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ABSTRACT

Synoptic surface cloud observations primarily made by volunteer observing ships are used to construct global
climatologies of the frequency of occurrence of individual low cloud types over the ocean for daytime during
summer and winter seasons for the time period 1954-92. This essentially separates the previous S. Warren et
al. “stratus,” “cumulus,” and ‘‘cumulonimbus” climatologies into their constituent cloud types. The different
geographical and seasonal distributions of low cloud types indicate that each type within the Warren et al.
categories is associated with different meteorological conditions. Hence, investigations based on individual low
cloud types instead of broader categories will best identify the processes and variability in meteorological
parameters responsible for observed variability in cloudiness. The present study is intended to provide a foun-
dation for future investigations by documenting the climatological distributions of low cloud type frequency
and demonstrating the physical consistency with expected patterns of boundary layer structure, advection, surface
divergence, and synoptic activity over the global ocean.

Further analyses are conducted to examine in greater detail transitionsin low cloud type and related boundary
layer processes in the eastern subtropical North Pacific, eastern equatorial Pacific, and western North Pacific
during summer. Maxima in the climatological frequencies of stratocumulus, cumulus-with-stratocumulus, and
cumulus occur progressively equatorward over eastern subtropical oceans, consistent with an increasing decou-
pled boundary layer. This transition is also observed north of the equatorial cold tongue, but advection over
colder SST on the southern side of equatorial cold tongue sometimes produces an absence of low cloudiness.
A transition between cumuliform low cloud types to the south and stratiform low cloud types to the north occurs
over the region of strong SST gradient in the western North Pacific, and during summer the maximum frequency
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of stratus associated with precipitation is collocated with the region of strong SST gradient.

1. Introduction

One of the greatest challenges in understanding cli-
mate variability and climate change is determining the
role of cloudiness, both in terms of its influence on the
radiation budget and its dependence on other parameters
of the climate system (Arking 1991). Several datasets
based on satellite or synoptic surface observations have
been developed to study variability in cloudiness over
the global ocean, such as the International Satellite
Cloud Climatology Project (ISCCP) (Rossow and Schif-
fer 1991), the Comprehensive Ocean—Atmosphere Data
Set (COADS) 2° X 2° monthly summaries (Woodruff
et al. 1987), and the Warren et al. (1988) (hereafter W88)
dataset. Satellite-based datasets have the advantages of
high resolution, global coverage, and quantitative ra-
diative information, but are available only for a short
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period of record (since 1983 for ISCCP). Hence, it is
necessary to use surface-based datasets to investigate
variability in cloudiness at interannual and longer time-
scales with statistical reliability.

Hanson (1991) and Klein et al. (1995) used COADS
total cloud cover to examine interannual variability in
cloudiness, sea surface temperature (SST), and lower-
tropospheric static stability in eastern subtropical stra-
tocumulus regions, and Deser and Wallace (1990) used
COADS total cloud cover to examine El Nifio—Southern
Oscillation (ENSO) variability of cloudiness over the
eastern equatorial Pacific. Norrisand Leovy (1994) used
W88 ‘“stratus’ cloud amount to examine interannual
variability in marine stratiform cloudiness and SST over
the global ocean. However, studies such as these, which
use total cloud cover or other broad categories of cloud-
iness, are handicapped by the fact that various types of
cloudiness within the category form by different pro-
cesses and therefore may respond differently to the same
forcing. For example, low stratiform cloudiness de-
creases but deep convective cloudiness increases over
the eastern equatorial Pacific during the warm phase of
ENSO; these two responses compensate for each other
in the total cloud cover signal. Even more limited cat-
egories such as stratus from W88 suffer from this prob-
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Fic. 1. Daytime frequency of occurrence of the low cloud types described in Table 1 of Part | along with sky-obscuring precipitation
(SOP) and sky-obscuring fog (FOG) for OWS B (56.5°N, 51°W), C (52.75°N, 35.5°W), N (30°N, 140°W), P (50°N, 145°W), and V (34°N,
164°E) and nearby VOS during JJA and DJF VOS observations are from a 2° X 2° box centered on the OWS. Both OWS and VOS data
are from the time period 1954—72. Color coding of bars: white—OWS JJA; black—VOS JJA; light hatching—OWS DJF; dense hatching—
VOS DJE
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TaBLE 1. Correspondence between W88 low cloud categories and
low cloud types in the present study.
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TABLE 2. Global mean and geographical standard deviation of
low cloud type amount-when-present during daytime.

w88
categories Low cloud types in the present study
Stratus C 4,C 5 C, 6, C 7, C_ 8, sky-obscuring fog
Cumulus C 1,C 2
Cumulonimbus C, 3, C 9

lem. The W88 stratus category includes fair-weather
stratus, bad-weather stratus, stratocumulus, cumulus
with stratocumulus, and sky-obscuring fog, each of
which is associated with different meteorological con-
ditions at midlatitudes (Norris 1998).

