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ABSTRACT

Cloud observations from land stations and from ships in the ocean are used to investigate the frequency
of observation and the co-occurrence of different cloud types, and the geographical and seasonal variations
of these co-occurrences. Ground-based observations are used because they provide a more deﬁn_itive
identification of clouds by type than do satellite observations. The clouds are grouped into six types (cirrus
4 cirrostratus + cirrocumulus, altostratus + altocumulus, stratus + stratocumulus, nimbostratus, cumulus,
and cumulonimbus). The results are expressed as frequency of occurrence of different cloud types apd as
contingency probabilities; that is, given that one cloud type is present, the probability that another particular
type is also present is computed. Several sources of bias are identified, and their effects on the resulis are
estimated.

It is found that, on the average at all latitudes and in all seasons, clear skies occur more frequently, by a
factor of about 4, over land than over the oceans; cumulus occurs twice as frequently over the oceans than
over land but cirrus is reported with a somewhat higher frequency over land.

In general, cirrus and altostratus tend to occur together but altostratus and cumulus do not. The probability
of co-occurrence of cirrus and cumulonimbus is much higher in the tropics 30°S-30°N than at mid- to
subpolar latitudes. When cirrus or altostratus occurs over land, it is much more likely to be alone than when
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it oceurs over ocean. Some of the reasons for these variations are discussed.

1. Introduction

Clouds are an important component of the earth’s
climate system. They affect the earth’s radiation
budget in both the solar and terrestrial radiation
spectra. In turn, formation and dissipation of clouds
are affected by the radiation and moisture fluxes in
the atmosphere. The clouds vary in the geometric
form, height, horizontal and vertical extent, phase
(liquid or ice), and water content. They can therefore
usually be classified into a small number of defined
cloud types. To understand cloud physical processes
and the climatic effects of clouds on radiation and
precipitation, a climatological description of the geo-
graphical and seasonal distribution not only of total
cloud cover, but also of individual cloud types, would
therefore be useful.

It is common for two or more cloud types to occur
simultaneously over the same location but at different
levels in the atmosphere. The effects of individual
clouds on the surface and atmospheric radiation
budgets depend on whether other clouds are also
present above or below them. A description of the
co-occurrence of different cloud types could therefore
aid the radiation calculations of climate prediction
models and also help evaluate the schemes for gen-
erating clouds in those models. It could also assist in
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the comparison of cloud observations from the surface
with those from satellites.

The reporting of cloud co-occurrences is compli-
cated by the fact that overlapping layers may cause
the uppér clouds to be hidden from the view of a
ground observer, and lower clouds to be hidden from
the view of the satellite, a problem which is addressed
in this study. '

This study investigates the tendencies of various
cloud types to occur together or to be mutually
exclusive. Ground-based observations, rather than
satellite observations, were chosen for the study be-
cause ground observers, being closer to the clouds,
can resolve individual clouds within. their field of
view and thus can readily identify clouds by type.
Satellite cloud type identification is still in a state of
development, especially regarding the detection of
clouds smaller than the satellite’s resolution, typically
a few km. Indeed, a major purpose of this study is
to provide a reference data set to aid the development
of satellite cloud-type identification methods for the
International Satellite Cloud Climatology Project
(ISCCP). .

