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ABSTRACT

This study reviews the capability of the advanced imagers on Geostationary Operational Environmental Satellites
(GOES) I-M to provide quantitative information about bulk microphysical properties of low-level stratiform clouds,
namely, cloud liquid water path (LWP) and droplet effective radius (7). Previous studies show that accurate estimates of
cloud LWP from GOES imagers are possible, as evaluated from both ground-based and spaceborne passive microwave
measurements, provided care is taken in vicarious calibration of the visible channel. GOES estimates of r, have yet to be
validated. However, the 7, versus LWP relationship derived from GOES and Special Sensor Microwave/Imager data
shows good agreement with theory. The unique high-temporal sampling of the imager allows for detailed study of day-
time characteristics of cloud microphysical properties and, possibly, indirect aerosol effect. Microphysical information
for drizzling marine stratocumuli was also obtained, which was confirmed by direct comparison to ship-based C-band
radar during the 1997 Tropical Eastern Pacific Process Study. From the promising results obtained thus far, GOES I-M
imager data should be of great value in future field experiments involving low-level stratiform clouds.

I. Introduction

Launch of the Geostationary Operational Environ-
mental Satellite-8 (GOES-8) in April 1994 ushered in
a new generation of advanced imaging and sounding
instruments that promised to deliver improved spatial
resolution at infrared (JR) wavelengths, better noise
characteristics, and more frequent imagery (Menzel
and Purdom 1994). These instruments have indeed
lived up to these promises, providing data superior to
their predecessors (Ellrod et al. 1998). GOES-9 (J) and
GOES-10 (K) have since been launched, although
GOES-9 experienced problems in 1998 and had been
in storage until recently.
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The new imager data have been quantitatively used
mainly for deriving cloud drift winds (Hasler et al.
1998) and land and sea surface temperature (Legeckis
and Zhu 1997; Wu et al. 1999; Faysash and Smith
1999) and detecting fires (e.g., Prins et al. 1998).
Unfortunately, many atmospheric scientists are un-
aware that these measurements may also be used to
derive cloud microphysical properties. This is under-
standable given that these data were not meant for this
purpose and that the majority of users of GOES im-
agery use the data in operational weather forecasting.
Several recent studies, however, have presented strong
evidence that useful quantitative estimates: of cloud
liquid water path (LWP) and cloud droplet size can be
obtained. Greenwald et al. (1997) derived the first es-
timates of these quantities for marine stratocumulus
systems using the GOES-8 imager. Other studies have
used imager data to derive physical properties from
stratocumulus (Turk et al. 1998; Greenwald et al.
1999; Greenwald and Christopher 1999) and ice
clouds (Young et al. 1998).

Our motivation for this paper is to raise awareness
in the atmospheric science community of the capabil-
ity of the GOES I-M imagers for observing micro-
physical properties of low-level stratiform water
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clouds. We present an overview of these capabilities
by summarizing the results of several recently pub-
lished studies. In the next section we outline the physi-
cal principles behind the retrieval of cloud droplet size
and optical depth from visible and near-IR reflectance
data. Instrument calibration is discussed in the follow-
ing section. Next, a summary of recent efforts to test
the GOES retrievals is given. This is followed by two
sections on different applications of the imager, with
the latter being a new application for drizzling stra-
tocumulus systems. We summarize in the final section.

2. Theory and application

To understand how cloud physical properties are
obtained from visible/near-IR satellite measurements
we must first discuss basic physical concepts. Ignoring
for the moment aerosols and atmo-
spheric gases, a satellite visible sen-

(as their names imply) and have large horizontal extent
in comparison to the instrument’s spatial resolution.
Therefore, we can feel at least somewhat confident in
applying our plane-parallel radiative transfer models.
But even for these cloud types Loeb and Coakley
(1998) show that the plane-parallel assumption causes
biases in retrievals of cloud optical depth (up to 30%)
for certain solar and viewing geometry. Using 3D
Monte Carlo simulations, O’Hirok and Gautier (1998)
found that errors in remotely sensing cloud optical
depth using plane-parallel theory result mainly from
the nonlinear relationship between reflectance and
optical depth. When remotely sensing cloud particle
size the major source of errors were attributed to 3D
effects that instead enhance cloud droplet absorption.
At slightly longer wavelengths in the near-IR
(1-4 zm) cloud water droplets become less efficient
at scattering sunlight because they absorb more inci-

sor measures sunlight scattered by
clouds and reflected by the surface. 60 L
Because cloud droplets scatter sun-

light efficiently (i.e., they absorb a g
negligible amount of light) we can 5 40}
show that the reflectance of a  §
single-layer, vertically uniform §
cloud is largely dependent on its 2 20

opacity (or optical depth). This fact
has been the basis of cloud optical
depth products produced by the In- 0
ternational Satellite Cloud Clima-
tology Project (ISCCP) since 1983
(Rossow and Schiffer 1991).
When inferring optical depth