This paper proposes that the use of a dataset divided
into individual cloud types can best identify the pro-
cesses and variability in meteorological parameters re-
sponsible for observed variability in cloudiness. Syn-
optic surface observations are most useful for this pur-
pose since human observers identify clouds by mor-
phological type and therefore qualitatively describe the
processes influencing cloud type. Satellite-based data-
sets are less useful for this purpose since they use ra-
diative characteristics (e.g., cloud-top temperature and
cloud optical thickness) to identify cloud type, which
often poorly corresponds to the surmised morphol ogical
type, particularly for low cloud types (S. Warren 1996,
personal communication). Analysis of data from the
Earth Radiation Budget Experiment and |1SCCP shows
that low cloudiness makes the largest contribution to
global net cloud radiative forcing (Hartmann et al.
1992); therefore, low cloud types will be the focus of
the present study. Since global distributions of individ-
ual low cloud types from synoptic surface observations
have been previously calculated only for two seasons
of asingle year (Hahn et al. 1988), Part 11 of this study
will present climatological distributions of nine low
cloud types and three additional categories during sum-
mer and winter as a baseline for future interannual stud-
ies. Aside from differences in diurnal sampling and the
averaging time period, these climatologies essentially
separate the W88 stratus, cumulus, and cumulonimbus
climatologies into their constituent cloud types. Illus-
trations of transitions in low cloud type and related cli-
mate parameters will also be provided for the eastern
subtropical North Pacific, eastern equatorial Pacific, and
western North Pacific. The results from Part | (Norris
1998), which documented typical marine boundary lay-
er (MBL) structures and surface meteorological con-
ditions associated with various low cloud types at sev-
eral ocean weather stations (OWS) located in the mid-
latitude and eastern subtropical oceans, will be used to
help interpret the results of the present study.

2. Data

The source of data used in this study is an updated
version of the Edited Cloud Report Archive (Hahn et

fe)
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al. 1996), a collection of individual synoptic surface
cloud and meteorological observations obtained from
the COADS Compressed Marine Reportsand Long Ma-
rine Reports archives. Volunteer Observing Ships
(VOS) contributed the large majority of the 60 million
observations available over most of the global ocean
during the time period 1954-92. These are the same
observations from which the W88 dataset was con-
structed for the time period 1952-81. Observations be-
fore 1954 were not used in the present study because
they inconsistently identify cloud type (W88). As de-
scribed previously in Part | (Norris 1998), surface ob-
servers classify low cloudiness into 10 different types
(including no-low-cloud) according to the synoptic code
(WMO 1975). Table 1 from Part | gives nontechnical
descriptions of each low cloud type and its priority in
designating the low type code (C,) if more then one
cloud type is present. Since the low cloud type code
allows only one cloud type to be reported, the occur-
rence of lesser-priority cloud types may be underesti-
mated. For the purposes of this paper, sky-obscuring fog
and sky-obscuring precipitation, diagnosed by the pres-
ent-weather code (WMO 1974), are identified as two
additional ““low cloud types.” These 12 types include
every possible sky condition for low cloud identifica-
tion. Overlooking a few unimportant definitional dif-
ferences with W88, Table 1 shows the correspondence
between the W88 low cloud categories and the low
cloud types presented in this paper.

VOS observers did not receive as much training as
the OWS observers who provided the data used in Part
I, and they sometimes identify cloud type differently.
Figure 1 compares the daytime frequency of occurrence
of each cloud type calculated from OWS observations
to that from nearby VOS observations during June—
August (JJA) and December—February (DJF). Only VOS
observations made within a 2° X 2° box centered on the
OWS were used, and both OWS and VOS observations
are from the time period 1954—72. Although OWS and
V OS observers generally agree on which cloud types are
most frequent and which are least frequent, the VOS
observers tend to identify the more frequently occurring
cloud types less often and the less frequently occurring
cloud types more often than do OWS observers. This
tendency is consistent with increased random errors in
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Averaging Grid Used For Constructing JJA Global Maps
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Fic. 2. Averaging grid used for constructing global climatologies of low cloud type JJA (top) and
DJF (bottom) daytime FQ. Grid boxes with less than 100 observations contributing are omitted.

cloud identification by less skillful VOS observers.
Paired OWS and VOS observations (near in space and
coincident in time) were examined to see if there were
consistent patterns relating a specific cloud typeidentified
by OWS to that identified by VOS. The results were
inconclusive, probably because most paired OWS and
VOS observations were insufficiently close to exclude
natural mesoscale variability in cloud type. Despite the
occurrence of differencesin cloud type identification be-
tween OWS and VOS, the physical consistency between
expected atmospheric processes and the seasonal and
geographical distributions of variouslow cloud typescal-
culated from VOS observations demonstrates that VOS
cloud type identification is sufficiently accurate to ex-
amine relationships between MBL processes and climate.

3. Geographical and seasonal distributions of low
cloud types

a. Analysis description

Three basic parameters describing the variability of
cloud types are frequency of occurrence (FQ), amount-

when-present (AWP), and average cloud amount
(AMT), where AMT = FQ X AWR This paper focuses
on FQ since that parameter best describes how often
various MBL structures occur over the ocean. AWP of
agiven typeis of secondary importance for diagnosing
MBL processes, athough AMT is very important for
other studies involving the radiative effects of clouds.
Most variations in AMT of a cloud type are due to FQ;
AWP is more uniform around the globe. Therefore,
AMT can be approximated as being linearly propor-
tional to FQ with proportionality constant AWP Table
2 shows the area-weighted average daytime AWP of all
grid boxes with good data for the nine low cloud types;
these values should be close to the global annual means.
Approximate distributions of low cloud type AMT can
be obtained by multiplying the distributions of low
cloud type FQ presented in this paper by the valuesin
Table 2. Dueto achange in observing procedurein 1982
it was necessary to calculate FQ of low cloud types by
a somewhat unconventional method to avoid introduc-
ing biases. Nonethel ess, the formulas used are still exact
and are described in the appendix.
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FiG. 3. Climatological JJA (top) and DJF (bottom) daytime FQ of C_ 3 (cumulonimbus-without-
anvil). Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

