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Preface

This is the fourth of a series of atlases to result from a study of the global cloud distribution
from ground-based observations. The first two atlases (NCAR/TN-201+STR and NCAR/TN-
241+STR) described the frequency of occurrence of each cloud type and the co-occurrence of dif-
ferent types, but included no information about cloud amounts. The third atlas (NCAR/TN-
273+STR) described, for the land areas of the earth, the average total cloud cover and the
amounts of each cloud type, and their geographical, diumnal, seasonal, and interannual variations,
as well as the average base heights of the low clouds. The present atlas does the same for the
ocean areas of the earth. These atlases are published with the cooperation of the National Center
for Atmospheric Research, supported by the National Science Foundation.

Cover photographs. Left: Altostratus and altocumulus in the South China Sca (23°N, 128°E), 26
Sceptember 1984. Right: Cumulus in the western Pacific (15°S, 169°E), 2 June 1987.

Cover photographs on the land atlas were not identified there; they are as follows. Left:
Cirrus over Seattle, Washington (47°N, 122°W), 2 December 1984. Right: Cumulus over castem
Xinjiang (43°N, 94°E), 16 September 1984.
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LIST OF CLOUD MAPS
A. 5°%5° MAPS
Map number
1. Fraction of area which is ocean 1
DJF* MAM JJA SON
2. Number of compressed observations 2 3 4 5
3. Total cloud cover
Average cloud cover 6 7 8 9
Standard deviation of observations 10 11 12 13
Total cloud cover by month (Jan-Dec) 14-25
Annual cycle: amplitude, phase 26,27
4. Cloud types
Cu | ©Cb St | Ns | As | G| fog clear
frequency of occurrence
DIJF 28 40 52 64 76 88 100 104
MAM 29 41 53 65 77 89 101 105
JJA 30 42 54 66 78 90 102 106
SON 31 43 55 67 79 91 103 107
amount-when-present
DJF 32 44 56 68 80 92
MAM 33 45 57 69 81 93
JIA 34 46 58 70 82 94
SON 35 47 59 71 83 95
average cloud amount
DJF 36 48 60 72 84 96
MAM 37 49 61 73 85 97
JJA 38 50 62 74 86 98
SON 39 51 63 75 87 99

* Abbreviations used: DJF=December, January, February; MAM=March, April, May; JJA=June,

July, August; SON=September, October, November.




A/L/f
LIST OF CLOUD MAPS, continued
B. 10°x20° MAPS
Map number
1. Fraction of area which is ocean 108
2. Distribution of reports
DJF MAM JJA SON
Number of compressed observations 109a 105b 109¢ 109d
Percent of observations made during daytime 110a 110b 110c 110d
Number of years sampled 111a 111b 111c 111d
3. Total cloud cover
Average cloud cover 112a 112b 112¢ 112d
Standard deviation of observations 113a 113b 113c 113d
Diurnal cycle: amplitude 114a 114b 114c¢ 1144
Diumnal cycle; phase 115a 115b 115¢ 115d
Interannual variation 116a 116b 116¢ 116d
Trend from 1952 to 1981 117a 117b 117¢ 117d




LIST OF CLOUD MAPS (continued)
4. Cloud types

Cu | ¢ | st [ Ns [ as [ c | fog clear
frequency of occurrence
DIJF 118a 126a 134a 142a 149a 154a 159a 164a
MAM 118b 126b 134b 142b 14%b 154b 159b 164b
JJA 118¢ 126¢ 134c¢ 142¢ 149¢ 154¢ 159¢ 164c
SON 118d 126d 134d 1424 149d 154d 159d 164d
amount-when-present
DJE 119a 127a 135a 143a 150a 155a
MAM 119b 127b 135b 143b 150b 155b
HJA 119¢ 127¢ 135¢ 143c 150c 155¢
SON 119d 127d 135d 143d 150d 155d
average cloud amount
DJF 120a 128a 136a 144a 151a 156a
MAM 120b 128b 136b 144b 151b 156b
JJA 120c 128¢ 136¢ 144¢ 151c 156¢
SON 120d 128d 136d 144d 151d 156d
average base height
DJF 121a 129a 137a
MAM 121b 129b 137b
JJA 121c 129¢ 137¢
SON 121d 129d 137d
diurnal cycle amplitude, phase
DJF 122ab 130ab 138ab 145ab 160ab
MAM 122cd 130cd 138cd 145¢d 160cd
JIA 123ab 131ab 139ab 146ab 161ab
SON 123cd 131cd 139¢d 146¢d 161cd
interannual variation .
DIJF 124a 132a 140a 147a 152a 157a 162a 165a
MAM 124b 132b 140b 147b 152b 157b 162b 165b
JJA 124c¢ 132¢ 140c 147¢ 152¢ 157¢ 162¢ 165¢
SON 1244 132d 140d 147d 152d 157d 162d 165d
' trend from 1952 to 1981
DJF 125a 133a 141a 148a 153a 158a 163a 166a
MAM 125b 133b 141b 148b 153b 158b 163b 166b
JIA 125¢ 133¢ 141c 148c 153¢ 158¢ 163¢ 166¢
SON 125d 133d 141d 148d 153d 158d 163d 166d
DJF MAM JJA SON
Most-frequently-occurring cloud type 167a 167b 167¢ 167d
Cloud type contributing most to total cloud cover 168a 168b 168¢ 168d
C. Blank Maps 169,170
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u LIST OF MICROFICHE CARDS (Time Series of Seasonal Cloud Amounts)
A. Seasonal (10° x 20° boxes, 10° zones, DIJF MAM A SON
hemispheres, and globe)
total cloud cover 1 2 3 4
cumulus amount 5 6 7 8
cumulonimbus amount 9 10 11 12
St + Sc + fog amount 13 14 15 16
Nimbostratus amount 17 18 19 20
As + Ac amount 21 22 23 24
Ci + Cs + Cc amount 25 26 27 28
fog frequency 29 30 31 32
clear-sky frequency 33 34 35 36
(J B. Annual (10° zones, hemispheres, and globe) 37




1. INTRODUCTION

Clouds have important roles in earth-atmosphere energy exchanges, and in the hydrological
cycle. The effects of clouds depend on cloud thickness, height, water or ice content, and
geometrical shape, and therefore it is useful to distinguish different types of cloud. In this atlas
we present the distribution of total cloud cover and the amounts of several cloud types for the
ocean areas of the earth, as obtained by analysis of surface weather observations. This atlas com-
plements our cloud climatology for the land (Warren et al., 1986), which will often be referred to
here as "the land atlas”. Since the methods of analysis are in large part the same for both
ocean and land cloud observations, extensive discussion of those methods is not repeated here.
The text of the land atlas should be considered as background information for this atlas. The text

of this atlas discusscs problems which are specific to the ocean data.

The land atlas presented a method for determining the average fractional coverage of cach
cloud type, taking into account the overlap of different cloud types which were present simultanc-
ously in a single observation from the surface. The method was dcsigned to derive the true aver-
age amounts rather than the amounts seen from below or above. (The amounts scen [rom below
or above will be referred to as the non-overlapped amounts.) The method obtains scparately the
average frequency of occurrence and the average amount-when-present, and multiplics these to
derive the average amount of the cloud type. These quantities are mapped for six cloud types for
cach of four scasons at 5°x5° latitude-longitude resolution. [Poleward of 50° latitude the size of
the grid boxes is increased in longitude to maintain approximately cqual arca in each box.. For
convenience, the term "5°x5° box" is used to refer to any of these boxes.] They are also mapped
at 10° x 20° latitude-longitude resolution to provide more complete geographical coverage. The
average total cloud cover is also mapped at both resolutions. Diurnal and interannual variations,
and basc heights of the low cloud types, are mapped only at 10°x20° resolution becausc in many
parts of the ocean there are insufficient numbers of observations to compute these quantitics at
5°x5° resolution. More detailed information, not included in this atlas, such as average frequen-
cies and amounts for individual year-seasons and individual reporting-hours, arc available on a
magnetic tape (Sec. 9). Time-series plots of the amount bf each cloud type (for the 30 years
1952-81), and of total cloud cover (for the 52 years 1930-1981) for cach 10°x20° box are

included on microfiche (attached inside the back cover).

This climatology is based entirely on weather observations from ships. It will therefore be
complementary 1o cloud climatologies derived from satellite data such as the Intcrnational Satel-
lite Cloud Climatology Project (ISCCP). Satellites can be expected to provide more information
about the high clouds, whereas ground obscrvers often have a better view of the low clouds.

Satellites also observe the clouds more frequently than do obscrvers on ships, in most parts of the




ocean; and satellites are in the best position to determine the effects of clouds on the earth’s radi-
ation budget. Ground-based observers have the advantages that they are closer to the clouds and
that they can make use of pattern-recognition, so they can readily identify the diflcrent types of
cloud. Ground-based observations are also available for a longer period of years than are satellite
observations. Ground-based cloud reports are less "objective” than satcllite-derived estimates of
clouds, but when large numbers of observations are available, the averages can be quite precise.
To quote McDonald’s Atlas of Climatic Charts of the Oceans (1938):

"It is not within the scope of this atlas to attempt an explanation of the phenomena and their vari-
ations. A careful study of the charts will demonstrate, however, that the observations supplied by
seamen have not been carcless or perfunctory; otherwise, the seasonal and geographical varia-

tions of the various elements would not be so consistently in evidence."