Our analysis here is restricted to frequency of
occurrence of the different cloud types and the prob-
abilities, given one cloud type, that another particular
type is also present. As such it is the first step in our
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development of a ground-based climatology of the
average fractional amounts of the cloud types by
season and geographical location. The fractional cloud
type amounts can be obtained as the product of
frequency-of-occurrence (fraction of weather obser-
vations in which a cloud of this type is reported
present, given that it is possible to see whether it is
present), and amount-when-present (the average frac-
tion of the sky which is covered by this cloud type,
given that it is present). For example, if cumulus is
reported present in 30% of the weather observations
from a station, and if it covers an average of 40% of
the sky when it is present, then the average amount
of cumulus at that station is 12%. The present study
is an investigation of the first of these two components
and of the biases which can affect is accuracy. This
study, therefore, does not provide any direct infor-
mation about cloud amounts. Furthermore, if the
field of view is increased, the frequency of occurrence
of a cloud type increases while the amount-when-
present decreases. The values obtained here for fre-
quency and for co-occurrence probabilities apply only
to an area the size of the ground observer’s field of
view, which is larger for high clouds than for low
clouds. For an unobstructed horizon, the radius of
view can be as large as 160 km for clouds at 2 km
above the surface, and 360 km for clouds at 10 km.
Quantitative comparison with satellite observations
based on a different field of view should only be
made on average cloud amount, a quantity which
should be independent of field of view. Only limited
qualitative information can result from comparing
cloud frequencies (e.g., Woodbury and McCormick,
1983). The frequencies we discuss here are therefore
regarded as intermediate quantities for the computa-
tion of cloud amounts. The co-occurrence probabili-
ties, however, should be representative of an individual
meteorological condition because they apply to the
area included in the ground observer’s field of view.
Detailed results of this study are reported in two
atlases (Hahn et al., 1982, 1984): one for the oceans
at 15° latitude X 30° longitude resolution, and one
for the land areas at 5° X 5° resolution [While 15°
X 30° resolution is adequate over large portions of
the ocean, 5° X 5° wquld have been desirable to give
better resolution in longitude along north-south coasts
and to give better resolution of latitudinal variations.
However, although there are sufficient ship observa-
tions to compute frequency of occurrence and average
cloud amounts over the ocean at 5° X 5° (in prepa-
ration), there are not enough to provide reliable
values of cloud-type co-occurrences at that resolution,
so the 15° X 30° resolution was used for the present
study.] The atlases contain maps, for each of four
seasons, of the frequency of occurrence of each cloud
type, of clear sky, and of fog, and maps of the co-
occurrence probabilities of various combinations of
cloud types. Here we present zonal average values of
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the co-occurrence probabilities and examine contrasts
between land and ocean.

2. Data source

The sole source of data is individual synoptic
weather observations made routinely on land at
weather stations and in the ocean by observers on
merchant ships, military ships and weather ships
(predominantly merchant ships), as reported in the
standard form of the WMO synoptic code (WMO,
1974). The information on clouds in these reports
consists of total cloud amount (N), lower cloud
amount (Ny), low cloud type (Cy), middle cloud type
(Cy), high cloud type (Cy), present weather (ww),
and base height of the lowest cloud (#). If information
was lacking in a particular category, a slash was
recorded by the observer.

The analysis for the oceans used about 10 million
observations from the period 1965-76, which were
the years of most complete global coverage in the
Consolidated Data Set (Caton, 1978) of the U.S.
Navy Fleet Numerical Oceanography Center (FNOC).
The land data archive was also obtained from FNOC,
and consists of about 100 million observations cov-
ering the 10-year period 1971-80. The two sources
therefore do not represent the same years. All obser-
vations within a meteorological season were weighted
equally, irrespective of year.

The reports, both on ships and on land, are gen-
erally made every six hours: at 0000, 0600, 1200,
and 1800 GMT. About 15% of the ships and 70% of
the land stations report observations also at the
intermediate three-hourly times. Observations in the
ocean in the early years showed no day-night sampling
bias, but in the later years there was a tendency for
more observations in the daytime. Daytime observa-
tions contributed 50% of the total in 1965, but rose
to 62% in 1976. About 20% of the land stations make
observations only in daytime.

3. Method of analysis

The cloud types defined in the synoptic code were
grouped into six classes for this study: 1) cirrus
+ cirrostratus + cirrocumulus (Ci), 2) altostratus
+ altocumulus (As), 3) cumulonimbus (Cb), 4) cu-
mulus (Cu), 5) nimbostratus (Ns) and 6) stratus
+ stratocumulus (St). The assignment procedure for
grouping the cloud types of the synoptic code into
these six classes is discussed in the two atlases referred
to before (Hahn et al., 1982, 1984). There is no single
code number in the synoptic code which always
means Ns. Whenever one of the codes appeared
which could possibly mean Ns, we designated that
cloud as Ns only if rain or snow was actually falling
at the time of observation.