Global climatologies of each low cloud type FQ were
constructed by averaging surface observations from the
time period 1954-92 in each box of the grids displayed
in Fig. 2. Because the distribution of ships over the
global ocean is highly nonuniform and large portions
of the Tropics and Southern Hemisphere are poorly sam-
pled, an irregular averaging grid was used to preserve
resolution in regions with many observations and to
increase statistical significance in regions with few ob-
servations. The base grid box size between 60°N and
60°S was 2.5° X 2.5° and increased in longitude pole-
ward of 60° to preserve approximately equal areas. No
grid box was more than four times the size of the base
box for that latitude. Since OWS observersidentify cer-
tain cloud types differently from VOS observers, all
observations near OWS locations were excluded from
the analysis. Grid boxes in well-sampled regions of the
North Atlantic and North Pacific typically had several
thousand observations contributing to the average, and
grid boxes with less than 100 observations contributing
to the average were discarded. After averaging, thevalue

of each large grid box was assigned to all of the 2.5°
X 2.5° base boxes within it and the resulting regular
2.5° X 2.5° grid was lightly smoothed prior to con-
touring. Contour intervals are different for various low
cloud types but shading intervals are the same for all
low cloud types to aid intercomparison. Values were
calculated for each season, but only JJA and DJF maps
are presented here.

The number of good nighttime observations is sub-
stantially less than the number of good daytime obser-
vations because surface observers sometimes have dif-
ficulty identifying low cloud type on nights with poor
illumination (Rozendaal et al. 1995; Norris 1998). To
avoid unevenly sampling the diurnal cycle only daytime
and twilight observations were used, hereafter referred
to as “‘daytime” [defined as when the sun is no more
than 9° below the horizon, following the criterion of
Hahn et al. (1995)]. The true diurnal average could be
calculated by separately averaging daytime and night-
time values weighted by the length of day and night,
but this would significantly decrease the statistical re-
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Fic. 4. Climatological JJA (top) and DJF (bottom) daytime FQ of C_ 9 (cumulonimbus-with-
anvil). Contour interval is 2.5%. Shading indicates FQ above 10% (light) and 20% (dark).

liability of the results due to the smaller number of
nighttime observations. Instead, only daytimevaluesare
presented (the W88 low cloud values were calculated
from all observations). Since maxima and minima in
cloudiness over the ocean typically occur in the early
morning and afternoon and not at noon and midnight
(Rozendaal et al. 1995), the daytime average may not
actually differ greatly from the true diurnal average.

The data contoured in the following low cloud type
climatologies may be obtained via FTP by contacting
the author.

b. C, 9 (cumulonimbus-with-anvil) and
C. 3 (cumulonimbus-without-anvil)

The W88 ““cumulonimbus” category comprises C, 3
(cumulonimbus-without-anvil) and C, 9 (cumulonim-
bus-with-anvil) (Table 1), which are separately dis-
played in Fig. 3 (daytime FQ of C_ 3) and Fig. 4 (day-
time FQ of C_9) for JJA and DJF. Regions of greatest
cumulonimbus FQ coincide very well with regions of

mean surface convergence in the Tropics and regions
where the frequency of deep convection identified by
the present-weather code reported by surface observers
is also greatest (Petty 1995). The seasonal cycle and
cumulonimbus FQ at low latitudesis consistent with the
seasonal cycle of insolation.

However, distinct differences between the distribu-
tions of C, 3 and C_ 9 are apparent. C, 9 occurs only
about half as frequently as C, 3 over the ocean. Thisis
in direct contrast to the situation over land where C, 9
occurs much more frequently than C, 3 (Hahn et al.
1988). Whereas C, 9 sometimes occurs during winter
east of the Eurasian coast and at high latitudes in the
North Pacific and North Atlantic, probably as a result
of cold air outbreaks, C, 3 FQ over the ocean outside
the Tropicsis minimum aong continental coasts. Unlike
tropical maxima in C_ 3 FQ, tropical maxima in C_ 9
FQ usually occur closeto land and coincide with regions
of maximum SST, particularly over the maritime con-
tinent, the Caribbean, near the coast of Central America,
and near the coast of Guinea. For all these regions sur-
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Fic. 5. Climatological JJA (top) and DJF (bottom) daytime FQ of C, 2 (moderate and large
cumulus). Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

face observers report a particularly high incidence of
thunderstorm precipitation relative to all other nondriz-
Zle precipitation (Petty 1995). This and the fact that
lightning is also rare over most of the ocean except for
these regions (Orville and Henderson 1986) suggests
that C, 9 is often associated with thunderstorm activity
in the Tropics.

¢. C_ 2 (moderate and large cumulus) and
C. 1 (small cumulus)

The W88 ““cumulus’ category comprises C, 2 (mod-
erate and large cumulus) and C, 1 (small cumulus) (Ta-
ble 1), which are separately displayed in Fig. 5 (daytime
FQ of C, 2) and Fig. 6 (daytime FQ of C,_ 1) for JJA
and DJF Cumulus is very frequent in western and cen-
tral tropical subtropical oceans and occurs slightly less
frequently where cumulonimbus is most frequent. Be-
cause cumulonimbus has priority in designating the low
cloud type code, it is possible that cumulus is actually
no less frequent in the intertropical convergence zone

(ITCZ) and corresponding regions than in the central
subtropical oceans. Cumulusis rare at midlatitudes, es-
pecially during summer when warm advection prevails
in the western North Pacific and North Atlantic (Klein
and Hartmann 1993). This is consistent with the results
of Part I, which implied that cumulus at midlatitudesis
a cold-advection cloud type (Norris 1998). During sum-
mer more cold advection occurs in the eastern midlati-
tude North Pacific and North Atlantic than farther west
and cumulus is relatively more frequent there.

