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ABSTRACT

Saturation pressure differences, a measure of parcel saturation, are calculated from upper-air soundings and
compared to manual surface observations of cloudiness. The saturation pressure level p* (more commonly
referred to as the lifted condensation level, LCL), can be calculated for each level in a sounding using the
temperature and dewpoint temperatures. Thus, p* of an unsaturated air parcel is found by dry-adiabatic ascent
to the pressure level where the parcel is just saturated. The difference between air parcel pressure and saturation
pressure level defines the parcel saturation pressure difference. The mean saturation pressure difference between
1000 and 700, 700 and 400, and 400 and 300 mb is calculated and compared to the observed composite cloudiness
for those layers. Results indicate that as the absolute value of saturation pressure difference decreases toward
zero, the resulting ground observed composite cloud amount increases. However, the mean saturation pressure
difference for high clouds ranges from 64 mb under clear skies to 16 mb for overcast conditions. This corresponds
to relative humidities between 25% and 76%. Most previous studies do not indicate such large cloud amounts
at these humidities. Three empirical relationships that define low, middle, and high clouds are developed based
on one year of comparisons. These relationships are then tested on an independent dataset that include a wide
variety of cloud cover conditions. Qualitative comparisons are made to manual observations of cloudiness and
indicate that the relationships overall slightly overestimate the frequency of cloudiness. Cloudiness derived from
the Visible—Infrared Spin Scan Radiometer (VISSR) Atmospheric Sounder (VAS) onboard the Geostationary
Environmental Operational Satellite (GOES) 7 using the CO, slicing technique is also compared to surface
observations. Results indicate that the satellite-derived cloudiness overestimates cloudiness compared with sur-

face observations but is also very similar to the saturation pressure difference estimates.

1. Intreduction

Clouds play an important role in the earth’s climate
system. They affect the earth’s radiation budget in both
the terrestrial and solar spectra. As a result the forma-
tion, maintenance, and dissipation of cloudiness are af-
fected by the radiation and moisture fluxes in the
earth’s troposphere. Clouds often vary in form, height,
and vertical depth. Their phase may also vary from lig-
uid to ice. Furthermore, clouds provide one of the most
important mechanisms for the vertical redistribution of
momentum, sensible and latent heat on large horizontal
scales, influencing the coupling between the atmo-
sphere and the surface as well as the radiative and dy-
namical balance. Recently, attempts to model cloudi-
ness and cloud processes particularly for use in general
circulation models (GCMs) has proven difficult
(Randall 1989). This is due to the interaction of clouds
with radiative, dynamical and/or hydrological pro-
cesses on varying timescales. Timescales range from
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less than one week, in which large-scale dynamical pro-
cesses dominate ( Arakawa and Schubert 1974 ), to time
scales greater than 10 days, in which longwave radia-
tive heat fluxes become increasingly important (Ra-
manathan 1987).

In many diagnostic cloudiness parameterization
schemes, relative humidity is frequently used for esti-
mating the total cloud amount. Many models assume
that the fractional area of cloud coverage is determined
by the grid-averaged relative humidity. Many formu-
lations assume a threshold relative humidity between
60% and 90% above which partially cloudy conditions
can occur. Below these thresholds the algorithms spec-
ify clear skies (Walcek 1994). The uncertainty in these
cloud cover formulations has stimulated interest in
evaluating and improving existing methods for diag-
nosing cloud cover. Many existing formulations, how-
ever, are derived from a limited set of observations
used in conjunction with physically intuitive models of
cloud formation. In addition, tunable parameters have
been introduced in cloud fraction formulations to cor-
respond to a given particular set of observations
(Slingo and Slingo 1991).

In this study we attempt to atleviate the problem of
limited observations by directly comparing one year of
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radiosonde data to surface-observed fractional cloudi-
ness. The data are collected at Cape Hatteras (HAT)
and Greensboro (GSO), North Carolina. These two
sites fall within a region known as the Gulf Stream
Locale (GSL) (Fig. 1). The GSL consists of the mid-
Atlantic coastal states from Georgia to Virginia, the
adjacent coastal water, the Gulf Stream, and portions
of the Sargasso Sea. Figure 1 indicates the location of
GSO and HAT as well as a 14-year climatology of sea
surface temperatures (SST) within the GSL. The SST
is derived from the Miami multichannel sea surface
temperature (MCSST) dataset. Recent research has
shown that cloudiness in this region exhibits both sea-
sonal and diurnal variations (Alliss and Raman
1995a,b). The seasonal and diurnal variations have
also been linked to the interaction of the Gulf Stream,
a warm current of water that flows south to north along
the U.S. east coast, to the relatively cool adjacent con-
tinent. Because of its geography, the atmosphere over
the GSL is often baroclinic in nature and produces con-
ditions that are conducive to cloud formation.
Cloudiness on an annual average is observed nearly
75% of the time in this region and is found most often
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during the winter months. Atmospheric events such as
East Coast winter storms and cold air outbreaks are the
major producers of clouds during the winter. In a study
of the Genesis of Atlantic Lows Experiment (GALE
1986), intensive observation period (IOP) two storm,
Alliss and Raman (1995¢) documented the relationship
between observed cloudiness, as estimated by satellite
and ground observations, and related thermodynamics.
The saturation point concept, first proposed by Betts
(1982), was used to represent the properties of clear
and cloudy conditions. The saturation point concept
also represents conserved parcel properties by a single
point on a thermodynamic diagram. Thus, this param-
eter may be a useful tool in cloud diagnostic studies. A
single linear relationship was derived between the sat-
uration pressure differences and observed composite
fractional cloudiness with a correlation of 0.81 esti-
mated.

