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ABSTRACT

Synoptic surface cloud observations are used to examine interdecadal variability in global ocean cloud cover
between 1952 and 1995. Globa mean total cloud cover over the ocean is observed to increase by 1.9% (sky
cover) between 1952 and 1995. Global mean low cloud cover over the ocean is observed to increase by 3.6%
between 1952 and 1995. Trends in zonal mean total and low cloud cover in 10°-latitude bands between 40°S
and 60°N are all positive, and trends in the Southern Hemisphere and Tropics are generally as large or larger
than trends in the midlatitude Northern Hemisphere. This argues against attribution of increased cloud cover to
increased anthropogenic aerosol. Although it is possible that global cloud cover is responding to some other
global parameter, perhaps global temperature, it is not clear what underlying physical mechanism would cause
substantially different processes in the Tropics, subtropics, and midlatitudes to all produce increasing cloudiness.
On the other hand, the fact that ships with a common observing practice travel over most of the global ocean
suggests a possible observational artifact may be largely responsible for the upward trends observed at all
latitudes. Potential causes of artifacts are examined but do not provide likely explanations for the observed
interdecadal variability. Thus, it remains uncertain whether the observed increases in global mean ocean total
and low cloud cover between 1952 and 1995 are spurious. Corroboration by related meteorological parameters
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and satellite-based cloud datasets should be required before the trends are accepted as real.

1. Introduction

Although cloudiness is one of the most important
variables influencing the earth’s radiation budget, our
present understanding of the role of cloudiness in the
climate system is limited. Current general circulation
models do not consistently and correctly simulate cloud-
iness (e.g., Cess et a. 1996; Weare et a. 1996), and
satellite cloud datasets such asthe International Satellite
Cloud Climatology Project (ISCCP; Rossow and Schif-
fer 1991) have records too short to examineinterdecadal
variability. For these reasons, studies involving surface
cloud observations are crucial for investigating cloud—
climate interaction. Most investigations of interdecadal
variability in cloudiness have examined total cloud cov-
er over land regions (e.g., Angell 1990; Henderson-Sell-
ers 1989, 1992; Jones and Henderson-Sellers 1992; Karl
and Steurer 1990; among many others), but an increas-

* The National Center for Atmospheric Research is sponsored by
the National Science Foundation.

Corresponding author address: Joel R. Norris, NCAR/ASP, PO.
Box 3000, Boulder, CO 80307-3000.
E-mail: jnorris@ucar.edu

© 1999 American Meteorological Society

ing number are examining cloud amount and type over
the ocean (Bajuk and Leovy 1998b; London et al. 1991;
Norris and Leovy 1994, 1995; Norris et a. 1998; Pa-
rungo et a. 1994; Warren et al. 1988). The results of
the ocean studies indicate that significant trends in cu-
mulonimbus, low-level stratiform cloudiness, and mid-
level stratiform cloudiness have occurred over various
regions of the ocean in recent decades, but the very
large magnitudes of some of the trends raises questions
as to whether they are real or spurious (Nicholls et al.
1996). In fact, Bajuk and Leovy (1998a) conclude that
interdecadal variability in the frequency of occurrence
(FQ) of various low cloud types is dominated by ob-
servational artifacts. Considering the large impact that
cloudiness has on the climate system, it is essential to
both document interdecadal variability in cloudinessand
examine the likelihood that the observed variability is
real, especially those variations possibly related to cli-
mate change.

The present study discusses possible sources of spu-
rious interdecadal variability in surface-observed cloud
datasets and investigates the reliability of the observed
variability in ocean cloudiness between 1952 and 1995.
Total cloud cover was chosen as the primary cloud pa-
rameter for examination since it is of greatest general
interest and simplicity. In this way, total cloud cover
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presents the most rudimentary test of the reliability of
a cloud dataset. Because it is more difficult for an ob-
server to identify low cloud type than to estimate total
cloud cover, the fact that the interdecadal variability in
the FQ of various low cloud types is dominated by
artifacts (Bajuk and Leovy 1998a) does not necessarily
imply that interdecadal variability in total cloud cover
will also be dominated by artifacts. However, if global
total cloud cover is dominated by artifacts, it is likely
that every other global surface-observed cloud param-
eter is dominated as well. Since several recent studies
have investigated interannual and interdecadal variabil-
ity in low cloud types over the ocean (Norrisand L eovy
1994; Bajuk and Leovy 1998b; Norris et al. 1998), low
cloud cover was aso evaluated.

