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Abstract

Recent laboratory experiments showed that at conditions resembling those near the
tropopause region, small quasi-spherical ice particles can be coated by a liquid
H,SO,/H,0 over-layer formed after the freezing of diluted sulfuric acid/water aerosol
drops. Here, idealized radiative transfer tests are conducted to evaluate the impact that
such an over-layer would have on the radiative effects produced by sub-visible cirrus
clouds (SVCs). The calculations show that the over-layer increases both the short-
wave (SW) and longwave (LW) cloud radiative effects (CRE), but the impact is small:
~0.02 W m~2, or even less, for the total (LW+SW) CRE at the top of the atmosphere.
For the smallest ice particles, for which the over-layer is thickest, the fractional change
in CRE can, however, reach ~20% for the SW CRE and over 50% for the LW CRE.
The dependence of LW and SW CRE on particle size is also considered in the paper.
Calculations for spherical uncoated ice particles show that even for high, optically thin
cirrus clouds, the total CRE can be negative, if the diameter of the particles is smaller
than about 3—4 um. Apart from the SVCs, this result could be relevant for contrail cirrus
clouds, which are believed to consist of large numbers of very small ice particles.

1 Introduction

Thin high-altitude cirrus clouds with geometrical and optical thickness smaller than
1 km and 0.03, respectively, have obtained an increasing attention due to their poten-
tial impact on Earth’s climate. These clouds are called sub-visible cirrus clouds (SVCs)
because they are invisible for the unaided eye (Sassen and Cho, 1992). Satellite occul-
tation and lidar observations indicate that SVCs are widespread near the tropical and
midlatitude tropopause, with a larger frequency of occurrence in the tropics (~45%)
than in the midlatitudes (up to 20%) (Wang et al., 1996; Winker and Trepte, 1998). Be-
cause of their large areal coverage, especially in the tropics, the SVCs may have a po-
tential effect on climate through reflection of incoming shortwave (SW, solar) radiation
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and trapping of outgoing longwave (LW, terrestrial) radiation. The SW “albedo” effect
brings about cooling and the LW “greenhouse” effect warming of the Earth-atmosphere
system. However, as for cirrus clouds in general, the size of the LW and SW effects,
and even which of them dominates, can depend on a number of factors in addition
to the frequency of SVC occurrence: ice water content, size, shape, orientation and
surface properties of ice cloud particles (e.g. Stephens et al., 1990; Sassen, 2002).
It has been recognized that the SVCs can also contribute to the destruction of ozone
(Solomon et al., 1997; Roumeau et al., 2000; Borrmann et al., 1997; Bregman et al.,
2002) which is an important greenhouse gas at high altitudes. Similar to radiative
properties, the rate of chlorine activation and concomitant ozone loss depend on mi-
crophysical characteristics of the SVCs.

A major uncertainty in the estimates of the climatic impact of the SVCs is a poor
knowledge of their microphysics. Microphysical characteristics of the SVCs have been
inferred mainly from ground-based (Sassen et al., 1989), airborne (Smith et al., 1998)
and satellite-based remote sensing observations (Wang et al., 1996). Direct in situ
measurements of microphysical parameters of the SVC ice particles are rather scarce
(Heymesfield, 1986; Thomas et al., 2002). Estimates for the SVC microphycical char-
acteristics vary considerably. For example, values derived for the effective diameter of
ice particles in the SVCs range from less than 2 um (Wang et al., 1995) to over 20 um
(McFarquhar et al., 2000), reflecting either substantial variations in the properties of
SVCs, or substantial measurement uncertainties, or both.

The formation mechanisms of SVCs are also not fully understood yet. Two basic
routes of the SVC formation have been described (Jensen at al., 1996). Apparently,
some of the SVCs are directly related to deep convection, being essentially the final
phase of decaying anvil clouds. However, in other cases, the SVCs are believed to
be formed in situ by freezing of diluted sulfuric acid (H,SO,/H,0O) aerosol drops of
concentration smaller than 30 wt% H,SO, in the presence of slow synoptic-scale uplift
(Jensen at al., 1996). Such diluted drops are believed to form by dilution of concen-
trated H,SO,/H,0 aerosol drops that enter the upper troposphere from the lowermost
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stratosphere through tropopause folds and sedimentation (Hoffman and Rosen, 1983;
McCormick et al., 1995; Sassen et al., 1995).