Although the observations for the GALE case were
limited, the high correlation prompted a more in-depth
investigation. Accordingly, the aim of this paper is to
investigate the relationship between saturaticn pressure
differences and observed fractional cloudiness. Diag-
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Fic. 1. The geographical location of the Gulf Stream locale. Data used in this study was taken
from Greensboro and Cape Hatteras. Also shown is the 1981-94 mean sea surface tempera-

ture (°C).
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nostic equations are then presented to estimate com-
posite fractional cloudiness given a single atmospheric
sounding. A simple test of the equations is provided
using an independent dataset that consists of both ra-
diosonde soundings and numerical model analyses.
Comparisons are made to satellite cloud heights and
amounts using the CO, slicing technique.

2. Data and methodology

Upper-air soundings from GSO and HAT are col-
lected between December 1993 and November 1994.
The soundings include the standard temperature and
moisture products from 1000 to 300 mb and are linearly
interpolated to 25-mb levels. The saturation pressure
(p*) level (more commonly referred to as the lifted
condensation level, LCL) is calculated for each level
in the sounding using the temperature and dewpoint
temperatures. Thus, p* of an unsaturated air parcel is
found by dry adiabatic ascent to the pressure level
where the parcel is just saturated. On a thermodynamic
diagram, air parcels that have a given (7', p) may have
saturation levels at any level depending on their total
moisture content. The difference between air parcel
pressure and saturation pressure level is subsequently
estimated and represents the parcel saturation pressure
difference (SPD). Parcels with total moisture content
greater than g(T, p), where g(T, p) represents the sat-
uration specific humidity at a given temperature and
pressure, will be saturated and cloudy with SPD greater
than 0. This condition, however, was never found in
our soundings. If the parcel total moisture content is
less than g(7T, p), it will be unsaturated with SPD less
than 0. Only if the parcel is just saturated does SPD
equal 0. Hence, if a parcel at 700 mb has a p* of 625
mb, its SPD would be —75 mb. This parcel would
therefore need to be lifted 75 mb in order for saturation
to take place. Thus, SPD serves as the ‘‘potential’” for
parcel saturation. To facilitate understanding, all ref-
erences to SPD will be given in terms of its absolute
value (thus, —75 mb equals 75 mb). This is done be-
cause it is easier to compare SPDs in terms of magni-
tude rather than more negative or less negative.

The main advantage of using this parameter is that
it changes only in proportion to the relative amounts of
air undergoing isobaric mixing. In addition, it provides
an element of dynamics in the sense that it gives a
quantitative indication of how much the parcel must be
lifted in order for saturation to occur. Relative humidity
on the other hand does not give the same dynamical
insight, despite the fact that it is nearly linearly corre-
lated with SPD. In fact, relative humidity, which is di-
rectly observed and understood, continues to be used
in most cloud diagnostic studies (Walcek 1994). Stud-
ies have shown that the total cloud amount can be better
estimated as the sum of separate estimates of stratiform
and convective cloud amounts using different large-
scale parameters than by using a single large-scale vari-
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able. The stratiform cloud amount can best be estimated
by using relative humidity, while the convective cloud
amount can be diagnosed by using a cumulus mass flux
(Xu and Krueger 1991). For convenience, however,
Fig. 2 shows the relationship between relative humidity
and SPD for U.S. standard atmospheric temperature
conditions. Because we compare only three-layer mean
SPD to the corresponding observed composite cloudi-
ness, only the 1000—700-, 700—400-, and 400-300-
mb layer mean SPDs are shown. As one can see, there
is a temperature dependence at all levels for these
curves. Figure 2 will be referred to throughout the text
so that references to relative humidity can be made. It
should be stressed that the SPD concept be regarded
only as an alternative method in cloud diagnostic stud-
ies and not a replacement for the traditionally used rel-
ative humidity.

