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Introduction

Surface solar radiative budget (SSRB) is modulated primarily by clouds whose effects must be taken
into account carefully in estimating it from satellite measured upward solar radiative flux at top of the
atmosphere (TOA). To avoid time-consuming calculations in operational retrieval of SSRB from
satellite, Li et a. (1993) derived a simple linear parameterization scheme based on the results of
radiative transfer simulation. They found that, for more than 90% of clear- and cloudy-sky cases,
estimated SSRB using the linear relationship has an error within 10 Wm? of model simulations. Errors
larger than 20 Wm? corresponded cloud cases, especialy for ice clouds. Masuda et al. (1995)
introduced corrections to better account for the effects of water clouds, ground surface pressure, ozone
amount, aerosol type, cloud effective droplet radius, and cloud top height.

In both studies, ice clouds were treated relatively simple. Given that the radiative properties of ice
clouds are so distinct from water clouds and that ice clouds cover about 60% of the globe, their
influence warrants more investigations. The optical properties of ice clouds depend on more variables
than water clouds do, including ice crystal shape, orientation, size distribution, water content, and the
vertical distribution, etc. The extent of the impact by each individual variable remains largely unknown.
Y et, there are currently insufficient and inaccurate measurements on most of the ice cloud variables.
However, this may be improved significantly in the near future with the launch of Earth Observing
System (EOS) and CloudSat satellites that can provide more information pertaining to cloud micro-
physics for both water and ice clouds.

This study investigates the influence of ice clouds on the retrieval of SSRB. By conducting various
sensitivity tests, it is attempted to understand the magnitude of errors due to lacking or inadequate
informing on ice cloud attributes and to identify key parameters affecting the retrieval. On the basis of
the sengitivity test results, parameterized corrections were derived to account for the effects of ice cloud
variables.




Tenth ARM Science Team Meeting Proceedings, San Antonio, Texas, March 13-17, 2000

Modeling

Radiative transfer modeling was conducted using the Fu-Liou d-4-stream code (Fu 1996) for 429 bands
at 32 vertical levels of aresolution as fine as 1 km in the troposphere. The radiative properties of
atmospheric gases (water vapor, CO,, Os, Oy) and aerosol were calculated with MODTRAN3.5. The
vertical profiles of aerosol concentration vary according to atmospheric visibility, season, and aerosol
type (e.g., rura, urban, maritime, and fog type for the 0 km to 2 km layer). A set of surface spectral
albedos were adopted from Clouds and Earth’s Radiant Energy System/Surface and Atmospheric
Radiation Budget (CERES/SARB) and adjusted for solar zenith angle (SZA). The optical properties
(extinction coefficient, asymmetry factor, and single scattering albedo) of ice clouds are functions of ice
particle shape and size distribution. Three crystal shapes (hexagona column, plate, and polycrystals)
are considered. The former two are often observed in ice clouds, and the optical characteristics of
polycrystals are considered to be representative for bulk ice crystals (Macke et al. 1998). The
generalised effective radius (Dg) proposed by Fu (1996) is used to describe crystal size. The optical
properties (asymmetry factor and single scattering albedo) of the three types of ice crystals are
caculated with a ray-tracing method (Macke et al. 1998). They are averaged for 28 individual size
distributions provided by Fu (1996). For each size distribution, phase function and single scattering
albedo are computed together with its De. Mean asymmetry factors (g ) and single scattering albedos
(W) are obtained for the 28 particle size spectra, which are fitted as functions of D¢ for various
wavelength bins. Cloud top and bottom heights are model variables and multi-layered clouds are
included.

Sensitivity Studies
Cloud Particle Effective Size and Cloud Top Height

Figure 1 illustrates the sensitivities of the intercept and slope of the relationship between SSRB (Faps)

and the reflected flux at TOA (Fre) to ice crystal effective size Dg (20 mm to 100 mm) and cloud top
height (11 km to 8 km). The lines are fitted by regression from 136 cloudy cases and one clear-sky
reference case for each SZA. From Figure 1, the Slope is more sensitive to these parameters than the
intercept. The slope is considerably smaller under ice cloudy conditions than under clear ones for large
and medium SZAs. For small SZAs, the slope is particularly sensitive to Dg with a maximum differ-
ence of 20% for the range of Dg under study, which may result in the same magnitude of discrepancy in
the retrieval of SSRB. Therefore, errors in the estimation of SSRB due to inadequate knowledge on
cloud top height and cloud particle size increase as SZA decreases. Both the intercept and Slope are
more sensitive to cloud particle effective size Dy than to cloud top height.

Cloud Vertical Structure

Due to gravitational sedimentation of crystals in ice clouds, the mean size of ice crystals generally
decreases with height. Heymsfield et a. (1998) reported that the mean crystal sizes were tens of
microns at the cloud top, 150 mm to 200 mm in the mid-cloud region, and maximum mean crystal sizes
of about 600 mm near the cloud bottom. Such a vertical structure in cirrus clouds exerts different effects
on SSRB and TOA abedo (Ri«) from those of water clouds. Small crystals near cloud top reflect more
solar energy (and thus less SSRB reaches at the surface) than a cloud of uniform particle size does.
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Figure 1. Intercept and slope of the Faps VS. Fret relationship as a function of cosine of SZA for various
particle effective size (as D) and cloud top heights.

Figure 2 shows five different vertical profiles of Dg with the same vertically averaged Dg of 60 mm
(Figure 2a) and the linear relationships between SSRB and TOA reflected flux corresponding to the five
cases (Figure 2b). The differences in the relationship for the case with small crystals at the cloud top are
considerably large, especidly in terms of the intercept. For a given R, discrepancy in Ras (SSRB
normalised by TOA incident solar irradiance) is around 0.05.