WATER DROPLETS
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Increasing drop size

from visible reflectance we assume
clouds have physical properties that
vary only vertically (i.e., they are
plane-parallel). This approximation
allows the radiative transfer equa-
tion to be solved somewhat more
easily and with less computational
effort. When considering mea-
sured reflectances of real clouds,
however, broken cloudiness and
horizontal variations in cloud mi-
crophysical properties make inter-
pretation more difficult. A reason we
limit ourselves here to stratus
and stratocumulus is that these
cloud types are relatively stratified

Absorption (%)
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FiG. 1. (top) Absorption by different distributions of spherical water droplets vs wave-
length. Each distribution has a different'mean drop size. Also indicated are the commonly
measured spectral regions (down-pointing arrows) and those regions measured by GOES
imager channels 1 and 2. (bottom) Absorption by gases as a function of wavelength for a
midlatitude summer atmosphere.
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dent light. You see this in Fig. 1, which depicts absorp-
tion versus wavelength for droplet size distributions
with different characteristic sizes (for now let us as-
sume this characteristic size is roughly the mean ra-
_dius of the distribution). These calculations used a
modified gamma distribution (Deirmendjian 1969):

n(r) = ar® exp(-br?),

where (1)
p=%

Yha

and r is the droplet radius, r_is the droplet mode ra-
dius, a is related to the total number of droplets per
unit volume, y is a constant, and « (an integer) defines
the width of the distribution.

Generally speaking, larger droplets absorb more
than smaller droplets at near-IR wavelengths. This
means that measuring solar reflectance at select wave-
lengths allows you to infer mean particle size. Because
strong molecular absorption bands (principally H,O
and CO,) also occur at these wavelengths, channels are
selected in window regions at 1.25, 1.65, and 2.15 xm
and from 3.7 to 3.9 um (see Fig. 1). Sagan and Pol-
lack (1967) were the first to apply this idea to mea-
surements of Venusian clouds to deduce particle size.
This method has since been applied to many different
instruments on both satellite and aircraft platforms (e.g.,
Nakajima et al. 1991; Han et al. 1994; Greenwald
et al. 1999).

Now that we have a method for estimating a charac-
teristic size of a distribution of water droplets, what
characteristic size best represents the distribution with
respect to its optical properties? One quantity often
used in remote sensing is effective radius (r,), which
is the ratio of the third moment of the size
distribution to its second moment (or the ratio of
volume to cross-sectional area):

[ rnar

=T
J.O rn(r)dr @

Choosing r, makes physical sense because the scat-
tering of sunlight depends on the cross-sectional area
of the particles. Also, the optical properties of the dis-
tribution mostly depend on r, and less on the details
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of the distribution (e.g., Hu and Stamnes 1993). We
will discuss later the effect of changes in the width of
the distribution on retrieving r.. Another advantage is
that r, can be related directly to LWP [or vertically
integrated liquid water content (LWC)] by combining
(2) and definition of r as (Stephens 1978)

przf‘iffeﬂa

K

ext

where p_ is liquid water density and Q__ is extinction
efficiency (» 2 at visible wavelengths). This expres-
sion assumes 7, is constant with height. When r, in-
creases with height this overestimates LWP. But since
optical depth primarily determines LWP, errors in-
curred by this assumption are generally small.
Thermal emission from clouds also contributes sig-
nificantly to the radiance measured by a near-IR sen-
sor. This component of the measured radiance must
be removed. There are different ways of accomplish-
ing this. The most common approach is to assume
cloud transmittance is negligible and that the cloud scat-
ters radiation isotropically (i.e., equally in all directions).
Based on these assumptions, we can derive a simple
relationship for the reflection function (Allen et al. 1990):

1, - B(T)

", F,— B(T)’ ®)

where /_is measured radiance, B is the Planck func-
tion at temperature 7, F, is incident solar flux, and u,
is the cosine of the solar zenith angle. A window chan-
nel measurement (e.g., 11 4m) is often used to approxi-
mate 7. Miller (2000) has shown using GOES data
during a total solar eclipse that (3) holds for optically
thicker clouds, but breaks down for thin clouds. We
also expect (3) to fail for low sun angles where scat-
tered sunlight is nonisotropic.