In this study, the mean SPD is calculated for three
layers (representing different cloud height categories)
in a given sounding: 1000-700 mb (low clouds), 700~
400 mb (midlevel clouds), 400-300 mb (high
clouds), and 1000-300 mb (clear sky). This is done
to directly compare with surface observations of cloud-
iness. The surface airway observations (SAQ) from
GSO and HAT are also collected for the December
1993—November 1994 period. They include manual
observations of clouds in multiple layers estimated
from the perspective of a ground observer. Cloud base
height (in feet) and amount of cloud coverage are re-
ported. Cloud fraction from the SAO are reported in
four categories: clear (CLR), for a sky coverage of less
than one-tenth; scattered (SCT), defined as one- to
five-tenths coverage; broken (BKN), defined as five-
to nine-tenths sky cover; and overcast (OVC), re-
ported when clouds cover more than nine-tenths of the
sky. Cloud heights observed by the ground observer
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FiG. 2. The relationship between the saturation pressure difference
and relative humidity for U.S. standard atmospheric conditions. The
curves represent the 1000—700-, 700~400-, and 400-300-mb layers,
respectively. There is a temperature dependence at all levels for these
curves.
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are reported from low to high. In this study, low clouds
are defined as cloud bases less than 10000 feet
(~1000-700 mb), midlevel clouds are defined as
cloud bases between 10 000 and 20 000 feet (~700-
400 mb), and high clouds, defined as cloud bases
greater than 20 000 feet (~400-300 mb). The pres-
sure levels represent the approximate ranges of the
cloud height categories reported by the ground ob-
server. Unfortunately, both cloud heights and fractions
are limited to three and four categories, respectively.
Clearly, fractional cloudiness reported in tenths would
be more useful. The lack of resolution therefore rep-
resents one limitation but not a fatal flaw.

In order to simply the comparisons, a ‘‘composite’’
cloud fraction is calculated for each SAO cloud height
category. For example, if the ground observer reports
SCT and BKN low clouds and OVC high clouds, two
composite cloud reports are made. The composite
cloud reports are constructed by choosing the greatest
cloud fraction within each height category. Thus, in this
case, a low BKN and high OVC would serve as the
composite cloud fractions. If the ground observer re-
ports midlevel OVC, then OVC conditions represent
the composite cloud fraction for the midlevels. The
mean SPD for each cloud height category are also cal-
culated for clear sky observations. Table 1 lists the nine
composite cloud fraction categories used in the analy-
sis. Also listed is the percentage each category is rep-
resented in the 1-yr dataset. As Table 1 indicates,
cloudiness is observed nearly three-quarters of the time
during this period. Only 27% of the observations are
identified as clear sky. Comparisons are limited to 0000
and 1200 UTC, the standard synoptic times. Along the
East Coast this corresponds to 1900 and 0700 EST.
During the late fall through early spring, the 0000 UTC
observation will occur just after dusk at both GSO and
HAT. According to Hahn et al. (1995), a bias in un-
derestimating middle and high cloudiness by surface
observers may be present at these times. To correct for
this if the ground observer reported anything less than
overcast conditions for a layer, then the observation
was thrown out. Nearly 1500 soundings were collected,
of which 1260 were of sufficient quality to be used in
the analysis. Another important assumption is that the
upper-air soundings are assumed to represent the field
of view of the surface observers. In this case, the mean
horizontal visibility reported by the observers was ap-
proximately 20 km and was therefore used to represent
the resolution of the cloud coverage assigned to the
mean SPD.

Satellite-derived cloudiness is also used to compare
with surface cloud estimates. The Visible—Infrared
Spin Scan Radiometer (VISSR) Atmospheric Sounder
(VAS) CO; slicing technique is used to calculate
cloud-top pressures (CTP) and effective cloud
amounts. This dataset is a subset of the satellite-derived
North American cloud climatology produced at the
University of Wisconsin and documented in Wylie and
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TaBLE 1. The percent each cloud category, including clear sky,
is observed between December 1993 and November 1994.

Clear Sky Scattered Broken Overcast
(CLR) (SCT) (BKN) (OVO)
Clear sky 27 NA NA NA
Low NA 3 8 22
Middle NA 2 3 10
High NA 9 4 12

NA, not applicable.

Menzel (1989) and Menzel et al. (1992). Cloud-top
pressures are available at 50-mb intervals between
1000 and 100 mb. The CO, slicing technique is used
to derive heights above 700 mb. This technique takes
advantage of the partial CO, absorption in three of the
IR channels, with each channel sensitive to a different
level in the atmosphere. Low clouds (CTP > 700 mb)
are determined through a comparison of the 11.2-ym
window channel radiances and an in situ temperature
profile. Once a cloud height is determined, an effective
cloud amount is evaluated from the IR window chan-
nel. The effective cloud amount is defined as the ratio
of the radiance difference the observed cloud produces
to the radiance difference an opaque cloud at the same
level would produce in the infrared window. VAS data
are available at approximately 0000 and 1200 UTC. A
more complete documentation of this technique includ-
ing errors and limitations may be found in the cited
references.