Computation of the co-occurrence probability of a
low cloud with a higher cloud must account for the
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fact that higher clouds are only visible when the
lower clouds are not overcast. In this study a simple
assumption was used, namely that the probability
P(L = U) of an upper cloud U, given a lower cloud
L, is assumed to be the same when U cannot be seen
(because L is overcast) as when it can be seen (when
L is present but not overcast). The translation of this
assumption into the detailed logic of the procedure
is given by Hahn et al. (1982).

4. Biases

A number of biases can affect the results of ana-
lyzing ground-based observations for a cloud clima-
tology. Some of these biases affect the frequencies
and co-occurrence probabilities much more severely
than they would affect the fractional cloud typ
amounts. :

Cloud observations from transient ships are subject
to biases due to the use of untrained observers
(observer bias), the possible attempt of ships to avoid
storms (fairweather bias), and a tendency for some
ships to travel in groups (convoy bias). Also, observers
may neglect to take observations when visibility is
poor (fog or Ns) because they cannot take time away
from navigation. These biases have been discussed
by Bunker (1976) and Quayle (1980), who compared
observations from transient ships to those of nearby
weatherships (all in northern midlatitudes). We have
taken the data source described by Quayle (1980)
and determined the bias in total cloud cover, finding
that cloud cover reports of stationary weather ships
on average exceed those of nearby transient ships
(within 1° of latitude and longitude) by about 2%
(e.g., transients might report an average cloud cover
of 60% while the nearby weather ship reports 62%).
Because the bias in total cloud cover is rather small,
and since biases in the frequency of different cloud
types would be likely to vary geographically, we did
not attempt to correct for these three sources of bias.
They apply specifically to the ocean observations, but
the remaining biases to be discussed apply to both
land and ocean.

The bias with probably the greatest influence on
our results is the tendency of ground observers not
to detect cirrus and altostratus when they are present
at night, the “night detection bias,” suggested by
Riehl (1947). We find in the oceans that frequency
of occurrence of cirrus, f(Ci), in the daytime averages
about 1.3 times the diurnal-mean value. Because
f(Ci) does not vary smoothly with time of day but
instead shows a sharp increase at sunrise and decrease
at sunset, we think that the diurnal variation is at
least partly due to a night-detection bias rather than
a true variation. The same pattern, but with only
about half the amplitude, is found for As/Ac. Since
both co-occurrence atlases were prepared with the
use of all observations, it is suggested that the fre-
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quency of occurrence of cirrus and of As/Ac should
in general be increased by factors of up to 1.3, but
with some geographical variation. Application of such
a correction factor would, however, involve the as-
sumption that the diurnal variations of f(Ci) and
f(As) in the observations is due entirely to the observer
bias, whereas part of it maybe a true diurnal variation
of the clouds. (The true diurnal variation could of
course be opposite to the diurnal variation of the
bias, requiring an even larger correction factor). Such
a correction factor, if applied to f(Ci) and f(As),
would also be applied to all probabilities of co-
occurrence of these two types contingent on the
presence of other clouds: PA(X = Ci) and P(X = As).
Ground-based lidar and infrared satellite observations
could provide information to help estimate this pos-
sible day/night bias in the ground-based Ci and As
reports.

Another important bias is the underestimation of
frequency of upper clouds due to the possibility that
an upper cloud is present behind a partial lower
cloud cover yet reported absent because it does not
intrude into the region of the sky which is visible
through the lower layer. This “partial-undercast bias”
results in a systematic underestimate of the frequencies
of upper clouds Ci and As (but correspondingly leads
to an overestimate in amount-when-present of those
clouds so that amount would be unbiased). The effect
of this bias on f(Ci) is greatest when a low stratus
cloud layer is nearly unbroken. It has not been
quantified, but its effects can be seen in Fig. 1b of
the ocean atlas.

5. Zonal average frequencies and co-occurrence prob-
abilities

Tables ‘1a-d give zonal average values of the fre-
quencies and co-occurrence probabilities for four
broad latitude zones covering most of the earth. Two
numbers are given for each entry in Table 1: the land
value on the left and the ocean value on the right.
Each zonal average probability in Table 1 is given
for four seasons as noted to the right of the table.
The columns in the tables give the probability of
occurrence of a given cloud type under different
circumstances, i.e., together with specified other
clouds. Also shown in the last column are the prob-
abilities P(A = NO), i.e., given cloud type A, the
probability that no other cloud type is present. Certain
elements of the table are blank simply due to the
definitions of cloud types. Only one low cloud type
C, is reported in a single observation, so our analysis
causes the co-occurrence probabilities of Cu, St and
Cb with each other to be zero by definition.

