The extinction215

profile was determined from 200 m above the lidar, to avoid overlap, until 300 m below cloud base to avoid the mixing region

of wet aerosols just below the cloud. The mean aerosol extinction coefficient was used instead of the AOT, because the height

of the range bins changed per cloud selection.

For the cloud retrievals 30 s intervals were averaged, with a minimum of 3 values and a maximum of 24 values, corresponding

to cloud periods of 1.5 to 12 minutes. The errors from the cloud inversion were used as weights in the determination of the220

IE-values. The results for the 2016 measurements are plotted in Fig. 6

The IE values for all cloud periods during the 2016 campaign show varying results. Many values are beyond the theoretically

feasible values, indicated in the plots by the grey horizontal lines. Theoretically the absolute value of IEN must be below 1

and the absolute value of IEr below 0.33. However, a number of retrievals show much larger values, characterised by large

uncertainties. The theoretical numbers are based on theoretical clouds in a constant atmospheric state. The retrievals with large225

numbers and large uncertainties must be associated with variable meteorological conditions that drive the changes in cloud and

aerosol properties.

Around 12–15 August IEN ranges from positive to zero, while IEr ranges from -0.33 to zero. The same happens around

20–24 August. This may be indicative of a Twomey effect, which at some point saturates, i.e. after enough CCNs are available,

no more smaller cloud droplets are formed. These episodes correspond to periods of elevated AOT over Ascension Island, see230

Fig. 7.

The three presented methods all suggest some indication of the Twomey effect in the stratocumulus clouds around Ascendion

in 2016 during various episodes. However, the results are difficult to interpret due to the large senstivity of the retrieved AOT

and cloud properties to various parameters and instrument noise. In 2017, no conclusive effect could be retrieved from the

lidar measurements, mainly due to pointing errors in the instrument, resulting in a lower SNR (Schenkels, 2018). In the next235

sections, the accuracy of the retrieved AOT and cloud properties are investigated using additional instruments located on the

island.

5 Validation

5.1 Aerosol Optical Thickness

The AOT retrieved from the lidar was compared to AERosol RObotic NETwork (AERONET) measurements from the sta-240

tion located on Ascension Island (at the ARM main site. AERONET offers quality-assured, cloud-screened automated direct

sun measurements from ground-based, sun-tracking sunphotomers every 15 minutes at 8 wavelengths. The measurements at
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340 nm were used here. The AERONET AOT data at this wavelength have an uncertainty of 0.021, due to atmospheric pres-

sure variations assuming a 3% maximum deviation from the mean surface pressure (Eck et al., 1999). The uncertainty of the

lidar retrieval, taking into account the systematic error arising from the definition of the extinction-to-backscatter ratios and the245

random error due to the definition of the normalisation height, was estimated at 11% (Schenkels, 2018).

Daily averaged retrievals were compared for cloud free periods for each instrument. Since the instruments were not in the

same position, the cloud-free periods can differ. However, the AOT distribution is assumed to be spatially consistent on the

spatial scale of around 6 km. The comparison is shown in Fig. 7. The comparsion between the AERONET and lidar retrieved

AOT is good, the correlation coefficient was 0.76 (not shown). Unfortunately, on 25 and 26 September 2016 the lidar was not250

operational, while AERONET showed elevated AOT values on those days.

5.2 Cloud parameters

To validate the cloud retrievals from the UV-polarisation lidar, cloud radars located on the ARM Research Facility were used.

In 2016, a W-band Scanning ARM Cloud Radar (WSACR) was operated from the start of the lidar measurement period until

11 September. In 2017, a KA-band Scanning ARM Cloud Radar (KASACR) was operated during the entire period of the lidar255

operation. WSACR was operated at a frequency of 94 GHz and KaSACR at 35.3 GHz. Both radars have a field of view of 0.3

degrees. Although the radars were operated with scanning strategies, here only the vertical pointing modes were used, taken

each hour for a duration of 4 minutes. The 2D radar reflectivity factor Z, with a time resolution of 2 s and a vertical resolution

of 30 m, was collected from the ARM website.