Several differences between the distributions of C, 2
and C, 1 are apparent. C,_ 1 is generally not as frequent
as C, 2, perhaps in part due to the fact that C_ 2 has
priority over C_1 in designating the low cloud type
code. Maximum C_ 1 FQ tendsto occur along the fring-
es of regions of maximum C, 2 FQ, especialy in the
western and central subtropical North Pacific during
JJA. In central subtropical oceans in each hemisphere,
C. 2FQisgenerally minimum and C, 1 FQ isgeneraly
maximum during the winter season. This is consistent
with greater subsidence in the subtropics of the winter
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JJA Daytime FGQ of CL 1 {(Small Cumuius)

Fic. 6. Climatological JJA (top) and DJF (bottom) daytime FQ of C,_ 1 (small cumulus).
Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

hemisphere (Hoskins et al. 1989), which could promote
alower trade inversion that decreases the vertical extent
of cumulus clouds and causes them to be identified as
C. 1 (small cumulus) more often. During winter at mid-
latitudes C, 1 sometimes occurs along the eastern coasts
of Eurasiaand North Americaand isprobably associated
with cold-air outbreaks.

d. C, 5 (ordinary stratocumulus) and
C, 6 (fair-weather stratus)

Klein and Hartmann (1993) documented that W88
“stratus’ cloud amount was greatest over midlatitude
and eastern subtropical oceans but could not distinguish
the relative contributions of each stratus and stratocu-
mulus cloud type that contributed to W88 stratus (Table
1). Figures 7 and 8 display the daytime FQ of C_5
(ordinary stratocumulus) and C, 6 (fair-weather stratus),
respectively, for JA and DJF Here we see that W88
stratus at midlatitudes is distinctly different from W88

stratus over the eastern subtropical ocean. C, 5 is most
common over eastern subtropical oceans but C, 6 is
most common at midlatitudes, particularly during sum-
mer, and rarely occurs over eastern subtropical oceans
except near coastal upwelling regions.

These differences are generally consistent with the
results of Part I, which indicated that C, 6 at midlati-
tudes typically occurs in a relatively deep, stratified
cloud layer with warm advection and weak synoptic
ascent, whereas C, 5 typically occurs in a shallow in-
version-capped MBL with cold advection and subsi-
dence. Warm advection and weak synoptic ascent occur
most frequently over midlatitude oceans during summer,
where C, 6 is correspondingly most prevalent; warm
advection is greatest (Klein and Hartmann 1993) and
synoptic activity is weakest (Hoskins et al. 1989) over
the North Pacific during summer, the region where C, 6
is most common outside the Arctic. The frequent oc-
currence of C,_ 6 over the Arctic Ocean during summer
is consistent with the advection of warm air from the



MARCH 1998

NORRIS

391

JdA Baytime FQ of CL 5 (Ordinary Stratocumuius)

Fic. 7. Climatological JJA (top) and DJF (bottom) daytime FQ of C_5 (ordinary stratocumulus).
Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

surrounding landmasses (Herman and Goody 1976). On
the other hand, cold advection and subsidence occur
most frequently over the eastern subtropical ocean
where C,_ 5 is correspondingly most common. During
winter, stratocumulus is frequent east of the Eurasian
and North American continents, probably as a result of
cold-air outbreaks.

Soundings from coastal stations indicate that east-
ern subtropical stratusoccursin avery shallow mixed
layer (Lilly 1968), unlike the case for midlatitudes
(Norris 1998). Cloudiness occurring in well-mixed
MBLs probably has less horizontal inhomogeneity
than cloudiness occurring in less well-mixed MBLS,
prompting observers to identify it as C, 6 instead of
C. 5. The area of C, 6 next to the California coast
roughly corresponds to the area where Bretherton and
Wyant (1997) predict a coupled cloud-topped MBL.
Observations from the Arctic indicate that summer-
time stratus also typically occursin arelatively shal-
low boundary layer, sometimes in multiple cloud
decks (Curry et al. 1988).

e. C_8 (cumulus-under-stratocumulust) and
C, 4 (stratocumulus-from-spreading-cumulus)

C, 8 (cumulus-under-stratocumulus) and C, 4 (stra-
tocumulus-from-spreading-cumulus) are two additional
cloud types that contribute to W88 stratus (Table 1).
Both are composed of cumulus with stratocumulus and
are distinguished from each other by whether the cu-
mulus clouds widen as they reach the stratocumulus
layer (WMO 1975), the case for C_ 4. Otherwise cu-
mulus with stratocumulus is identified as C, 8. This ap-
pears to be a subtle difference in practice, however, and
the fact that OWS observers ailmost never report C, 4
(Fig. 1) suggests that VOS observers often report as
C, 4 what better-trained OWS observers would report

1 The WMO description of C, 8 merely states ‘““‘the base of the
cumulus is at a different level than that of the stratocumulus” (Table
1in Part I), but cumulus-under-stratocumulus is an appropriate para-
phrase because stratocumulus-under-cumulus is unphysical.
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Fic. 8. Climatological JJA (top) and DJF (bottom) daytime FQ of C, 6 (fair-weather stratus).
Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

as C, 8. This is confirmed by the great similarity be-
tween the geographical and seasonal distributions of
daytime FQ of C_ 8 (Fig. 9) and that of C_ 4 (Fig. 10).
For this reason it is assumed that VOS observations of
C. 4 and C, 8 generaly correspond to the same cu-
mulus-with-stratocumulus cloud type, MBL structure,
and meteorological conditions associated with OWS ob-
servations of C, 8 in Part | (Norris 1998).