In practice, one must first identify low-level strati-
form water clouds before applying the retrieval
method. For analyzing a few cases, identification is
simply done by visually inspecting satellite imagery.
However, there exist objective ways of detecting and
tracking low-level stratiform clouds based on near-IR
and IR window measurements (e.g., Lee et al. 1997).
Once a scene has been identified, a combination of
solar reflectance measurements from one visible chan-
nel and one near-IR channel are used to simultaneously
estimate 7 and 7. We do this simultaneously because
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there is also a slight dependence of the visible reflec-
tance on 7, and near-IR reflectance also depends on 7
for optically thin clouds.

The most common approach for retrieving 7 and
r, is the use of precomputed tables (e.g., Nakajima and
King 1990; Platnick and Valero 1995; Greenwald et al.
1999). These tables are generated by first assuming a
functional form of the droplet size distribution and
calculating the optical (i.e., single scatter) properties
using Lorenz—Mie theory. Then a plane-parallel radia-
tive transfer model (which includes multiple scatter-
ing) is used to compute cloud visible and near-IR
reflectance for different 7, r, viewing angle, and solar
geometry. In these calculations we also assume a sur-
face reflectance depending on surface type. The reflec-
tance of ocean surfaces at these wavelengths is fairly
well known. Because it is small (for an overhead sun
about 6% in the visible and 2.5% in the near-IR) and
has minimal variability, ocean surface reflectance has
little impact on cloud property retrievals. Reflectance
of land surfaces is larger and has greater variability,
but only affects retrievals for optically thinner clouds
(Platnick and Valero 1995). Snow and ice surfaces,
however, pose the greatest challenge where specific
methods have been developed for these conditions
(see, e.g., Han et al. 1999).

'This dependence is caused by smaller particles scattering back
more sunlight relative to larger particles, not because of particle
absorption.
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Fic. 2. Retrieval grid for GOES-8 imager channels 1 (0.65 xm)
and 2 (3.9 um) reflectances depicting lines of constant optical
depth (dashed curves) and droplet effective radius (solid curves).
Calculations were made over an ocean surface for zenith angle
of 58°, solar zenith angle of 29°, and relative azimuth angle of
67°. Also shown are sample measurements.
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An example table (or retrieval grid) is given in
Fig. 2 for GOES-8 imager channels. The grid is plot-
ted in reflectance space showing lines of constant 7 and
r.. Because the grid resolution is finite, unique values
for these quantities are obtained through interpolation.
Nonuniqueness in the retrieval solution can occur for
optically thin clouds made of small droplets (see “fold-
ing over” of grid in left portion of Fig. 2). This hap-
pens because as particle size decreases water droplets
lose their scattering efficiency faster at longer wave-
lengths (Nakajima and King 1990).

For reasons of simplifying the discussion we have
excluded many other aspects of the retrievals (such as
accounting for gaseous absorption and the fact that
clouds do not emit as blackbodies at near-IR wave-
lengths). Platnick and Valero (1995) provide a thor-
ough discussion of the retrieval process. For an
extended review of the theory and limitations you may
refer to the excellent paper by Nakajima and King
(1990).

An important issue that needs further discussion is
the effect of the assumed droplet size distribution on
r, retrievals. Without independent information regard-
ing the cloud microphysics we must make assump-
tions concerning the form of the size distribution in
order to constrain the retrieval problem. This intro-
duces some uncertainty because size distributions of
the same or slightly different functional form that vary
in width can yield slightly different cloud optical prop-
erties. Wetzel and Vonder Haar (1991) found that by
changing the effective variance (v,) of a modified
gamma distribution from 0.1 to 0.3 you could alter 7, re-
trievals by 2-3 um. Platnick and Valero (1995)
used v, = 0.1 + 0.05 for a gamma distribution and found
errors of 10%-15% for r, of 10-20 zm. They also
found that using a normal distribution with the same
v as the gamma distribution produced positive biases
of 0.2-0.5 pm. Based on an examination of available
in situ measurements, Miles et al. (2000) concluded
that the width of the size distribution for stratus is
highly variable and thus will have important implica-
tions for remote sensing.