The radar reflectivity was used to derive R100
eff following the method described by Frisch et al. (1995): Assuming a cloud260

with a lognormal droplet size distribution

n(r) =
Nd√

2πrσx
exp

(−(ln(r)− ln(R0))2

2σ2
x

)
, (16)

where is R0 the median radius and σx the spread of the lognormal distribution, the effective cloud droplet radius Reff is related

to the median radius by

Reff =R0 exp(
5
2
σ2
x), (17)265

and the radar reflectivity is

Z = 26NdR
6
0 exp(18σ2

x). (18)

This gives a relationship for the effective cloud droplet radius

Reff =
1
2

(
Z

Nd

)1/6

exp(−0.5σ2
x). (19)
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It is clear that relatively large changes in Nd or σx will produce only small changes in Reff . The value for σx was set to 0.34 ±270

0.09, which is a typical value for marine, low-level stratocumulus clouds (Fairall et al., 1990; Frisch et al., 1995; Miles et al.,

2000). A typical value for Nd for marine, low-level stratocumulus clouds is 100± 70 cm3 (Davidson et al., 1984; Martin et al.,

1994). Additionally, Nd can also be estimated from the lidar inversions (see Eq. (11)). Daily averaged values of Nd were also

used to estimate Reff . The error margins were used to compute the uncertainty in the method using an uncertainty of ± 3 dBZ

in the reflectivity factor.275

R100
eff estimates from lidar and cloud radar are compared in Figs. 8 and 9. The top panels show the lidar retrieval for selected

cloud periods, with the variance in the cloud shown by error bars and the estimated measurement error shown by the shaded

grey area. The average retrieved effective droplet radius is shown by the green dashed line and was 3.63± 0.5µm in 2016 and

3.37± 0.4 in 2017. The bottom panels show the R100
eff retrieval from the cloud radar in red using the constant value for Nd and

for a daily varying Nd from lidar in grey. In general, the estimates of R100
eff from the cloud radar are larger than from the lidar,280

especially for a constantNd value. Using a daily varying estimate forNd from the lidar gives slightly more consistent estimates,

which is due to the larger Nd estimate from the lidar. On average, daily lidar estimates of Nd were around 466 ± 127 cm−3

in 2016 and 540 ± 142 cm−3 in 2017. This is significantly higher than the value of 100 cm−3 from the literature, and a larger

cloud droplet concentration will reduce the effective cloud droplet size estimate.

A dependence on Nd can be removed altogether using cloud liquid water path (LWP) data from a microwave radiometer285

(MWR) (Frisch et al., 2002). An MWR was operated at 23.8 and 31.4 GHz on the ARM site in 2016, but only until 11

September 2016. R100
eff was also derived using the MWR and compared. The LWP measurements yielded much wildly varying

R100
eff than both the lidar retrievals and radar retrieval shown in Fig. 8. However, a proper comparison was difficult due to the

low number of measurements from the MWR, and it was not established whether the differences were due to possible drizzle

contamination or problems in the MWR data or something else. Details can be found in Schenkels (2018).290

The reason for the discrepancy between the different methods is difficult to determine, since all are sensitive to assumptions.

The large difference suggests that the determination of even one key parameter like the number density is highly uncertain.

The lidar retrieval of this parameter was more than 5 times higher than the assumed 100 g m−2, yielding low estimates of the

effective cloud droplet radius.

Clearly, the lidar retrievals are much lower than those from the radar. Since all instruments and methods suffer from large295

uncertainties, it is hard to establish the most accurate retrieval. Cloud droplet radii are strongly dependent on the height in the

cloud, growing with altitude. The UV lidar beam will never reach very far into the cloud due to its short wavelength, while the

radar beam will easily penetrate a stratocumulus deck entirely. Although the lower parts of the clouds have been analysed, it

cannot be ruled out that the radar senses particles from higher up in the cloud than the lidar. Furthermore, radar measurements

are more sensitive to drizzle contamination than lidar measurements, and drizzle may have affected the results.300

5.3 Cloud Base Height validaton

The effective radius was determined at a reference of 100 m above cloud base height (CBH), which was related to the peak of

the observed parallel lidar attenuated backscatter. It is important to compare the cloud parameters from the lidar and the cloud
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radars at the same relative height, since the effective radius strongly depends on the height in the cloud (Zhang et al., 2011).