At the most basic level, microphysical properties of cirrus clouds, including the SVCs,
are determined by physico-chemical processes occurring at the sub-micrometer to mi-
crometer scales. Neither in situ aircraft measurements nor remote sensing methods
can provide direct information on such small-scale processes. Therefore, relevant lab-
oratory studies could be of great importance for better understanding microphysics of
young cloud ice particles.

Recently, Bogdan et al. (2004) and Bogdan (2005) have performed laboratory ex-
periments which are of direct relevance to the second SVC formation mechanism
mentioned above. Their studies on sub-micrometer and micrometer scale emulsified
H,SO,/H,0 drops performed with differential scanning calorimeter (DSC) indicate that
in conditions resembling those in the uppermost troposphere, cirrus ice particles can
be coated with an H,SO,/H,0 over-layer which is formed after the freezing out of water
ice within diluted H,SO,/H,O aerosol drops. This supports the speculations by Sassen
et al. (1998), who suggested the existence of such particles based on remote and in-
situ measurements of very cold corona-producing midlatitude cirrus. The over-layer is
thickest for young freshly formed ice particles and becomes thinner as they grow due
to water vapor deposition. However, even ice particles with diameter as large as 5 um
can be coated with an over-layer that is several tens of nanometers thick, depending
on the size and initial concentration of the mother H,SO,/H,0O aerosol drops.

The primary purpose of the present paper is to estimate how the H,SO,/H,O over-
layer would modify the radiative properties of the SVCs. We also consider the impact of
ice crystal size on the strength of SVC greenhouse vs. albedo effects, with an extension
to contrails.
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2 Calculations
2.1 Assumptions about particle composition

Based on the experimental results by Bogdan et al. (2004) and Bogdan (2005) we
consider the following scenario for the formation of SVC ice particles (see also Fig. 1):

— Initial phase: Ice crystals are initiated by freezing of diluted H,SO,/H,O aerosol
drops of diameter <2 um and composition smaller than 30 wt% H,SO,. According
to the experimental data, the drop freezing results in the formation of mixed-phase
particles: an ice core coated by a H,SO,/H,O over-layer of initial composition of
38wt% H,SO, (i.e., the composition of the first eutectic point) (Fig. 1a-b).

— Growth phase: After the formation, the ice core gradually grows due to deposition
of water vapour onto the over-layer and subsequent diffusion of H,O molecules
through it to the ice core. The ice growth will result in formation of thinner and
more diluted over-layer because the over-layer volume is limited by the sulfuric
acid content. In order to remain liquid, the aged over-layer should have higher
H,SO, concentration than that of the mother aerosol drop at the moment of freez-
ing. We assume that the aged over-layer has composition of ~25wt% H,SO,
(Fig. 1c—d).

In-situ observations in SVCs show a variety of ice crystal habits. Heymsfield (1986)
reported that the crystals were usually non-spherical, with a 50% mixture of trigonal
plates and columns, and that especially the smaller plates had aspect ratios (thick-
ness/diameter) close to 1. On the other hand, recent observations of tropical SVCs by
Thomas et al. (2002) indicated that the majority of the ice crystals possessed quasi-
spherical shape. The observations by Sassen et al. (1998) in a very cold, although
visible, midlatitude cirrus are also relevant here. Most particles were non-spherical,
resembling simple plates and columns, but lacking sharp edges and facets that such
particles usually have, possibly because particle shapes were influenced by sulfuric
acid contamination.
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To keep the problem tractable, we assume spherical ice particles in our model. For
illustrative purposes we consider two cases, Case 1 and Case 2, in which two drops,
right before freezing, have the same initial composition of ¢y=20wt% H,SO, but dif-
ferent diameters, dy=0.984 um and dy=1.968 um. These initial diameters are chosen
in order to obtain, after freezing, total diameters of the mixed-phase particles equal to
diot=1.000 um and 2.000 um, respectively. The mass of acid in the mother drops is
1.14x10_1sg and 9.10x10_1sg per drop. Right after freezing, the initial composition
of the over-layer is ¢;,=38 wt% H,SO,, and the over-layer thickness is 89 nm (180 nm)
for Case 1 (Case 2) (see Table 1). The composition of the aged over-layer is taken to
be c=25wt% H,SO,.