3. Averaging of data in cloudiness regimes

As alluded to in section 2, frequency distributions of
the mean SPDs are investigated for patterns that can
reveal the ground-observed fractional cloudiness by
evaluating each cloud height category and composite
fraction separately. The mean SPD readily distin-
guishes clear from cloudy conditions. In addition, they
exhibit strong features that can be used to recognize
composite overcast clouds at all three levels. For scat-
tered and broken cloud conditions the signals are not
as strong. Figures 3—-6 summarize the results of the
comparisons. The values represent the frequency that
the composite cloud fraction/height fell within the
specified SPD intervals. Figure 3 shows the frequency
distribution of the mean SPD between 1000 and 300
mb for ground reports of clear sky. Clear sky conditions
are found most often when the SPD is greater than 50
mb. This corresponds to a relative humidity below
50%. During overcast conditions, the SPD is predom-
inantly found in the 0—10-mb range for low clouds and
10-20 mb for mid- and high-level clouds. As one can
see from Fig. 4, the SPD values correspond to different
relative humidity ranges depending on the level. For
instance, at a SPD of 10 mb the range in relative hu-



APRIL 1996
100 T
B Clear Sky |
80
<
T w0
oy
-]
&
=2
g
E oo |
P -
0
<10 10-30 30- 50 >50

Saturation Pressure Difference (mb)

FiG. 3. The frequency distribution of the mean SPD for ground
observations of clear sky for the [2-month period between December
1993 and November 1994.

midity between the mid- and high-level categories is
5%, whereas at 20 mb the range is approximately 10%.

Comparisons when the ground observer reports bro-
ken cloudiness are shown in Fig. 5. The overall mag-
nitude of SPD during broken sky conditions is greater
for midlevel clouds than for low clouds. This is indic-
ative of lower relative humidities. The increase in SPD
in this case may be a function of a reduced cloud frac-
tion. However, Fig. 5 does indicate that the SPD also
increases with increasing cloud height. Theoretically,
this would mean that for a given cloud fraction, the
relative humidity would decrease with height. How-
ever, because this should not be possible, the other pos-
sibility is the inability of the sensor to accurately detect
moisture at upper levels.
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FiG. 4. Frequency distribution of the mean SPD for ground obser-
vations (%) of overcast sky less than 10 000 ft for the 12-month
period between December 1993 and November 1994. (b) Overcast
midlevel clouds between 10 000 and 20 000 ft. (c) Overcast high-
level clouds greater than 20 000 ft.
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FIG. 5. Same as Fig. 4 except for (a) low-level broken clouds,
(b) midievel broken clouds, and (c) high-level broken clouds.

The same trend is also evident in Fig. 6, which shows
the frequency distributions when scattered clouds are
observed. In this case, scattered clouds are never ob-
served at SPD less than 30 mb, which for low clouds
corresponds to a humidity of 82%. Although scattered
clouds at midlevels are reported most often at SPD
greater than those for high-level clouds, the corre-
sponding relative humidities are still higher. Compar-
isons are also made when precipitation was reported in
the SAO (not shown). When the SAO indicates pre-
cipitation, the mean SPD in the 1000—700-mb layer is
greater than 10 mb nearly 99% of the time. This indi-
cates a deep layer of nearly saturated conditions and
thus may serve as a possible indicator of precipitation.

Table 2 gives the mean and standard deviations of
the SPD for each composite cloud fraction category as
a function of height. For comparison purposes, the cor-
responding mean relative humidity is computed and
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FiG. 6. Same as Fig. 4 except for (a) low-level scattered clouds,
(b) midlevel scattered clouds, and (c) high-level scattered clouds.
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TABLE 2. The mean and standard deviations of SPD when low,
middle, and high scattered, broken, and overcast conditions are
found.