2. DATA SOURCE

The only type of data used for this climatology is the individual routine weather obsecrva-
tions made from ships and coded by the observers into the standard form (at the time) of the
WMO synoptic code (e.g. WMO, 1974). No observations from islands or coastal wcather sta-
tions are included. We began our study using the Consolidated Data Sct (CDS) of the Fleet
Numerical Oceanography Center (FNOC) covering the years 1946-78. That was the source of
data for our atlas of co-occurrence of different cloud types over the ocean (Hahn et al., 1982).
Subsequently, the Comprehensive Ocean-Atmosphere Data Set (COADS; Woodruff ct al., 1987)
became available, and we used it for this study principally because it contains many more obser-
vations than does the FNOC-CDS. We used the "compressed marine reports”, listed as Product
10 in Table 5 of Woodruff et al. (1987). This is the dataset of individual observations, not
monthly summaries. We used an early version of this dataset, Version CMR.4, obtained from
Scott Woodruff (NOAA-ERL).

The COADS project merged several existing datasets of synoptic observations {rom ships,
primarily merchant ships but also military ships and weatherships. [Ocean data buoys are also
included in the same format, but they of course contain no information about clouds.] A major
source for COADS was the dataset used and described in the Marine Climatic Atlas of the World
(U.S. Navy, 1974-1979). Many observations were present in more than onc of the source
datasets; after the elimination of as many of these duplicates as possible there remained 70 mil-
lion observations for the years 1854-1979. There are many observations from those ycars which
are still not included in COADS because they exist only in archived logbooks of the ships and
have not yet been keyed into a computer-readable storage medium. The COADS project is con-
tinuing, and observations for 1980 and later years are being added. Since data for the 1980s were

not yet available from COADS at the time of our analysis, we used for these recent ycars the




datasct of observations received via telecommunications by FNOC. The number of obscrvations
per year available to us from the 1980s is only about half that of a typical ycar in the 1970s
because we have only the observations that were transmitted by radio and not those that were

recorded only in the ships’ logbooks.

COADS contains sufficient numbers of observations in some parts of the ocean to extend
our climatology as far back as 1890. However, the synoptic code for cloud types was not defined
until 1930, so we did not analyze any observations prior to 1930. We have further restricted most
of our analyses to the 30-year period 1952-1981, inclusive. The reason for not using data prior to
1952 is that observing procedures in those years were not consistent for ships of all countrics, as
discussed below. The reason for not using data after 1981 is that there were changes in the
synoptic code in January 1982 which, together with our quality-control procedures, would intro-
duce biases into the analysis. [However, the analysis of diumnal cycles did use data through 1983,

as described below.]

The analyses are done for each of the four meteorological seasons, designated by the first
Ietter of each month: DJF, MAM, JJA, SON, where (for example) DJF 1979 includes the months
December 1978 - February 1979. The data therefore include all months Dccember 1951 -
November 1981.

The observations are normally made every three or six hours, with considerably more obser-
vations at GMT hours divisible by 6. Prior to 1940, observations were cqually likely at any of the
24 hours. The practice of reporting only at GMT hours divisible by 3 (the cight "synoptic hours")
apparently began in the 1940s and was almost universal by 1950 (bascd on our inventory of
COADS data). In our analysis of the diurnal cycle, we use only these eight hours, so obscrvations
made at other times are grouped together with those of the nearest synoptic hour. Somcwhat less
than 2% of the observations are made at GMT hours not divisible by 3.

Observations from ships are made around-the-clock; the night-time hours are sampled
almost as well as the daytime hours. However, on some ships the observations made at night arc
not transmitted until the next day. FNOC (for example) will not archive observations received
more than 21 hours after they are made. This leads to a daytime bias in the years beginning 1980
because we have the logbook data only through 1979. It has a very small effect on our multi-year
average cloud amounts but does cause a small apparent increase in cloud cover after 1979 dis-

cussed below in Section 4.

Not all the observations in COADS contain cloud information. About 6% of the 1930-1979
observations do not report total cloud cover (Figure 1). Many of these non-cloud obscrvations in
the late 1970s are from buoys, but we do not know the reason for the time-dependence of the
absence of information on total cloud cover in the years 1945-1950. One reason for missing cle- .

ments in COADS was the practice of climinating some types of erroneous data from the Marine
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Climatic Atlas files which were later used to create COADS.

w Of the 70 million observations in COADS (total period of record 1856-1979) we uscd 41.6

million which were from the restricted period 1952-1979 and which included total cloud cover.
We supplemented these with 1.7 million observations from 1980-81 obtained from FNOC, giving
a total of 43.3 million obscrvations used for the analyses in this atlas. [We subscquently learned
that a more complete set of data for 1980-81 would have been available from NCDC.] For a spe-
cial study of long-term changes of total cloud cover (included on the microfiche plots but not on
the maps) we used an additional 8.5 million observations from COADS for the period 1930-1951.
The number of observations per year from COADS which included total cloud cover is shown in

Figure 2.

a. Cloud information in the synoptic code

The information on clouds which we used from the synoptic weather reports consisted of
total cloud cover (N), lower cloud amount (N;,), low cloud type (Cp), middle cloud type (Cyp),
high cloud type (Cyy), present weather (ww), and base height of the lowest cloud (h). If informa-
tion was lacking in a particular category, a slash (/) was recorded by the observer. In the cloud

portion of the report, the same code used by land stations is also used by ships.

N and N, are integers from O to 8, signifying eighths of sky-cover, rounded 1o the ncarest
eighth, except that N=0 means completely clear sky and N=8 means completely unbroken over-
cast. N=9 means "sky obscured", often due to fog, rain or snow. In cases of N=9 we consult the
present weather code in order to determine the cloud type, if any. If ww indicates fog, rain, snow,
or thunderstorm, a cloud type is then assigned as indicated in Table 1, with symbols dcfined in
Table 2. If the sky is obscured for other reasons, e.g. haze, smoke or darkness, the report is dis-
carded (2.6% of all reports). Cp, Cy, and Cy can obtain values 1-9, signifying onc of 27 dcfined
types (9 for each level), or 0, meaning no clouds at that lé\./‘él. Nh fs the amount of 'all low clouds
present, but if C =0 then N, is the-amount of middle clouds. The base height of:the lowest cloud
present, whether low or middle, is coded in h as'a number from O to 9. This is the hei ght of the
lowest part of the lowest cloud present, even if the predominant low cloud layer is Highcr. [There
is more detailed supplementary information on clouds in the optional section of some of the
synoptic reports. We did not analyze these "significant cloud" observations because they are not
often included in the reports and because the reporting practices vary from onc country to

another.]

A history of the synoptic code is given by National Climatic Data Center (1962). In the
code as defined in 1921 the quantities N, Ny, h, and ww were included. In 1929 the cloud types
Cp, Cy and Cy; were added to the code, to be used beginning 1930. We thercfore initially
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Table 1. Grouping of cloud types

cloud types used  shorthand observer codes included
in this paper notation in each typel!
Ci/Cs/Cc Ci Cy 19
As/Ac As Cy 1,3,4,5,6,8,9;Cp 2,7 if not precipitating®
Ns? Ns If (precipitating)® and (Cy 2,7 or Cy, 6,7)
Cu Cu Cp 1,2
St/Sc St CL, 4,5,8; Cp, 6,7 if not precipitating® or if Cyy = 2,7, /;

N = 9 with fog*

Cb® Cb C 3,9

'Cyx = high cloud type; Cpy = middle cloud type; Cp, = low cloud type. The numbering
scheme is defined in WMO (1956).

2Ns is also considered to be present when the cloud reports indicate “sky obscured"@&))
due to rain or snow (present weather code ww 50-75). Note that if the report has both
(Cyq = 2 or 7) and (Cp, = 6 or 7) with precipitation, this is counted as a co-occurrence of
Ns with St. The case Cy; = / and C |, = 4,5,8 with precipitation is also considered to be a
co-occurrence of Ns with St. The present weather codes are defined in WMO (1974).

3“Precipitating” means present weather code 50-75.
4"Fog” means present weather code 10-12 or 40-49.

