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Abstract

4 climatology of upper trepospheric semi-transparent cirrus clouds has

:a compiled using HIRS multispectral infrared data, sensitive to CO9
absorption, from the NOAA polar orbiting satellites. This is a report on the
two years of data analyzed (June 1989 - May 1991). Semi-transparent clouds
vere found in 36% of the observations. Large scasonal changes wvere found in
these clouds in many gecgraphical areas; large changes occur In areas
dominated by the ITCZ, the sub-tropical high pressure systems, and the mid-
latitude storm balts. Semi-transparent clouds assoclated with these features
move latitudinally with the seasons. These clouds also are more frequent in
the sunmer hemisphere than the wiater hemisphere. They appear to be linked to
convective cloud development and the mid-latitudinal frontal weather systems.
However, very thin semi-transparent cirrus has less seasonal movement than

other c¢loud forms.

1. Introduction

Cirrus clouds are crucislly important to global radiative processes and
the heat balance of the Earth; they allow solar heating while reducing
infrared radiation to space. Models of climate changes will have to correctly
simulate these clouds to have the proper radiative terms for the Earth’s heat
budget. Past estimates of the variation of cloud cover and the earth’s
outgoing longvave radiation have been derived primarily from the longwave
infrared window (10-12 microns) radiances observed from polar orbiting and
geostationary satellites (Rossow and lacis, 1990; Gruber and Chen, 1688}. The

occurrence of sewi-transparent clouds is often underestimated in these single




channel approaches. Recently, multispectral techniques have been used to
better detect cirrus in global (Wu and Susskind, 1990) and North American
(Vylie and Menzel, 1989) cloud studies.

This paper reports on the investigetion of seasonal changes in the cirrus
or sepi-transparent global cloud cover with two years of multispectral
observations from the polar orbiting HIRS (High resolution Infrared Radiation
Sounder). Transmissive clouds that are partially transparent to terrestrial
radiation have been separated from opaque clouds in the statistics of cloud
cover (Wylie and Menzel, 1989). Semi-transparent or cirrus clouds are found
in roughly 30 to 35% of all satellite observations.

The HIRS observations in the carbon dioxide absorption band &t 15
microns have been used to calculate these clouc statistics. The CO; slicing
algorithm calculatas both cloud top pressure and effective emissivity from
radiative transfer principles. Various COs algorithms have been described in
the literature (Chshine, 1974; Snich et al., 1974; Smith and Platt, 1978;
Wielicki and Coakley, 1981; Menzel et al., 1983) and appiications to data from
the geostationary sounder VAS (VISSR Atmospheric Sounder) and the polar
orbiting sounder BIRS have been published (Wylie snd ¥nzel, 1989; ¥enzel et

al., 1986; Susskind et al., 1987; Menzel et al., 1989; Eyre and Menzel, 1989).

2. Technique

Cirrus clouds often appear warme; in the window channel than the ambient
air temperature at their altitude becausa they are transnitting radiation from
below. This occurs {n approximately 40% of the satellite data. The "COz
Slicing" technique is capable of detecting these clouds using the HIRS
infrared channels with partial COy absorption. It has the ability te

distinguish partially transmissive clouds both during daylight and at night
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and over sither water or land backgrounds. The description of the technique,
as applied to HIRS data, is presented in Henzel et al. (1989) and is repeated
in Appendix A of this paper; it is similar to the application with VAS data
described in Wylie and Menzel (1989). Cloud top preasure and effective
enissivity are calculated for a given HIRS field of view (FOV).

Effective emissivity refers to the product of the fractional cloud cover,
N, and the cloud emissivity, e, for each cbservational area (roughly 30 km by
30 k:). When Ne is less than unity, HIRS may be observing broken opaque
cloud (N<l. e=l), overcast transmissive cloud (N=1, ¢<1), ox broken
transmissive cloud (N<l, e<l). All of these possibilities are labelled as
*cirrus* in this paper. Cirrus usuelly are transmissive and exhibit spatial
variations at scales ranging from hundreds of kilometers to smaller than the
FOV of the instrument. Here, “"cirrus® refers to an observation vhere the HIRS
radi..cter detects radiation from below a cloud layer as well as radiation
from the cloud layer top. Effective emissivity observations less than 0.95
are lavelled as cirrus whilas those greater than 0.95 are considered to be
opaque clouds.

