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ABSTRACT

Visual observations of cloud cover are hindered at night due to inadequate illumination of the clouds. This
usually leads to an underestimation of the average cloud cover at night, especially for the amounts of middle
and high clouds, in climatologies based on surface observations. The diurnal cycles of cloud amounts, if based
on all the surface observations, are therefore in error, but they can be obtained more accurately if the nighttime
observations are screened to select those made under sufficient moonlight.

Ten years of nighttime weather observations from the Northern Hemisphere in December were classified
according to the illuminance of moonlight or twilight on the cloud tops, and a threshold level of illuminance
was determined, above which the clouds are apparently detected adequately. This threshold corresponds to light
from a full moon at an elevation angle of 6°, light from a partial moon at higher elevation, or twilight from the
sun less than 9° below the horizon. It permits the use of about 38% of the observations made with the sun
below the horizon.

The computed diurnal cycles of total cloud cover are altered considerably when this moonlight criterion is
imposed. Maximum cloud cover over much of the ocean is now found to be at night or in the morning, whereas
computations obtained without benefit of the moonlight criterion, as in our published atlases, showed the time
of maximum to be noon or early afternoon in many regions. Cloud cover is greater at night than during the
day over the open oceans far from the continents, particularly in summer. However, near-noon maxima are
still evident in the coastal regions, so that the global annual average oceanic cloud cover is still slightly greater
during the day than at night by 0.3%. Over land, where daytime maxima are still obtained but with reduced
amplitude, average cloud cover is 3.3% greater during the daytime. The diurnal cycles of total cloud cover we
obtain are compared with those of ISCCP for a few regions; they are generally in better agreement if the
moonlight criterion is imposed on the surface observations.

Using the moonlight criterion, we have analyzed 10 years (1982-91) of surface weather observations over
land and ocean, worldwide, for total cloud cover and for the frequency of occurrence of clear sky, fog, and
precipitation. The global average cloud cover (average of day and night) is about 2% higher if the moonlight
criterion is imposed than if all observations are used. The difference is greater in winter than in summer, because
of the fewer hours of darkness in summer. The amplitude of the annual cycle of total cloud cover over the
Arctic Ocean and at the South Pole is diminished by a few percent when the moonlight criterion is imposed.

The average cloud cover for 1982-91 is found to be 55% for Northern Hemisphere land, 53% for Southern
Hemisphere land, 66% for Northern Hemisphere ocean, and 70% for Southern Hemisphere ocean, giving a
global average of 64%. The global average for daytime is 64.6%; for nighttime 63.3%.

1. Introduction

* Current affiliation: Department of Atmospheric Sciences, Uni-

versity of Washington, Seattle, Washington.

Corresponding author address: Stephen G. Warren, Department
of Atmospheric Sciences, AK-40, University of Washington, Seattle,
WA, 98195.

E-mail: sgw@atmos.washington.edu

© 1995 American Meteorological Society

The diurnal cycles of total cloud cover and cloud-
type amounts are of importance for understanding the
earth’s radiation budget, because cloud radiative forcing
(Ramanathan et al. 1989; Harrison et al. 1990) is gen-
erally negative in the daytime but positive at night.
Estimates of the climatological diurnal cycle can be
made from surface observations as well as from satellite
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observations. The diurnal cycle obtained from satellite
observations is subject to bias if the methods used to
detect clouds are different during the day than at night.
The diurnal cycle in surface-based climatologies can
also be biased, because visual cloud observations by
human observers are less accurate at night. The latter
error is usually an underestimate, as shown by Sverdrup
(1933, Fig. 107) in the Arctic, Riehl (1947) in the At-
lantic, and Schneider et al. (1989) at the South Pole,
all of whom sorted the observations according to the
phase of the moon at particular geographical locations.
Circumstantial evidence for such a ‘“night-detection
bias” was found by Warren et al. (1986, 1988) for
middle and high clouds, but such a bias was not ap-
parent for low clouds.