5Cb is also considered to be present when the cloud report indicates “sky obscured” and
the present weather code is 80-99. This combination occurs in only 0.2% of the observa-
tions.
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b) in Table 3
F
LAT
LON
R
T

high cloud type
low cloud type
middle cloud type
total cloud cover

amount of low clouds (or of middle cloud, if no low clouds prescnt)

present weather
not reported

Table 2. Symbols Used

fog (ww 10-12, 40-49)

latitude
longitude

rain or snow (ww 50-75)
thunderstorm (ww 80-99)

¢) for cloud types

Ac
As
Cb
Cc
Ci

Cs
Cu
Ns
Sc
St

Altocumulus

Altostratus; shorthand for As/Ac

Cumulonimbus
Cirrocumulus

Cirrus; shorthand for Ci/Cs/Cc

Cirrostratus
Cumulus
Nimbostratus
Stratocumulus

Stratus; shorthand for St/Sc/fog
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H

d) in analysis
awp
f
GMT
IAV
LT
RMS
sd

¢) acronyms
CDIAC

CDS
CIRES

CMR
COADS
CSIRO
ERL
FGGE
FNOC
GARP
GFDL
HSST
ISCCP
ITCZ
NASA
NCAR
NCDC
NOAA
SPCZ
WMO

g7

amount-when-present

fractional frequency of occurrence
Greenwich mean time

interannual variation

local time

root mean square

standard dcviation

Carbon Dioxide Information Analysis Center (Department of Energy, Oak
Ridge, Tennessee)

Consolidated Data Set of FNOC

Cooperative Institute for Research in Environmental Sciences (Univ. of
Colorado)

Condensed marine reports of COADS

Comprehensive Ocean-Atmosphere Data Set (Woodruff et al, 1987)
Commonwealth Scientific and Industrial Research Organization (Australia)
Environmental Research Laboratorics of NOAA (Boulder, Colorado)

First GARP Global Experiment (Dec. 1978 -Nov. 1979)

Flect Numerical Oceanography Center (Monterey, California)

Global Atmospheric Rescarch Program

Geophysical Fluid Dynamics Laboratory of NOAA (Princeton, New Jersey)
Historic Sea-Surface Temperature Project

International Satellite Cloud Climatology Project

Intertropical Convergence Zone

National Aeronautics and Space Administration

National Center for.Atmospheric Rescarch (Boulder, Colorado)

National Climatic Data Center (Asheville, North Carolina)

National Oceanic and Atmospheric Administration

Southern Pacific Convergence Zone

World Meteorological Organization

3DNEPH 3-dimensional Nephanalysis (U.S. Air Force)




planned to analyze all data from COADS beginning 1930. Our inventory of these data, however,
shows that it was not until after 1950 that the reporting procedures for 1930 were uniformly
adopted, so that it is not useful to look for interdecadal changes in cloud variables prior to 1950,

with the possible exception of total cloud cover.

b. Inventory of COADS cloud data and changes in obscrving procedures

Although most of the of the individual reports in COADS provide information on total
cloud cover, the cloud types are missing prior to 1930 when they were added to the synoptic
code. [Present weather is also missing prior to 1930 even though it was introduced into the code
in 1921.] COADS contains many observations from the Historic Sea Surface Tcmperature
(HSST) project for the ycars 1861-1960. All observations from HSST are missing cloud types
and present weather. This is not because the observers were negligent, but rather because the
HSST project did not keypunch the present-weather and cloud type information from the log-
books. Total cloud cover data are present in these observations. The HSST contributes about
16% of the total volume of COADS in the 1950s.

It appears that many of the obscrvations, even after 1930, which do include cloud type
information were not actually coded into the Intemational Mcteorological Organization code by
the observer. The evidence for this is that certain codes (ww 20-39; Cp. 2,4; Cy 4,6,8,9; C;1 34)
almost never appear in the pre - 1940 data. This suggests that informal observations in the log-
book were coded later by data processors into the standard code. We will show that the inclusion

of such data in our analysis would cause spurious trends in cloud amounts.

Many different data sets were merged for COADS, and complete documentation is not
available for each of them, telling how the logbook entries were coded. Since we cannot track
down all the reasons for crrors that may have entered during the coding or compilation pro-
cedures, we just inventory the data in a varicty of ways so that we can decide whether o cxclude

whole classes of data that we judge to be unreliable.
1) Cloud type information

In what follows, we consider only those observations which include total cloud cover N.
[All other obscrvations (Figure 1) were discarded.]} Of this set of observations, in the 1970s, about
99% also report ww, 91% report Ny, 86% report Cp, 84% report h, 68% report Cy and 60%
report Cy. These statistics differ somewhat from those for the land stations (Table 1 of the land
atlas). The number of reports of Cy and CH is lower than that of CL,"bccausc obscrvations of low

overcast lack information about Cyy and Cy;.

In the carlicr years a smaller fraction of the observations included cloud type information.

Figure 3a shows that the reporting of N, and h was almost nonexistent before 1940, increased
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sharply by 1948, and reached its present level by about 1960-62. This final increasc occurs
because the HSST data, in which cloud-type information had been artificially deleted, do not con-
tribute any observations to COADS after 1961. We estimate from Figure 3 (and other figures
below) that the non-HSST observations reached their present level of quality around 1948. How-
ever, the dip in Figure 3 at 1956 is unexplained.

The reporting of ww (Figure 3a) is more common than Ny, in the 1930s and 1940s (ww is

generally reported whenever Cy is) but follows the same pattern as Ny, after 1947.

Figure 3b suggests that the modern normal pattern of reporting practice for Cp, Cy, and Cy
was achieved by 1949. However, the years before 1945 are very odd indeed, because Cyy and Cy
appear more often than C;. A common "observation” in the 1930s, consistent with this anomaly,
is ww=61, N=8, N;=/, C; =/, Cy=2, Cx=0. Such an observation is probably a rcport of nimbos-
tratus which was coded not by the observer but rather by a later recipient of the data. Since our
analysis procedure for cloud types (Figurcs 1-4 of the land atias) discards obscrvations in which

C. is missing, we would underestimate the amount of Ns in the 1930s.
2) Middle and high types missing

A common coding error is to report Cy=0 or Cy=0 when the lower cloud is overcast
(Ny=8). The correct report would have Cy; and Cy; coded as missing. Figure 4 suggests that this
crror is much more common in earlicr years. In the 1930s, the observations which include a low

cloud report almost never have Cy=/.

In our analysis, we correct these miscoded observations by converting Cy=0 to Cyy = / and
Cwm=0 to Cy=/ when appropriate (Figure 1 of the land atlas). However, our procedurc probably
does not catch all the observations miscoded in this way. For example, observers code Cp=/ not
only when Np=8 but also sometimes when Ny=7. Thus a straightforward analysis of COADS
would lead to an apparent increase with time of the frequency of high and middle clouds. We
avoid this bias by performing the analysis for frequency of high types only on the sct of observa-

tions for which N,< 6, as discussed further in Section 3d.
3) Low cloud height

Figure 5 is in the form of histograms showing the frequency distributions of reports in
several multi-year epochs. The dataset is broken into ten epochs with about five million observa-
tions each, starting with 1930-39 and ending with 1977-79.

The reports which include an estimate of low cloud height are grouped according to height
class in Figure 5a. The most commonly reported height is class 5 (600-1000 m) for 1930-1949,
changing gradually to class 4 (300-600 m) by 1955. We might speculate that this change is the
result of more accurate reporting beginning during the 1940s because of increasing opportunities
for calibration by reports from aircraft, rather than any real change in the cloud basc heights over

that time.
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Figure 5b shows that the reporting of total cloud cover stabilized about 1950. Earlicr ycars

1

had a greater percentage of reports of N=2 and N=6. This is probably duc to roundoff in the

conversion of a report of cloud cover in tenths to the present code of cloud cover in cighths: both

60 HIGH CLOUDS REPORTED ABSENT (Cy=0) — 2/10 and 3/10 round to 2/8; and both 7/10 and 8/10 round to 6/8. It is unlikely that this charac-
L i teristic of the data would bias our analysis of trends for total cloud cover. The frequency of N=8
40 ] is lower in 1930-1949, then stabilizes after 1950.
- HIGH CLOUD TYPE NOT REPORTED (Cy=/) . The frequency of N=9 (sky obscured) increases throughout the period 1930-1979. The sky
20 - is often obscured due to fog, and sometimes due to rain or snow. The reporting of both of these
B i obscuring conditions has increased with time.- Ships in conditions of poor visibility sometimes
0 . ) L L A | A N neglect weather obscrvations because they are too busy with navigation to take time for the
1930 1935 1940 1945 1950 1955 960 1965 1970 1975 1980 weather report. We might speculate that this increase’ with time of N=9 means that the tendency
YEAR to skip observations during times of poor visibility has decreased with time. Howcver, there is an
100 - _— | : : : : : - cven greater increase in the reporting of N=9 in me” absqilee of fog or precipitation, which we
| (b) | cannot explain. S e T -
80 |- ] Figure 5c shows the distributiop of reports of"lg\;‘s'/‘er-“(:\lg')ud amount N;. N,=0 appears to be
i reported far t0o often in the 1930s. This may be the result of incorrect re-coding of the observa-
60 ] tions by data proeessors, as suggested b); "Wright (1986). The frequency of N,=8, by contrast,
MIDDLE CLOUDS REPORTED ABSENT (Cy=0) | seems t0o low in the carly years; it stabilizés about 1955.
40 F’ ] 5) Low, middle and high cloud types
L MIDDLE CLOUD TYPE NOT REPORTED (Cyy=/) | = Figure 5d shows the distributions of low cloud type. Frequencies of the cumulus types
20 L - | Cp=1 and C;=2 are about equal after 1955. Prior to 1955, C;=1 dominates at thc expense of

C1=2. Cumulonimbus type C;=9 is rather large in the 1930s. Total Cb (the sum of C;=3 and

o | . 1 1 1 1 1 C1=9) stabilizes after 1940. The frequencie‘s! pf stratus (Cp =6 and C;=7) appcar stcady after
1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1950. :

YEAR In the middle-cloud-type distribution ‘(Figure: 5¢) the frequency of Cy=2 (nimbostratus or

thick altostratus) before 1950 is far in excess of values for subsequent years. The high-cloud-type

o distribution (Figure 5f) remains nearly constant after 1954. Since we group all high types
Figure 4. Percent of ocean cloud type reports (i.e. of reports which include low cloud type

C,) which have (a) high type missing or zero; (b) middlc type missing or zero. together in this atlas (Table 1), changes in this distribution do not affect our analysis.