The technicue is limited to finding the height of only the highest cloud
layer in a multiple cloud layered situation. Cloud base altitude cannot be
measured. Multiple layers often can'pe inferzed from inspection of
neighboring pixels where holes in the upper layer occur. Comparison to cloud
reporcts from ground observers indicate‘that 508 of the time when the CO;
technique detects an upper tropospheric cloud, one or more lower cloud layers
also is present (Menzel and Strabala, 1989). Appandix B discusses the
problems of the €Oz slicing technique in nmultilayer cloud situatioms. For
multilayer cloud situacions where an opaque cloud underlies a transmissive

cloud, the errors in the heignt of the transaissive cloud are about 100 mb too
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low in the atmosphere for most cases. The error i{s largest when the
underlying opaque layer is in the middle troposphere (400-700 mb) and smallest
when the opaque cloud is near the surface or close to the transmissive layer.
The error in effective emissivity increases as the opaque layer approaches the

transmissive layex; when they are coincident the effective emissivity is set

to one.

3. Global Cloud Statistics

A statistical summary of the global cloud observations from HIRS between
June 1989 through Nay 1991 is shown in Table 1. Over 6 milliown observations
were processed. The cloud top ﬁressure deterpirations were subdivided inte
ten vertical levels from 100 mdb to 1000 mb and effective emisgivities were
subdivided into five intervals from U to 1.00.

Table 1 reveals that high clouds abové 400 wb conprised 20% of the
obrervations. 308 of the observations were of clouds betveen 400 mb and 700
mb. Low clouds below 700 mb wers found 22% of the time. Cloud free
conditions wers found 28% of zhe time.

Cirrus clouds (observations with effective emissivities less than 0.95)
were found in 36% of our observations;; they ranged from 100 to 700 mb. <{louds
opaque to infrared radiacion (cbservetions with effective emissivities greatar
than 0.95) were found 36% of the cime.' The global average cloud ancunt
(global average of Ne) was found to be 0.53; Warren et al. (1988) reporct 0.61
from ground observations.

As the satellite views from above the atmosphera, high clouds were found
in preferaence to low clouds. Broken low cloud fields vere reported as opaque
low clouds becauge of the technique's inability to sense the cloud fraction

below the peaks in the COs channels, as previously mentioned. The
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cransmissive clouds covered the range of affective emissivities from 0.0 to
0.95 fairly uniforuly. Approximately 9% were found in each categoxy.

As discussed in Menzel and Wylie (1991), the COy slicing technique is
subject to some errors. The large observation area (25 km by 25 km) produces
results vhere the semi-transparent cloud cbservations are overestinated by
roughly 58. The HIRS lack of sensitivity to very thin clouds causes roughly
5% of the semi-transparent clouds to be incorrectly classifisd as opaque
clouds of a lower altitude (Wylie and Menzel. 1989). Fortunacely, these large
errors are offsetting. Overall, because of the very large sanple size and the
relative accuracy of the COy slicing technique, we claim that the entries in
Table 1 are valid within 1%; ali values should be interpreted as +/-0.5%.

A similar znalysis of semi-transparent clouds was previously published
for continental United States using GOES/VAS data (Wylie and Menzel, 1989, and
Menzel et al., 1991). A comparison of th31602 slicing analysis of coincidant
data from both the GOES/VAS and NOAA/HIRS is shown in Appendix C. The two
analyses produced similar statistics. However, the HIRS data produced more
transmissive cloud observations than the VAS. We suspect that these
differences appear because the FOV of the HIRS is larger than the VAS and the
radianca noise of the HIRS is less than that of the VAS. The larger HIRS FOV
reduces the abflity of the HIRS to find breaks or holes in the upper level
cloud fieids. The VAS with a smaller FOV is able to report more of these
holes whereas the HIRS averages them in with the cloud field. The sualler
radiometric noise of the HIRS allows it to produce CO; slicing solutions nore
consistently. When observed and clear FOV radiance observations differ by
less than the noise in the radiometric measureuents, the algorithm avoids the
€0y slicing solution and instead uses the window channel temparature to infer

the cloud height for an opaqus cloud (effective emissivity is set to 1.0).
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These two differences in the HIRS and VAS would cahse the HIRS to indicate

aore transmissive cloud than the VAS.

4. Seasonal and Geographical Trends

Figure 1 shows the winter and summer (referenced to the northern
hemisphere) distribution of all clouds over land and ocean as a function of
latitude. Winter refers to the months of December, January, and February;
sumter refers to Jume, July, and August. The seasonal summaries were coupiled
using a uniformly spaced grid of 2° latitude by 3° longitude. In each grid
cell for each season, over 400 observations were made over the oceans and
approximately 200 were made over land.