2. Surface cloud observations and artifacts

The greatest source of long-term cloud information
over the global ocean are synoptic reports collected in
the Comprehensive Ocean—Atmosphere Data Set
(COADS; Woodruff et al. 1987). Cloud observations,
primarily provided by volunteer observing ships, are
reported according to World Meteorological Organiza-
tion (WMO) code (WMO 1974). Total cloud cover (N)
is estimated to the nearest okta (eighth), where N = 0
is clear sky and N = 8 is overcast. When the sky is
obscured (most commonly due to fog), N = 9 is re-
ported. At some unknown time, a rule was introduced
to report any cloud, no matter how small, as N = 1,
and any break in overcast, no matter how small, as N
= 7 (Wright 1986). This will cause a slight overesti-
mation of cloud cover for nearly zero cloudiness and a
slight underestimation of cloud cover for nearly overcast
cloudiness. Cloud cover by low clouds (N,,) issimilarly
estimated, where N,, = 0 is no low cloudiness and N;,
= 8 is overcast low cloudiness. If no low clouds are
present (a rare occurrence over open ocean), observers
are instructed to instead report N, as cloud cover by
middle clouds; however, for the purposes of consistency,
the present study will treat N, as zero if no low clouds
are present.

Artifacts in observational datasets in general and sur-
face-observed cloud cover in particular can arise from
three broad sources: 1) changes in observing practice,
official or otherwise; 2) artifacts created by incorrect
archiving of individual observations; and 3) biases in-
troduced by improper data reduction.

Two significant changes in the observing procedure
for cloud cover have occurred in the last five decades.
The more recent change, in 1982, allowed observers to
report N, as ““/"" (no low cloud cover information) in-
stead of zero for conditions of clear skies (N = 0). This
creates a potential biasin low cloud cover since asmall
fraction of ships routinely report N but not N,, (Hahn et
al. 1996). Prior to 1982 these reports could be excluded
from calculations of average low cloud cover because
N, was recorded as /, but after 1982 it was no longer
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Fic. 1. Yearly global mean departure (thick dash) and zonal mean
departures (thin) from long-term mean daytime total cloud cover over
the ocean. Zonal means are for 10°-lat bands between 60°N and 40°S.
Units are percent sky cover. Three-year running mean smoothing was
applied.

possible to distinguish between ships that normally re-
ported N, and those that did not. Ships that did not
normally report N, would contribute to calculations of
average low cloud cover only when skies were clear,
thus creating a potential clear-sky bias. Since N, is not
reported when the sky is obscured (N = 9), there is a
similar potential sky-obscured bias. These biases are
small globally because clear sky and sky obscured are
rare over most of the ocean; nonetheless, the biases are
avoided in the present study by calculating average low
cloud cover using a somewhat unconventional method
described in the appendix. Total cloud cover is unaf-
fected by this bias.

The earlier change, in 1949, changed reporting of
cloud cover in logbooks from tenths to oktas (EIms et
al. 1993). Confusion related to this change appears to
have sometimes caused mistakes in the archiving of
observations. Because cloud cover transmitted over ra-
dio was reported in oktas even before 1949, EIms et al.
(1993) suggested that some observers may have also
recorded logbook cloud cover in oktas prior to 1949,
which later archivists mistakenly assumed to be in
tenths. This may account for the large 2% increase in
total cloud cover between the decade of the 1930s and
the yearsfollowing 1950 [displayed in Fig. 1 of Parungo
et al. (1994)]. It is interesting to note that similar large
increases in total cloud cover between the early 1930s
and early 1950s have occurred over several land regions
(Henderson-Sellers 1989; Jones and Henderson-Sellers
1992), at least some of which are not consistent with
observations of sunshine duration (Karl and Steurer
1990) and some of which may be attributed to confusion
between cloud cover reported in oktas and cloud cover
reported in tenths (Henderson-Sellers 1992).