Contingency probabilities were computed for 15°
latitude X 30° longitude boxes over ocean and 5°
X 5° boxes over land (but with coarser longitude-
resolution at high latitude over land). For an individ-
ual box over the ocean the data-sampling requirement
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TABLE la. 30°-60°N land/ocean average contingency probabilities (percent).*

Frequency of Probability that these are also present

Given cloud occurrence
type N Ci As Ns Cu St Cb NO Season**
Ci 47/27 —_ 32/67 12/16 4/20 20/49 3/9 55/10 DIJF
50/33 — 33/62 6/12 11/19 19/45 7/6 48/17 MAM
42/37 —_ 41/63 4/9 20721 19/45 13/7 31/16 JIA
41/31 —_ 37/66 9/11 9/26 22/44 6/9 45/11 SON
As 30/42 54/43 — 1/1 5/19 34/62 4/10 30/8 DIJF
31/45 56/46 — 0/1 10/18 31/61 9/8 24/10 MAM
35/47 49/49 — 0/1 17/19 26/61 16/8 25/10 JJA
32/44 49/46 — 0/1 10/23 34/56 8/10 28/8 SON
Ns 12/13 56/34 2/7 —_ 1/2 49/58 2/2 7/4 DJF
8/10 —/40 2/6 — 2/1 57/59 5/3 4/2 MAM
6/8 —/43 2/6 — 3/2 64/58 9/2 2/2 JJA
9/9 —/40 2/7 — 172 60/60 4/3 3/3 SON
Cu 5/22 48/25 31/36 2/1 — — — 38/53 DIJF
12/21 48/30 25/38 1/1 — — — 41/48 MAM
19/22 43/36 29/42 1/1 — — — 43/43 JJA
9/27 41/29 31/38 1/1 — — — 43/50 SON
St 30/57 38/25 36/50 22/15 — — — 25/30 DIJF
27/55 40/29 39/53 17/13 — —_ — 27/28 MAM
24/54 37/33 41/57 12/10 — — — 33/26 JJIA
31/51 33/28 39/52 17/12 —_ — —_ 31/30 SON
Cb 5/8 41/28 39/49 6/3 —_ —_ — 33/41 DJF
8/6 51/32 42/54 3/3 — —_ — 28/35 MAM
12/6 51742 49/61 2/3 —_ — — 26/26 JJIA
7/8 43/35 46/55 4/3 — — — 31/34 SON
Clear sky 25/5 DJF
2177 MAM
22/8 JJA
26/6 SON
Sky obscured 1/1 DIJF
due to fog 1/3 MAM
1/8 JJA
1/2 SON

*“Ci” = Ci + Cs + Cc.
“As” = As + Ac.
“St” = St + Sc.
“NO” = no other cloud.
Left-hand numbers are for land; right-hand numbers for oceans.
** First letter of each month of 3-month season.

over Ns, will in some locations not be computed
(e.g., Cb = Ci; Ns = Ci).

was as follows: of the times that A was present, we
required that in at least 50 individual observations it

was possible to see whether B was also present. For
the land, we required 200 observations. Most boxes
contain far more than the minimum number of
observations. In particular, land boxes normally have
either very large numbers of observations (because
the box contains one or more stations) or else no
observations at all. Thus the requirement of a mini-
mum of 200 observations for an individual land box
placed little restriction on the number of land boxes
represented in the analysis. However, since for com-
putation of P(A = B), A must be present and the
level of B must be visible, probabilities involving
clouds A of low frequency, such as Cb in some
locations, or clouds B not visible, such as high clouds

The values in Tables 1a—-d are averages of all boxes
in the zone which satisfied the data-sampling require-
ment for individual boxes. A zonal average was not
computed if values were available for less than one-
third of the possible boxes, resulting in some missing
entries in the tables, particularly for the probabilities
contingent on nimbostratus. ,