A large seasonal change was found over \ntarctica, where few clouds of
any altitude were reported in the sumaer (sputhern winter). The HIRS data do
not show polar stxatospheric clouds, vhich-occur cormonly over Antarctica in
the months of June, July, and August. Polar stratospheric clouds apparently
do not attenuate the HIiRS chamnels sufficiently to mask out the strong
inversions below them.

The renaining discussion will concentrate on the upper tropospheric
clouds (above 500 mb). Figure 2 shows the zonal distribution of high clcuds,
vhich includes both the transnissive and cpaque clouds (25% and 63 of all
observations respectively). The frequent occurence of high clouds in the
Inter-Tropical Convergence Zone (ITCZ) is prominent zs the central maximum;
the mid-latitude storm belts are evident in the secondary maxima. Seasonal
shifts {n the 1TCZ are apparent over both land and ocean, as the IICZ moves
north and south with the sun., High clouds over land increase strorgly from
the equator to 30 S during the southern hemispheric summer (labelled as the

northern winter). The high clouds over the southern hemispheric storm belc,
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privarily over the oceans from 30 to 60 S, remain constant throughout the
year. The northern hemispheric land masses from 43 to 75 N latituds also siow

little seasonal change in high cloud cover.

Figure 3 shows the geographical distribution of transmissive clouds in
summer and vinter (darker regions indicate wore frequent cloud occurrence).
The ITCZ {s readily discernible as the band of more frequent cloud cover
(darker band in the tropics). Again the ITCZ i3 seen to move north with the
summer. The subtropical high pressure syetsus are also apparent as the band
of less frequent cloud cover (wnite band in the subtropics). Cirrus clouds
are less (more) frequent in the winter (summer) season in both hemispheres.

Over the Inconesian region the IYCZ expands in latitudinal coverage from
winter to summer, enveloping the pocii.t of cloud minimum to the rorth. 1In the
central Pacific, the ITCZ shows both a southern and northern extension during
the winter months. In the southern hemisphere, the eastern Pacific ocean off
of South America and the sastern Atlantic ocean off of Africa remain
ralatively free of transmissive cloud throughout the year.

The southern hemispheric storim belt (mentioned in the discussion of
Figure 2) is evident throughout the year. In the northern hemisphere uid-
latitude storm belts, the frequency of high clouds increased during the winter
with the strengthening of the Alleutian Low in the north Pacific and the
Icelandic Low in the north atlantic. The cloud cover from both lows can be
readily seen in the geographical plot (Fig. 3). The North American cirrus
cloud cover shows little seasonal change agreeing with the GOES/VAS analysis
(Vylie and Monzel, 1289).

Large convective development occurs during the winter (southern sumnmer)
in South America and Africa which is readily apparent through increased

vccurrence of high transmissive clouds. This explains the increase in high
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cloud cover over land from the equator to 30 S during ths winter (southern
summer) avident {n Figure 2.

Figure 4 shows the latitudinal distribution of thin transmissive (N¢
less than .5) clouds for all seasons. The occurrence is slightly more likely
over the ocean; this disagrees with Warren et al. (1988) who found more cirrus
ovs: land than ocean in their ground based observations. A modest pesk frou
the equator to 10 N is evident both over land and ocean. Thirn transmissive
clouds appear globally with a frequency of 5 tv 358, Their seasonal movement
was very small as shown in Figure 5. A slight increase vas found in the
southern hemisphere sub tropical high over oceans in the southern winter. A
similar change was found over land in the sub-tropical deserts. The seasonal

change in thin transmissive clouds is prinarily occuring in the tropics.

5. Conclusions

There i{s a global preponderance of semi-transparent high clouds,
presumed to be cirrus; 36% on the average for the two years covered by June
1989 to May 1991. In the ITCZ a high frequency of cirrus (greater than 508)
1s found at all times: a modest seasonal movement tracks the sun, Large
seasonal changss in cloud cover occur over the oceans in the stomm belts at
midlatitudes; the concentrations of these clouds migrated morth and south with
the seasons following the movement of convective systems (more cirrus is found
in the summer than in the winter in each hemisphere). At higher latitudes
cirrus were located with the cyclonic storms and frontal systems. At even
higher latitudes, between 45 to 73, little geasonal change in cirrus is found.
Over North America, cirrus show litcle seasonal change as they ara found in
regions of weak dynamics as well as strong. Thin cirrus exhibited sven

smaller seasonal changes.
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Appendix A, Technique Description
The HIRS radiometer senses infrared radiation in eighteen spectral bands

that lie between 3.9 and 15 mizrons at 25 to 40 km resolution (depending upon
viewing &ngle) in addition to visible reflections at tho same resolucion. The
four channels in the CO absorption band at 15 microns are used to
differentiate cloud altitudes and the longwave infrared window channel
identifies the effective emissivity of the cloud in the HIRS field of view
(FOV).