A change from reporting in tenths to reporting in
oktas would be easy to accommodate if al observers
immediately adopted the new procedure, but instead
some nations (NCDC 1962) and apparently many ships
continued reporting in tenths for several years after
1949. It is possible that other unrecorded changes in
training procedures have occurred over the years. Such
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artifacts are extremely difficult to identify because of-
fending shipstravel over large areas of the global ocean;
thus, it is not possible to compare observations with
those from nearby locations, as can be done for land
stations. Indeed, if offending ships travel over most of
the global ocean, then it is likely that their contribution
to spurious variability will tend to be globally uniform,
as concluded by Bajuk and Leovy (1998a). A nation
with a different but nevertheless temporally consistent
observing practice can also produce spurious interde-
cadal variability if therelative contribution of that nation
to global shipping changes over the years. This is dif-
ferent from the situation over land, where different na-
tional observing practices instead produce spatial in-
homogeneities. Discussion of other minor biases can be
found in Warren et al. (1988).

Improper data reduction can also produce spurious
interdecadal variability, and datasets processed from the
COADS archive are particul arly susceptible to sampling
biases. Because the distribution of shipping over the
global ocean is very nonuniform, simple averages may
be heavily weighted toward one particular area of agrid
box. As shipping routes change over time, the most
heavily weighted region within a grid box can vary and
consequently generate spurious variability if strong spa-
tial gradients in cloudiness exist within the grid box.
For example, the large 10° lat X 20° long grid boxes
along 40°N in the central Pacific from the Hahn et al.
(1988) dataset exhibit a spurious upward trend in cloud-
iness due to a slight northward shift in the major trans-
Pacific shipping routes toward climatol ogically cloudier
regions from the 1950s to the 1980s. This problem can
be minimized by averaging observations in grid boxes
sufficiently small that climatological cloud properties
do not vary significantly across the grid box. These
small grid box averages can subsequently be aggregated
into larger grid boxes without weighting by the number
of observations to reduce statistical noise. A similar
sampling bias can arise if the relative contribution of
daytime and nighttime observations changes over time
in the presence of a diurnal cycle in cloudiness.

3. Total and low cloud cover between 1952
and 1992

Interdecadal variability in total and low cloud cover
between 1952 and 1995 was examined using observa-
tions from a preliminary release of the Extended Edited
Cloud Report Archive (EECRA), an updated version of
the Edited Cloud Report Archive (Hahn et al. 1996).
Observations from Ocean Weather Station (OWS) lo-
cations were not used to prevent a potential bias re-
sulting from dlightly differing observing practices be-
tween the OWS and nearby volunteer observing ships
(Warren et al. 1988). Observations from the Historic
Sea Surface Temperature (HSST) project (decks 150,
151, 152, 155, and 156) and a few other minor sources
(decks 118, 666, 667, and 891) were also not used be-
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cause the N, report in these observationswastranscribed
only when N = 0 (Warren et al. 1988); furthermore,
these observations almost never include reports of N =
9. Because observers often have difficulty estimating
cloud cover under conditions of poor illumination (Hahn
et al. 1995), the number of usable nighttime observa-
tions is much less than the number of daytime obser-
vations. For this reason, only daytime (defined in the
present study as daylight plus twilight) cloud cover is
presented. This also avoids a diurnal sampling bias re-
sulting from the increase in the fraction of total global
daytime observations from about 60% to about 65%
between 1952 and 1995 (not shown).