2.2 Computation of single-scattering properties

Single-scattering properties of both uncoated ice crystals and crystals coated with an
H,SO,/H,0 over-layer were computed using the “coated sphere” Mie code of Bohren
and Huffman (1983). For ice refractive index, data from Warren (1984) were used.
Refractive index of H,SO,/H,O was computed based on Krieger et al. (2000) for wave-
lengths 1<1.33 um and Myhre et al. (2003) for 1>1.33 um. Computed single-scattering
parameters for selected cases are illustrated in Fig. 2.

2.3 Radiative transfer calculations

Radiative transfer calculations were performed using the §-8-stream discrete ordinate
method (Stamnes et al., 1988). Optical depths for gaseous absorption (for H,O, CO,,
O3, CH,4, N,O, CFCl; and CF,Cl,) were computed using a correlated-k distribution
code (Li and Barker, 2005). Molecular Rayleigh scattering was likewise included,
whereas aerosols were neglected in the present calculations. The sub-visible cirrus
cloud was placed in an otherwise cloud-free tropical model atmosphere (VicClatchey
etal., 1971) between 16.5 and 17 km (i.e., right below the tropopause). Saturation con-
ditions with respect to ice were assumed in the cloud layer. For the shortwave results,
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diurnal averages were computed, assuming a latitude of 0° N and a solar declination of
10°. A value of 0.1 was used for the surface albedo.

Essentially monodispersive ice crystal size distributions were assumed; a small but
non-zero width of the size distribution was used (effective variance 0.0008) to smooth
out small-scale details of Mie scattering results. Although this assumption is not very
realistic (e.g., Heymsfield, 1986, reports rather wide size distributions in a SVC cloud),
it helps to elucidate the role of particle size. Five values of diy; (1.0 um, 2.0 um, 4.0 um,
6.0 um, and 10.0 um) are considered in Table 1. The number concentration of ice
crystals was fixed at N=0.3 cm™>. This value was chosen so as to keep the cloud
sub-visible even for the largest particle size (d,,;=10 um) considered in Table 1. It is
somewhat higher than the values of ~0.05-0.10cm™3 suggested by in situ observa-
tions (Heymsfield, 1986; Thomas et al., 2002) but below the maximum concentration of
0.5cm™ predicted by the model of Jensen at al. (1996). Note that for clouds as thin op-
tically as those considered here, the radiative impact scales, to a good approximation,
linearly with N.

3 Results

Table 1 compares SW, LW and total (TOT=SW+LW) cloud radiative effects (CRE) for
SVC clouds with uncoated (i.e., pure) ice crystals and for those consisting of coated
crystals (Cases 1 and 2). The CREs are defined as

CRE = Fall—sky _ Fclear—sky’ (1)

where F3=SK and FE®"=SKY 41 net (down-up) radiative fluxes at the top of the atmo-
sphere (TOA) in the presence and absence of the cloud layer, respectively. Note that
in all cases, the comparisons are performed between clouds with uncoated and coated
crystals with the same fotal diameter. Thus, the differences in the CRE arise from
differences in particle composition rather than size.
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The results in Table 1 indicate that the H,SO,/H,O coating on ice crystals increases
both the negative SW CRE and the positive LW CRE of the sub-visible cirrus clouds;
the change in LW CRE dominating except for the smallest particle size (di,;=1.0 um)
considered. However, in absolute terms, the impact of the H,SO,/H,O over-layer is
small. For example, for Case 2, the maximum change in LW CRE is 0.025 Wm™2 (for
0,,t=6.0 um), the largest change in SW CRE being —0.008 W m~2 (for iot=2.0 um).
Even these figures should probably be considered as an upper limit rather than as the
most likely values, because the crystal number concentration is fairly high and the initial
H,SO,/H,0 droplets are relatively large. Indeed, the corresponding changes for Case
1 are much smaller.