A valid question to ask is what does the retrieved
value of r, really represent? Nakajima and King (1990)
explained that for longer near-IR wavelengths
(2.15 xm and higher) it is the effective radius of drop-
lets somewhere near cloud top. More precisely, its
magnitude is about 85%-95% (depending on cloud’s
opacity, vertical variation of 7,, etc.) of the magnitude
of r, at cloud top. This interpretation changes, however,
for shorter near-IR wavelengths (e.g., 1.25 xm) be-
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cause of a somewhat greater degree of multiple scat-
tering that enables photons to reach deeper inside a
cloud. This difference can be exploited to provide a
crude vertical profile of r, by measuring reflectance at
several different near-IR wavelengths (e.g., Nakajima
and Nakajima 1995; Chang et al. 1999).

3. Calibration issues

Deriving useful quantitative information from sat-
ellite sensor measurements demands accurate calibra-
tion. All channels of the GOES imagers undergo
extensive calibration prior to launch (Weinreb et al.
1997). Only the infrared channels (2—5) have onboard
calibration, which consists of viewing space (every
2-37 s) and a warm blackbody source (every 30 min).
These procedures ensure a measurement accuracy of
1 K or better (Ellrod et al. 1998). Johnson and Weinreb
(1998) recently found unexpected calibration errors
of up to 1 K occurring at midnight, particularly for
channels 2 and 3. They believe these errors occur dur-
ing the onboard calibration process and are not caused
by changes in the instrument itself. Weinreb et al.
(1997) provide a detailed discussion of operational
calibration procedures. For reference, we show char-
acteristics of the imager channels in Table 1.

The visible channel on the GOES imager is more
problematic because it was intended to supply only
qualitative imagery. Because calibration errors are one
of the largest sources of uncertainty in retrieving vis-
ible optical depth from satellite radiance measure-
ments (Pincus et al. 1995) a lack of onboard calibration
makes reliable retrievals difficult. This drawback,
however, should not preclude the use of GOES vis-

ible channel measurements in studies of cloud physi-
cal properties.

There have been several recent attempts to assess
and monitor the visible channel calibration through
vicarious means (e.g., Bremer et al. 1998; Rao et al.
1999; Nguyen et al. 1999). These studies all report that
both GOES-8 and -9 imagers have undergone signal
degradation, which may be caused by the accumula-
tion of material on the scanning mirror (Ellrod et al.
1998). The GOES-8 imager visible channel also suf-
fered an unexplained drop of about 9% in signal re-
sponse soon after launch (Ellrod et al. 1998). Based
on GOES imager measurements of clear ocean scenes,
Knapp and Vonder Haar (2000) has estimated this ini-
tial drop in response to be about 10%. The subsequent
rate of degradation for the GOES-8 imager visible
channel has been estimated to be about 7.6% per year
based on measurements of starlight (Bremer et al.
1998). These results are consistent with a simple
GOES-8-9 intercalibration test used by Greenwald et
al. (1997). On the other hand, Rao et al. (1999) have
shown a slightly more modest decrease of about 5%
per year and Knapp and Vonder Haar (2000) obtained
a similar rate of degradation of 5.6%. As of Novem-
ber 1999 the GOES-8 degradation is estimated to be
about 40% using the results of Bremer et al. (1998).
This is large enough to have a significant impact on
cloud and aerosol optical depth estimates. The current
best estimate of degradation rate for the GOES-9 vis-
ible channel is about 4.9% per year (Bremer et al.
1998). '

Clearly, additional work needs to be done to pro-
vide more precise calibration of the visible channel on
the GOES imagers. These efforts are on going.
Preliminary work suggests the absolute calibration of

TaBLE 1. Characteristics of the GOES 1-M imagers.

Effective spatial

Channel Wavelength range (xm)

resolution (km x km)

Precision specs

(*% albedo or K at 300 K) Description

0.57 x 1

1 0.52-0.74

3 6.47-7.06

o

5 11.6-12.5 23 x4

0.20* Visible

0.22 IR water vapor

0.26

IR window/water vapor
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Fic. 3. Comparison between cloud LWP derived from the
GOES-8 imager and the spaceborne Special Sensor Microwave/
Imager for overcast marine stratocumulus conditions (from
Greenwald et al. 1997).

the visible channels should be achievable to within
10% and possibly 5%. Limited, detailed comparisons
between GOES cloud LWP retrievals and surface ob-
servations appear to support this view (Greenwald
et al. 1999).