Daytime monthly mean total cloud cover at 2.5° lat
X 5° long resolution between December 1951 and No-
vember 1995' was obtained by averaging all contrib-
uting individual daytime observations in the EECRA.
Daytime monthly mean low cloud cover for the same
resolution and time period was obtained by averaging
al contributing individual daytime observations using
the method described in the appendix to avoid biases
resulting from the 1982 change in observing procedure.
The 2.5° lat X 5° long monthly means were averaged
to 5° lat X 10° long seasonal means with weighting by
area but not by the number of contributing observations,
so as to reduce sampling biases. The long-term mean
was removed from the time series of seasonal-mean
cloud cover in each 5° X 10° grid box, and the depar-
tures from the long-term mean from every season in a
single year and every grid box in global and zonal do-
mains were averaged to provide yearly values of global
and zonal cloud cover. To reduce sampling biases in
global and zonal averages, the 5° X 10° grid boxes were
weighted by area but not by the number of observations
contributing to the grid box values.

No minimum number of observations was required
to use a grid box value, and the considerable statistical
noise in poorly traveled regions of the ocean was min-
imized by the use of very large averaging domains.
However, a large number of grid boxes in the Southern
Ocean have substantial missing data. The effect of av-
eraging the departures from the long-term mean instead
of the raw values in each grid box is to assume that
missing grid box values equal thelong-term mean. Thus,
yearly values of global cloud cover anomaly have a
dlight bias toward better-sampled regions of the ocean.
Yearly values of zonal mean ocean cloud cover in 10°-
lat bands are presented only between 60°N and 40°S
because higher latitudes are poorly sampled.

Figures 1 and 2 show yearly global mean departure
from the long-term mean for daytime total and low cloud
cover over the ocean between 1952 and 1995, along

tThe annual average for each year is defined as December—No-
vember instead of January—December, to be consistent with seasonal
definitions of December—February, March-May, June-August, and
September—November.
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Fic. 2. Yearly global mean departure (thick dash) and zonal mean
departures (thin) from long-term mean daytime low cloud cover over
the ocean. Zonal means are for 10°-lat bands between 60°N and 40°S.
Units are percent sky cover. Three-year running mean smoothing was

applied.

with zonal means in 10°-lat bands between 60°N and
40°S. A 3-yr running mean was applied to the global
and zonal time series to focus on lower-frequency var-
iability. Although higher-frequency variability is pres-
ent, both the global and zonal time series are dominated
by an upward trend. Upward trends are also evident if
regional averages (North Pacific, tropical Pacific, South
Pacific, North Atlantic, tropical Atlantic, South Atlantic,
tropical Indian, and South Indian) are used instead of
zonal means (not shown). The fact that the low cloud
trend is greater than the total cloud trend suggests that
the increase in low cloud cover may be largely respon-
sible for the increase in total cloud cover. This would
argue against attribution of increased total cloud cover
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TABLE 1. Percent variance explained by and significance level* of
linear trends displayed in Fig. 3.

Total cloud Low cloud
Variance Variance
explained Significance explained Significance
Region (%) level (%) (%) level (%)
Global 62 99.7 75 99.9
50°-60°N 10 95.9 26 98.2
40°-50°N 5 85.1 11 86.9
30°-40°N 55 99.8 67 99.3
20°-30°N 56 99.8 70 99.5
10°-20°N 56 98.6 64 99.7
0°-10°N 33 99.2 54 99.3
0°-10°S 69 99.8 67 99.8
10°-20°S 73 99.8 56 99.9
20°-30°S 52 99.8 51 99.9
30°-40°S 63 99.7 62 99.8

* Significance was calculated as the percentage of 10 000 random
orderings of the time series with trend absolute magnitudes less than
the observed trend absolute magnitude. Autocorrelation was taken
into account by fitting the observed time series to a first-order au-
toregressive model and reordering the temporally independent resid-
uals.

primarily to the increased frequency jet-induced cirrus
contrails (e.g., Changnon 1981). Low cloud cover aso
appears to have zonally coherent variations at shorter
timescales.