To assign a c%oud top pressure to a given cloud element, the ratio of the
deviations in cloud produced radiances, Rqjd(v), and the corresponding clear

air radiances, Rg1y(v), for two spectral channels of frequency vy and v

viewing the same FOV can be written as

Pe ds[vy, T(p)]
af ) dp
Re1g(v1) - Reir(vy) Pg dp
- ¢S
Re1a(v2) - Relr(v2) Pe dB(vz, T(p)]
o f r(v3,p) dp
Ps . dp

In chis equation, ¢ is the cloud emissivity, Py the surface pressure, P the
cloud pressure, r(v,p) the fractional transzittance of radiation of Irequency
v emitted from the atmospheric pressure level (p) arriving at the top of the
atposphere ¢y = 0), and B{v,T(p)] is the Planck radiance of frequency v for

temperature T(p). If the frequencies are close erough togethsr, then ¢
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approximates ¢j, and one has an erpression by which the pressure of the ::oud
within the FOV can be specified.

The left side of Eq. (1) is determined from the satullite observed
radiances in a given FOV and the clear air radiances inferred from spatial
analyses of gatellite clear radiance observatiors. The xight side of Eq. (1)
is calculated fron a temperature profile and the profiles of atmospheric
transmittance for the spectral channels as a function of P., the cloud top
pressure (1000 mb to 100 mb is spanned by discrete values at 50 mb intervals).
In this study, global snalyses of temperature and moisture fields from the
National Meteorological Center (INMC) ars used. The P; that best matches
observed and calculated ratios is the desired solution,

Once a cloud height has been determinec, an effective cloud amount (also
taferred to as effective emissivity in this paper) can be evaluated froa the

infrared window channel data using the relation

Re1g(w) - Relpdw)
Ne = . (2)
B{w, T(P¢)) - Relr(w)

Here N i{s the fractional cloud cover within the FOV, Ne the effective cloud
agount, w represents the window channel frequency, and Blw, T(P.)] is the
opaque cloud radiance.

Using the ratios of radiances of the three €0y spectral chamels, four
separate cloud top pressures can be determirned (14.2/14.0, 14.0/13.7,
14.0/13.3, and 13.7/13.3). Vhenever (Rcld'Rcl;) is within the noise response
of the instrument (roughly 1 =W/m2/ster/cm-l), the resulting Pc is rejected.

Using the infrared vindow and the four cloud top pressures, as many as four
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effective cloud amount determinations can also be made. As described by
Menzel (1983), the nost representative cloud height and amount are those that
besct satisfy the radiative transfer equation for the four COy channels.

If no ratio of radiances can be reliably calculated because (Rqi14-Relr)
is within the instrument noise level, then a :loud top pressure is calculated
divectly from the comparison of the HIRS observed 11.2 micron infrared window
channel brightness temperature with an in situ temperature profile and tha
effective emissivity is assumed to be unity. In this vay, all clouds are
assigned a cloud top pressure either by COy or infrared window calculations.

Flelds of view are determined tr be clear or cloudy through inspection
of the 11.2 micron brightness temperature with an 8.3 or 12.0 micron chamiel
correction for moisture absorption. The channel differences {11.2 - 8.3 for
NOAA 10 or 11.2 - 12,0 for NOAA l1) were used to lowsr the threshold for
clear-cloudy decisions in areas vere water vapor affected the wvindow channel.
This threshold change varied from O C near the poles in dry air masses to as
high as 7 C in che moist tropical atmospheres. If the moisture corrected 11.2
micron brishitness vemperature is within 2 degrees Kelvin of the known surface
temperature {(over land this is inferred from the NNC Medium Range Forecast
(MRF) model analysis; over the oceans this is the NMC sea surface temperature
analysis), then the FOV is assumed to be clear (P, = 1000 mb) and no cloud
parameters are calculated.

The HIRS data were calibrated and navigated by NOAA/NESDIS. Theae cGata
were transmitted daily to the Man computer Interactive Data Access System
(McIDAS) at University of Wisconsin-Hadison. The HIRS data from NOAA 10 and
11 vere sampled to make the processing more manageable. Every third pixel on
every third line was used. The data also vere edited for zenith angla,

eliminating data over 10° to uinimize any problems caused by the increased
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path lengia through the atmosphere of radiation upwalling to the satellits.
It resuricted the coverage to approximately the center one third of the orbit
swath. With two satellites, about one half of the Earth is sampled each day.