Still, it may be noted that for the smallest particle sizes considered (i.e., right after
ice core freezing) the H,SO,/H,O coating causes a substantial fractional change in
CRE (~20% for SW CRE and over 50% for LW CRE). The enhancement in SW CRE is
explained by a slight increase in the extinction coefficient and a slight decrease in the
asymmetry parameter (Fig. 2), while the enhancement in LW CRE comes from a sub-
stantial increase in absorption coefficient, especially between 4 and 10 um. However,
when the ice core grows through deposition of water vapor, the over-layer becomes
thinner and its impact on the single-scattering parameters is reduced (being already
quite small for di,;=6.0 um in Fig. 2). Consequently, when the particles reach a size
of dit=10 um, which is a typical value for the effective diameter in in situ observations
(Heymesfield, 1986; McFarquhar et al., 2000; Thomas et al., 2002), the relative impact
of the coating is reduced to 1% or less. It is possible, though, that sulfuric acid coating
could actually help to keep the crystals small for a longer time, by interfering with water
uptake to the ice surface (Sassen et al., 1998).
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4 Impact of particle size on shortwave and longwave cloud radiative effects of
thin cirrus

Previous studies on the radiative impacts of sub-visual and thin cirrus have generally
reported larger effects on LW than SW radiation (Wang et al., 1996; Smith et al., 1998;
McFarquhar et al., 2000), or even neglected the SW effects entirely (Jensen at al.,
1999). Our results in Table 1 also indicate that the LW CRE dominates over the SW
CRE for the larger particle sizes (di,;=4 um), which implies that the SVC clouds would
have a net warming effect on climate. However, interestingly, the situation is reversed
for the smallest particles. For d,,;<2 um, the negative SW CRE outweighs the positive
LW CRE, although both are very small in absolute terms. This occurs in spite of an ex-
treme temperature difference between the surface (300 K) and the cloud layer (196 K),
which would favour the LW CRE.

The relatively small LW CRE for the smallest particle sizes stems from a fact that
is as such well-known (e.g. Bohren and Huffman, 1983): for particles very small com-
pared to the wavelength 4, the extinction efficiency (i.e., ratio of extinction cross section
to geometrical cross section) is Qg < 1. This can be seen in Fig. 2a, and is further illus-
trated in Fig. 3, which displays Q.,; for uncoated spherical ice particles with diameters
d=0.5-20 um.

Three regimes can be identified in Fig. 3. First, in the upper left corner of the plot is
the large-particle regime, where Q,,; gradually asymptotes toward 2. Second, peaking
at d~24, is a regime with somewhat higher values (Q.,; ~ 3) related to interference
between diffracted and transmitted light (Hansen and Travis, 1974). Third, in the lower
right part of the plot is the small-particle regime, where Q,,; generally decreases with
decreasing particle size and increasing wavelength, with some exceptions related to
spectral variations of ice refractive index. Consequently, in the LW region, Q. de-
pends very much on particle size. For very small particles (d~1um), Qg,~0.1, while
for relatively “large” particles (d215um), Qg;22 in most of the LW region, which is
comparable with the values in the SW region. Obviously, this behaviour explains the
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finding by Khvorostyanov and Sassen (1998) that the ratio of visible to infrared optical
thickness increases with decreasing particle size.

The radiative consequences of the size dependence of Q,,; (and to a lesser extent,
single-scattering co-albedo and scattering phase function) are demonstrated in Fig. 4.
A cloud located between 16.5 and 17 km in a tropical model atmosphere is again con-
sidered in Fig. 4a. However, instead of prescribing particle number concentration N as
in Table 1, the total projected area of the ice crystals in the cloud is prescribed as

T
Ap = 7d*NAz = 0.01 m*/m?, (2)

where Az is cloud geometrical thickness. Although this results, for the smallest sizes
d considered, in unrealistically high N for a cloud near the tropical tropopause, it helps
to highlight the impact of variations in Q,;, since the optical thickness is now simply
7=0.01 Qgy-

In accord with the behavior of Q. in Fig. 3, the LW CRE depends greatly on d
in Fig. 4a. It is very small for the smallest particles and increases first quasi-linearly,
then slower with increasing d. In comparison, the SW CRE varies much less with d,
although a clear minimum (i.e., largest negative values) is seen at d ~2—-3 um, which is
also consistent with the variations of Q,,; in Fig. 3. Consequently, the ratio of LW CRE
to SW CRE (Fig. 4c) depends strongly on particle size. The SW CRE dominates for the
smallest particles up to d=3 um, whereas for larger particles, the LW CRE dominates,
being over six times as large as the SW CRE for d=20 um.