Table 2 summarizes the results giving only two
numbers for each probability: the average for the
entire land area of the earth, and the average for the
entire ocean area. These ‘“global annual averages”
were obtained as follows. For a particular co-occur-
rence probability in a season, the values from all
boxes which satisfied the data-sampling requirement
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TABLE 1b. 0°-30°N land/ocean average contingency probabilities (percent).
Frequency of Probability that these are also present
Given cloud occurrence
type N Ci As Ns Cu St Cb NO Season
Ci 42/27 — 31/66 2/4 16/42 19/31 5/13 49/9 DJF
48/32 — 37/63 2/3 18/44 19/27 13/15 39/10 MAM
49/39 — 48/68 4/4 20/42 25/27 19/20 24/6 JJA
46/36 — 41/68 3/4 19/44 21/26 16/20 33/5 SON
As 28/39 48/45 — 0/0 17/37 29/39 7/15 26/7 DIJF
35/40 53/50 — 0/0 18/39 26/36 15/16 23/7 MAM
48/49 51/54 — 0/1 19/37 31/35 19/20 20/5 JJA
39/45 50/53 — 0/1 19/39 29/34 17/20 22/4 SON
Ns 6/4 —/37 —/13 —/3 —/64 —/5 —/5 DIJF
6/3 —/44 3/13 — 5/3 65/62 18/6 —/4 MAM
7/4 —/45 4/15 5/4 66/59 17/7 —/5 JJA
5/4 —/42 3/14 — 5/4 68/60 14/7 —/5 SON
Cu 21/45 39/26 31/33 0/0 —_ — — 44/56 DIJF
21/47 47/30 35/34 0/0 — — — 36/52 MAM
22/44 53/38 47/41 1/0 — —_ —_ 27/43 JJA
21/47 46/34 39/38 1/0 — — — 36/47 SON
St . 26/30 36/29 45/54 6/8 — —_ — 34/34 DJF
24/28 46/32 51/54 6/7 — — —_ 27/33 MAM
33/30 50/36 60/60 9/10 — — —_ 19/27 JJIA
25/28 45/35 54/58 7/10 —_ — — 25/29 SON
Cb 6/10 57/35 56/55 4/1 — —_ — 20/35 DIJF
13/12 64/42 56/56 3/1 — — —_ 16/32 MAM
20/16 66/49 63/61 4/2 — — _ 11/26 JJA
16/15 64/46 59/60 3/2 — —_— — 14/28 SON
Clear sky 29/9 DJF.
24/8 MAM
19/4 JJA
24/5 SON
Sky obscured 0/0 DJF
due to fog 0/0 MAM
0/0 JJA
0/0 SON

were averaged. The four global-average seasonal values
were then averaged to obtain the annual average
given in Table 2. These are therefore not true area-
weighted global averages but instead the averages of
the values in those boxes which had sufficient obser-
vations to meet the criteria described above. The
“global average” probabilities contingent on Ns, for
example, are therefore weighted toward the values
for the regions where Ns is common.

The contingency probabilities may be compared
with the average overall frequency of occurrence of
each cloud type (leftmost column in all tables). The
overall frequency of occurrence f of a cloud type is
simply the number of times that particular type was
reported present, divided by the number of synoptic
weather reports which contained information about
that cloud level (i.e., in which that level was not
coded with a slash). That is, fis the fraction of times
that the cloud type was reported present, given that
it was possible to see- whether it was present. The
percentage of reports contributing to statistics of the

middle and high levels are less than 100%, as shown
in the second column of Table 2, because of occasional
lower overcast.

Zonal average frequencies of occurrence are plotted
in Fig. 1 as the average of all four seasons, for the
six cloud types as well as clear sky and fog. (The
lowest two frames use a vertical scale which is ex-
panded relative to the upper four frames). Figure 1
shows that cirrus is reported much more frequently
over land than ocean, except at the latitudes of the
descending branches of the Hadley cells, around,
25°N and 25°S. The peak in cirrus observations is
found north of the equator, close to the mean latitude
of the ITCZ, and is present in both ocean and land
regions but much more pronounced over land. As/
Ac, by contrast, is reported in the annual average
more frequently over ocean than over land, except
near the equator.