4. Reliability tests of retrievals

Evaluating the quality of retrieved cloud micro-
physical properties is a major challenge. Two studies
have looked at testing GOES cloud LWP retrievals
using passive microwave radiometer observations.
Microwave techniques provide a more direct estimate
of LWP? and have a major advantage of not requiring
information about the droplet size distribution.

Satellite microwave techniques have also been shown

to compare very well to both surface microwave radi-
ometer (Greenwald et al. 1993) and in situ aircraft
measurements (Cober et al. 1996). Furthermore, such
comparisons are also important in demonstrating the
consistency (or lack thereof) between these two mea-
surement approaches that estimate the same geophysi-
cal parameter but exploit very different physical
processes.

2L WP estimated from passive microwave measurements is di-
rectly proportional to the amount of absorption through the full
depth of a cloud.
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Greenwald et al. (1997) used LWP retrievals from
the Special Sensor Microwave/Imager’(SSM/I) to test
GOES-8 retrievals for a marine stratocumulus system
(Fig. 3). The SSM/I was chosen in the comparison
because it was, at the time, the only spaceborne-s
canning microwave instrument available. They found
very good agreement for closed-cell clouds (correla-
tion of 0.91).

In another study, Greenwald et al. (1999) used
high-temporal resolution (20 s) upward-looking mi-
crowave observations of cloud LWP to assess
GOES-9 retrievals (see Fig. 4). The comparisons con-
sisted of 15-min GOES-9 data over two Atmospheric
Radiation Measurement—Cloud and Radiation Test
Bed (ARM-CART) sites in Oklahoma. The results of
the comparison prior to 1900 UTC yielded a high cor-
relation (0.94). However, later in the day over the
Morris, Oklahoma site large differences occurred,
which were attributed to drizzle formation (Greenwald
et al. 1999).

Opportunities to validate GOES retrievals of drop
let effective radius have unfortunately not been avail-

3SSM/I is a multichannel microwave instrument that has been
aboard several Defense Meteorological Satellite Program sun-
synchronous satellites since 1987. Its spatial resolution ranges
from about 55 km at lower frequencies to 15 km at higher
frequencies.

250
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FiG. 4. Comparison between cloud LWP derived from GOES-
9 imager and upward-looking surface microwave radiometer

(SMWR) observations over the Morris and Purcell, Oklahoma,
ARM-CART sites on 2 May 1996 (from Greenwald et al. 1999).

Vol. 81, No. 11, November 2000



able. We expect future validation
efforts will likely involve in situ
aircraft measurements. A limited
number of these comparisons have
already been conducted for Ad-
vanced Very High Resolution
Radiometer*(AVHRR) retrievals
(e.g., Nakajima et al. 1991; Platnick
and Valero 1995). Another possi-
bility may be to compare the GOES
estimates to those inferred from
multiangle reflectance polarization
measurements from the Polariza-

N
o]

N
(@]

GOES-8 Effective Radius {(um)
o

0

tion and Directionality of the
Earth’s Reflectance instrument
(Breon and Goloub 1998).

In the absence of independent
verification data for the GOES ef-
fective radius retrievals we present
an indirect evaluation. Greenwald
et al. (1997) examined the relation-
ship between 7, and cloud LWP
using completely independent datasets from GOES-8
and SSM/I (see Fig. 5) and found a weak positive re-
lationship between the two. Some degree of correla-
tion is not entirely unexpected since in situ data have
indicated a weak relationship (e.g., Nakajima et al.
1991 and references therein). Also, stratocumuli are
often known to nearly follow adiabatic thermodynam-
ics since entrainment is usually small and limited to
cloud top (Martin et al. 1994). The adiabatic nature of
marine stratocumuli has been confirmed, for example,
by Albrecht et al. (1990) using high-temporal resolu-
tion surface measurements during the First ISCCP
Regional Experiment (FIRE).