Standard
Mean deviation Mean relative
Cloud fraction SPD (mb) (mb) humidity (%)
Low clouds
1000-700 mb
CLR 104.0 13.6 49
SCT 41.4 8.6 78
BKN 214 42 87
ovC 7.1 2.6 100
Middle clouds
700—-400 mb
CLR 88.6 15.5 34
SCT 61.8 10.1 49
BKN 26.2 5.6 74
ove 12.1 33 87
High clouds
400-300 mb
CLR 64.2 5.4 25
SCT 48.7 5.2 36
BKN 34.8 53 48
ovC 15.8 35 76

Clear-sky means and standard deviations are also included. For
comparison purposes the corresponding mean relative humidity is
presented.

shown. The mean SPD when the surface observer re-
ports clear skies is also given for each height category.
For low cloudiness, the mean SPD ranges from 104 mb
under clear conditions to 7 mb for overcast conditions.
The standard deviation generally increases with de-
creasing composite cloud cover. This is not surprising
because large variations in moisture content for a layer
may be present during clear sky conditions. There is
also a significant gap between clear sky and scattered
cloudiness with the mean SPD decreasing by more than
a factor of 2. The corresponding relative humidity for
the 1000-700-mb layer ranges from 50% to nearly
100%. This range in relative humidity agrees with sev-
eral cloud fraction formulations presented in Fig. 1 of
Walcek (1994). In that study, six formulations used by
meso- and global-scale numerical models indicate frac-
tional cloud coverage at 800 mb increases from 60%
for clear skies to 100% for overcast conditions.

For midlevel clouds, SPD ranges from near 90 mb
under clear conditions to 12 mb when composite over-
cast conditions are reported. This corresponds to mean
humidities between 35% and 87%. Thus, compared
with low-cloud reports, SPDs and its associated relative
humidity are observed at higher (lower) values. The
standard deviations are larger for midlevel clouds than
for low-level clouds; however, little overlap between
the composite cloud fraction categories is present, in-
dicating that these clouds are observed at discreet val-
ues of SPD. The mean SPD for high cloudiness ranges
from 64 mb under clear skies to 16 mb for overcast
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FiG. 7. Scatterplot of the mean SPD as a function of the observed
low-level composite fractional cloudiness. A second-order polyno-
mial is used to fit the data.

conditions. This is an interesting result because these
values correspond to mean relative humidities between
25% and 76% for clear and overcast conditions, re-
spectively. Most previous studies do not indicate such
large cloud fractions at these humidity values. We sus-
pect that the moisture sensor may be failing at these
altitudes resulting in much higher (lower) than ex-
pected SPD (relative humidities).

4. Cloud fraction relationships

Based on the comparisons presented in section 3,
statistical relationships are derived between the SPD
and the composite cloud fractions. Figure 7 shows a
scatterplot of the mean SPD for low-level cloudiness
as a function of observed composite cloud fraction. A
second-order polynomial is used to fit the data, which
yields a correlation of 0.88. Even though only four
cloud fractions are used in the comparison the fit allows
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FiG. 8. Same as Fig. 7 except for midlevel clouds.
A second-order polynomial is used to fit the data.
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for a continuous relationship. As alluded to earlier, a
distinct decrease in the SPD between clear and scat-
tered conditions is present in the comparisons. Figure
8 shows the scatterplot for midlevel cloudiness. Clear
sky observations (at midlevels) show a larger spread
than the low-level category, and the data appear to
overlap with scattered conditions. As is the case with
low-level fractional cloudiness, broken and overcast
conditions at midlevels fall in discreet ranges with little
overlap between the two categories noted. A second-
order polynomial is also used to fit the data and yields
a correlation of 0.91. The comparison between SPD
and the composite cloud fraction for high-level clouds
is given in Fig. 9. For high clouds, there is a tendency
for more overlap of the data between cloud fraction
categories despite the small standard deviations. Nev-
ertheless a correlation of 0.90 is calculated. For con-
sistency, a second-order polynomial is also used to fit
the data; however, a linear fit gives a similar result. It
is noteworthy to mention that the range of SPD (rela-
tive humidity) for high clouds is less (more) than for
mid- or low-level clouds. This may be associated with
the sensor’s reduced capability of accurately measuring
moisture at higher levels. It is widely accepted that high
clouds (cirrus) are not observed reliably at night and
are often dropped or added to the observed cloud field
at “‘first light.”” This may affect our 1200 UTC obser-
vations during winter and may also have an influence
on the more linear curve for high clouds shown in Fig.
9. These human limitations, compounded by the rawin-
sonde instrument limitations at high aititudes, may both
have an impact on these correlations.

The following equations represent the second-order
polynomials that are used to fit the data. Because of the
lack of resolution in manual observations of fractional
cloud cover, these equations are presented only as pre-
liminary guidelines for calculating a composite cloud
fraction for a layer.

For low-level clouds, where SPD,,,, is the mean SPD
between 1000 and 700 mb,

f(SPD,,,) = 1.129 + 0.022(SPD,,,)
+11.294 X 1075(SPD,,)?

if SPDy, <5mb, f(SPD..)= 1.0
if SPD,,, >80 mb, f(SPD.) = 0.0.