Morning orbits over land also were rejected from the data because the
surface temperature an.lysis over subtropical deserts vas often warmer than
the HIRS data; this caused cloud frea. areas to be mistsken a&s clouds.
wwever, morming orbits over the oceans wers used because no diurnal
temperature change of the surface was assumed.

In the Arctic and Antarctic, the HIRS channels were inspected for the
presence of surface temparatura inversions. Over high altitude areas of
Antarctica and Greenland, the HIRS 700 mb channel is often varmer than tha
window channel. We assumed that this indicated the presence of swrfacs
invarsions from radiative cooling under clear skies. Surface inversions
norrzally can not be seen by the HIRS becauss the 700 mb and window channels
are looking at two distinctly different levels of the troposphere which have
large temperature differences due to the prevailing lapse rates. However,
over polar high altitude continents, the surface is cluser :.o 700 wb and the
{nversions can be detected. When the 7C0 ub channel was warmer thaic the
window channel, the otservation was classified as cloud free. WYhen isothermal
conditions were found and the 700 mb channel was within 2 K of the window
channe', we assumed that both channels .saw the top of » cloud and the

abservation was classified as cloudy.

Appendix B. Errors associated vich the presence of a lover =loud layer
The algorithm assumes that there is only one ~loud laye:. Hovever, for
over S0% of satellite reports of upper tropospheric opacus cloud, the ground

observer indicates sdditional cloud iayers below (Menzel and Strabale, 1969).
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To understand the effects of lower cloud layers, consider the radiation sensed
in a cloudy field of view. For a semi-transparent ot cirrus cloud layer, the

radiation reaching the satellite, Rqig, is given by

Reld = Rg + €*Re + (1-¢)¥Ry (3)

where R, is the radiation coming from above the cloud, R, is the radiation
coming from the cloud itself, Ry is the radiation coming from below the cloud,
and ¢ is the cloud emissivity. When a lower cloud layer is present under the
semi-transparent or cirrus cloud, Ry is smaller (i.e., some of the warmer
surface is obscured by the colder cloud). If prime indicates a two layer
cloud situation of high semi-transparent cloud over lover cloud, and no prime

indicates the single layer high semi-transparent cloud, then
Rp’ < Ry, )
vhich implies

Re1d’ < Reld- (5)

Thus the difference of cloud and clear.radiance is greater for the two layer

gituation,

(Reiyr * Reld'} > {Relr * Reldl - (6)

The effect of two cloud layers is greater for the 13.3 micron channel

than for the other CJ9 micron channels, bocause the 13.3 micron channel °sess”
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lower into the atmosphers (it has & non zero transmi.tance from low in the

atmosphere). So using the 14.0/13.3 ratio as an example

(Re1r(13.3) - Reya'(13.3)] > [Re)p(14.0) - Reyg’¢14,00].  (7)

This reduces the racio of the clear minus cloud radiance deviation in Eq. (1)
because the denominator is afiected more than the numerator (when the leoss

transnissive channel is in the nuwerator),

(Re1r(16.0) - Rgig’(14.0)]  [Re1y(14.0) - Bg1a(14.0)]
< ’ (8)
{Re1r(13.3) - Re1g°(13.3)) [Re1r(13.3) - Re14(13.3)]

or L1' < L1, where L1 refers to the left side of Eq. (1). An example plot of
P versus Rl (where Rl rofers to the right side of Eq. (1)), shown in Figure
6, indicates that L1’ < Ll implies F.’ > P;. Thus, vhen calculating a zloud
pressure for the uppsr semi-transparent cloud layer in & two cloud layer
situation, the COs slicing algorithm places the uppe: cloud layer too low in
the atmosphere.

An exanple from 25 April 1391 is presented to illustrate further tne
magnitude of the errors that can be induced by lover lavel clouds (results for
other days and othex situations vere found to be comparable). Obssrvers in
the Kwajalein Islands reported high cirrus clouds with no other underlying
clouds presant. The ratio of the 14.0 to 13.3 micron satellite observed
radiance differences between clear and cloudy FOVs (the laftr side of Eq. (1))
is 0.41 on 25 April. This implies single layer cloud at 300 mb (solving the

right side of Eq. (1) for P, as shown in ~"ig. 6).
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As explained above, i{f there had been an upaque cloud layer below 300
mb, Ry1q‘ vwould have been =maller than measuved for these cases. The changes
in Re1q’ were modelled for underlying opaque cloud layers at 850, 700, 600,
500, 400 and 300 mb (producing different ratics L1’ in the left zide of Eq.
(1)). These changes will suggest different B’ solutions as K1, the right
side of Eq. (1), is matched to L1'. In che absence uf any knowledge of a
lower layer, the COy algorithm intagrates the right side of Eq. (1) from the
surface to an incorrect Py’'. Figure 6 shows Rl as a functiorn of P, for the
situation of 25 April. The errors in calculated cloud top pressure from the
original 300 mb solutien, P.'- 2., are shown as a function of height of the
underlying opague cloud layer in Figure 7 for 25 April.