6) Summary

We conclude that the analysis of cloud types should be restricted to the 30 ycar period
1952-1981. Low cloud height distributions were still changing in 1952, and we consider those
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changes 1o be spurious, so we restrict the analysis of cloud heights to 1954-1981,

The inventory for total cloud cover (Figure 5b) did not tum up compelling reasons for res-
tricting its analysis to the post-1952 data. It is the only cloud element which we have analyzed
back to 1930, and the results are plotted on the microfiche cards. However, for the maps in this

atlas, no data prior to 1952 were used.

3.METHOD OF ANALYSIS

a. Data selection and checking

Some of the observations are internally inconsistent so that they had to be corrected if pos-
sible, or else discarded. Each observation was put through a series of tests shown in Figure 1 of
the land atlas. The fraction of observations failing each of these tests in 1979 is given here in
Table 3. A large fraction is missing Cy or Ny, and that fraction is even larger prior to 1960 (Fig-
ure 3) due to the inclusion of HSST data in COADS. The HSST observations must be cxcluded
from the cloud type analysis because, since they are also missing ww, they can be analyzed for

types only when N=0 (no clouds), which would cause an obvious bias.

There is one test shown in Figure 1 of the land atlas which was not applied to the ocean
data. Observations with ww=/ were not rejected for the analysis of ocean total cloud (but they
were rejected as usual for cloud types). This was necessary in order to analyze the HSST data for
total cloud, since they all have ww=/, and is also necessary in order to extend the total cloud
cover analysis back to 1930, because ww is missing in a large fraction of the reports made prior
to 1952. In those observations which have ww=/ and N=9 we are not able to consult ww to deter-
mine the cloud type, so we just convert all these reports to N=8 for our analysis of total cloud
cover. In the years 1952-1979 the fraction of all observations so altered was stcady at the small
value of 0.1%. It rose to 0.3% in 1981, the end of our 30-year climatology. [Prior to 1952 the

fraction of all reports with N=9, irrespective of ww, was quite small (Figure 5b).]

The quality-control procedures we have used (Figure 1 of the land atlas) arc'intcmionally
rather minimal, because we are aware that quality control can sometimes do more harm than
good, by introducing biases into the analysis. Observations which have erroncous temperatures,
for example, may still have accurate cloud information. In a pilot study of total cloud cover using
the FNOC-CDS we obtained spurious trends of cloud cover increasing with time bccause, by
inappropriate quality-control, we rejected all observations that had been flagged as erroncous.
These trends appeared because (1) the fraction of data that were flagged decreased in time from
40% in 1954 to 0% in 1976, and (2) the flagged data had greater average cloud cover than the
unflagged data. The trends in zonal average ocean cloud cover which were based on those ana-

lyses (Figure 3 of Warren et al., 1981) are therefore suspect.

Table 3. Number of observations discarded or corrected

Symbols arc dcfined in Table 2. Explanation is given in Figure 1 of the land atlas, which also
gives the comparable quantities for land station reports. The year 1979 is used herc as an
example; the variation with time of some of these quantities is shown in Figures 1 and 3.

Fraction of all

Fault observations (%), 1979
N=/ (discard; many of these are buoys) 8.6
ILATI>90° or ILONI>180° (discard) 0.0
ww=/ (discard for types) 0.7
miscoded CM, CH

b Oy iy G 6

c) Cn:/ - CH:O 2.3
CL=/ or Nh=/ (discard for types unless N=9) 11.4

=0 but ww=R,T (discard for types) 0.0
N=9 but ww # R,T,F,/ (discard) 2.6
N>0 but CL=CM=C”=0 (discard for types) 0.3
N<Nh (discard) 0.9

-
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COADS contains observations which are flagged as erroneous in some respect (¢.g. unreal-
istic winds or temperatures) but they remain in the dataset. We process all the available data,
including those flagged as erroneous in COADS, and apply our own tests which rcject only a few
percent of the data.

b. Total cloud cover

The code N was interpreted directly as fractional sky cover in eighths for code values 0-8.
The case N=9 ("sky obscured") was classified by reference to ww. If the present weather indi-
cated fog, rain, snow, or thunderstorm, or if ww=/ as discussed above, the obscrvation was

changed to N=8; otherwise it was not used.

c. Classification of types

The 27 cloud types of the synoptic code were grouped into six classes as shown in Table 1.
This is the same grouping that was used in the land atlas. The detailed procedure for assigning
types from a single observation is given in Figures 2-4 of the land atlas. As discusscd in the land
atlas, we mistakenly excluded ww=77 (pellet-snow) and 79 (sleet) from the "precipitating”
classification, leading us to underestimate Ns amount in some parts of thc polar regions. We
estimated the effects of this mistake by reprocessing all the observations for three years (1977-
1979), allowing ww =77 and 79 to be precipitation. The 5°x5° boxes in the ocean whose Ns
amounts would be affected by more than 1%, based on the 1977-1979 data, are listed in Table 4.
Most boxes are not affected at all. Allowing ww = 77 and 79 to be precipitation would increase

the global average Ns amount (for the ocean) by only about 0.03%.

d. Frequency of occurrence and amount-when-present

The amount of a cloud type is defined as the fraction of the sky covercd by that type,
whether visible or not (WMO, 1956). Therefore, as stated by WMO (1956), "when clouds occur
in superposition, the sum of the different cloud amounts may of course exceed the total cloud
cover." The time-averaged amount of a cloud type can be obtained as the product of frequency-
of-occurrence (fraction of weather observations in which a cloud of this type is present, whether
visible or not) and amount-when-present (the average fraction of the sky covered by this cloud
type when it is present). For example, if cumulus is present in 30% of the weather obscrvations
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%.

14




Table 4.

Estimated changes to Ns maps (%) which would result from allowing ww=77,79 to indicate
precipitation. (All changes would be positive.) All boxes are listed whose change is more
than 1% in any season. These estimates are based on three years of data (1977-79). Different
boxes in these regions would possibly appear in the list if different years were tested. The
change in amount of Ns is essentially the same as the change in f(Ns) because awp
(Ns)=100%. No change in amount of As would result, because essentially all observations of
ww=77,79 had CM=/. Entries in the table are left blank if the total number of cloud reports
was less than 50.

grid box Change in Ns amount (%)
latitude longitude DIF MAM JJA SON
85-90 N 0-360 E 0 0 1 2
80-85 N 120-160 E 0 0 3 1
80-85 N 120-160 W 0 1 1 2
75-80 N 140-160 E 0 5 3
75-80 N 160-180 E 0 0 2 3
75-80 N 120-140 W 0 4 1
70-75 N 160-180 E 0 2
70-75 N 160-180 W 2 0 0 1
70-75 N 140-160 W 2 2
70-75 N 120-140 W 0 2
70-75 N 100-120 W 0 2
65-710 N 130-140 W 0 3
60-65 N 170-180 W 0 4 0 1
60-65 N 90-100 W 0 3
60-65 N 80-90 W 0 3
55-60 N 170-180 E 2 1 0 0
50-55 N 20-30 E 2 0 0 0
50-55 N 140-150 E- 2 0 - 0 0
50-55 8 70-80 E 0 0 3
55-60 S 40-50 W - 0 0 2
60-65 S 110-120 E 2
65-70 S 140-150 E 2

Global Average " 0.05 ' 0.02 - 0.02 0.04

) 5B
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The method used here, and described in the land atlas, is designed to obtain the true average
amounts of each type of cloud, not the non-overlapped amounts seen from above or below. The
low cloud amounts are always directly observed, but often for As/Ac and Ci (and occasionally for
Ns), assumptions must be made about the amounts of upper clouds which are hidden from the
ground-observer’s view by intervening lower clouds. To obtain amount-when-present (awp) of a
middle or high cloud the method uses the random-overlap assumption (Telegadas and London,
1954) when just two layers of cloud are present, and assumes that awp is the same on average for
observations where it cannot be calculated as for observations where it can. The awp of middle
and high clouds is computed only if N}, < 6, because the random-overlap equation is inaccurate

when N, = 7, as explained on pp. 11-12 of the land atlas.