We have published atlases of the global distribution
of total cloud cover and cloud-type amounts from sur-
face observations covering 11 yr (1971-81) over land
(Warren et al. 1986, hereafter W86) and 30 yr (1952-
81)overthe ocean (Warren etal. 1988, hereafter W88).
In the analysis for total cloud cover and low cloud types
we used all observations, regardless of the time of day,
but because of the night-detection bias we used only
“daytime” observations (0600-1800 local time) for
middle and high clouds except in the polar regions.
We therefore did not report diurnal cycles for the
amounts of middle and high clouds. The atlases covered
a span of years ending with 1981. We have now ana-
lyzed the subsequent 10 years, 1982-91, for total cloud
cover and for the frequency of occurrence of clear sky,
precipitation, and fog (Hahn et al. 1994). As part of
that analysis, we developed a procedure to eliminate
or greatly reduce the night-detection bias, which is de-
scribed in this paper.

2. Visual cloud observations classified according to
illumination

a. Data source

Surface weather observations were obtained from
the National Meteorological Center for land stations
and from the Comprehensive Ocean—-Atmosphere Data
Set (Woodruff et al. 1987) for ships. Synoptic weather
reports are made eight times daily, at UTC hours di-
visible by 3. Substantially more ships report at the 6-
h times (0000, 0600, 1200, 1800 UTC) than at the
intermediate 3-h times. Land stations generally report
every 3 h (except in the United States, Canada, and
Australia, where most stations report only every 6 h),
but some land stations report only during daytime.

The latitude belt 0°-50°N was used to study the
effect of moonlight because it is the region of greatest
data density and it spans latitudes with different cloud
amounts, cloud types, and maximum lunar altitudes.
The region was divided into five 10° zones for analysis.
Land and ocean data were analyzed separately for the
10-yr period December 1981-November 1991. Results
are presented here for the month of December (1981-
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90) for which the altitude of the full moon at midnight
reaches maximum values in the higher latitudes of the
Northern Hemisphere.

b. Hlumination by the moon

Because we are studying visual observations, we use
not radiometric units’ but rather photometric units
(McCartney 1976, Chapter 1), which consider only
visible wavelengths and take into account the spectral
response of the eye. We compute the illuminance on
a horizontal surface at the top of the atmosphere (TOA)
and assume that the variation in illuminance (the pho-
tometric analogue of irradiance ) due to lunar elevation
is the same at the top of the cloud as at TOA. We
therefore neglect all atmospheric absorption (which
would be different above low clouds than above high
clouds); this is a minor effect compared with the vari-
ations of illuminance due to lunar phase, elevation,
and distance. We also do not account for variations in
atmospheric scattering above the different levels of
clouds, because much of the scattered light is not lost
to space but is scattered down and therefore contributes
to the illumination of the clouds.

We define a “relative lunar illuminance” R at the
top of the atmosphere as

R = ® sinh,,(7*/r?), (1)

where 4,,, is the lunar altitude (angle of the moon above
the horizon), r is the earth—-moon distance, and 7 its
mean value. For r we use the “topocentric” distance,
that is, from locations on the earth’s surface rather than
from the center of the earth. The value of r? varies by
about £15% from its mean because of the eccentric
lunar orbit. The term & is the lunar phase function
described below; its value varies between 0.0 and 1.0.
The relative illuminance R obtains a value of 1.0 when
the full moon is overhead at its mean distance from
the earth. For our data of 10 Decembers the maximum
value of R was 1.18. A negative value of R means the
moon is below the horizon.

The lunar phase function ® (as distinct from the
scattering phase function used in radiative transfer
theory) is the average brightness of the lunar surface,
as seen from the earth, relative to its maximum value
that would occur for a full moon at a phase angle of
zero if the moon were not eclipsed. (The phase angle
is the angle between sun and earth, as seen from the
moon.) The measurements and theoretical explanation
of the lunar phase function were reviewed by Hapke
(1963, 1971); the data of Rougier (1933), cited by
Hapke, are reproduced here as the dashed lines in Fig.
1. The data were obtained by a photoelectric cell sen-
sitive to wavelengths of 390-550 nm (Fig. 13 of Rougier
1933). It is important to note that & is far from linear
with phase angle «; the half moon (at first or third
quarter; a = 90°) is only one-tenth as bright as the
full moon.
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FiG. 1. Integral phase function of the moon (relative brightness,
averaged over the lunar surface, as seen from the earth) from the
experimental data of Rougier (1933), as quoted by Hapke (1963,
1971), and the empirical fit of Allen (1973, page 144). The phase
angle « is the angle between the sun and the earth, as seen from the
moon,