In the two cloud layer situacion, the position of the lower cloud layer
affects the accuracy of the astimate of the height of the upper cloud layer.
Opaque c¢louds in the lower troposphere near the surface underneath high cirrus
have little affect on the cirrus Py. The 14.2, 14.0, and 13.7 micron charmnals
are not sensitive to radiation from low in the troposphere, but the 13.3
nicron channel senses about one third of the radiation from below 800 mb.
Opaque clouds in the middle troposphere, between 400 and 800 mb, undermeath
high cirrus, cause the cirrus P. to be overestimated (lover in the atumosphere)
by up to 190 mb (this extreme occurs for the very thin high cirrus cloud with
Ne of .10). The decreases in Ry produce smaller ratios for the left side of
Eq. (1) which in turn produces larger estimates of P.. Opaqus clouds high in
the atmosphere, underneath higher cirrus, have little effect ou the cirrus 2.,
since the height of the lower opaque layer approaches the height of the semi-
transparent upper cloud layer and the CO; algoritha is going to estimate a

height in between the two layers.
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The errors in Py were also sxamined for different emissivities of
transmissive clouds (see Fig. 7). This was modelled by varying the emissivity
in Eq. (3) and forming new ratios on the left side of Eq. (l). The maximum
cloud top pressure error of roughly 190 mb occurred in very thin cloud with
emissivity of .10. The error in P, reduced as the emissivity of the
transnissive clouds increased. For a cloud with emissivity of 0.5, the
aaximum error in Py is about 60 mb. Fox more dense clouds vith emissivity of
0.9, the maximum error in P, is less than 10 mwb. The satellite cloud data
have shown a nearly uniform popuiation of emissivity center around 0.5 (Wylie
and Menzel, 1989), so one can conclude that the errors in the cloud top
pressure caused by underlying clouds should average under 100 mb.

Multi-layer cloud situations (transmissive over opaque cloud) cause the
height astimate of the upper cloud to be about 100 mb too low in the
atmosphere on the average. The error in transmissive cloud height is largest
vhen the underlying opaque layer (s in the middle troposphere (400- 700 =mb)
and srall to negligible when the opaque layer is near the surface or close to
the transmissive layer. The error in effective emissivity increasas as the
opague layer approaches the transmissive layer; when they are coincident,.the
effective emissivity is assumed to be ons. These exrors due to zulti-layer
clouds suggest that, overall, these HIRS estimates nay be putting global
clouds a little low in the atnosphare and with an effective emissivity a

lictle too high.
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Appendix C. Comparison of the NOAA/HIRS and the GOES/VAS cloud analyses.

The C07 Slicing Technique has baen used to process cloud parameters with
GOES/VAS data for four years pricr to the start of the NOAA/HIRS analysis
reported here (see Wylie and Menzel, 1989, and Menzel ot al., 1991). The
GOES/VAS algorithm uses the same equations as shown in Appendix A. However,
there are small differences in the data and methods used in handling of the
data. They are: (1) The GOBS/VAS has three channele {n tha 13 to 15 micron
region of the spectrum vherecas the HIRS has four channels. (2) The GOES/VAS
FOV (10 X 10 km) is smaller than the HIRS FOV (25 X 25 km); the VAS algorithm
averages three FOV for sach cloud determination representing 300 knz. while
the HIRS algorithm uses a single FOV representing approximately 625 k. (3)
Surface topographic heights are used in the HIRS algorithm while they are not
in the VAS algorithm; the surface pressure in Eq. (1) of Appendix A is
deternined from topography for the HIRS solutions while all VAS solutions
assume a surface of 1000 mb. This affects the VAS results over the Rocky
Mountains by SO mb or less. (4) A separate ses surface temperature analysis
is used in the HIRS processing while the VAS processing uses the same MRF
model surface temperature analysis both over land and vater. The VAS land
surface temperatures are corrected using the SVCA hourly reports, whereas the
HIRS are not. This will affect the determimation of low cloud with the window
channel, but it will have almost no effect on CO; algorithm solutions since
only one of the channels sees the ground.