The situations where the random-overlap assumption was used are listed in Table 5. The
validity of this assumption has been examined by Tian and Curry (1989), using the cloud levels
obtained by the Air Force 3-D Nephanalysis (3DNEPH) over the North Atlantic, which includes
aircraft reports of clouds. For vertically-separated cloud layers the random-overlap assumption
performed better than either maximum-overlap or minimum—overlhp. If the 3DNEPH analysis of
vertical cloud distributions is accurate and representative, it appears that we could not do better
than to assume random overlap. For horizontal resolution 45 km the 3DNEPH data implied
slightly more overlap than random overlap, by 1%, and at 90 km resolution there was slightly less
than random overlap (the random overlap assumption causing the calculated sum of middle and
high cloud amounts to be about 5% too high). The ground observer’s ficld of view is probably in
general intermediate between 45 and 90 km diameter.

The assumption that awp for upper clouds when it cannot be calculated is the same as when
it can be calculated is tested by comparing awp for the various classes of observations in which it
can be calculated. For example, awp of Ci can be computed when Ci occurs alone, or together
with a low but no middle cloud, or together with a middle but no low cloud. It cannot be com-
puted when Ci occurs together with both low and middle clouds, or when the lower cloud is over-
cast so that even the presence or absence of Ci is not known. Table 6a shows, for sclected oce-
anic boxes, the average awp of As, Ns, and Ci in the various situations. The values are often very
similar for the different situations. Even where they are not, the error in overall awp caused by
using their average in the cases where awp cannot be computed is usually rather small. The
potential error is greater for cirrus than for other types. Table 6b shows that half of the
occurrences of cirrus are either hidden above a lower overcast or visible but present together with
both low and middle clouds. Thus if the true awp for this category of Ci was 10% diffcrent from
the average of the computable cases, then our assumption that it was no differcnt would cause a
5% error in the average awp for Ci of all categories, and in a typical box with 37% frequency of

Ci would cause a 2% error in cirrus amount.




Table 5.

Use of the random-overlap assumption.

In computation of

The random-overlap assumption is

always used | frequently used | occasionally used | never used

total cloud cover X
amount of Cu X

Cb X

St/Sc x

Ns X

As/Ac X

Ci/Cs/Cc
frequency of fog X

clear sky
X

co-occurrence probabilities

3,
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Table 6a.
Test of the hidden-cloud assumption for amount-when-present. Ship observations for MAM 1971 were analyzed
in twenty 5° x 5° boxes selected because they had large numbers of observations and were well distributed geo-
graphically across the ocean. The average amount-when-present was obtained for each middle or high cloud type
under various situations. Results are listed here if there were at least fifteen obscrvations in a category.
Amount when present (percent) W
Grid box As/Ac Ns Ci/Cs/Cc
with low alone or with with alone or with with middle with low
but no high but low but high but but no but no alone
latitude longitude high no low no high no low low middle
75-80 N 175-180 W 81 98 68
65-70 N 0-5E 52 41 98 98 21 20
55-60 N 0-5E 44 53 97 94 29 34 38
55-60N 15-20 W 62 64 96 97 33
50-55N 140-145 W 65 52 97 100 41
50-55N 35-40 W 66 54 99 99 45 42 54
50-55 N 1520 W 54 100 99 30
45-50N 50-55 W 68 51 100 48 28
40-4SN 70-715 W 19 66 100 25 27 43
40-45N 65-70 W 60 57 99 44 34 37
35-40N 70-75 W 59 52 99 99 47 41 42
35-40N 65-710 W 64 55 97 48 36 48
30-35N 155-160 E 47 99 25
30-35N 160-165 E 62 42 96 99 43 45 50
30-35N 135-140 W 50 60 97 43
30-35N 115-120 W 40 46 99 36 39 38
15-20N 105-110 E 43 46 99 47 42 43
0-5N 0-5E 50 51 97 100 23 32 43
0-5N 85-90 W 47
10-15 S 150-155E 65 33
Average of all reports 54.2 53.7 97.0 98.7 435 383 44.4
in these boxes
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Table 6b.

Distribution of middle and high cloud reports among various categories, for the boxes
listed in Table 6a, as fractions of the set of observations in which the specified cloud
type was present, whether observable or not. The percent frequency with which higher
clouds are inferred to be present behind a lower overcast was taken from global aver-
age values given in Figure 2 of Hahn et al (1982).

percent of reports with this

As/Ac situation
with low but no high 37
alone or with high but no low 20
three levels reported present 18
inferred present behind a lower overcast 25
Ns

with low but no high 37
alone or with high but no low 58
three levels reported present 5
inferred present behind a lower overcast 0*
Ci/Cs/Cc

with low but no middle 24
with middle but no low 8
alone 17
three levels reported present 16
inferred present behind a lower overcast 35

*The presence or absence of Ns can always be ascertained by checking the present-
weather code; Ns never has to be inferred statistically.
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The frequency of occurrence (f) of cirrus is assumed to be the same when it cannot be seen
as when it can be seen, but for As/Ac an adjustment is applied, based on Figure 6, which show
that f(As) increases as low cloud amount in individual observations increases from 0/8 to 7/8.
This probably happens because small values of Ny are usually associated with Cu and large
values with St, and the probability of As given St is larger than that given Cu
[i.e.P(St—>As) > P(Cu—As)] (Warren et al., 1985). Figure 1a of Hahn et al. (1982) shows that
P(St—As) is nearly independent of St amount, at about 50%, the same as the asymptote in Figure
6 here. ’I'he case of Cy=/, when the presence or absence of As cannot be determined, occurs with
low overcast (N;,=8), which is likely to be St rather than Cu. For As, therefore, f is assumed to be
the same when it cannot be seen as when it can be seen with low cloud amount in the range 3/8 -
7/8, not 0/8 - 7/8 [In the land atlas this was incorrectly stated as 6/8 instead of 7/8]. No such
adjustment was applied for Ci because the bias to be avoided is smaller in the case of Ci (Figure
6); however, f(Ci) was computed only from observations for which N, < 6, to reduce the partial-
undercast bias. Further details and discussion of the method are given in the land atlas. The frac-
tion of reports that contain information about the middle and high cloud levels over the oceans is
given in Maps 8-9 of Hahn et al. (1982). It is on average 75% and 65%, respectively.

€. Base heights

The base height of the lowest cloud is sometimes measured, but in most of the reports it is @
estimated subjectively. To compute the average base height, we assign to each report the mid-
point of the range in meters corresponding to the code value (WMO, 1974). Meaningful averages
can only be formed for cloud types whose bases are always reported as less than the upper limit
of the code, 2500 m. These types are Cu, St, and Cb. Because the reporting of height codes did
not stabilize until about 1954 (Figure 5a), the maps of base height use only data for 1954-1981.

f. Calculation of average cloud amounts

The true mean cloud cover, or frequency of occurrence or awp of a cloud type, may differ
from the mean of a finite number of reports, which is what we compute. Inadequate sampling can
lead to both random errors and biases. We first describe a pre-averaging procedure which is
designed to reduce (but not eliminate) a number of possible biases. Then we examine the random

error in order to specify a minimum number of reports required to form representative averages.
1) "Compressed"” observations

Unlike the situation on land, the clouds in a 5°x5° grid box in the ocean are not reported
regularly. At 12:00 GMT on a particular day there may be several ships in the grid box making
weather observations but at 12:00 GMT on the next day only one ship, and on the third day no
ships. In this example our policy is to say that the 5°x5° grid box was sampled only twice for the Q
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Figure 6.
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12:00 synoptic hour. All observations made during a single three-hour period (centered on the
GMT hours divisible by 3) on a particular date in a particular 5°x5° grid box are averaged
together to form a "compressed obscrvation” (not to be confused with "compressed marine
reports” mentioned in Section 2). Subsequent analysis of average cloud amounts is based on
compressed observations. The justification for this policy is our expectation that the cloud cover

(and type) usually changes from day to day more than it changes geographically within a 5°x5°

800 ] L '7 T I T ' T
box at a particular instant. [However, we have not performed a quantitative test of this cxpecta-

tion.] In the example above, the first and second days count equally in our analysis, even though

the second day was sampled by only one ship. 700

T

The use of compressed observations reduces the fair-weather bias (the tendency for more
ships to enter a 5°x5° box on days of fair weather), the foul-weather bias (the tendency of ships to
oversample stormy or foggy weather because they are traveling more slowly), the day-night bias

(somewhat more reports are transmitied by ships during the day than at night), and the trend bias

—

600 NORTHERN

HEMISPHERE

500+
(a box may be sampled more in later years than in earlier years). Furthermore, the presence of

duplicate observations in the dataset (some duplicates still remain in COADS) does not damage

our analysis if they are preaveraged by us to form a compressed observation. 400+

The procedure to create a compressed observation is straightforward for total cloud cover,
and for cloud types was done as follows. If different ships in the box reported different cloud

types, each of those types was given a fractional count in the sums being accumulated to obtain

300

frequency of occurrence of the types. Amount-when-present for a cloud type was also averaged
200+

SOUTHERN
HEMISPHERE

to form a compressed observation if there were more than one ship (in the 5x5° box in the 3-hour
period) reporting that particular type of cloud. The analysis of base height, however, used indivi-

dual observations not compressed observations. 100

T

The space-time grid for creation of compresscd obscrvations is always 5°x5° and 3 hours.