Figure 3 shows changes in zonal and global mean
daytime total and low cloud cover over the ocean be-
tween 1952 and 1995 accounted for by least squares
linear trends. Table 1 liststhe percent variance explained
by and significance level of each trend in Fig. 3. The
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Fic. 3. Change in daytime total (solid) and low (dotted) cloud cover over the ocean between 1952 and 1995 for zonal (connected dia-
monds) and global (horizontal lines) averages.



1868

w
o

- firsttenyears |-

N
(6]

| — lastten years

ny
o
T
L

—
o

daytime frequency (%)
o

[4;]

2 3 45 6 7 8 9
N

0 1

JOURNAL OF CLIMATE

VOLUME 12

30

----- first ten years

N
[¢;]
1

| — last ten years

n
o
T
1

-
o

-
S
&
>
Q
c
[}
>3
g 151 -
o
2
]
£
£
>
©
el

[¢;]

01 2 3 4 5 6 7 8

Nh

FiG. 4. Histograms of global ocean average daytime FQ of N = 0 through N = 9 (left) and N,
= 0 through N, = 8 (right) for 1952—61 (dotted) and 198695 (solid).

changes in total and low cloud cover exhibit similar
meridional variations and are uniformly positive. The
fact that trends in the Southern Hemisphere and Tropics
are generally as large or larger than trends in the mid-
|atitude Northern Hemisphere argues against attribution
of increased cloud cover to increased anthropogenic
aerosol. Given that processes responsible for generating
cloudiness in the Tropics, subtropics, and midlatitudes
are substantially different, it is surprising that total and
low cloud cover have increased between 1952 and 1995
in every latitude band with sufficient sampling. Al-
though it is possible that global cloud cover is respond-
ing to some other global parameter, perhaps global tem-
perature, our present state of knowledge provides little
physical basis to expect this. On the other hand, the fact
that ships with a common observing practice travel over
most of the global ocean suggests that a possible artifact
may be largely responsible for the observed trends.
However, it is difficult to attribute a gradual trend to a
change in observing procedure.

4. Possible observational artifacts

Trends in total and low cloud cover can be investi-
gated in greater detail by examining changesin the fre-
quency of each N and N, okta category that is reported.
Yearly global mean daytime FQ of N = 0 through N =
9 and N, = 0 through N, = 8 over the ocean between
1952 and 1995 was calculated in a manner similar to
that for total cloud cover. Because individual N and N,
okta categories are dominated by trends (not shown),
long-term changes can be concisely summarized by dis-
playing N and N,, histograms for the first 10 yr and last
10 yr of the record (Fig. 4). It is apparent that the ob-
served upward trends in total and low cloud cover are
largely due to increased reporting of 6, 7, and 8 oktas
and decreased reporting of 1, 2, and 3 oktas. The fact
that the FQ of N = 8 and N,, = 8 did not decrease over
the time period suggests that the change to reporting
any break in overcast, no matter how small, asN = 7

or N,, =7 did not significantly affect the trends. Simi-
larly, the fact that N, = 0 did not decrease over thetime
period suggests that the change to reporting any cloud,
no matter how small, as N,, = 1 did not significantly
affect the trends, at least for low cloud cover. The in-
crease in the FQ of N = 9 is consistent with the phase
out of observations measuring total cloud cover in
tenths, which did not report sky-obscured (J. EIms 1997,
personal communication), but this also has little affect
on trends in cloud cover.

Although WMO instructions for reporting cloud cov-
er did not change between 1952 and 1992, it is possible
that national observing practicesfor volunteer observers
may have changed. The U.S. Mariners Weather Log
and the U.K. and Commonwealth Marine Observer are
issued to volunteer observers and sometimes contain
instructions on how to measure cloud cover. Every issue
of the Mariners Weather Log since 1964 and the Marine
Observer since 1962 was examined, and no change in
instructions were found over the time period. Thus, the
evidence available to the author indicates that cloud
cover observing practice has remained constant at least
since the 1960s for volunteer observers recruited by the
United States and the United Kingdom. Since these ob-
servers contribute a large portion of the observations
archived in COADS, it seems unlikely that the observed
trends merely result from changes in training over time.

