
Introduction
• Cloud condensation nuclei (CCN) and ice nucleating particle (INP)

modulation of cloud microphysics is one of the least understood
atmospheric processes.

• Due to limited observations, aerosol-cloud interactions in the Arctic are
especially not well constrained.

• The Oliktok Point Site Science team has several research projects associated
with improving understanding of Arctic aerosol-cloud interactions at the
ARM facilities in northern Alaska.

Using balloon-borne measurements for
evaluation of aerosol-cloud interactions
Motivation: Vertical profiling of aerosols, especially in the Arctic, is very
limited. To improve understanding of aerosol-cloud interactions,
measurements of aerosols at the ground and aloft are needed.
Data set: Evaluation of aerosol size distributions via tethered balloon during
the Inaugural Campaigns for ARM Research using Unmanned Systems
(ICARUS). Several case studies are under evaluation to shed light on aerosol
sources and resulting implications for cloud formation through observational
and modelling approaches. See poster #17 by de Boer et al. for initial results.

Suppression of cloud ice due to
aerosols at Utqiaġvik
Motivation: Determining aerosol effects on mixed-phase cloud
ice production is difficult because we have limited in cloud
observations of liquid and ice properties.

Data set: We use a 9-year record of surface aerosol scattering
coefficients and radar derived cloud ice water content (IWC)
profiles to determine the effect of high and low aerosol
concentrations on the levels of IWC in cloud layers. This
understanding is an initial step in determining how aerosol
effects (e.g. ice nuclei availability, freezing point depression, etc.)
sum to influence the IWC production in these clouds.

IWC profiles: Shown within the mixed-phase cloud layer under 5
different liquid water path regimes. For each case, clean clouds
have significantly higher IWC at cloud base than clouds found in
polluted conditions. At cloud top, IWC levels are comparable.

Hydrometeor fall speeds: Indicate the presence of smaller sized
ice crystals in clean clouds at cloud top. Given the similar IWC
values in this upper region of the cloud, the implication is that
there are fewer, but larger, ice crystals produced at cloud top in
polluted clouds. Therefore, the best explanation of the high IWC
values observed by cloud base in clean clouds, is more efficient
secondary ice production (e.g. ice deposition and riming). We
suspect that clean clouds have high depositional efficiency
because ice crystal number is elevated, and riming efficiency is
high due to the larger average size of the liquid droplets present
in the cloud layer.
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Anthropogenic pollution and cloud
properties at the North Slope of Alaska
Motivation: Oliktok Point (OLI) and Utqiaġvik/Barrow (NSA) have similar
synoptic forcing, but different aerosol backgrounds, because Oliktok
Point is at the edge of the Prudhoe Bay oilfield -> Together, they form a
natural laboratory for studying aerosol cloud interaction.

Data set: We use data from the two ARM sites of summer 2016. Analysis
is limited to warm shallow clouds. For both sites, we compare
continental (i.e. potentially polluted) and maritime (i.e. potentially
pristine) air masses.

Radiation perspective: polluted clouds are brighter as expected using
the shortwave relative cloud radiative effect. This quantity does not
depend on surface albedo and less on solar zenith angle, but on LWP
and droplet number concentration.

Radar perspective: The generation of drizzle is suppressed at Oliktok
Point in comparison to Utqiaġvik/Barrow. When comparing median
values for the whole data set, the mean Doppler velocity is reduced for
the same radar reflectivity.

Radar perspective: The probability to observe a cloud with radar as a
function of temperature (solid line, proxy for season and height) is
increased at Oliktok Point for -5 to 5°C. Is that related to cloud life time?

MWR perspective: Interestingly, the continental clouds have higher LWP
for Barrow in comparison to the maritime ones, but there is only little
change for Oliktok Point.
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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
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Simulations by 
Sena et al (2016)
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Measurements at Oliktok Point, AK 
15-17 April 2015

No Ice Runs: CCN perturbations
impact cloud structure through
LW emissivity (sharper cloud top
for increased CCN)
--impacts persist even when the
cloud is a blackbody.

Wintertime, 1/8X 
Initial CCN ~20 cm-3 

Springtime, Control 
CCN ~130 cm-3

Polluted, 8X Initial 
CCN ~1000 cm-3 
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Sensitivity to Ice Formation
Constant Ice Runs (IN=A/CCN):
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Left: water vapor mixing ratio (qv) and potential temperature (theta),
in units of g kg-1, and Kelvin respectively. Right: zonal wind (U) and
meridional wind (V), in units of m s-1. The dashed line overlying water
vapor mixing ratio is the initial profile for the total water mixing ratio.

Initial State: 0 UTC 17 April 2015 
Sounding (solid) Initial profiles used in 
the WRFLES experiments (dashed)

Parameterizing CCN and INP as a Single Population 
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2K4L = I ∗ 243 ∗ 4.0×100T∗ U(5)

Initial Aerosol Concentrations:
Wintertime, 1/8X Control CCN ~20 cm-3 

Springtime, Control CCN ~130 cm-3

Polluted, 8X Control CCN ~1000 cm-3 

Model used: WRFLESV3.3.1

Ice formation (1) depletes water vapor BUT 
increases vertical water vapor flux,
maintaining TKE with less LWP
(2) reduces LWP causing larger sensitivity to
aerosol perturbations
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