The impact of small ice particles on the radiative properties of cirrus clouds is an
important topic, which can only be resolved properly when better observations of the
smallest particles are obtained (Sassen, 2002; Kahn et al., 2003). Typical estimates of
effective particle diameter in cirrus clouds are several tens of micrometers (e.g., Table 2
in Fu, 1996), but there are special cases where ice cloud radiative properties may be
dominated by much smaller particles. Apart from the SVCs, this could be the case, at
least, for aircraft contrails and some orographic clouds (Kahn et al., 2003). Goodman
et al. (1998) report effective diameters of ~4 um in young contrails. Baumgardner and
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Gandrud (1998) even suggest that most of the condensate is in particles smaller than
1 um, although many of the numerous very small particles might actually be unacti-
vated aerosols. The estimates by Liou et al. (1998) for particle size in contrails are
slightly higher, with effective mean sizes of 4.9 to 15.9 um.1

Referring to contrails, Fig. 4 also shows results for a cloud located at 10.5-11 km
(i.e., at a typical aircraft cruising altitude). For this cloud, the LW CRE is smaller than
for the near-tropopause cirrus cloud, so the cross-over-point with zero total CRE shifts
toward larger particle size, to d~4 um. This falls in the range of contrail particle sizes
quoted above. It is thus possible that in some cases, contrails could actually have a
cooling effect on climate.

The possibility of contrails causing cooling was already raised by Khvorostyanov and
Sassen (1998). Their calculations for a contrail with mean crystal diameter of ~6 um
indicated slightly positive total CRE at the TOA but distinctly negative total CRE at the
surface. They argued that the negative CRE at the surface could lead to local cooling,
whereas the positive CRE at the TOA might give rise to warming at larger distances and
time scales. Our calculations confirm that the negative SW CRE dominates over the
positive LW CRE at the surface. Moreover, this even occurs for relatively large particles.
For example, for a cloud height of 10.5-11km and d=20 um (the largest particle size
considered in Fig. 4) the LW CRE at the surface is only 0.23W m~2, as compared with
a SW CRE of —0.55W m™2. The smallness of the LW CRE results simply from the
troposphere being fairly non-transparent in the LW region, which strongly attenuates
the impact of high clouds on downwelling LW flux at the surface.

Obviously, the tests presented here are idealized. The results would be modified
by inclusion of particle non-sphericity effects, ice crystal size distributions and lower
cloud layers. However, this would not alter the conclusion that when the particles are
sufficiently small, the negative SW CRE can dominate over the positive LW CRE at the
TOA, even for optically thin high clouds.

For spherical particles, the effective mean size of Liou et al. (1998) equals 2/3 of the effec-
tive diameter.
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5 Conclusions

The primary purpose of the present paper has been to assess the impact of a sulfuric
acid (H,SO,/H,0) over-layer on the radiative properties of sub-visible cirrus clouds that
frequently exist near the tropical and midlatitude tropopause region. The existence
of such an over-layer is suggested by the recent laboratory measurements (Bogdan
et al., 2004; Bogdan, 2005). Our radiative transfer calculations show that the over-
layer increases both the longwave and shortwave cloud radiative effects produced by
the SVCs, but in absolute terms, the over-layer impact is small (at most ~0.02 W m~2,
and possibly much less). However, for the smallest ice particles the fractional change
in the CRE is substantial and can reach ~20% for the SW CRE and over 50% for the
LW CRE.

The impact of ice particle size on the radiative effects of optically thin cirrus clouds
is revisited. The calculations demonstrate that for very small ice particles (diameters
less than 3 or 4 um), the SW CRE can outweigh the LW CRE at the TOA, which means
that such clouds would actually have a cooling effect on climate. This is related to
small values of extinction efficiency Q. for particles small compared to the wavelength.
While most ice clouds have substantially larger particles, this finding could be relevant
for SVCs and contrails in some cases.