Cumulus and St/Sc are also observed much more
frequently over the ocean than over land, probably
because of the proximity to a water source, but the
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TABLE lc. 0°-30°S land/ocean average contingency probabilities (percent).
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Given cloud

Frequency of
occurrence

Probability that these are also present

type )] Ci As Ns Cu St Cb NO Season
Ci 49/33 — 52/65 4/4 29/45 31/28 15/18 16/4 DJF
40/31 — 46/63 4/3 28/47 27/26 12/19 23/5 MAM
26/22 — 33/65 2/3 22/41 22/33 4/16 4377 DA
36/25 — 43/66 3/3 27/42 24734 11/15 28/6 SON
As 51/43 49/48 — 0/0 24/39 39/36 15/19 16/5 DJF
44/40 44/47 0/0 24/40 37/34 12/20 21/5 MAM
30/38 29/37 — 0/0 20/35 35/42 5/17 35/6 JJA
38/41 40/40 0/0 23/36 35/42 12/16 25/6 SON
Ns 6/4 —— 4/14 — 6/3 73/65 8/6 —/3 DJF
4/4 —_f— 4/14 — 6/4 74/62 8/7 —/4 MAM
4/3 —/— —/15 — —/2 —/68 —/5 —/5 JJA
4/3 —f— —/14 —_ —/3 —/68 —/6 —/4 SON
Cu 29748 48/31 43/36 1/0 —_ — — 31/50 DJF
28/49 40/29 37/33 1/0 — — — 40/53 MAM
22/45 24721 27/31 0/0 — — — 58/60 JJA
27/45 36/24 33/33 0/0 — — — 45/55 SON
St 35/30 44/31 59/55 11/10 —_ — — 20/31 DJF
31/28 37/30 54/53 9/10 — — — 26/33 MAM
27/35 24/22 43/50 6/8 — — — 42/38 JIA
28/36 34/25 51/52 7/8 —_ — — 32/35 SON
Cb 15/14 58/41 62/58 32 — — —_ 18/30 DJF
12/15 54/39 60/55 in —_ — — 19/32 MAM
7/12 —/29 —/54 —/1 — — — —/37 JJA
10/11 52/32 60/56 3/1 — — — 21/34 SON
Clear sky 10/4 DJF
16/4 MAM
34/5 JJA
21/5 SON
Sky obscured 0/0 DJF
due to fog 0/0 MAM
/0 JJA
0/0 SON

precipitating clouds Ns and Cb are about equally
frequent over land as over ocean. St/Sc is the most
commonly observed cloud overall. The low stratiform
clouds St/Sc and Ns tend to increase in frequency
toward the poles, whereas the frequency of cumulus
~decreases poleward. For example, nimbostratus is
quite rare in the tropics but approaches 20% frequency
north of 60°N. At high latitudes, cumulonimbus is
rare over the land but relatively common over the
ocean, indicating convective activity probably en-
hanced in regions where cold air is advected over
warm ocean currents. The high values and broad
maximum of observed cumulus frequency in equa-
torial and subtropical latitudes over the oceans of
both hemispheres represent the persistent occurrence
of “trade cumulus” in these regions.

Although the frequency maximum of cumulonim-
bus shown in Fig. 1 seems to be between 0° and
10°N over both land and ocean, more detailed analysis
shows that the maximum of Cb over land is about 5

degrees north of the oceanic maximum, in agreement
with Figs. 10.3 and 10.4 of Riehl (1978) showing the
ITCZ on average farther north over land than over
ocean.

A dramatic difference between land and ocean is
seen in the frequency of completely .clear sky (lowest
left frame in Fig. 1). Maxima of f (clear) are found
in the subtropics for both land and ocean as expected.
The values are much higher over land at all latitudes,
but especially in the subtropics. There is also a large
seasonal variation of the frequency of clear sky which
is not shown in this annual-average plot. Tables 1b
and c show that in the subtropics a maximum is
observed during the winter and spring of each hemi-
sphere. The zonal average frequency of fog is low
except in the mid-to-high-latitudes over the ocean,
but fog is common in certain regions (20% in the Sea
of Okhotsk in summer).

The averaging of all four seasons in Fig. 1 obscures
the large seasonal variations which can occur in these



TABLE 1d.