For midlevel clouds, where SPD,,,, is the mean SPD
between 700 and 400 mb,

f(SPD,;4) = 1.315 — 0.022(SPD,,;»)
+ 8.574 X 1073(SPD,,;y)?
if SPD,y < 15mb, f(SPD,y) = 1.0
if SPDpig > 95 mb, f(SPD,,) = 0.0.

For high-level clouds, where SPD,; is the mean SPD
between 400 and 300 mb,

(D)

(2)
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FiG. 9. Same as Fig. 7 except for high-level clouds.
A second-order polynomial is used to fit the data.

f(SPD,;) = 1.245 — 0.015(SPD,,)

—5.183 X 1073(SPD,;)*> (3)

if SPD, <20mb, f(SPD,)= 1.0
it SPDy > 65mb, f(SPDy) = 0.0.

The symbol fis used to represent the composite cloud
fraction. Occasionally, values of SPD will result in a
composite cloud fraction greater than 1.0 or less than
0.0. In these situations, the resulting composite cloud
fraction is assumed to be overcast if fis greater than
1.0 and clear if fless than 0. If the three SPDs calcu-
lated from a sounding are all less than one-tenth, then
the total cloud amount is assumed to be zero.

An independent test of the equations is performed
using SPD derived from upper-air soundings at GSO
and HAT for the month of December 1994. In addition,
SPD are derived from the National Meteorological
Center’s (NMC) eta step-mountain coordinate model
analyses to also estimate composite fractional cloudi-
ness at these sites. The eta model has acquired the name
of its vertical coordinate, the Greek letter eta. The eta
coordinate system is actually only a simple variation of
the commonly used sigma coordinate system formerly
employed by NMC in the Limited-Area Fine-Mesh
(LFM) model, the Nested Grid Model (NGM), and
the global spectral model. Both coordinate systems are
normalized and pressure based. However, while the
sigma coordinate varies from 0 to 1 between the top of
the model domain and the model’s ground surface, the
eta coordinate varies from O to 1 between the top of
the model’s vertical domain (currently 50 mb) and
mean sea level. The result is that all of the eta coordi-
nate surfaces tend to be nearly horizontal in all circum-
stances, which can produce a significant numerical ben-
efit when computing the pressure-gradient force near
steep terrain where the sigma coordinate must be
sloped. Given this horizontal nature of eta, it seems
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natural to render the model’s topography into the shape
of steps, hence the term step-mountain. The eta model
analyses provide temperature and dewpoint tempera-
tures at 50-mb vertical resolution that are used to cal-
culate p* and SPD. For a complete description of the
eta model the reader is referred to Mesinger et al.
(1988).

The manual surface reports from GSO and HAT are
used to compare with the derived composite fractional
cloudiness. Because the manual observations have a
coarse resolution in cloud cover, we do not attempt to
use them directly for verification; rather, a qualitative
comparison is presented. This month presents a variety
of cloud types and cloud amounts, so that different
weather conditions are well represented. As in the case
for the 1-yr study only the 0000 and 1200 UTC upper-
air soundings and eta model analyses are used. Figure
10a shows the frequency distribution of the composite
low-level fractional cloudiness using the relationship
in Eq. (1). The frequency of clear-sky observations
when the three equations indicate a cloud fraction less
than one-tenth are also shown in Fig. 10a. The remain-
ing distributions have been aggregated into five two-
tenth interval cloud fraction classifications. Estimates
made from upper-air and eta model—derived SPD in-
dicate cloud amounts less than one-tenth and greater
than nine-tenths are found most often. These two cat-
egories makeup nearly 45% of all observations. There
is a slight tendency for the upper-air soundings to over-
estimate cloudiness relative to estimates from eta model
analyses. Low-level clouds between one- and nine-
tenths make up only 8% of the observations during De-
cember 1994. For comparison purposes, Fig. 10b
shows the surface observed estimates of low-level
cloud amount from GSO and HAT during December.
As indicated earlier, manual observations of cloud
amount are limited to four categories including clear
skies, scattered, broken, and overcast conditions.
Therefore, direct comparisons are impossible. How-
ever, as Fig. 10b indicates, there is a tendency for clear
skies and overcast low clouds to dominate. Overall, it
appears that the SPD estimates of clear sky are under
represented compared with manual observations, indi-
cating a slight bias toward overestimating cloud
amounts. Compared to manual observations, the SPD
technique under estimates low-level clouds by nearly
7%. Due to the limited comparisons, it is uncertain
whether this is a true bias. It is not surprising, however,
that both manual observations and SPD-derived over-
cast low clouds are represented more often than any
other height/amount category because rainfall during
this month was above normal at both stations.

