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• KaSACR at OLI March 2016 to 
September 2017

• Look at relative differences in 
number of occurrence (reflectivity > 
6 dBz)

• Limited to
– No sea ice and snow
– Polar day

• Some sectors are blocked
• More clouds over land
• Scale of change quite small
• -> See poster #19
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• Oliktok Point and Utqiaġvik / Barrow
• Very different aerosol properties

• High correlation of surface pressure
• Due to the mostly pristine environment, 

Arctic clouds are particularly susceptible
• Data set:

– Remote sensing observations
– April to September 2016

– Only warm, shallow clouds
– Radar, ceilometer, microwave radiometer, … 
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Anthropogenic pollution: comparing two 
Arctic sites

3

Alaska

Polluted site

Non-polluted site
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How does pollution change cloud properties?

Source: IPCC

• Aerosol indirect effect

• Polluted clouds are brighter, have higher emissivity
• Less effective collision/coalescence 
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• rCRE = &'()*+,-./ 0 &*((,-./
&'()*+,-./

• down welling instead of net 
fluxes removes dependency 
on surface albedo

• normalized by  123456789: to 
reduce dependency on solar 
zenith angle

• depends on droplet 
concentration

11306 E. T. Sena et al.: Aerosol–cloud interactions and their radiative effect

(a) (b)

LWP (g m  )-2

Figure 2. Theoretical approximations of (a) rCRE as a function of LWP, and (b) cloud radiative susceptibility to Nd as a function of rCRE
for different droplet concentrations: Nd = 200 cm�3 (blue), Nd = 500 cm�3 (red) and Nd = 1000 cm�3 (green).

⌧c is, in a relative sense, 2.5 times larger than that of Nd. The
same can be shown to be true for sub-adiabatic clouds (Boers
and Mitchell, 1994). Note that in presenting these equations
with respect to Nd we inherently assume a proportionality
between Nd and aerosol concentration Na (or proxy such as
Ai). If ⌧c were to be cast in terms of Na, the power-law de-
pendence of ⌧c on Na would be less than one-third. Because
of the uncertainty in the relationship between Nd and Na, we
use Nd to simplify the theoretical arguments.

⌧c (and therefore Ac) thus subsumes both the amount
of condensed water (a macroscale property) and drops (or
aerosol) concentration (a microphysical property). Thus, the
extent to which the rCRE dependence on LWP differs for
different aerosol concentrations is an expression of the im-
portance of the aerosol in driving rCRE.

Using Eqs. (8) and (9), rCRE can be expressed as a func-
tion of LWP and Nd. The radiative susceptibility of a cloud
to changes in Nd is given by

drCRE
dNd

= rCRE(1 � rCRE)

3Nd

����
LWP

. (10)

Figure 2 shows examples of the theoretical relationships be-
tween rCRE and LWP, and between cloud radiative suscepti-
bility and rCRE for different Nd: 200 cm�3 (blue), 500 cm�3

(red) and 1000 cm�3 (green). The mean solar zenith angle
(✓0) observed at SGP (✓0 = 45�) was used, and we assumed
g = 0.86, T = 300 K and p = 1000 mb.

Figure 2a shows that for lower LWP values rCRE increases
rapidly with increasing LWP. The rate of increase decreases
with a progressive increase in LWP until the curve begins
to saturate. In this example, the saturation begins for rCRE
between around 0.7 to 0.8. Complete saturation does not oc-
cur at rCRE = 1 due to the diffuse component of the all-
sky downwelling shortwave radiation flux. For a very op-
tically thick cloud the direct beam is extinguished but the
diffuse component is equal to the total radiation, assuring
that the total radiation transmission does not vanish. There-
fore, total radiation extinction does not occur as quickly
as might be expected. We also observe a slight increase in
rCRE with increasing Nd. The rCRE is more sensitive to

changes in Nd at moderate LWP values (between 50 and
100 g m�2). Also, for a fixed LWP, the difference between
the rCRE obtained for Nd = 200 cm�3 and Nd = 500 cm�3

is larger than the rCRE difference obtained using the larger
Nd (Nd = 500 cm�3 and Nd = 1000 cm�3). The maximum
radiative susceptibility occurs at rCRE = 0.5, and is higher
for smaller Nd (Fig. 2b). This is consistent with previous
results that predict that cleaner clouds are more susceptible
to Ac changes than polluted clouds (Platnick and Twomey,
1994). The same authors also report that Ac sensitivity to Nd
is a maximum when Ac is 0.5, which is consistent with the
larger separation between the curves in the moderate LWP
range and for rCRE = 0.5.

3.3 Broad statistical analysis of the observations

To understand how the cloud radiative effect responds to
changes in different parameters, a broad statistical analysis
of the long-term data set obtained at SGP was undertaken.
As LWP largely dominates rCRE (Eqs. 8 and 9, Fig. 2), the
data were binned by rCRE and LWP. The bin sizes were 0.02
for rCRE and 5 g m�2 for LWP. For each bin the average of
several different variables (Ai, Di, fc, LTS, ⌧c and w02) was
calculated. This procedure allows us to isolate the LWP con-
tribution to rCRE and to observe the associations of other
properties with rCRE in the third (colored) dimension. To re-
duce variability due to poor sampling statistics, we require
at least 15 points in each two-dimensional (2-D) bin. To ob-
serve the general trend of rCRE with LWP and the other vari-
ables, for this analysis, the broader LWP range was used. So-
lar zenith angle (✓0) was limited to 80 degrees to avoid errors
in cloud properties retrieved from the shortwave broadband
radiative fluxes. The joint frequency distribution of rCRE and
LWP for this data set is shown in the Supplement (Fig. S2).

Figure 3 shows that rCRE presents a clear increasing ten-
dency with LWP, in agreement with the theoretical two-
stream approximation shown in Fig. 2. The distribution of
LWP (Fig. 1a) indicates that the number of observations de-
creases with increasing LWP. The larger number of observa-
tions at lower LWP results in a larger vertical rCRE spread

Atmos. Chem. Phys., 16, 11301–11318, 2016 www.atmos-chem-phys.net/16/11301/2016/
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Solar radiation perspective: shortwave 
relative cloud radiative effect

Sena et al (2016)

polluted

Non-polluted
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Radiation perspective: shortwave rCRE
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• smaller drops
Ø less collision/coalescence
Ø less drizzle
Ø smaller mean Doppler 

velocity ! for same 
reflectivity "
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Radar perspective:
What to expect?

clean
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Radar perspective: fall velocity
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Radar perspective: Skewness

very few    
cases very few    

cases

Skewness has smaller 
magnitude
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Radar perspective: cloud occurrence
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MWR perspective: Liquid water path
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• Polluted site has
– Smaller droplets
– Brighter clouds
– Less drizzle
– More clouds
– Less LWP
– No collocated aerosol 

observations

• Radar data helpful without 
retrievals

• Local pollution changes 
cloud properties in the 
Arctic

• More industrial activities & 
ship traffic in the future

• Effects hard to quantify with 
respect to radiative forcing

• Poster #18
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Anthropogenic pollution and cloud 
properties

Thank you!