NUMBER OF COMPRESSED OBSERVATIONS PER YEAR (THOUSANDS)

A 10°x20° box, therefore, could acquire as many as 8 compressed observations during a single

1 1
three-hour period. The number of compressed observations used in the analysis for cach year is 1930 1940 1950
shown in Figure 7.

2) Minimum number of reports required to compute an average

A series of tests was performed to estimate the expected error in average total cloud cover . . : o
Figurc 7. Number of compressed observations per year, by hemisphere. Data prior to and

including 1979 came from COADS; data for 1980-83 (dashed lines) came from
were done on observations from ocean weatherships, because they sampled essentially every FNOC telecommunications receipts.

synoptic hour in their entire period of record. Periods of record from one month to 26 ycars were

as a function of the number of observations used to compute the average. Most of these tests

used (Table 7). The average of all the observations in the period of record was assumed to be the
true average cloud cover for that period. Averages formed from subsets of varying size drawn
randomly and repeatedly from the complete set differ from the "true" average, giving an estimate

of the expected sampling error. The experiment was done as described in section 3f1 of the land
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Table 7.
Data used for estimating expected error in cloud cover
as a function of number of observations
Standard RMS error
Weathership Number Average deviation of in average
name and Period of of cloud cloud individual %-cloud-cover
location record used reports cover (%) | observations if only 100
of %-cloud-cover | reports used
P MAM 1966 730? 86 21 2.0
50°N 145°W
T JIA® 1966 730° 65 32 3.3
29°N 135°E
v MAM 1966 730° 79 27 2.5
34°N 164°E
All ships,
including
transients, MAM 1971 6386 78 26 2.8
30°-45°N, compressed
150°-180°E observations
MAM 1966 7302 78 22 2.2
MAM 1949-1970 160002 79 25 2.3
MAM 1949-1970, 0 GMT 20002 78 27 2.6
MAM 1949-1970, 3 GMT 2000* 78 27 2.6
MAM 1949-1970, 6 GMT 20002 80 23 24
M MAM 1949-1970, 9 GMT 20002 79 24 2.5
66°N 02°E MAM 1949-1970, 12 GMT 20002 79 24 24
MAM 1949-1970, 15 GMT 20002 79 25 2.4
MAM 1949-1970, 18 GMT 20002 80 23 2.0
MAM 1949-1970, 21 GMT 2000* 78 26 3.1
March 1966 249 82 20 1.6
April 1966 243 76 23 1.9
May 1966 252 77 23 1.9
March 1949-1970¢ 5269 78 26 2.5
April 1949-1970° 5071 80 24 22
May 1949-1970¢ 5329 79 25 2.7
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Table 7, continued.
Standard RMS error
Weathership Number Average deviation of in average
name and Period of of cloud cloud individual %-cloud-cover
location record used reports cover (%) | observations if only 100
of %-cloud-cover | reports uscd
MAM 1966 7307 70 32 3.1
MAM 1947-1972 160002 74 29 3.0
MAM 1947-1972, 0 GMT 20002 72 29 2.8
MAM 1947-1972, 3 GMT 20002 73 28 3.3
MAM 1947-1972, 6 GMT 20002 68 33 3.0
N MAM 1947-1972,9 GMT 20002 70 33 3.6
30°N 140°W | MAM 1947-1972, 12 GMT 20002 72 33 3.3
MAM 1947-1972, 15 GMT 20002 78 28 2.9
MAM 1947-1972, 18 GMT 20002 77 27 2.5
MAM 1947-1972,21 GMT 20002 73 28 2.9
March 1966 253 67 35 3.1
April 1966 245 74 30 2.3
May 1966 253 70 31 2.8
March 1947-1972¢ 6538 74 29 2.9
April 1947-1972°¢ 6302 74 29 2.6
May 1947-1972°¢ 6559 72 30 3.2

*Approximate number of reports

chathership T operated primarily during the summer typhoon season, so JJA was used instead of MAM.

“These data are used in Figure 8.
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atlas. The March-April-May season was used for convenience.

The results were similar for all five weatherships tested. Two ships (M and N) were
selected for more exhaustive studies than the other three, and expected errors obtained from data
of these two ships are plotted (log-log) in Figure 8. Also plotted for comparison are lines with
slope = -0.5 exactly (not a least-squares fit). As was the case for the land data, the points fit
approximately to these lines, which means that the error is proportional to Vi/n (where n is the
number of observations), as would be expected for independent samples. The expected error is
smaller for ship M than for ship N. This is because the cloud cover is less variable in the
Norwegian Sea than in the eastem Pacific (standard deviation of observations typically 25% and
30%, respectively, as shown in Table 7). This difference is consistent with the fact that the aver-
age cloud cover is greater at ship M than at ship N. As the average cloud cover approaches
100%, the standard deviation of observations must approach zero. There is a good correlation,
apparent in Table 7, between the root-mean-square (RMS) error and the standard deviation of

observations.

The expected error is smaller for the ocean areas than for land areas, because of the smaller
day-to-day variability in cloud cover over ocean. To reduce the expected error in mean cloud
cover below 3%, only 100 observations are needed, as opposed to 200 over land (Figure 5 of the
land atlas). [Note that whenever values for standard deviation, or changes, or differences, or
expected error, or variability, of the quantities cloud frequency or amount are given in this atlas,
the units are always percent of sky covered or percent frequency of occurrence, not percent of the
mean. For example, if the average cloud cover fraction is 0.5 and its expected error is 0.03, we

report these values as 50% and 3% respectively.]

Table 7 shows that the expected error with 100 observations is not much affected by the
length of the averaging period. It is about the same whether the observations used for the test are
pooled from one month, or one season, or many years of one month, or many years of one season.
It is also insignificantly smaller if the observations are all taken from just one of the eight synop-
tic hours. This is because the systematic month-to-month, year-to-year and day-to-night variation
in average cloud cover is much smaller than the random variations in instantaneous cloud cover,

as explained in the land atlas.

These tests on weatherships do not include the sampling error caused by geographical varia-
tion of average cloud cover within the 5°x5° or 10°x20° boxes used for the climatology. We
therefore also tested one large oceanic box (15°%x30°; in the central North Pacific). Table 7 shows
that random sampling of these data leads to only slightly greater RMS error than for the weather-

ship V which is contained within that box.
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Figure 8. Expected error in monthly. or- seasonal mean cloud cover for an ocean weather
station, as a function of the number of observations used to compute the mean.
The dataset used here was synoptic observations for many years of the month of
March, or April or May, from Weathership M in the Norwegian Sea and Weath-
ership N in the eastern North Pacific (see Table 7). Root-mean-square (RMS)
errors were similar for the three months, so only the average of the three values
is plotted here. Also plotted for comparison are lines with slope = -0.5 exactly
(not a least-squares fit).
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The expected error as a function of the number of compressed observations would be some-
what smaller than shown in Figure 8, in boxes which usually have more than one ship reporting
simultaneously, because the tests for the figure were done on individual observations. However,
in such well-sampled boxes the sampling error is small anyway; reference to this figure is needed
not for those boxes but rather for the poorly sampled boxes where the number of obscrvations is a
few hundred or less, and in such boxes the number of compressed observations is nearly the same

as the number of individual observations.

On the basis of this analysis we require a minimum of 100 compressed observations 10 form
a multi-year seasonal average cloud cover or an average frequency-of-occurrence for a cloud type
in a 5°x5° or 10°x20° box. Boxes which are blank on the maps failed to satisfy this criterion or
other criteria described below. Unlike the situation on land, the accuracy of our average oceanic
cloud amounts is often limited by the number of observations. Maps 2-5 and 109 show the
number of compressed observations in each box; they can be used together with Figure 8 to esti-
mate the random sampling error. The true error will be larger than this because there are also bias
errors, and because the data set contains mislocated observations; both are discussed below. The
bias errors will be the dominant sources of error in many of the northern-hemisphere boxes where

the number of observations greatly exceeds 100.

The minimum number of observations needed to obtain an average value of amount-when-
present was usually set lower than 100, as described in the land atlas. A value of awp was used to
compute amount (as f x awp) only if awp was computable in at least 0.6 x 100 x f observations;
otherwise amount was left blank. For maps of awp itself, we required that awp was computable
in at least 30 or 0.6 x 100 x f reports, whichever was larger. The discussion and justification of

this is on page 15 of the land atlas.
3) Order of steps in the averaging procedure

There are several ways in which the multi-year average cloud cover or frequency of

occurrence of a cloud type can be obtained for a season:
(a) All observations averaged together, weighted equally;

(b) All observations from a single year averaged together irrespective of time of day, then the
yearly means averaged together;
(c) All observations for a particular synoptic hour averaged together, irrespective of year, then the

eight means averaged together.

This list is, of course, not exhaustive. The averages formed in different ways may differ because

of sampling biases.