The phase function in Fig. 1 appears to differ from
that given by Bond and Henderson (1963), reproduced
by the Radio Corporation of America (1974), and used
by Schneider et al. (1989) for classifying cloud obser-
vations at the South Pole. However, the two functions
are actually not in disagreement because Bond and
Henderson plotted relative illuminance as a function
of elongation angle rather than phase angle. Elongation
angle is the difference between the longitudes of sun
and moon, so it varies through the entire range between
0° and 360° during a month, whereas the phase angle
« goes to zero only during a lunar eclipse and in many
months does not drop much below 5° because the
moon’s orbit is inclined by about 5° to the ecliptic
plane. Bond and Henderson’s value at an elongation
angle of 180° (Fig. 6-3 of RCA 1974) is therefore a
weighted average for phase angles 0°-5°.

Figure 1 shows that the waxing moon is slightly
brighter than the waning moon at the same phase angle.
We ignore this difference and for convenience use a
simple analytical function given by Allen (1973, page
144) as an empirical fit to the data and shown as the
solid line in Fig. 1, which approximately fits Rougier’s
observations:

—100"° log;o® = 0.026a + 4.0 X 107%*, (2)

where 0° < « < 180°. Allen’s equation is written in
this form such that the left-hand side represents the
change in visual magnitude from that at zero phase
angle. A unit change in visual magnitude is defined as
a change in brightness by the fifth root of 100, or 2.512.
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¢. Definition of “night”

To quantify the effect of moonlight on cloud obser-
vations, we require a set of observations in which other
sources of light (i.e., twilight) are negligible. Our own
visual observations of clouds at night suggested that
the twilight illumination was useful for cloud detection
until the sun sank to 8°-9° below the horizon. To
eliminate any possible influence of twilight, we there-
fore performed the initial analysis only on observations
made when the sun was more than 12° below the ho-
rizon. The analysis (as described below) resuited in
a threshold of moonlight above which clouds could
be readily detected; this threshold illuminance could
also be obtained from twilight with a solar altitude A
~ —9°. We then repeated the moonlight analysis on
a larger set of nighttime observations, those with A
< —9°. The results of the latter analysis are the ones
presented here. For convenience we use the shorthand
labels ““night” for observations made with A, < —9°,
“twilight” for —9° < A; < —0.25° (because the angular
width of the sun is 0.5°), and “daylight” for —0.25°
< h; < 90°, :

d. Data analysis

The contents of surface weather reports and our
method of error checking are described in W86. Total
cloud cover is encoded in the report in eighths, with 0
representing clear sky and 8 representing overcast. For
each report of the study period, the value of R is com-
puted, given the date, time, latitude, and longitude of
the report. The values of 4, required for identification
of “night,” and of A,,, r, and «a, required for Eqgs. (1)
and (2), were determined with the aid of an ephemeris
in the form of a Fortran program written by Stephenson
(1991, personal communication). The program ac-
tually gives latitude and longitude of sun and moon,
from which we derive o, and lunar semidiameter in
degrees, from which we derive 7. '

For each 10° latitude zone from 0° to 50°N, cloud
data were sorted into 13 bins based on A, and R. These
bins are defined in Table 1, which also gives the total
number of observations that went into each bin,
summed over the five zones, for the 10 Decembers
1981-90. Bins 12 and 11 represent daylight and twi-
light. Bins 0-10 represent the night sky; the case of the
moon below the horizon at night is bin 0. The bin
boundaries for the nighttime moonlit cases were se-
lected to give approximately equal numbers of obser-
vations in each bin and to provide appropriate reso-
lution of R.