30°-60°S land/ocean average contingency probabilities (percent).

Frequency of

Probability that these are also present

Given cloud occurrence
type N Ci As Ns Cu St Cb NO Season
Ci 36/31 —_ 40/62 S5/— 16/24 27/41 6/1 35/12 DJF
37/31 — 42/64 5/— 11/23 28/43 3/9 38/12 MAM
36/26 _ 42/65 6/— 8/21 28/44 3/13 40/12 JJIA
38/31 — 41/63 4/— 14/21 26/44 4/8 38/15 SON
As 32/47 46/43 — 0/0 15/23 35/56 9/8 28/11 DJF
34/45 48/45 — 0/1 11/21 39/55 5/10 29/11 MAM
35740 45/42 — 0/1 9/18 39/56 4/14 32/10 JJA
33/46 49/42 — 0/1 13/19 37/59 6/11 28/10 SON
Ns 5/11 —/— 3/6 — 3/1 67/59 5/2 2/1 DJF
6/11 —/— 3/9 — 2/1 67/61 372 3/2 MAM
8/8 —/— 2/13 — 2/1 66/64 2/3 3/4 JA
6/9 —/— 3/11 — 3/1 67/69 4/2 3/2 SON
Cu 17/26 35/28 27/40 1/1 — — — 51/47 DJF
12/26 33/26 28/37 1/1 — — — 52/52 MAM
10/25 30/22 28/32 1/0 — — — 54/58 JJA
15/24 34/26 27/38 1/0 — — — 52/50 SON
St 33/54 31/27 35/51 10/13 — — — 42/29 DJF
36/54 30/29 37/49 11/15 — — — 40/29 MAM
39/54 27/26 37/46 14/14 — — —_ -40/33 JJA
35/56 30/26 37/51 11/13 — — — 40/28 SON
Cb 777 41/33 48/55 3/2 — — — 34/34 DJF
4/10 38/31 50/52 4/2 — — — 34/37 MAM
4/13 34/26 48/46 5/2 — — — 35/43 JJA
5/9 40/31 49/55 4/2 — — — 34/35 SON
Clear sky 23/4 DJF
23/4 MAM
22/6 JA
21/4 SON
Sky obscured 0/3 DJF
due to fog 1/2 MAM
1/2 JJIA
0/2 SON
TABLE 2. Global average contingency probabilities (percent).
Frequency of Fraction of reports Probability that these are also present
Given cloud occurrence contributing to
type (2] statistics of type Ci As Ns Cu St Cb NO
Ci 44 73 — 38 6 16 22 9 39 land
. 31 65 — 64 6 34 35 14 9 ocean
As 36 87 49 — 0 14 32 11 27 land
43 74 46 — 1 .29 47 14 8 ocean
Ns 9 97 58 3 — 2 60 6 5 land
7 96 41 12 —_ 2 62 5 4 ocean
Cu 17 100 44 33 1 —_ — — 40 land
37 100 29 36 0 —_ — — 50 ocean
St 30 100 38 45 14 — — — 29 land
42 100 29 52 12 — —_ — 31 ocean
Cb 11 100 51 51 3 — — —_— 25 land
11 100 37 55 2 — — — 33 ocean
Clear sky 22 land
5 ocean
Sky obscured 1 land
1 ocean

due to fog
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FIG. 1. Zonal, annual average frequency of occurrence of each cloud type, of clear sky, and of sky obscured due to fog, for land and
ocean parts of each zone. [“Frequency of occurrence” is the fraction of weather observations in which a cloud type was reported present,
given that it was possible to see whether it was present, irrespective of the fraction of the sky actually covered by that cloud.] A smooth
curve is drawn through the points, which represent 10° zones over land and 15° zones over ocean (except for the high-latitude ocean
zones 60°-80° N and 60°-70°S). The points are averages of all four seasons. Clear sky, fog, and cumulonimbus frequencies are plotted
in the lower frames on an expanded scale. Gaps appear in most of the plotted values for land at 40°-60°S because the small amount of
land there (less than 5%) often resulted in unrepresentative or meaningless zonal averages.
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quantities, and which is discussed elsewhere (Hahn
et al., 1982, 1984).