Figure 11a shows the estimates of cloud amount for
midlevel clouds based on the relationship found in Eq.
(2). Midievel cloud amounts from one- to nine-tenths
are found only 16% of the time. Furthermore, all five
categories are represented about equally except for the
highest cloud amount category, which is represented

JOURNAL OF APPLIED

METEOROLOGY VoLuME 35
35
(a)
B Upper-Air Soundings & ETA Model Analyses
30 |-
g
-]
3
]
g
k-]
&
g
3
-3
=
<]
Clear 1-3 35 57 7-9 >9
SPD Derived Low-Level Fractional Cloudiness (tenths)
g
L
b
2
-1
(=]
z
-]
@
-3
=
=
=

<1 1-5 6-9 >9
Surface Observed Low-Level Fractional Cloudiness (tenths)

FiG. 10. (a) The December 1994 estimated frequency of low-level
cloudiness as a function of cloud fraction derived from Eq. (1) using
upper-air and eta model analyses of saturation pressure differences.
(b) The frequency of low-level cloudiness as a function of cloud
fraction estimated by surface observers. Estimates for clear sky con-
ditions are also included.

slightly more during this month. Upper-air soundings
and eta model analyses indicate the same distributions.
Manual observations indicate that midlevel clouds are
found 14% of the time with 8% of the observations
reported as overcast (Fig. 11b). The overall tendency
for manual observations to be reported slightly less
than the SPD estimates may be a function of the
inability of the surface observer to see midlevel
clouds due to the high amounts of low clouds. As is
the case with low clouds, the SPD estimates of mid-
level cloud amount greater than nine-tenths is under-
reported compared with manual observations, albeit by
only 2%—3%.

The distribution of cloud amount for high-level
clouds as derived using Eq. (3) is shown in Fig. 12a.
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FiG. 11. (a) Same as Fig. 10a except for midievel clouds using Eq.
(2). (b) Same as Fig. 10b except for surface observed midlevel clouds.

An increasing frequency of cloud amount is noted with
upper-air soundings and eta model analyses showing
similar frequencies. Overall high-level clouds are es-
timated 30% of the time during December 1994 with
nearly half showing a cloud amount greater than nine-
tenths. Manual observations indicate high clouds are
present 26% of the time, slightly lower than the SPD
estimates (Fig. 12b). Compared to manual observa-
tions, the SPD-derived cloud amounts greater than
nine-tenths are under-reported. There is also a tendency
for Eq. (3) to report more clouds in the three- to nine-
tenths category. Despite these discrepancies the overall
distribution is!consistent with manual observations.
As mentioned in section 2, VAS cloud heights
{cloud-top pressure, CTP) and effective cloud amounts
are used to compare with surface reports and upper-air
(eta) estimates of composite cloud amount during the
month of December 1994. The term ‘‘frequency of
cloudiness’” is used to describe the satellite-derived
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cloudiness. By statistically segmenting the satellite
cloud heights and effective cloud amounts, useful com-
parisons can be made to surface observations. A statis-
tical summary of all cloud observations obtained in a
50 km X 50 km grid over GSO and HAT at 0000 and
1200 UTC are shown ia Table 3. Approximately 3100
observations were processed during this period. Be-
cause of the relatively large sample size and the accu-
racy of the CO, slicing technique, entries in Table 3
are accurate to within 1% (Menzel et al. 1992). Eval-
uations are subdivided into four categories based on
cloud height. High clouds are defined as CTP < 400
mb. Midlevel clouds are defined as CTP between 400
and 700 mb. CTP greater than 700 mb include the cor-
rect identification of low opaque clouds, evaluation of
ground as low cloud, and the incorrect identification of
broken or scattered low clouds as opaque cloud. Cloud-
free conditions are labeled as clear sky. An ‘X’ is used

20 @
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Frequency Estimated (%)
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FiG. 12. (a) Same as Fig. 10a except for high-level clouds using
Eq. (3). (b) Same as Fig. 10b except for surface observed high-level
clouds.
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to indicate where VAS does not provide any informa-
tion. The effective cloud amount is subdivided into four
categories shown in each column of Table 3. The right
column contains the opaque or nearly opaque cloud
reports. As defined in Wylie and Menzel (1989), ef-
fective cloud amounts greater than 0.95 are considered
to be opaque because cloud-top heights derived from
the CO; slicing algorithm are very close to heights de-
rived from the IR window channel. The remaining three
columns separate the effective cloud amounts ranging
from thin high- and midlevel clouds in column 1 to
thick high- and midlevel clouds in column 3. The ef-
fective cloud amount for an opaque overcast cloud
should be nearly 1.0 and should be 0 for clear skies.
Table 3 indicates that sky conditions were quite cloudy
during December 1994 with only 20.5% of the obser-
vations identified as clear sky. High clouds (sum of row
1) are estimated approximately 27.6% of the time and
midlevel clouds (sum of row 2) 17.7%. Low opaque
clouds are identified 34.2% of the time. Of the 45.3%
of the total high and midlevel clouds observed, 28.1%
are determined to be semitransparent to terrestrial ra-
diation (effective cloud amount less than 0.95). This
estimate is similar to the 26% found over most of North
America by Menzel et al. (1992) using four years of
VAS observations.