3. Analysis of moonlit cloud observations

a. Total cloud cover and clear-sky frequency

Average total cloud cover (A.) and clear-sky fre-
quency were computed for each bin for each of the
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TABLE 1. Number of observations, average total cloud cover (4,), and frequency of clear sky (Clear), for December 1981-90, 0°-50°N,
for 13 categories of illumination. The values given for 4. and Clear are the means of five 10° zones, in percent. They are also plotted in
Figs. 2 and 3. The relative illuminance R is defined by Eq. (1). Solar elevation angle is 4;.

Ocean Land
Categories of illumination Number  Percent of Number  Percent of
Bin number Bin definition of obs. total obs. A, Clear of obs. total obs. A, Clear

12 daylight —0.25° < h; < 90° 401632 53.0 64.9 47 2530150 443 553 173

11 twilight -9° < h, < —0.25° 43 543 5.7 64.2 4.5 393020 6.9 506 215

Night (h; < —9°):

10 060 <R <12 17513 2.3 61.9 8.7 130 944 2.3 5L 262
9 043 < R<0.60 17 265 2.3 63.7 7.3 136 388 2.4 523 253
8 032 <R<043 16 568 2.2 63.8 7.1 146 244 2.6 517 250
7 023<R<0.32 16 890 22 62.6 79 154 761 2.7 51,1 25.1
6 0.16 <R<0.23 14 052 1.9 61.5 8.3 127 372 2.2 50.5  26.0
5 0.11 <R<0.16 11995 1.6 61.8 79 108 441 1.9 50.5  25.7
4 007 <R<0.11 12392 1.6 60.4 9.2 111535 1.9 497 268
3 0.03 <R <007 17 358 23 59.2 9.3 155129 2.7 488 277
2 0.01 <R <0.03 14 123 19 577  10.7 130 216 2.3 478 289
1 0.00 < R<0.01 18 666 24 556 11.6 174 389 3.0 462 305
0 R <0.00 155942 20.6 53.0 134 1418116 24.8 452 326

All (bins 0-12) 757 940 100.0 5716 705 100.0

Sunlight (including twilight)  (bins 11-12) 445 175 58.7 2923170 51.1

All night (bins 0-10) 312765 41.3 2793 535 48.9

Light night (bins 5-10) 94 284 12.5 804 150 14.1

Dark night (bins 0-4) 218 481 28.8 1989 385 34.8

five zones. In a single month at a single point on the
earth, the moon is above the horizon at night for only
about 2 weeks, and each category of lunar illuminance
is represented by even less time. For this study we
therefore chose to average over synoptic and geograph-
ical variability by using all observations from 10 De-
cembers in an entire latitude zone, irrespective of lon-
gitude and year, classified only according to the lunar
illuminance. (The values obtained are therefore not
true zonal averages of cloud cover because the different
longitude boxes do not contribute equally according
to their areas but rather in proportion to their numbers
of observations. True zonal averages of cloud cover
will be given below in Table 3 and Fig. 4.) The Decem-
ber averages of A, within the five latitude zones, as well
as the average of these five samples (not area weighted ),
are plotted against the relative illuminance R in Fig.
2. Daylight values (sun above the horizon) are shown
to the right of the figure for comparison.

Each bin in the bold curve in Fig. 2 is represented
by at least 11 000 observations for ocean and 108 000
for land (the numbers of observations are given in Ta-
ble 1). The curves are fairly smooth except for a few
excursions that probably result in part from uneven
distributions of observations in space and time within
a zone. In every zone the brightest bin shows slightly
less cloud cover than does the next-brightest bin; this
may be due to a true diurnal cycle in cloud cover, since
contributions to the brightest bin are more likely to be
from around midnight when the full moon reaches its
highest altitude.

Figure 2 shows that A, over the oceans is about 10%
greater than over the land for all values of illuminance,
but that A4, increases with R in both cases. There is a
rapid increase in A, until R = 0.11 and only small
changes thereafter as the illuminance increases further
toward the value for full moon overhead. We assign
the name “light night” to R > 0.11, and “dark night”
to R <0.11 (Table 1). The night-detection bias is ap-
parently larger over ocean than over land. For the five
zones the difference between reported cloud cover in
the light-night bins and that in the no-moon bin is 6
=+ 2% over land and 9 + 1% over the ocean. The average
daylight values exceed the light-night values by 4% over
land and 2% over ocean, which we think is due to a
true diurnal cycle in the regions of greatest data density
within the zones used for the analysis. We will see below
that the global average day-night differences are less
than these values.