Two conparisons of HIRS and VAS cloud analyses were made. Ths firsc
compared cloud parameter determinations for collocaced HIRS and VAS FOVS. The
second compared the sezsonal average cloud frequencies for one sumser and one

vinter, Table 2 shows the mean cloud height differences for collocated FOVs
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from four separate days over Wisconsin in 1986. Cloud heights reported by the
HIRS were 21 mb larger (lower altitude) on the average than the VAS in the
single FOV comparison. Each day produced a different comparison. The average
difference ranged from the HIRS being ’) mb smaller (higher altitude) than VAS
on Octobar 24 to being 76 mb larger (lower altitude) on October 28. All four
days had transmissive clouds covering about 70&% of the viewing area.
Effective emissivities averaged 5 percent higher on the VAS than the HIRS.
These differences are smaller than the astinnated error (Menzel et al., 1991)

For the second comparison, the seasonal summaries of the first winter
(Decenber 1989 thru February 1990) and summer (June thru August 13989) of the
HIRS analysis covering the area 26 to 50 N and 60 to 150 W vere conpared to
the corresponding seasonal summaries of the VAS over the same area and time
period. The geographical distribution of Fho probabilities of clouds above
700 ob in each season computed from VAS and HIRS are presented in Figure 8.
Both the HIRS and VAS show a high nrobability of cloud cover over the northern
Rocky Mountains in winter (about 80%), while they indicate a low probability
(about 30% or less) in the southvwest over Baja Mexico. In the summer, the
cloud minima move northward into California on both the HIRS and VAS analyses.
However, the HIRS reported a 30% probability of cloud cover (above 700 =mb) in
this minima in the summer while the VAS rerorted 108. The HIRS also rsported
more clouds (above 700 c-) in the southeastern United States in summer and the
Appalachian Mountains in winter.

A summary of all cloud rveports from HIRS and VAS over the area 26-5C N
and 60-150 W is shown in Table 3. The HIRS reported more seml-transparent
cirrus in both winter and sumner, 36% HIRS to 318 VAS in winter and 294 HIRS
to 22% VAS in summer, In both seasons, the HIRS had 5 to 7% more cirrus

observations than the VAS. The wore frequent transmissive cloud reports of
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the HIRS are thought to be psrtiaily caused by the larger sonsor FOV or the
HIRS than the VAS. The HIRS is unable to distinguish some high cloud areas
which havs spatial variations in effective emissivity. Thess areas are all
categorized as transnlssive cloud with HIRS while the smaller FOV of VAS allow
separate identification of transmissive and opaque clouds.

Vhen all transnissive and opaque high clouds above 40C mb were added
together (second row of Table 3), the VAS found 10% more high clouds in the
winter than the HIRS (29% VAS versus 19% HIRS) and 5% more in the sumaer (22%
VAS versus 17% HIRS). The HIRS also found more middle level clouds between
400 and 700 mb than VAS (third row of Table 3), 31% HIRS coupared to 22% VAS
in vinter and 264 HIRS to 16% VAS in summer. The HIRS and VAS found about the
same amount of low level clouds (700 to 900 mb, fourth row in Table 3) in the
winter, 29%¢ VAS compared to 26% HIRS, and in the sumaer, 28% VAS and 29¢ HIRS.
Considering clouds at all levels (rows two through four of Table 3), the HIRS
sees slightly less cloud in the winter than the VAS (808 VAS to 76% HIRS) and
more cloud in the summer (66% VAS to 72% HIRS).

In summary, the HIRS finds more mid-level clouds (400-700 ab) and fewer
high level clouds than the VAS, but mostly agreez -ith it in low level cloud
reports. The HIRS sees somewhat more semi-transruient clouds (5 to 108) than
the VAS. The vertical distributfion of the clouds differs between the two

fnstruments, but they have about the same percentage of cloudy observations.
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Table 1:

HIRS two year global cloud statis.ics (June 1989 to May 1291). The

frequency of cloud observations for different heights and effective

emissivities.

cloudy combined.

—LEVEL

<200 mb
<300 mb
<400 mb
<500 mb
<600 mb
<200 mb
<800 mb
<300 mb
<100% mb

Total

ALL CLOUDS

4%

11

10

72%

<0.23

1y

2

88

EFFECTIVE EMISSIVITY

1%

22
A23

0s

1%

Percentages are of the total nunber of observations, clear and

Clouds were not detected in 288 of the observations.

0.0 <GId  0.95 2033

1s

36




Table 2: The mean cloud height differences for individual pixel comparisons

betwveen the HIRS aud VAS aver Wisconsin in the autuwan of 1986.