Acknowledgements. P. Raisanen acknowledges funding from the Ministry of Transport and
Communication Finland (project number 36937/2004).
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Table 1. Impact of H,SO,/H,O coating on the radiative effects of sub-visible cirrus clouds.
d, is the total diameter of (coated or pure) ice particles and h is the over-layer thickness. In
the two cases in which A is printed in italic font, the over-layer concentration is c=c;,=38 wt%
H,SO,; otherwise c=25wt%. “Case 1” and “Case 2” refer to assumptions about the size of
the initial H,SO,/H,0 drops, see text. 7yg (1/R) is cloud optical depth for the spectral band
0.20-0.69 um (10.2—12.5 um), given for the case of pure ice particles. SW CRE, LW CRE and
TOT CRE are cloud SW, LW and SW+LW radiative effects at the top of the atmosphere. The
differences between clouds consisting of coated and pure ice particles (ASW CRE, ALW CRE
and ATOT CRE) are given both in absolute and relative terms. See text for more details.

it (UM) 1.0 2.0 4.0 6.0 10.0
h (nm) Case 1 89.0 32.0 8.0 3.4 1.2
h (nm) Case 2 180.0 63.0 27.5 9.8
Tyis pureice  0.00041 0.00105 0.00423 0.00931 0.0252
TR pureice 0.00002 0.00019 0.00159 0.00504 0.0193
SW CRE (W m™2) pure ice -0.011  -0.060 -0.220 -0.425 -0.965
ASW CRE (Wm™) Case 1 -0.003 -0.002 0.000 0.000  0.000
ASW CRE (Wm™) Case?2 -0.008 -0.006 -0.003 -0.001
ASW CRE (%) Case 1 25 3 0 0 0
ASW CRE (%) Case 2 14 3 1 0
LW CRE (W m~?) pure ice 0.004 0.034 0.298 0.992  3.900
ALW CRE (Wm™) Case 1 0.002 0.003 0.003 0.003  0.001
ALW CRE (Wm™) Case?2 0.018 0.024 0.025  0.020
ALW CRE (%) Case 1 54 8 1 0 0
ALW CRE (%) Case 2 53 8 3 1
TOT CRE (W m™3) pure ice -0.007 -0.026 0.078 0.567  2.935
ATOT CRE (Wm™) Case 1 -0.001 0.001 0.003 0.003  0.001
ATOT CRE (Wm™) Case 2 0.009 0.018 0.021 0.020
ATOT CRE (%) Case 1 10 -4 3 1 0
ATOT CRE (%) Case 2 -35 23 4 1
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QH@HQHQH...

dy= 1.968 pum diot = 2.000 um diot = 4.000 pum diot = 6.000 um

co= 20 wt% dice = 1.640 um dice = 3.874 um dice = 5.945 um
h = 180 nm h = 63 nm h = 27.5 nm
Cin = 38 wt% c = 25 wt% c = 25 wt%

Fig. 1. Simplified illustration of the formation and growth of ice particles in SVC clouds, with
numerical values for Case 2. Notation: d, and c, are initial diameter and composition of
the mother drop before freezing, d,, total diameter of the mixed-phase particle (ice core +
over-layer), d,., diameter of the ice core, h thickness of the H,SO,/H,O over-layer, c;, initial
over-layer composition, and ¢ composition in the aged over-layer.
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of Li and Barker (2005).
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Spectral band boundaries (um)

Single-scattering parameters for pure ice crystals and ice crystals coated with
an H,SO,/H,O over-layer (Case 2), for two values of particle diameter (d,,;=2.0um and
d,,:=6.0um). (@) Extinction efficiency Q. (i.e., ratio of particle extinction cross section to
geometrical cross section), (b) absorption efficiency Q,., (€) single-scattering co-albedo
1 — @=Q4s/Qcx» and (d) asymmetry parameter g. Results are shown for the spectral bands
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Fig. 3. Extinction efficiency Q,,; of spherical ice particles as a function of particle diameter
and spectral band. Values above 3 (below 1) are highlighted with dark (light) shading. Note the
small values of Q. in the longwave region for small particles.
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Fig. 4. Longwave (LW), shortwave (SW) and total (TOT) cloud radiative effect (CRE) at the
TOA for a cloud consisting of spherical ice particles for cloud height of (a) 16.5—17 km and (b)
10.5-11 km. The ratio of —-LW CRE/SW CRE is given in (c). The total projected area of the

particles is fixed at A,=0.01 m?2/m?.
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