The results of the analysis for frequency of clear sky
are shown in Fig. 3 for the mean of the five zones.
Clear sky is much more frequent over land than over
the oceans, and the day-night difference is greater over
land as well. In both cases, the reported clear-sky fre-
quency decreases dramatically with increasing illu-
minance to R = 0.11. Over the ocean, clear sky is re-
ported only half as often with R > (.11 as with no
moon.

b. A minimum-illuminance criterion

Figure 2 shows that 1) a fairly constant average cloud
cover is obtained over a wide range of illuminance; 2)
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FIG. 2. Reported total cloud cover A4, as a function of relative
illuminance R (defined in Eq. 1), for five 10° zones, and their mean
value (bold line) for December 1981-90, with the sun more than 9°
below the horizon. For comparison, off the right side of the figure is
given the average cloud cover when the sun is above the horizon.
The illuminance criterion we have chosen based on these data is
shown as the vertical line at R = 0.11. (a) Ocean. (b) Land.

this average cloud cover is significantly higher than
that obtained under no-moon conditions; and 3 ) there
is a rapid transition between these two cases. We con-
clude that clouds are adequately detected at night by
surface observers if the illumination exceeds a threshold
value R, which we estimate as R, = 0.11. The analyses
of total cloud cover (Fig. 2) and clear-sky frequency
(Fig. 3) both suggest this same value of R.. A similar
threshold value of R, ~ 0.1 was obtained by S. Klein
(1993, personal communication) in an analysis of
cloud observations from five ocean weather stations.
To refine the choice of R, we performed the analysis
with different choices of bin boundaries (0.10, 0.11,
0.12), and R, = 0.11 appeared to be the best choice.
However, uncertainty in the choice of R, has only a
minor effect on the computed average cloud cover be-
cause only a small fraction of all observations are in
the neighboring bins; changing R, to 0.07 or 0.16 causes
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a change of only 0.1%-0.2% in the nighttime average
of A;, or 0.06%-0.1% in the day plus night average.
The important thing is to exclude the large number of
nighttime observations made when the moon is below
the horizon. Similarly, any error in classifying the ob-
servations due to the use of Allen’s approximate fit to
the lunar phase function (Fig. 1) instead of a tabulation
of Rougier’s more exact measured values would have
little effect on a cloud climatology.

The criterion we have chosen, R, = 0.11, corresponds
to a full moon at 4,, = 6° at the average earth~-moon
distance, or a partial moon at a higher elevation angle.
A moon less than half full never satisfies the criterion
at any elevation angle.

The necessary illuminance can also be obtained from
twilight, Using —12.71 for the apparent visual mag-
nitude of the full moon at its average distance, and
—26.80 for that of the sun (Hapke 1971, page 158),
the sun is 432 500 times as bright as the full moon.
Using the crude assumption that the moon is a gray
reflector [actually its albedo is 16% for red light and
9% for blue, according to Table Il of Hapke (1971)],
then relative values of photometric illuminance can be
represented by relative values of radiometric irradiance.
Using a solar constant of 1370 W m™2 (Hoyt et al.
1992), the irradiance from the full moon at zenith is
about 3.2 mW m™2, so R, = 0.11 corresponds to a
lunar irradiance of 0.35 mW m™2. This is the same as
the irradiance from a twilight sky at A; ~ —8.7° [ac-
cording to Fig. 4.4 of Meinel and Meinel (1983)]. This
is only an approximate value because of the inexact
conversion between photometric and radiometric units,
but it agrees with our own visual estimate that the
threshold for cloud detection by twilight is at —9°
< hy < —8°. For the cloud analysis described below,
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F1G. 3. Reported clear-sky frequency as a function of relative il-
luminance R for 0°~50°N (mean of five 10° zones) for December
1981-90, with the sun at least 9° below the horizon. For comparison,
off the right side of the figure is given the average clear-sky frequency
when the sun is above the horizon. The illuminance criterion we
have chosen based on these data is shown as the vertical line at R
=0.11.