Similar to ordinary stratocumulus, cumulus-with-
stratocumulus typically occurs in an inversion-capped
MBL with cold advection and subsidence (Norris 1998)
and is correspondingly frequent where ordinary stra-
tocumulus is frequent. However, a comparison of Figs.
9 and 10 with Figs. 7 and 5 shows that the geographical
location of maximum cumulus-with-stratocumulus FQ
occurs between maximum ordinary stratocumulus FQ
and maximum ordinary cumulus FQ. This is consistent
with the conceptual model of Bretherton (1992) and
Wyant et al. (1997), which proposes atransitionin MBL
cloudiness from ordinary stratocumulus to cumulus-un-
der-stratocumulus to ordinary cumulus as the MBL is

advected by trade winds over increasingly warm SST
(discussed in more detail in section 4a). A similar tran-
sition also occurs north of the equatorial cold tonguein
the eastern tropical Pacific (discussed in more detail in
section 4b).

f. C_ 7 (bad-weather stratus) and sky-obscuring
precipitation

Figure 11 displays the JJA and DJF climatological
distributions of daytime FQ of C, 7 (bad-weather stra-
tus), which also contributes to W88 stratus (Table 1).
Part | of this study documented that at midlatitudes this
cloud type is associated with nearly saturated conditions
through the middle and lower troposphere and usually
occurs with rain (Norris 1998). Correspondingly, C, 7
ismost frequent at midlatitudes during winter when syn-
optic activity is greatest. The relatively weak but well-
defined storm track of C_ 7 stretching across the mid-
latitude North Pacific during JJA is consistent with rel-
atively weak synoptic activity indicated by high-pass-
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Fic. 9. Climatological JJA (top) and DJF (bottom) daytime FQ of C,_ 8 (cumulus-under-
stratocumulus). Contour interval is 2.5%. Shading indicates FQ above 10% (light) and 20%
(dark).

filtered 250-mb wind statistics and coincideswith aband
of mean upward motion in the midtroposphere (Hoskins
et al. 1989). At lower latitudes C, 7 is probably asso-
ciated with stratiform precipitation regions of mesoscale
convective systems (Houze 1993).

Sky-obscuring precipitation is diagnosed when the
total cloud cover code reports sky-obscured (N = 9)
and the present-weather code (ww) reports precipitation,
usually drizzle or snow, at the time and location of the
observation (ww = 50-75, 77, 79, 80-99). Figure 12
displays JJA and DJF climatological distributions of
daytime FQ of sky-obscuring precipitation. Sky-ob-
scuring precipitation isnegligible over most of the ocean
but occasionally occurs at midlatitudes. During summer
amuch larger fraction of precipitation occurs as drizzle
in the North Pacific compared to the North Atlantic
(Petty 1995), which is consistent with the much greater
FQ of sky-obscuring precipitation in the North Pacific.
The fact that the geographical distributions of sky-ob-
scuring precipitation and sky-obscuring fog (Fig. 13)

are similar during summer suggests that reports of sky-
obscuring precipitation due to drizzle actually result
from sky-obscuring fog with coincident drizzle. The
present-weather code requires the largest applicable
number to be reported, so drizzle (ww = 50-59) has
priority over fog (ww = 10-12, 40—49). During winter
most precipitation in the western North Pacific and west-
ern North Atlantic occurs as snow (Petty 1995), which
is consistent with the greater FQ of sky-obscuring pre-
cipitation in these regions.

g. Sky-obscuring fog and C, 0 (no-low-cloud)

Figure 13 displays the JJA and DJF climatological
distributions of daytime FQ of sky-obscuring fog, which
also contributes to W88 stratus. These maps are basi-
cally higher-resolution versions of maps 100 and 102
previously calculated by Warren et al. (1988). Sky-ob-
scuring fog is rare over most of the ocean except in the
western midlatitude North Pacific and North Atlantic
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Fic. 10. Climatological JJA (top) and DJF (bottom) daytime FQ of C,_ 4 (stratocumulus-from-
spreading-cumulus). Contour interval is 2.5%. Shading indicates FQ above 10% (light) and 20%
(dark).

and parts of the Arctic during summer where substantial
warm advection occurs (Klein and Hartmann 1993). The
maximum FQ of sky-obscuring fog occurs where mean
warm advection (including eddy terms) is greatest (not
shown). This is consistent with Part | of this study,
which showed that sky-obscuring fog is associated with
strong warm advection (Norris 1998). Some sky-ob-
scuring fog also occurs in the Southern Ocean during
summer.

Figure 14 displays the JJA and DJF climatological
distributions of daytime FQ of C_0 (no-low-cloud).
C, 0 is very frequent adjacent to continents, over the
Mediterranean Sea, and over the Arctic Ocean, and
sometimes occurs poleward and eastward of continents
at midlatitudes during summer, where poleward and
eastward is usually downwind. This in combination of
results from Part | for OWS B and C in the western
North Atlantic (Norris 1998) suggests that C,_ 0 is as-
sociated with warm advection of dry air fromland. C_ 0
also sometimes occurs on the southern side of the equa-

torial cold tongue in the Pacific and Atlantic Oceans
where southerly winds advect air over colder SST. Here
it is likely that the increased stratification sometimes
reduces entrainment-generating turbulence to the point
that subsidence pushes the base of the trade inversion
beneath the lifting condensation level or reduces upward
moisture flux to the point that the cloud layer evaporates
(described in further detail in section 4b). Cloudless
MBLs are correspondingly more frequent during JJA
when the equatorial cold tongue and surface divergence
are stronger. A similar process may occur around 30°N
during DJF in a zone of surface divergence between the
subtropics and midlatitudes (not shown).