If the contingency probability P(A = B) is greater
than f{B), then one may say that A and B tend to be
meteorologically associated [whereas if P(A = B)
equals f(B), this means that B is just as likely to occur
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whether or not A is present]. The tables show for
example that P(As = Ci) generally exceeds f(Ci).
These two types actually exhibit the strongest associ-
ation of any two of the six types, particularly over
the ocean. By contrast, As and Cu tend to be some-
what mutually exclusive. This is likely due to the fact
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FIG. 2. Given that cirrus is present, this is the probability that no other cloud is present in the ground-observer’s field of view. Results
from Maps 12 of both the land and ocean atlases (Hahn er al., 1982; 1984) were merged and contoured. Some smoothing of the point

values was done for the purpose of contouring.
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that Cu occurs in unstable air whereas As occurs in
stable air. This tendency is strong over the ocean at
low latitudes (30°N-30°S) and weak at higher lati-
tudes. At high latitude, St and Ci show a tendency to
be somewhat mutually exclusive, but no such tendency
is seen at low latitude. P(Cb = Ci) exceeds f(Ci) in
the tropics, where the Ci often originates from the
top of a Cb cloud, but Ci and Cb show no strong
association at higher latitude except in the summer.

The most dramatic difference between land and
ocean is P(Ci = NO) and P(As = NO). The Ci and
As types are much more likely to be found alone
over land than over ocean.

Some of the co-occurrence probabilities are less
meaningful than others, particularly with regards to
nimbostratus which does not have a particular code
number to itself in the synoptic code. We required
that precipitation (rain or snow, but not thunderstorm)
actually be occurring at the time of observation in
order to define either a middle or low stratiform
cloud as Ns. If the middle cloud type became classified
as Ns then it had the possibility of co-occurring with
low St; whereas only if Ns was classified from the
low type (which happens rarely) could it co-occur
with middle As. (Details are given in Table 1 and
Figs. 1-3 of Hahn et al, 1984.) The probabilities
P(Ns = St), P(St = Ns), P(As = Ns), P(Ns = As),
and P(Ns = NO) are therefore computed according
to somewhat arbitrary definitions and are perhaps
less useful than the other probabilities. A somewhat
artificial distinction sometimes had to be made as to
whether only a single nimbostratus cloud, or separate
Ns and St clouds, were present. After completion of
the ocean atlas, the class of reports which were
considered to contain a reliable indication of “no
other cloud” in the presence of Ns was revised. The
values of P(Ns = NO) in Table 1 and 2 here, using
the new computation, are considerably lower than
those given in the ocean atlas. P(St = NO) was also
slightly affected.

6. Geographical variations

Geographical variations, both of frequencies of
occurrence and of co-occurrence probabilities, are
much less smooth over land than over ocean. There
are at least two reasons for this. One is that the
surface conditions on land can exhibit great local
variation, so that a station may not be representative
of the total area of its box. Another is that any
differences in observing procedure among individual
observers, and among different countries, can affect
the land areas much more than the ocean areas,
because each grid box in the ocean is sampled by
many different ships.

The geographical variations of these co-occurrence
probabilities are discussed in the atlases referred to
above. Only one example is given here in Fig. 2,
showing P(Ci = NO) for two seasons. Cirrus is very
rarely observed alone in the central ocean areas. The
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probability is larger near the coasts, and then increases
rapidly as the coastline is passed. P(Ci = NO)
averages 45% over land but only 9% over the ocean.
The reason for this difference is, at least in part,
because of the higher frequency of low clouds (Cu
and St) over the oceans (Fig. 1). The highest values
of P(Ci = NO) are in the descending branch of the
winter hemisphere Hadley cell. In the midlatitudes
of North America and Asia cirrus is also more likely
to occur alone in winter, probably because the greater
convective activity in summer generates low clouds.
In addition, in middle and subpolar latitudes cirrus
often represent the leading edge of the cloud systems
associated with frontal activity which occurs more
frequently during winter. This kind of information
might be useful in planning field experiments such
as the First ISCCP Regional Experiment (FIRE).
Figure 2 shows that an experiment designed to study
cirrus in isolation should probably be carried out
over land rather than over the ocan, and in winter
rather than summer.
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