The accuracy of the backscatter peak as the CBH cannot directly be compared to the CBH from the cloud radar, because of the305

different locations of the instrument. The effect of the spatial distance between the instruments was investigated by comparing

CBH from two ceilometers that were installed in the airport and the ARM main site. The CBH from these instruments, relative

to the mean sea level, are highly correlated in general. However, on average a higher cloud fraction was found over the main

ARM site compared to the airport, due to the higher elevation of the site. This is illustrated in Fig. 10 for one day, 26 August

2017. More low-level clouds were detected over the ARM main site and the cloud fraction differed. However, this should not310

affect the analyses too much, since the main difference is in the low-level clouds and the selected cloud periods had CBH’s

higher than 1000 m.

The CBH from the lidar and from the ceilometer at the airport were compared, as shown in Fig. 11. The correlation was

higher than 90%. Therefore, the relative height of the peak of the backscatter can be considered a good proxy for the relative

position of the CBH.315

6 Conclusions

In this paper the first indirect or Twomey effect is shown for periods of smoke incursions in stratocumulus clouds around

Ascension Island, a remote island in the south-east Atlantic ocean, using a single instrument, a UV-polarisation lidar. Lidar

measurements have a long history of retrieving aerosol extinction and backscatter profiles, and aerosol optical thickness in clear

sky scenes. In clouds, the relationship between the return signal and the photon travel time is lost, and the lidar beam becomes320

inscreasingly depolarised, due to multiple scattering. In this study, the measured depolarisation of the lidar beam is fitted to

LUTs of precalculated depolarisation by cloud droplets using Monte Carlo (MC) simulations, relating the depolarisation to

cloud droplet effective radius and the cloud extinction parameter at a reference height. This can be used to study both aerosol

optical thickness and cloud parameters changes using a single instrument. A UV-polarisation lidar, normally located in Cabauw,

The Netherlands, was installed on Ascension Island during one month in 2016 and one month in 2017, to study stratocumulus325

cloud droplet size and number density in relationship with aerosol optical thickness. Over Ascension, smoke from vegetation

fires in Africa is often observed during the African dry season, which is about July to September.

In this study, we found indications of the first indirect effect in clouds over Ascension during days when smoke was found

at cloud level during cloud-free periods, compared to days when the air was smoke-free at the cloud level during cloud-free

periods. On average, the cloud drop number density was 294±91 cm3 and cloud effective radius 3.81±0.6 µm during smoke330

free days, compared to 611±191 cm3 and 2.85±0.2 µm during days with smoke at cloud level.

Similarly, when the cloud parameters during cloud periods were related to the daily averaged AOT at cloud level (300 m

below cloud base to 1000 m above cloud base) an indirect effect was found: 0.3 ± 0.21 cm−3 for the cloud droplet number

density and 0.18 ±0.06 µm for the cloud effective radius.

Lastly, by solving the Klett-Fernald boundary value problem within the cloud, where the aerosol extinction is negliglible335

compared to the cloud extinction, the aerosol and cloud properties were retrieved simultaneously by the lidar. In this case, the
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average aerosol extinction below the cloud was taken as the aerosol proxy, because the profile heights differed, which would

lead to different AOT delepending on the height over which was integrated. The resulting indirect effect picture is difficult to

interpret due to the large uncertainties, but from 12–15 Aug. 2016 and 20–24 Aug. 2016 an indirect effect was found. These

periods correspond to the days that smoke was found at the cloud layer and in the free troposphere.340

The lidar aerosol and cloud parameter retrievals were compared to retrievals using different instruments installed on the

island. The AOT from the lidar corresponds well to 340 nm AERONET AOT retrievals during cloud-free periods, even though

the AERONET sunphotometer was 6 km from the lidar.