Method (c), applied to individual observations, was used for the land atlas. For the ocean

analysis we used instead method (a), applied to compressed observations. Over the ocean we do
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not have severe geographical biases because of the homogeneous topography. Method (b) would
eliminate the trend bias, and method (¢) would eliminate the day-night sampling bias, if there
were sufficient numbers of observations to form averages of cloud amount for each synoptic hour
or for each year-season, or (ideally) for each synoptic hour of each year-season. However, there
are many 5 x 5° boxes in the ocean where only 100 observations were reported in the entire 30
years (of one scason), so for these areas method (a) is the only option. The day-night sampling
bias, which was severe at some land locations, is not as important in the ocean areas because
almost as many observations ar¢ made at night as during the day and because of our preaveraging
to form compressed observations. In regions of heavy ship traffic where other averaging methods
are feasible, we find that the average cloud cover computed according to methods (a), (b), or (c)
differ from each other generally by less than 1% for individual boxes, and the differences are ran-

domly distributed so that regional or global averages are essentially unaffected.

4) Special considerations

The frequencies of reported cirrus and As/Ac over the ocean exhibit a diurnal cycle which
we think is partly spurious, due to the frequent inability of observers to detect these clouds when
they are present at night. This also may cause a spurious signal in the diurnal cycle computed for
the frequency of clear sky, with maximum near midnight. This is a problem which has long been
recognized. It was documented by comparing the average cloud cover reported at night from
ships at the time of full moon with that for the time of new moon (Figure 107 of Sverdrup, 1933;
Riehl, 1947).

We find that the reported frequency of occurrence of cirrus is 37% during daytime and 20%
at night (global ocean average), and of As/Ac is 47% in daytime and 34% at night; while awp for
these types exhibits a much smaller (and oppositely directed) diumal cycle. This pattern is illus-
trated in Figure 9 for one grid-box. The abrupt rise and fall at sunrise and sunset (in contrast to
smoother variation of Cu and St), and the longer span of high frequency of occurrence in summer
corresponding to the greater number of daylight hours, suggest an observer bias (the "night-
detection bias") rather than a true diurnal cycle. The night-detection bias appears to be more
severe over ocean than over land, probably because of the more frequent occurrence of low
clouds over the ocean, which make night-time detection of the higher clouds more difficult than

over land.

Therefore, for the maps of Ci, As, and clear-sky, only the observations made between 0600
and 1800 local time were used. This is indicated on the map headings as "6-18 LT". [Poleward
of 75° latitude for 5° x 5° boxes, and poleward of 70° for 10° x 20° boxes, all observations were
used.] Frequencies of Ci and of As reported in this atlas therefore differ from those given by

Hahn et al. (1982) because that earlier atlas included night-time observations.
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No diumal cycles of Ci, As, and clear-sky are included in the maps because of the night-
detection bias. [The values are, however, available on tape (Section 9).] The diumal cycle of
total cloud cover is mapped but it is surely contaminated to some extent by spurious diurnal
cycles of As and Ci. Day-only values of total cloud cover are also available on the tape but are
not included in this atlas. They are larger than the average of all synoptic hours, by 1.4% on glo-

bal average.

The diurnal variation is not always well represented by a single harmonic, as illustrated in
Figure 9 for St/Sc in DJF. The average values for each of the eight synoptic hours, as well as the
variance accounted for by the first harmonic, are available on tape (Sec. 9), and these can be con-
sulted if more detail is desired about the diumal cycle. The diurnal cycle is reported on maps for

cloud-type amounts, but not for f and awp. Their diumnal cycles are available on tape.

The diumal cycle of total cloud cover was computed using data from 1954 to 1983. It was
completed before we decided to use the 1952-81 period instead for our climatological analyses.
This should not affect the results because (a) the changes in the synoptic code beginning 1982
should not affect the diurnal analysis of total cloud cover, and (b) the difference in number of
observations between day and night (which becomes significant after 1980) cannot bias the com-

putation of harmonic analyses.

h. Zonal and global averages

The ocean box values in a zone were averaged, weighted by the fraction of ocean area in
each box, 10 give the zonal average for the ocean part of the zone. The zonal average is listed off
the right-hand side of each map if the quantity to be averaged was available for at least one-third
of the ocean boxes in that zone. These zonal averages were then averaged, weighted by the ocean
area in each zone, to obtain the global average printed at the bottom of each map. On maps with
large zonal variations in the mapped quantity, missing zones can cause the computed global aver-

ages to be inaccurate (e.g. Map 144c for Ns in JJA).

The zonal and global averages printed on maps of awp are averages for boxes, not weighted
by f for each box, so the zonal and global averages of amount may not exactly equal the product

of zonal and global averages of f and awp.

Zonal and global averages were not computed for the phases of the annual and diurnal

cycles.
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g. Diurnal cycle

In many regions the frequencies and amounts of the cloud types undergo systematic varia-
tions over the course of the day. These variations can also cause a diurnal cycle in total cloud
cover. The diumal cycle is sampled at most eight times per day in our analysis because of our
use of compressed observations and because most synoptic reports are made only at GMT hours
divisible by 3.

Here we examine only one aspect of the diurnal variations: the amplitude and phase of the
first Fourier component (24-hour period) of the mean diumal cycle. Multi-ycar seasonal mean
values of cloud amount are formed for each of the eight synoptic hours. A cosine curve is fitted
to these eight values if all are available (i.e. if there were at least 100 compressed observations at
each synoptic hour so that an average could be formed at each hour); otherwise the curve is fitted
to the four values for 0, 6, 12, 18 GMT if those four were all available. Diurnal cycles were com-
puted only for the 10° x 20° boxes because the number of observations was insufficient in many
of the 5° x 5° boxes.

: The amplitude and phase (local mean-solar-time of maximum) of the cosine curve are
mapped. The phase we report is the maximum of the cosine curve, not necessarily the peak of the
déily cycle. The amplitude we report is the amplitude of the cosine curve, which may be more or
less than half the range of the eight values. As explained in the land atlas, it is also possible for

the amplitude to be larger than the mean reported on the maps.

As an example, Figure 9 shows, for two seasons in a 10° x 20° box in the North Atlantic,
the diumal cycles of total cloud cover and of the four cloud types contributing most to the total
cloud cover. This box was well sampled by transient ships and did not contain any wecatherships.
The number of compressed observations was about 15,000 at cach of the 6-hourly synoptic times

(0, 6, 12, 18 GMT) and about 1800 at the 3-hourly times (3,9, 15,21 GMT).

For Ci and As the frequency and awp are shown as well as the amount in Figure 9, illustrat-
ing the apparent night—detectiori" biz‘iis‘ifx freqﬁéricy of occurrence. In this example, the awp
reported at the 3-hourly times is larger than that at the 6-hourly times, indicating that the
observers on ships reporting 8 times per day estimate larger cloud amounts than those on ships
reporting only 4 times per day. This causes a zigzag pattern which is especially apparent in awp
of As for DIF. We are not certain of the explanation for this difference in cloud amount esti-

mates, but it could partl); be due to a foul-weather bias to be discussed in Section 4.

Cumulus shows the normal pattern of a maximum in early afternoon, and summer stratus

shows its typical pattern of a maximum in early moming.
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Figure 9. Examples of diumnal cycles. All are for a grid box in the North Atlantic at 30-
40°N, 20-40°W, for December - January - February (DJF) and Junc - July -
August (JJA). Diumal cycle of total cloud cover is at the top left, followed by
the four types with largest diurnal cycles. A cosine curve is fitted to the eight
data points, except for Ci and As/Ac. "Local time" is mean solar time for the
center of the box. ’
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i. Interannual variations and trends

Values of total cloud cover and cloud-type amounts were computed, at 10° x 20° resolution
only, for individual seasons of individual years which had at least 100 compressed observations.
The number of years between 1952 and 1981 which satisfied this criterion is given on Map 111.
It is at most 30. A least-squares straight line was fit to the values if at least 15 years were
represented, spanning at 1east225 years. The difference between the values of this line at 1981
and 1952 is the "trend" mapped in this atlas. (To obtain the change per year, the mapped values
should be divided by 29.) The standard deviation of the individual yearly values about the trend
line is the (detrended) "interannual variation" (IAV) on‘the maps. The trend is displayed on the

maps only if it is greater than its uncertainty, or if the uncertainty is less than 2%.

The IAV as computed here may be larger than the true IAV in boxes with small numbers of
observations, due to the possible error in the seasonal means caused by inadequate sampling (Fig-

ure 8).