4. Transitionsin cloud type
a. Eastern subtropical ocean

The stratocumulus to trade cumulus transition in the
eastern subtropical ocean is explored in greater detail
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Fic. 11. Climatological JJA (top) and DJF (bottom) daytime FQ of C, 7 (bad-weather
stratus). Contour interval is 2.5%. Shading indicates FQ above 10% (light) and 20% (dark).

by calculating climatological values of MBL properties
and daytime FQ of cloud types along atrajectory around
the subtropical anticyclone during JJA. The trajectory
is chosen to pass through the location of maximum stra-
tocumulus FQ and the averaging regions are spaced one
day apart at the climatological surface wind speed fol-
lowing the climatological surface wind direction (in-
dicated in Fig. 15). This should be representative of
typical synoptic trgjectories since the trade winds are
particularly steady during summer. Figure 16a shows a
consistent progression in the locations of maximum FQ
of fair-weather stratus (C_ 6), ordinary stratocumulus
(C.5), cumulus-with-stratocumulus FQ (C_ 8 and 4),
cumulus (C, 1 and 2), and cumulonimbus (C, 3 and 9)
asthe climatological MBL is advected equatorward into
the ITCZ. The cumulus category is dominated by small
cumulus (C, 1) upstream and moderate and large cu-
mulus (C, 2) downstream (not shown).

Climatological along-trajectory variations of SST,
nighttime air—sea temperature difference (AT = T,, —
SST), surface divergence, and inversion base height dur-

ing JJA show that the observed transition in cloud type
is consistent with the conceptual model of Bretherton
(1992) and Wyant et al. (1997). Here, AT was calcul ated
using only nighttime observations to avoid biases re-
sulting from ship deck heating (Goerss and Duchon
1980). Surface divergence was calculated from surface-
observed winds, and inversion base heights were ob-
tained from the climatology of Neiburger et al. (1961).
Figure 16b shows that SST steadily increases as the
MBL is advected toward the equator. Surface air tem-
perature increases as well, though not as much, which
results in an increasingly negative AT (Fig. 16b). Both
of these contribute to an increasingly large moisture flux
into the MBL, which Wyant et al. suggest is responsible
for the decoupling of the cloud layer from the subcloud
layer. Figure 16¢ shows that surface divergenceisgreat-
est near the beginning of the trajectory and decreases
farther downstream to eventually become net conver-
gence in the ITCZ. Mixed-layer modeling (Schubert et
al. 1979) and observations following a synoptic trajec-
tory (Bretherton and Pincus 1995; Bretherton et al.
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FiG. 12. Climatological JJA (top) and DJF (bottom) daytime FQ of sky-obscuring precipitation.
Contour interval is 1%. Shading indicates FQ above 10% (light) and 20% (dark).

1995) indicate decreasing surface divergence and in-
creasing SST both contribute to the observed deepening
of the MBL (Fig. 16c¢). Increasing MBL depth also pro-
motes decoupling (Wyant et a. 1997), and increasing
decoupling promotes the transition in low cloud type
from ordinary stratocumulus to cumulus-with-strato-
cumulus to ordinary cumulus. This is consistent with
the results of Part I, which showed that at specific lo-
cations the MBL is typically shallowest for stratocu-
mulus, deepest for cumulus, and in-between for cu-
mulus-with-stratocumulus (Norris 1998).

b. Eastern equatorial ocean

MBLs advected northward from the eastern subtrop-
ical South Pacific pass over the equatorial cold tongue
prior to entering the ITCZ, resulting in arapid transition
from advection over colder SST to advection over much
warmer SST and a correspondingly rapid transition in
cloud type (Figs. 17a and 17c). This transition is ex-

amined in aregion of the eastern equatorial Pacific (in-
dicated in Fig. 15) through the use of zonal averages
instead of a trgjectory in order to compensate for the
lower sampling density. This should not greatly affect
the results because MBL properties and cloud type FQ
and are generally zonally uniform within the region.
Climatological values of MBL properties and daytime
FQ of cloud types are calculated for JJA, a season when
the meridional SST gradient and meridional wind are
particularly strong (Mitchell and Wallace 1992). Similar
to Fig. 7b of Klein and Hartmann (1993), Fig. 17b shows
the rapid decrease and even more rapid increase in SST
that occurs during advection over the cold tongue. Ad-
vection over colder SST south of the minimum SST
causes the nighttime AT to become much less negative,
amost to the point of zero (Fig. 17b). Advection over
warmer SST north of the minimum SST dramatically
reversesthis, and AT becomes strongly negativein about
one day. Net surface divergence occurs over and south
of the cold tongue and becomes net convergence in the
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Fic. 13. Climatological JJA (top) and DJF (bottom) daytime FQ of sky-obscuring fog.
Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

ITCZ (Klein and Hartmann 1993). However, the large
increase in surface divergence over the northern side of
the cold tongue observed by Klein and Hartmann prob-
ably does not reflect a large increase in subsidence but
instead results from enhanced downward momentum
flux asthe MBL goesfrom positively to negatively strat-
ified (Wallace et al. 1989).