The cloud effective radius retrieval from the MC multiple scattering simulation retrievals were compared to cloud effective

radii retrieved using cloud radars installed on the ARM main site. The distance of 6 km between the instruments has a noticeable345

effect on the cloud fraction above the instruments: Over the ARM main site the cloud fraction is generally higher, due to more

low lying clouds over this site. However, this should not effect the analysis of the cloud parameter comparison much, since

only clouds with a CBH above 1000 m were used in the analyses.

The cloud effective radii from the lidar were smaller than those from the cloud radar, in all years and using several methods

for the radar retrievals. R100eff retrieved by the lidar was 3.63± 0.5µm on average in 2016, R100eff retrieved by the radar350

was 7.49± 2.52µm for a constant cloud droplet number concentration Nd taken from literature. If Nd was estimated from the

lidar measurements, the cloud effective radius retrieved by the radar became 5.8± 2.0µm and more consistent with the lidar

retrieval. An attempt to remove the dependence on Nd altogether by using LWP from a MWR did not give any conclusive

results.

Note that cloud droplet size is highly dependent on height, growing with altitude. The lidar beam at 355 nm never penetrates355

deep into the cloud, we estimate it to be confined to 100-300 m above CBH. The radar on the other hand travels far into the

cloud and can even retrieve the cloud properties at the top of a stratocumulus deck. Care has been taken to retrieve the cloud

parameters at the lower parts of the clouds, but it cannot be ruled out that the radar is more sensitive to signals from higher up

in the cloud than the lidar. Furthermore, drizzle contamination of the radar retrievals cannot be ruled out.

The cloud effective radius retrieval is the most uncertain parameter in the analyses. It is unclear which retrieval of the360

cloud effective radius is most reliable, since all methods and instruments suffer from large uncertainties. The lidar has been

a valuable tool to study aerosol parameter profiles. This study shows the suitability to also study cloud effective radius using

depolarisation from the lidar beam. This can help to reduce the uncertainty in cloud effective radius retrievals by independent

measurements. Furthermore, the simultaneous retrievals of aerosol extinction and cloud properties from one single instrument

can be instrumental in the measurement of aerosol indirect effects, which constitutes the largest uncertainties in global climate365

models.

Data availability. The data acquired on Ascension Island by the UV-polarisation lidar are freely available.
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Figure 6. Indirect Effect (IE) for each selected cloud period in Sept. 2016, using the average aerosol extinction profile below a cloud and the

retrieved cloud droplet number density (top) and the retrieved cloud droplet effective radius (bottom). The error bars indicate the standard

deviation of the measurements during each selected interval, the colors indicate the duration of the intervals. The grey horizontal lines indicate

the physically feasible bounds of the IE values.
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Figure 7. Aerosol Optical Thickness retrievals from AERONET at 340 nm (purple) compared to the retrieval from the UV-lidar at 355 nm

(grey). The black error bars show the standard deviation of the lidar retrievals. The shaded areas indicate the retrieval uncertainties, 0.021 for

AERONET AOT (light purple) and 11% for the lidar data (light grey).
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Figure 8. R100
eff for selected cloud periods in 2016 from (a) lidar and (b) cloud radar. The shading shows the standard deviation or retrieval

error, while the variance in the cloud per measurement period is given by the error bars. The dashed line gives the mean R100
eff . In (b) the red

measurements are obtained using a constant Nd, while the grey measurements were obtained using a lidar derived Nd.
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Figure 9. R100
eff for selected cloud periods in 2017 from (a) lidar and (b) cloud radar. The shading shows the standard deviation or retrieval

error, while the variance in the cloud per measurement period is given by the error bars. The dashed line gives the mean R100
eff .
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Figure 10. The CBH from the ceilometer at the airport (black crosses) compared to the CBH from the Ceilometer at the main ARM site

(purple circles) on 26 August 2017. The CBH is measured relative to the mean sea level.

Figure 11. Comparison of the cloud base height determined from the UV-lidar and the ceilometer located on the airport.
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