For comparison to the observations, we made theo-
retical calculations using a physical parameterization
between r, and liquid water content (L) given by
Martin et al. (1994):

0

R ) “
“ |4mp,xN,, |’ )

*AVHRR is a multichannel visible/IR instrument that flies on the
NOAA sun-synchronous satellites. It has channels similar to the
GOES imager but higher spatial resolution (about 1 km for all
channels). Sun-synchronous satellites cross the equator at the
same local time. They have the disadvantage of limited temporal
sampling, passing over a given area usually twice a day.
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SSM/I Cloud LWP (gm™2)
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FiG. 5. Relationship between GOES-derived droplet effective radius (near cloud top)
and Special Sensor Microwave/Imager—derived cloud LWP for the same case as in Fig. 3.
“Theory” is the parameterization of Martin et al. (1994) assuming an effective radius in-
variant with height (lower shading) and varying linearly with height with a value at cloud
base half that at cloud top (upper shading).

where N_ is total droplet concentration. We chose this
relationship because of its simplicity and, as shown
from in situ measurements, because it predicts the
droplet effective radius rather well (Martin et al. 1994),
The key assumption in (4) is that the cube of the mean
volume radius of the cloud drops is directly propor-
tional to the cube of r, through the parameter . In situ
measurements have shown this to be a reliable
approximation for stratocumulus clouds, where
k= 0.80 + 0.07 in marine environments (Martin et al.
1994). In these calculations we assumed a reasonable
total droplet concentration of 160 cm™. We determined
the geometric thickness of the clouds (needed for the
LWP calculations) from the relationship between LWP
and cloud thickness determined by Albrecht et al.
(1990). We assumed a 30% variation in cloud thick-
ness. The vertical variation of r, within the cloud is
unknown, so two separate ranges of curves were gen-
erated, one with a constant r, throughout the cloud
(lower shading in Fig. 5) and one in which r, at cloud
base is half the value at cloud top and varies linearly
in between (upper shading in Fig. 5). Our intent here
1s not to provide a complete theoretical depiction of
the cloud systems (which is not possible because of
many unknowns and absence of in situ data), but rather
to put reasonable limits on the »—LWP relationship ex-
pected for purely adiabatic clouds.

Remarkably, as depicted by theory these observa-
tions capture the subtle increase in r, with increasing
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LWP for moderate to large values of LWP. While these
results are not a definitive evaluation of the GOES r,
retrievals, they at least provide added confidence in
their reliability. The departure of some of the obser-
vations from theory (particularly , > 15 4m) suggests
the influence of nonadiabatic processes (including
drizzle) or possibly macroscale cloud effects on the
GOES radiances.

5. Daytime cycle of microphysical
properties

The advantage of collecting measurements from a
geostationary platform is that it offers a detailed look at
the diurnal characteristics of cloud physical prop-
erties. Greenwald and Christopher (1999) recently
used 6 days of half-hourly GOES-9 data to investigate
the daytime cycle of effective radius and LWP for a
marine stratocumulus system. A summary of their
findings, expressed in terms of the first harmonic Fou-
rier amplitude and phase angle,’ is given in Fig. 6 for
a stratocumulus system off the coast of California.
Amplitude is a measure of the temporal variation while
phase angle, as represented here, indicates the time of
the maximum in the cycle. The cloud LWP cycle was
found to be a very strong feature with a peak that oc-
curred almost always in the morning near 0930 local
time. This result is consistent with limited surface
measurements made during FIRE (e.g., Minnis et al.
1992) and with differences found between morning
and afternoon SSM/I observations made in this region
(Zuidema and Hartman 1995). Many researchers be-
lieve that the strong diurnal signature in the micro-
physics of these cloud systems are caused by a
decoupling of the cloud layer dynamics from the
subcloud layer due to solar absorption (Considine
1997). The solar heating and enhanced entrainment
that results in turn makes the cloud geometrically thin-
ner during the day, thus reducing its LWP,

Greenwald and Christopher found that the daytime
behavior of the droplet effective radius was slightly
different than the cloud LWP. While a moming maxi-
mum in the cycle exists, it occurs somewhat earlier

SFourier series are used to describe the characteristics of periodic
phenomena. The series is a sum of cosine functions of varying
amplitude and phase angle with different harmonics. The first
harmonic is a cosine wave in which one full cycle of the wave
fits precisely within the period of interest. The amplitude wave’s
is half its peak-to-trough height.
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than the cloud LWP. An afternoon maximum is also
common but the amplitudes are generally smaller and
statistically insignificant (Greenwald and Christopher
1999). The cause of the diurnal cycle of the droplet size
is also probably linked to the decoupling mechanism
discussed earlier; however, the effects on droplet size
are subtler. Considine (1997) proposed that when a
cloud layer become decoupled, changes in the verti-
cal motion along with a decrease in the cloud-top en-
trainment and an activation of fewer droplets results
in larger droplets near cloud top. These processes play
a key role in the formation of drizzle. The increase in
effective radius is small, only about 1.5 zm (Considine
1997). While Greenwald and Christopher indeed show
an afternoon maximum in , and an afternoon-morn-
ing difference of about 1 xm, we suspect that this is
not associated with the formation of drizzle since the
regions where the afternoon maxima occured also had
the smallest values of 7,.