We computed the trend of the zonal average by computing a zonal average for cach year
and fitting a trend-line to those values. [The same was done for the global trend.] This is usually
a more accurate estimate than would be obtained from a zonal average of the trends for individual
boxes. Since this procedure differs from the way zonal averages were formed on other maps, we
indicate this in the trend maps by the label "zonal trend” (trend of the zonal average) instead of
"zonal average" (zonal average of the trend). This distinction would be unnecessary if all boxes
in the zone were represented in each year. A minimum of 100 observations was required to form
an average for an individual box in a single year-season. If a box was missing in a particular
year, the multi-year cloud amount for that box was used as a bogus value when computing the
zonal average cloud amount for that year. This procedure was done because different boxes are
missing in different years, which would lead to excessive computed interannual variation and
some spurious trends if they were just left out of the computation. Our procedure biases the zonal
cloud amounts for individual seasons toward the long-term mean when boxes are missing in some
years, so this procedure will probably result in computed interannual variations and trends which

are somewhat smaller than the true values.

j.- Time series plots

The individual seasonal means of cloud amounts (from which trends and interannual varia-
tions were computed) are plotted on graphs of cloud amount versus year, on the microfiche
attachment. For each cloud type, and for clear sky, fog, and total cloud cover, a plot is drawn for
each season (DJF, MAM, JJA, or SON) for each 10° x 20° box. Plotting by season is done so as




to remove the annual cycle from the plots such that interannual variations are clearly displayed.
A point is plotted for a particular year-season if the box contained at least 100 compressed obser-
vations in that season in that year. [The later years generally have more observations than the

ecarlier years.]

Time series are also plotted for zonal, hemispheric and global averages. They were com-

puted as described in the previous section (3i).

The time series for the cloud types, and for clear-sky and fog, cover the years 1952-1981,
the same years used for the maps. For total cloud cover, however, the time series cover the 52-
year period 1930-1981, because in our inventory of the data (Sec. 2b) we found no compelling

reason to exclude the earlier years from the analysis of total cloud cover.

The first 36 microfiche cards contain 251 plots each. Each card contains all the plots for a
single cloud type for a single season. The 251 plots are for the 230 boxes, plus 18 zones, plus the
two hemispheres and the globe. The 37th card contains plots of annual average cloud amount,
for zonal, hemispheric, and global averages only, not for boxes. An annual average value for a

particular year was plotted only if all four seasons were represented for that year.

These plots should be useful for the study of climatic anomalies known to have occurred in

particular regions and years (e.g. El Nind).

k. Post-1981 analyses

The maps in this atlas (except for the analyses of diurnal cycle) resulted from analyses of
data from 1952 to 1981. We will have to change our procedure of rejecting observations with
Ny =/ and Cp =/ in our future analysis of the post-1981 data, because under the new rules insti-
tuted in 1982 the observer is permitted to omit the ww code if ww = 00, 01, 02, or 03, and is per-
mitted to omit the codes for N, ,h, C;, Cy, and Cy if N = 0 (no clouds). Thus since C; =/ no
longer (after 1981) necessarily means an observer who never reports cloud types, another test will
have to be devised to eliminate this class of observations. A "present-weather indicator,” iy, has
been introduced into the code to make this distinction, but it was not archived in the data source

we were using. It will be avallable in future work.

It was mentioned in Sec. 3a that observations of N =9 together with ww = / were converted
to N = 8 for the analysis of total cloud cover, and that only about 0.1% of the observatlons were
affected. However, in 1982 and 1983 a substant1a1 fractlon of all reports 2 4% and 2.9% respec-
tively, have N=9 and ww=/. This change 1s probably related to the change in coding procedure
instituted in January 1982. It seems unhkely that these are all cases of fog or precipitation, since
the frequency of N=9 with ww coded explicitly as fog or precipitation is no less in 1982-3 than in

earlier years. Our analysis of the 1982-3 data, which is not included in this atlas but is on the
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archive tape, therefore gives total cloud cover values which are on average 1% too large because
we converted observations of (N=9, ww=/) to N=8. The 1982-1983 data will be reanalyzed in the
future,

4. BIASES

There are many biases which can affect analyses of cloud amounts from surface weather
observations (several of which have already been mentioned), and we have probably not
identified all of them. Some biases apply to both land and ocean areas but others are specific to
ships or to land stations. The night-detection bias was discussed in Section 3f4; because of its

severity we use only daytime observations to establish the climatology of As/Ac and cirrus.

a. Day-night sampling bias

As explained in Section 2, the number of night-time observations in our dataset nearly
equals the number of daytime observations through 1979, but in 1980-81 there are relatively
fewer night-time observations. Map 110 shows that over the entire period of record, an average
of 52.0% of the compressed observations over the global ocean were made during daytime. Since
the daytime average reported cloud cover exceeds the night-time average by 4%, the day-night
sampling bias causes our reported cloud cover values to be too large by only 0.1%, on average.
However, since the fraction of daytime observations increased from 52% in 1952-1979 to 59.4%
in 1980-81 because of our shift to a different data source, spurious trends can result. The com-
puted cloud cover for 1980 and 1981 is, on average, 0.3% higher than it would be if the fraction
of daytime observations had not changed. This correction should be considered when interpret-
ing the values of total cloud cover for 1980 and. 1981 shown in the microfiche attachment.

b. Geographical sampling biases

Ships do not sample all parts of a 5° x 5° box (or 10° x 20° box) equally; there are favored
shipping routes which may cause part of a box to be over-sampled. The resulting bias in cloud
amounts may be less severe than the corresponding bias over land because the ocean surface has
uniform topography. This bias would be most significant in the coastal regions, where steep gra-
dients in cloud amount occur. Some ships siop mziking observations when they come within
sigﬁt of port; other ships continue to make observations while docked. We did not exclude from
our analysis the observations by ships in port, and we do not know what fraction of the observa-

tions for coastal boxes are of this type.
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c. Fair-weather bias and foul-weather bias, and observer bias

There are sampling biases that apply specifically to ships, because ships, unlike land sta-
tions, do not normally report from the same fixed position. Ships may slow down because of
high anes or poor visibility in storms or fog, thus over-sampling these weather types, causing a
"foul-weather bias." There are also ships which do not report regularly but instead record only a
few observations per season, as is evident in the lists of number of reports received from cach
ship given in each issue of the Mariners Weather Log. These rare observations may not be
representative of the climate; they may tend to be reports of extreme severe weather events.
(However, such ships contribute only a small fraction of the total number of observations.) Furth-
ermore, the US ships are requested by NOAA to record observations routinely every six hours,
but also to record observations at the intermediate 3-hourly times if winds exceed 34 knots or
visibility is below one-half mile. These practices would all cause a bias toward increased total
cloud cover and, particularly, increased nimbostratus. The statistics of the 3-hourly obscrvations

do differ sometimes from those of the 6-hourly observations, as Figure 9 shows.

On the other hand, ships may alter their route or delay their departure from port to avoid a
forecast storm. If a ship is caught in a storm or in fog the observers may neglect to make weather
observations because they are too busy with navigational tasks. These practices cause a "fair-
weather bias" which counteracts the foul-weather bias. We have evaluated the net result of these
biases, as described below, and find that the fair-weather bias prevails but is still quite small.
Analyses of the earlier years of COADS (beginning 1854) may be subject to a larger fair-weather
bias because sailing ships travel more slowly when the winds are light, the usual condition with
fair weather (Wright, 1986).

The fair-weather (or foul-weather) bias is evaluated by comparing observations from the
nearly-stationary weatherships (which, when on-station, sample the weather near their assigned
point every three hours throughout the year and therefore have no fair-weather bias) to those of
transient ships passing near the weatherships. Studies of this sort have been carried out by
Bunker (1976) and Quayle ("1980). The weatherships whose data we analyz-cd, and the few
weatherships still remaining in operation, are all in the mid-latitudes of the northern hemisphere
(Diaz et al., 1987).

We have used the data source described by Quayle (1980), which includes the reports from
transient ships passing near a weathership (within 1° of latitude and longitude). Quayle’s study
used five weatherships, and he supplied us the selected data for the surrounding transient ships.
The results are summarized in Table 8. When individual observations are averaged, the average
total cloud cover reported by the transients is 2.0% less than that reported by the weathership.
Use of compressed obscrvations slightly reduces the average bias to 1.8%. There is considerable
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: ] Table 8. Fair-weather bias and observer bias
a. Weatherships used
number of
period of | number | observations from
Weathership location record of years | nearby transient ships
C 52°45'N, 35° 30'W 1949-71 23 36,000
D 44°N, 41°W 1949-71 23 8,000
E 35°N,48° W 1949-71 23 26,000
N 30°N, 140° W 1954-73 20 45,000
A% 34°N,164° E 1955-71 17 58,000

b. Bias in total cloud cover

Bias in total cloud cover, transient-minus-
weathership (average of five weatherships)

total bias without pre-averaging (individual observations) -2.0%
total bias after pre-averaging (compressed observations) -1.8%
observer bias (simultaneous observations) -1.4%
G fair-weather bias (residual) -0.4%

c. Cloud types contributing to the observer bias. Bias in total cloud cover (transient-
minus-weathership) when weathership reports the specified cloud type. Other types (at
other levels) may be present simultaneously. Units are percent-cloud-cover. Values are
listed only if the difference is at least 0.3%.

Weathership
C ) E N v
Cp =1 +06° 404 +0.8 +0.7
2 o +0.3
5 . .-08 BEEE 0.5 0.8 0.6
6 . 03
8 0.4 -1.8 -0.8
9 .
Cy =2 0.4 03 -0.4
3 -0.5 0.3
7. . 04 - . 03 . - 09 -0.3 0.5
Cy =2 | o 0.4 0.4
6 0.4
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variation with season and among weatherships in these values, perhaps because of the limited

number of transient ships, so only the average of all five locations i