Figures 17a and 17c show that the observed cloud
type transition is consistent with the latitudinal variation
of advection and surface divergence. Asisthe casenorth
of the ITCZ, cumulus is the most frequent cloud type
south of the cold tongue. Small cumulus (C, 1) becomes
relatively more prevalent than large cumulus (C, 2) over
the southern side of the cold tongue, consistent with the
shallower MBL observed south of the Equator (Hara-
guchi 1968) resulting from advection over decreasing
SST (Schubert et al. 1979). No-low-cloud (C, 0) has
maximum FQ over the cold tongue, one of the few
places over the global ocean away from land where it
occurs with any frequency (Fig. 14). The MBL is pos-
itively stratified on the southern side of the cold tongue

(Bond 1992), which reduces upward moisture fluxes and
entrainment-generating turbulence. It is possible that
cloudless MBLs result from occasional conditions of
particularly strong subsidence and MBL stratification
that cause the lifting condensation level to descend be-
neath the inversion base; observations by Neiburger et
al. (1961) indicate that inversion base over the cold
tongue during JJA is sometimes lower than 600 m. Al-
ternately, strong stratification may reduce the upward
moisture flux to the point that the cloud layer evaporates.
North of the minimum SST, surface divergence and ad-
vection over much warmer SST generate increased stra-
tocumulus (C, 5), as previously documented by Deser
et al. (1993). The maximum FQ of cumulus-with-stra-
tocumulus (C, 8 and 4) occurs downstream from the
maximum FQ of stratocumulus, as is the case in the
eastern subtropical ocean. The FQ of small cumulusand
stratocumulus decreases and the FQ of large cumulus,
cumulonimbus (C_ 3 and 9), and bad-weather stratus
(C. 7) increases when surface divergence reverses to
convergence as the MBL approaches the ITCZ.
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JJA Daytime FG of CL O (No Low Cloud)

Fic. 14. Climatological JJA (top) and DJF (bottom) daytime FQ of C_ 0 (no-low-cloud).
Contour interval is 5%. Shading indicates FQ above 10% (light) and 20% (dark).

Averaging Regions Used For Examining Cloud Type Transitions

FiG. 15. Averaging regions used for examining low cloud type transitions.
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¢. Western subtropical/midlatitude ocean

Although much recent research on the role of MBL
cloudiness in the climate-system has focused on eastern
subtropical stratocumulus, Norris and Leovy (1994)
documented that substantial interannual variability in
stratiform cloudiness and SST occurs in the western and
central North Pacific and North Atlantic during summer.
Much of this variability was attributed to year-to-year
latitudinal shifts in the location of the storm track and
regions of strong SST and cloudiness gradients. To ex-
amine the relationship between cloudiness and SST in
greater detail, climatological values of both are calcu-
lated during JJA for aregion in the western North Pacific
(indicated in Fig. 15). Climatological values during JJA
for aregion in the western North Atlantic (not shown)
are similar. Figures 18a and 18c show the latitudinal
variation of daytime FQ of various cloud types and Fig.
18b showsthe latitudinal variation of SST and nighttime
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Fic. 16. (a) Profile of JJA climatological daytime FQ of strato-
cumulus (C,_ 5) (solid), cumulus (C, 1 and 2) (dotted), cumulus-with-
stratocumulus (C, 8 and 4) (short dash), fair-weather stratus (C, 6)
(long dash), and cumulonimbus (C, 3 and 9) (dot—dash) following a
typical surface parcel trajectory through the eastern subtropical North
Pacific. (b) Asin (a) except for SST (solid) and nighttime AT(dotted).
(c) Asin (a) except for surface divergence (solid) and inversion base
height [adopted from Fig. 21 of Neiburger et al. (1961)] (dotted).

AT. Generally, southerly surface winds over northward
decreasing SST produce seasonal mean warm advection
in thisregion, and climatological AT goes from negative
to positive between the subtropics and midlatitudes and
has latitudinal variation very similar to that of seasonal
mean daily temperature advection at 1000 mb (not
shown). However, persistent warm advection rarely oc-
curs due to frequent synoptic activity, which can cause
southward flow as well as northward flow over the SST
gradient.

Southward flow over the SST gradient produces cold
advection similar to that previously examined in the
eastern subtropical North Pacific and eastern tropical
Pacific north of the equatorial cold tongue. Figures 18a
and 18c show aprogression in the locations of maximum
FQ of ordinary stratocumulus (C, 5), cumulus-with-
stratocumulus FQ (C, 8 and 4), and cumulus (C, 1 and
2) from north to south. Thisis consistent an increasingly
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decoupled MBL resulting from advection over rapidly
increasing SST.

Northward flow over rapidly decreasing SST increas-
es the stratification of the surface layer and decreases
convective available potential energy (CAPE), consis-
tent with the poleward decrease in cumuliform cloud
types. Small cumulus (C, 1) has a maximum around
30°N and is dlightly more frequent than moderate and
large cumulus (C, 2) at midlatitudes. Decreasing CAPE
and increasing stratification will decrease the maximum
height attained by cumulus and increase the probability
that cumulus cloudswill beidentified as‘ small’’ instead
of ““moderate or large.” Composite soundings from Part
I (Norris 1998) suggest that advection over colder SST
can transform a MBL with cumulus to one with shallow
fair-weather stratus (C, 6), consistent with the poleward
increase in fair-weather stratus. It is likely that further
advection of this shallow stratus layer farther to the
north will produce sky-obscuring fog under conditions
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Fic. 17. (a) Meridional profile of JJA climatological daytime FQ
of stratocumulus (C, 5) (solid), small cumulus (C, 1) (dotted), no-
low-cloud (C, 0) (short dash), and cumulonimbus (C, 3 and 9) (dot—
dash) (long dash) zonally averaged over 90°-120°W in the eastern
equatorial Pacific. (b) Asin (&) except for SST (solid) and nighttime
AT (dotted). (c) Asin (a) except for bad-weather stratus (Fs) (C, 7)
(solid), moderate and large cumulus (C,_ 2) (dotted), and cumulus-
with-stratocumulus (C, 8 and 4) (short dash).