October 24, 1986

October 28, 1986

October 31, 1986

November 1, 1986

Time {UTC)

NOAA

Number

of

Cloud Top

Pressure Difference

HIRS VAS Satellite Comparisons  HIRS-VAS

14:07

14:21

20:26

20:15

14:18

14:18

20:18

20:18

10

10

23
ARY

32

20

29

29

<35 mb

+76

+23

+42




Table 3: The frequency of cloud reports in the area 26 to 50 N and 60 to 150 W
for the HIRS versus the VAS, Percentages are expressed as the fraction of all
satellite observations in the area for the season, both cloud and clear
combined. The winter included the months of December 1989 and January and

February 1990. The sunmer included June through August of 1989,

Winter Supmer
gloud Type VAS HIRS YAS HIRS
Semi-transparent cirrus 318 36 % 228 29 ¢
High clouds <400 mb 29 19 22 17
Middle clouds 400-700 mb 22 31 16 26
Low clouds >700 mb 29 26 28 29
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Figure Captions

Figure 1: (a) The frequancy of all clouds over ocean as & function of latitude
for the summers (June, July, August) of 1989-90 and winters (Decesmber,
January, Fsbruary) 89-91 expressed as a fraction of all satellite

obsorvations, clear and cloudy conbined. (b) The same over land.

Figure 2: (a) The frequency of high clouds, <500 mb, over ocean as a function
of latitude for the sumrers (June, July, August) of 1989-90 and winters
(December, January, February) 89-91 expressed as a fraction of all satellite

observations, clear and cloudy combined. (b) The game over land.

Figure 3: (a) The geographic frequency of transmissive clouds for the sumers
(June, July, August) during the observation period June 1989 to May 1991. The

left margin of the figure coincides with the International D.ce Line.

Figure 3: (b) The geographic frequency of transaissive clouds for the vinters
(December, January, and February) during the observation period June 1989 to

May 1991.

Figure 4: The frequency of thin transmissive (Ne¢ less than .5) over ocean and
land as & function of latitude for the observation period June 1989 to May
1991 expressed as a .raction of all satellite observatiens, clear and cloudy

combined.

Figure 5: (a) The frequency of thin transmisgive (Ne¢ less than .5) ovar ocean

as a function of latituds fer the s' ers (June, July, August) of 1989-90 and
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winters (December, January, Februery) 89-91 expressed as a fraction of all

satellite observations, clear and cloudy combined. (b) The saze over land.

rigure 6' The calculated ratio from the vight side of Eq. (1) as a function of
cloud top pressure for the sounding of 25 April 1991 ac the Kwajalein Island.

The measured ratic frouw the left side c¢f Eq. (1) is indicated. The cloud top

pressure is inferred to be 300 mb.

Figure 7. (a) The errors in calculated cloud top pressure (from the original
300 mb solution) for several different Ne (0.1 to €¢.5) as a Zuncticn of height

of the underlying opaque cloud la;

Figure 7: (b) The errors in effective emissivity ¢/ ;he original solution

of Ne) as a function of height of the underlying opaque cloud layex.

Figure 8: The frecuency of ¢loud observations (cixrus and opaqua) that wvere
reported at 700 mb and higher for the VAS and HIRS for one wintar (Dec 85 -

Feb 90) and one sumper (June - August 89).
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ALL CLOUDS OVER OCEANS
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Figure 1: (a) The frequency of all clouds over ocean os a functicvn of latitude
for the summers (June, July, August) of 1989-90 and vinters (December,
January, February) 89-91 expressed as a fraction of all satellite
observations, clear and cloudy combined. (b) The same over land.
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Figure 2: (a) The frequency of high clouds, <500 ab, ovar ocean as s function
of latitude for the summers (June, July, August) of 1989-90 and vinters
(December, January, February) 89-91 expressed as a fraction of all nateliite
observations, clear and cloudy «»azbined. (b) Ths same over land.
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Figure 4: The frequency of thin trensmissive (Ne less than .5) over ocean and

iand as a function of latitude for the observation period June 1983 to May

1991 expressed as a fraction of all satellite observations, clear and cloudy

cowbined.
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Figure 5: (a) The frequency of thin transmissive (N: less than .5) over ocean
&8 a function of latitude for the summers {June, July, August) of 1989-90 and
winters (Decembar, January, February) 89-91 expressed as & fraction of all
satellite observations, clesr and cloudy combined. (b) The same over land.
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Figure 7: (b) The errors in effective emissivity (from the original solution
of N¢) as a function of height of the underlying opaque cloud layer.
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