An unanticipated outcome of Greenwald and
Christopher’s study was the possibility of GOES im-
ager measurements detecting indirect effect of aero-
sols on cloud formation. Their study showed a region
of very small temporal variability in r, (which was also
associated with the smallest effective radii in the re
gion) extending away from the southern coast of Cali-
fornia. They surmised that this feature was caused by
the introduction of continental aerosols into the rela-
tively cleaner maritime air. Such aerosols increase the
number of cloud condensation nuclei, which produce
greater numbers of smaller-sized droplets that narrow
the size distribution (Hudson and Li 1995). Apparently,
continental aerosols not only reduce the effective size
of the droplets but also diminish the intensity of the
diurnal cycle of r,. Further work will be required,
however, to confirm their preliminary findings.

6. Features of precipitating clouds

The formation of drizzle in stratocumulus systems
is a somewhat common, but not well-understood, phe-
nomenon (Austin et al. 1995). The effect of drizzle
formation on stratocumulus microphysics has been ob-
served from AVHRR measurements (e.g., Nakajima
and Nakajima 1995). These effects are typically mani-
fested as a negative correlation between droplet effec-
tive radius and optical depth. This occurs because
drizzle formation tends to deplete cloud liquid water
content (thus reducing optical depth) while at the same
time increasing the effective radius of the droplet size
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distribution (e.g., Considine 1997;
Rosenfeld and Lansky 1998).
Understanding the role of
drizzle in stratocumulus micro-
physics and radiative properties
is important since these clouds
are ubiquitous and have a large
effect on the net radiation bal-
ance (e.g., Hartmann et al. 1992).
Boers et al. (1996) demonstrated 0

S
(@]

(&)
o

LWP Amplitude (gm™?)
- )
o o

using in situ data that drizzle for-
mation in marine stratocumulus

12 14
Local Hour

could reduce cloud albedo by as
much as 18%. In contrast, a
study by Pincus et al. (1997) us-
ing model analyses, in situ data,
and satellite data showed that
precipitation is most likely not a
first-order effect in influencing
stratus radiative properties.

To explore the GOES I-M

1.5

o

o
&)

re Amplitude (um)

o
o

imager’s potential for providing 8
bulk microphysical information
about drizzling marine stratocu-
mulus systems, we chose a case
study in the eastern Pacific in
conjunction with the 1997 Pan
American Climate Studies Tropi-
cal Eastern Pacific Process Study
(TEPPS) (Yuter and Houze 2000). Measurements from
a vast array of instrumentation were taken aboard the
NOAA ship, Ronald H. Brown, which included a
highly sensitive C-band (5.37 cm) doppler radar. The
mission of the TEPPS was to focus on measuring pre-
cipitating clouds along the ITCZ. However, marine
stratocumuli off the coast of Baja California were also
studied (Yuter et al. 2000).

An excellent case was discovered at 0100 UTC
2 September 1997 that contained several lines of in-
tense drizzle cells (see Fig. 7). Radar data at 0105 UTC
indicated that the cells had reflectivities of about
5-10 dBZ with a maximum of 17 dBZ. They were also
well captured in both the full-resolution visible and
3.9-um reflectance imagery from GOES-9. Unlike
radar, both visible and 3.9-xm channels of the imager
do not actually observe the precipitation. Rather,
drizzle alters the cloud microphysics, which subse-
quently changes the cloud radiative properties.

We can examine more closely the correspondence
between these different measurements by comparing
along a transect. Figure 8 shows a cross section of the

1999).
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10 12 14 16
Local Hour

FiG. 6. (top) Frequency of occurrence for first harmonic Fourier amplitude of cloud LWP
vs phase angle represented here as local time. Darker areas indicate greater occurrence. (bot-
tom) Same as top panel except for effective radius (r,) amplitude (Greenwald and Christopher

radar reflectivity and GOES visible and 3.9-um
reflectances and r, retrievals along the line A-B in
Fig. 7. Note that missing r, retrievals indicated clouds
that were too optically thin for an unambiguous re-
trieval. Remarkably, the lowest 3.9-um reflectance
(0.05) corresponds precisely with the most intense
drizzle cell. Retrievals of r, showed that large droplet
sizes (ranging from about 20 to 28 xm) were associ-
ated with these cells. In areas outside of the drizzle, 7,
was 12 zm. AVHRR observations of r, have also shown
larger particle sizes for warm precipitating
clouds (Rosenfeld and Gutman 1994). However, this
is believed to be the first time it has been demonstrated
with GOES imager data. The twin peaks in the visible
reflectance also agreed well with the positions of the
two drizzle cells. These results clearly demonstrate that
GOES imager data contain important information re-
garding the microphysics of drizzling marine stratocu-
mulus systems, data that are highly complementary to
radar measurements. :