of subsidence or a deeper stratus layer (as was observed
at OWS C in Part I) under conditions of weak ascent.
Bad-weather stratus (C, 7) is produced by stronger as-
cent and has maximum FQ around 37.5°N, slightly south
of the region of strongest SST gradient and coinciding
with a band of mean upward motion in the midtropo-
sphere (Hoskins et al. 1989).

5. Conclusions

Part | of this paper (Norris 1998) showed that surface-
observed low cloud type was consistently related to the
vertical distribution of temperature and moisture and
surface meteorology at several OWS. Part Il shows a
similar consistency between geographical and seasonal
distributions of low cloud type and expected patterns of
advection, surface divergence, and synoptic activity
over the global ocean. Detailed examinations of low
cloud type variations along climatological trajectories
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in the eastern subtropical North Pacific, eastern equa-
torial Pacific, and western North Pacific show that max-
ima in the frequency of stratocumulus, cumulus-with-
stratocumulus, and cumulus progressively occur as the
MBL is advected over increasingly warm SST. This
transition is consistent with increased MBL height, in-
creased decoupling of the cloud layer from the subcloud
layer, and decreased surface divergence. Advection over
increasingly cold SST sometimes produces a cloudless
MBL on the southern side of the equatorial cold tongue
and stratus or fog in the western midlatitude North Pa-
cific.

These results suggest surface observations of low
cloud type made by VOS can be used to qualitatively
infer MBL structure where above-surface measurements
are lacking. This will help elucidate processes respon-
sible for variability in cloudiness over the ocean. Global
climatologies of low cloud type can also provide a base-
line for the development and validation of MBL cloud
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Fic. 18. (a) Meridional profile of JJA climatological daytime FQ
of bad-weather stratus (Fs) (C, 7) (solid), moderate and large cumulus
(C, 2) (dotted), cumulonimbus (C_ 3 and 9) (dot—dash), and fair-
weather stratus (C, 6) (long dash) zonally averaged over 150°— 180°E
in the western North Pacific. (b) Asin (a) except for SST (solid) and
nighttime AT(dotted). (c) Asin (a) except for stratocumulus (C, 5)
(solid), small cumulus (C, 1) (dotted), cumulus-with-stratocumulus
(C, 8 and 4) (short dash), and sky-obscuring fog (dot—dash).

parameterizations in general circulation models. For ex-
ample, the prevalence of cumulus-with-stratocumulus
over the midlatitude ocean suggests the MBL is fre-
quently decoupled there. Further investigation of inter-
annual variability in low cloud type and related pro-
cesses will provide better understanding of the role of
MBL cloudiness over the ocean in the climate system.
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APPENDIX
Calculation of Low Cloud Type Frequency

As described in Hahn et al. (1994), a small fraction
of shipsreport total cloud cover (N) but not low, middle,
and high cloud types (C,, C,,, and C,,). Prior to 1982
these reports could be excluded from calculations of the
frequency of occurrence of low cloud typessinceC, was
recorded as**/"’ (no low cloud type information). How-
ever, a change in observing procedure in 1982 allowed
observers to report C, as “‘/" for conditions of clear
skies (N = 0). Consequently, it was no longer possible
to distinguish between ships that normally reported
cloud type and those that did not. Ships that did not
normally report cloud type would contribute to the fre-
quency of clear sky but not to the frequency of cloud
types, thus creating a potential clear-sky bias. Sincelow
cloud type is not reported when the sky is obscured (N
= 9), thereisasimilar potential sky-obscured bias. Both
problems were solved by separately calculating fre-
quencies of low cloud types, clear sky, sky-obscuring
precipitation, and sky-obscuring fog where, for the pur-
poses of this paper, sky-obscuring precipitation and sky-
obscuring fog are identified as two additional *‘low
cloud types.”

The frequencies of occurrence of clear sky (FQ.,),
sky-obscuring precipitation (FQ,,), and sky-obscuring
fog (FQ.,) were calculated by

Nclr Nsop Nfog

F = — F = ,

Ny TN, 0w TN,

where N, Ng,, and N;,, are the total number of ob-

servations reporting clear sky, sky-obscuring precipi-

tation, and sky-obscuring fog and N, isthe total number

of all cloud observations, whether or not they report

low cloud type. The frequencies of occurrence of low

cloud types 1-9 (FQ, where C, 1 = i = C_9) were
calculated by

Fch r (A 1)

N;

FQi = W(l - FQcIr - FQsop - FQfog)r
where N, is the total number of observations reporting
cloud typei and N, is the total number of observations
that report low cloud types when the sky is not clear or
obscured. The frequency of occurrence of no-low-cloud-
ed (FQ,) was calculated by

N
FQO = N|—0(1 - I:(gclr - FQsop - FQfog) + FQcIrv
where N, is the total number of observations reporting
C. 0. Equations (A2) and (A3) are exact and reduce to
aform similar to that of (A1) in the case that low cloud
types are always reported. Every possible sky condition

(A2)

(A3)
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for low cloud identification is included and X, FQ, +
FQo, + FQup + FQipy = 1.
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