For comparison purposes, Fig. 13 shows the fre-
quency of occurrence of the three cloud heights used
in this study and also clear sky conditions. Cloud fre-
quencies derived from VAS, upper-air (eta), and man-
ual observations are shown. The data are aggregated
according to cloud height to facilitate the comparison.
VAS reports are remarkably similar to manual obser-
vations of cloudiness during December 1994. As Fig.
12 shows, VAS estimates of clear sky are indicated
20% of the time compared to the 24% reported by the
surface observer. The difference may be associated
with the underestimate of clear sky by the satellite tech-
nique due to the erroneous evaluation of ground as low
clouds. This is a problem mainly in the morning hours
during winter and represents up to a 5% under estimate
in clear sky (Alliss and Raman 1995a). SPD-derived
clear-sky estimates are also similar to VAS observa-
tions. While estimates of the frequency of low clouds
by all three sources are less than surface observations,
an overestimate exists for both mid- and high-level
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model analyses during the month of December 1994. The manual
observations taken from these locations are also shown.

clouds. We believe that at least part of this difference
is an artifact because the ground observer will under
report mid- and high-level clouds when overcast low
clouds are present. Nevertheless, estimates for all three
cloud height categories are within 2%—4% of surface
estimates. In this particular illustration, the SPD and
VAS cloud amounts agree qualitatively with surface
estimates, but further test and refinements of the rela-
tionships are required.

5. Conclusions

Profiles of SPD, obtained from upper-air soundings,
were used to compare with surface observations of
cloud cover. Patterns of saturation pressure differences
that could reveal the ground observations were inves-
tigated. The method makes several simplifying as-
sumptions. Ground observations of cloud cover are
grouped into three height categories (low, middle, and
high) with the greatest cloud fraction in each height
category representing the ‘‘composite’’ cloud amount
for that height group. If only one cloud fraction is in-
dicated in the surface report (for a given height cate-
gory), then it is used to represent the entire layer. Ob-

TABLE 3. The mean frequency of occurrence of cloudiness as a function of effective cloud amount for December 1994 at GSO and HAT.

Effective cloud amount (%)

Cloud-top pressure

(CTP) 0.00-0.33 0.34-0.65 0.66-0.95 0.96—-1.00
CTP < 400 mb 39 59 8.8 9.0
400 mb < CTP < 700 mb 1.1 35 49 8.2
CTP = 700 mb X X X 342
Clear sky 20.5 X X X

An ““X”’ denotes where no additional cloud information is possible.

Entries in Table 3 are accurate to within 1%.
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servations show that as the saturation pressure differ-
ence increases, the observed cloud amount increases.
The comparisons also indicate that the mean saturation
pressure difference for high clouds ranges from 64 mb
under clear skies to 16 mb for overcast conditions. This
corresponds to relative humidities between 25% and
76%. Most previous studies do not indicate such large
cloud amounts at these humidities. A second-order pol-
ynomial relationship was developed for each cloud
height category on the basis of these observations.
These equations were then tested on an independent
dataset and then qualitatively compared to surface ob-
servations. Because there was a lack of resolution in
the manual observations of cloud amount, direct one-
to-one comparisons could not be made. Results indicate
that SPD cloud amounts at all height levels agreed quai-
itatively with surface observations. Overall clear-sky
observations were reported 24% of the time by the sur-
face observer compared to 19% derived from SPD.
There was a tendency for the low-level clouds to be
underreported by the SPD method but an overestimate
existed at middle and high levels. This overestimate
may be an artifact because the ground observer under
reports mid- and high-level clouds when overcast low
clouds are present. Cloud amounts were also calculated
from GOES VAS using the CO, slicing technique.
VAS-derived cloud amounts were similar to surface
reports with only a slight overestimate in cloudiness
evident in the statistics. This overestimate was due pri-
marily to the inability of VAS to distinguish clear sky
from low clouds during the morning hours of the winter
months.

This study has presented an alternative method in
studying fractional cloudiness through the use of the
saturation pressure difference concept. Because this pa-
rameter is derived directly from relative humidity, it is
not suggested as a replacement but merely a way to
quantitatively gauge the subsaturation of a parcel and
to indicate how much lifting is needed for saturation to
occur. Furthermore, the saturation pressure difference
along with relative humidity provides more evidence
of the lack of reliable moisture measurements at levels
where high clouds are observed.
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