GOES data also allow for a detailed tracking of the
lifecycle of this system. Figure 9 shows a series of
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Fic. 7. Drizzle case study depicted by (left) GOES-9 full-resolution visible imagery, (middle) C-band radar reflectivity at 1-km alti-

tude, and (right) computed GOES-9 channel 2 (3.9 um) reflectance i

selected GOES-9 visible images for our case study.
The system begins as a north—south line of small dis-
tinct cells that move from NE to SW. Eventually they
merge to form a larger, connected series of cells that
grow in size. Further insight into the formation and
growth of this particular system might be gained by
coupling high (space—time) resolution GOES micro-
physical retrievals with an analysis of the environmen-

magery.

tal conditions (e.g., Pincus et al. 1997). This is a sub-
ject of future study.

7. Summary

We have presented a review of various applica-
tions for the latest generation GOES imagers in quan-
titative studies of stratiform water

clouds. Cloud optical depth, drop-

osk R 4 Visible 40 __  let effective radius, and liquid water
L M Neor-IR (3.9um) §  path can be routinely derived from

0.4 . 4 . o Effective rodi 430> P Y :
g 4 . Roooo: ective radius » the imagers. These data (while
g o3 00008 4 A 208 maintaining the highest spatial—
< o2f " agrtat oo OAA‘AAA:,AAA‘ VYO e v  temporal resolution possible) will
& ‘ o e ©°810% be crucial in evaluating cloud mod-
L I Lo PPN URNIN DT Aty Trneesesee % els that attempt to simulate the di-
0.0 ° urnal cycle of cloud microphysical
A 8 properties. Currently, such datasets
are not available. Generating longer-
term climatic datasets in different
T regions should also yield greater in-
X sight into the variation of cloud
£ microphysics. Moreover, the abil-
2 ity of these imagers to provide

~12 -8 -4 0 4 8 12 (dBz)

Fic. 8. (top) GOES-9 visible reflectance, 3.9-um reflectance, and retrievals of effective
radius shown along line A-B in Fig. 7. (bottom) Corresponding cross section for C-band

radar reflectivity.
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cloud microphysical information
suggests they may also be useful in
weather prediction through direct
assimilation of radiances into nu-
merical forecast models.
With regards to calibration, the
primary concern is the visible
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Fi6. 9. GOES-$ full-resolution visible imagery on 1 and 2 Sep 1997 illustrating the evolution of the drizzle system. White rectangles
identify cells of interest.

channel. Several research groups are addressing this
topic and have begun to provide estimates of the sig-
nal degradation. Available evidence based on com-
parisons with passive microwave satellite and surface
data shows that these imagers can in fact provide ac-
curate estimates of cloud liquid water path. The effec-
tive radius retrievals, on the other hand, have yet to
be verified. Several studies also show that the assumed
shape of the size distribution has an impact on these
retrievals. We therefore recommend that further steps
be taken to address and characterize this effect.

Indirect effect of aerosols has recently become an
actively studied area of research. Rosenfeld ( 1999)
provided the first explicit evidence from Tropical Rainfall
Measurement Mission data that smoke from biomass
burning suppresses rain processes in tropical clouds. The
GOES imager may also detect indirect effect of aerosols
and is thus likely to become one more important tool in
these types of studies.

We also demonstrated that GOES I-M imager data
contain quantitative information regarding the micro-
physics of drizzling stratocumulus clouds. Although
GOES effective radius observations have somewhat

Bulletin of the American Meteorological Society

coarser spatial resolution than AVHRR, these data
may provide, as never before, further insight into the
detailed time evolution of cloud microphysical prop-
erties and warm rain processes that sun-synchronous
platforms cannot provide. On the basis of the many en-
couraging results from the few cloud studies that have
applied GOES I-M imager data, we hope that ulti-
mately these data will play a greater role in future ex-
periments that seek to further understand cloud
microphysical processes.
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