Itisalso possiblefor an artifact to result if therelative
contribution to world shipping of two nations with dif-
ferent observing practices changes over time. Since
some of the source card decks contributing to COADS
include observations from only one nationality (Slutz
et al. 1985), this hypothesis was examined by averaging
low cloud cover separately for each of the seven primary
card decks (116, 128, 555, 888, 892, 926, and 927),
which contributed at least half of the monthly number
of observations over the global ocean during some part
of 1952-95. Six out of the seven card decks examined
exhibited upward trendsin global ocean low cloud cover
over the time periods for which they had observations.
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Thisindicatesthat if an artifact exists within the general
1952-95 time period, it is within individual source card
decks.

5. Conclusions

An analysis of synoptic surface cloud observations
indicates that global ocean total cloud cover has in-
creased by 1.9% and global ocean low cloud cover has
increased by 3.6% between 1952 and 1995. Upward
trends are evident in every 10°-lat band between 60°N
and 40°S. Although no physical mechanism has been
identified that would produce increasing cloudiness at
all latitudes, the uniform upward nature of the trendsis
consistent with a possible observationa artifact pro-
duced by ships traveling over most of the global ocean.
However, no evidence could be found for a change in
observing practice, at least for volunteer observing ships
recruited by the United States and the United Kingdom.
Furthermore, no evidence was found that the observed
1952-95 global trend was produced by changes in the
relative contributions of the primary source card decks
archived in COADS. Thus, it cannot be positively es-
tablished that the observed increases in global ocean
total and low cloud cover are spurious.

Investigations that focus on smaller regions and in-
terannual variability are less likely to suffer from the
potential biases described in the present study because
real fluctuations in cloud cover are relatively stronger
on smaller spatialscales and timescales. These real fluc-
tuations tend to cancel each other as the spatial and
temporal averaging domain becomes large and any sys-
tematic biases become relatively more significant. In
fact, several recent studies corroborate increases in
cloud cover over specific regions of the global ocean.
Norris and Leovy (1994) and Norris et al. (1998) found
trends in related meteorological parameters that were
consistent with increased cloudiness over the midlati-
tude North Pacific and North Atlantic. Chu and Wang
(1997) and Waliser and Zhou (1997) documented a de-
crease in outgoing longwave radiation over the tropical
western Pacific and Indian Oceans, consistent with in-
creased cloudiness in this region. Further investigation
is needed to corroborate increases in cloud cover else-
where in the Tropics and over the Southern Hemisphere
oceans.

At the present timeit is not possible to validate global
changes in surface-observed cloudiness with global
changesin | SCCP satellite-observed cloudiness because
the ISCCP data suffer from lack of calibration between
satellites (Klein and Hartmann 1993). This situation will
change when ISCCP data with corrected radiances
(Brest et al. 1997) are available for a sufficiently long
time period. If changes in global and zonal cloud cover
between 1983 and 1995 observed by satellite and from
the surface are demonstrated to be consistent, thiswould
provide confidence that the global increase in ocean
cloud cover since 1952 is real.
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APPENDIX
Calculation of Low Cloud Cover

Clear-sky and sky-obscured biases were avoided by
calculating average low cloud cover (N,) only when 1
= N = 8 and then normalizing by the frequency that 1
= N = 8; that is,

_hzzNthall_nclr_nobs+8xnobs

. (AD)

r]Icfw naII naII

where the summation is over all observations contrib-
uting to n,,,; here n,, is the number of observations
when N, isreported and 1 = N = 8; n,, is the number
of all observations; ng, is the number of observations
of clear sky (N = 0); and n,, is the number of obser-
vations of sky obscured (N = 9). The right-hand term
proceeds from the assumption that low cloudiness is
overcast when the sky is obscured. In the case that N,
is always reported, n,,, = Ny — Ny, — Ngye
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