Ice clouds are often situated above water clouds. Radiative transfer in multi-layered clouds is different
from that in asingle-layered cloud. Satellite observation is more sensitive to the upper-most ice cloud
than the water clouds below. Our model simulations suggested that errors in SSRB retrieval are about
20 Wm? if amulti-layered cloud system is treated as a single-layered ice cloud for SZA = 60°. The
error isless than that incurred by treating the ice cloud as part of the water cloud below. It varies with
differences between the ice and water clouds in their particle effective size, top height, and cloud phase.
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Figure 2a. Five idealised vertical profiles of ice crystal generalised effective size Dge, with the same
vertically averaged Dye of 60 mm. DD: decreasing rate in crystal effective size Dge (Mm/km).
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Figure 2b. Sensitivity of the linear relationship to Dy Vertical profile for the cases shown in Figure 2a.
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Ice Crystal Shape

The non-sphericity of ice crystals influences the solar radiative properties of ice clouds. To examine the
sensitivities of SSRB and its retrieval to ice crystal shape, three crystal shapes: hexagonal column,
plate, and polycrystals, are taken into consideration. The sensitivities of SSRB retrieved from F (or
Rre) are shown in Figure 3, in which the difference in SSRB (DFzs) is relative to Macke's column-
shaped crystals. The differencesin SSRB retrieved for three ice crystal shapes are small. This means
that SSRB retrieved from F is not sensitive to ice crystal shape, despite the uncertainties in the optical
properties of the non-spherical ice crystals. Therefore, ice crystal shape, one of the most difficult
microphysical parameters to measure, is less influentia in the SSRB retrieval.
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Figure 3. Difference in the retrieval of SSRB (DFaps) between column ice crystals and other
crystal shapes.
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Parameterization for Ice Cloudy Sky

The effects of ice clouds are parameterized in the linear relationship between Rq,s and Ry« based on the
framework of Li et a. (1993). Correction terms are introduced to both the intercept and slope that are
functions of SZA (), total column water vapour (p), crystal effective size (D), and cloud top height
(Z+), which are sensitive variables to affect the relationship.

Rass =80 tajg - (0g +bjg)Res )
Ras @0 &g - (0g +0jg )R e
Qg = Dad - Daz - I:)av )
bicI = Dbd +Dbz + va
Where ap and by denote clear-sky intercept and slope; aijg and big are the corrections to the intercept and

dope that are given in Table 1 derived from model calculations for alarge ensemble of cloudy-sky
cases.

Figure 4 shows the probability of errorsin the retrieval of SSRB estimated with the corrections, in
comparison with those derived using the clear-sky algorithm only. Sixty water vapour profiles were
employed that vary with cloud top and bottom heights, and air temperature profile, for mid-latitude
summer (MLS), TRO, and mid-latitude winter (MLW) model atmospheres. Cloud top (bottom) height
ranges from 14 km to 6 km (from 13 km to 2 km). Cloud particle effective size ranges from 10 nm to
130 mm. Eleven SZAs range from &° to 76°. The cases with Dg < 40 mm and IWC > 0.03 gm™ are

Table 1. The terms in the parameterization for cloudy-sky (Equation 2).
Terms Parameterization
Dag A+ A,m+ A, + 4,e™
where
A, =3.974X10 " +2.178140°°D « - (0.1387- 0.00317D,,)/(1.- 0.02546D,, +0.000419D;)

4, =(0.1156- 0.26X10°°D?) /(1.+0.000166D? +6.6658X10'°D?)
A; =-0.03157+ 0.00058D7, - 1.711740 °D2° +2.77X10 " D,
A, =-0.1872+0.000472D7 - 7.614X10°D2’ +3.18X10 ° D,

Dby - 0.16862- 0.05361m- 0.00218D,, +0.04011n7 +1.88541x10"° D? +0.0048nD,,
Da, 0.00182 +3.7045X10"* m 2.6323X10°* i - 8.1743X10*In(Z,)

1.- 0.01803m 0.93955In(Z,) +0.20939(In(Z, ))?
Db , 0.016529 - 0.00163Z,*° +3.68857 ®0*Z,* +1.95822¢
Da, 0.04921- 0.08217m- 0.07588p * +5.9372x10°n? - 0.03459 p 2 +0.1555np"*
Db,

0.0585 - 0.01972./ In(p) - 0.1202 72
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Figure 4. The probability of errors in Fa,s (parameterization [PARA] minus model simulations
[MODELY]) for various cloudy-sky atmospheric cases, in which Dge varies from 10 nm to 130 nm, cloud
top height from 6 km up to 14 km, cloud bottom height from 2 km to 13 km, SZA from 8° to 76°; and the
calculation is for grasslands and 66 water vapour profiles in MLS, TRO, and MLW atmospheres. The
probability of errors due to the use of the clear-sky retrieval algorithm is also given for the same cases.

excluded. The probability of errors within £10 Wm™ is 91%, computed for over 19,000 cases. In
contrast, the probability of the same error range resulting from the use of the origina clear-sky

algorithm is only 19%. Applying these corrections to water cloud cases lead to a probability of 55% for
errors within 10 Wm2. This suggests that different correction should be applied for water clouds.

Summary

- Theretrieval of SSRB under cloudy conditions is sensitive to cloud water phase, particle size, cloud
top height.

- The relationship between SSRB and TOA reflected flux depends on the vertical profile of ice crysta
size, in particular, on the size of crystals near the cloud top.

- lce crystal particle shape has arelatively minor impact on the relationship.

- The effects of ice cloud variables on the retrieval of SSRB are parameterized which can considerably
reduce the estimation uncertainty.
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