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ABSTRACT

Surface cloud observations and coincident surface meteorological observations and soundings from five ocean
weather stations are used to establish representative relationships between low cloud type and marine boundary
layer (MBL) properties for the subtropics and midlatitudes by compositing soundings and meteorological ob-
servations for which the same low cloud type was observed. Physically consistent relationships are found to
exist between low cloud type, MBL structure, and surface meteorology at substantially different geographical
locations and seasons. Relative MBL height and inferred decoupling between subcloud and cloud layers are
increasingly greater for stratocumulus, cumulus-under-stratocumulus, and cumulus, respectively, at midlatitude
locations as well as the eastern subtropical location during both summer and winter. At the midlatitude locations
examined, cloudiness identified as fair-weather stratus often occurs in a deep, stratified cloud layer with little
or no capping inversion. This strongly contrasts with cloudiness identified as stratocumulus, which typically
occurs in a relatively well-mixed MBL under a strong capping inversion at both midlatitude and eastern sub-
tropical locations. At the transition between subtropics and midlatitudes in the western North Pacific, cloudiness
identified as fair-weather stratus occurs in a very shallow layer near the surface. Above this layer the associated
profile of temperature and moisture is similar to that for cumulus at the same location, and neither of these
cloud types is associated with a discernible MBL. Sky-obscuring fog and observations of no low cloudiness
typically occur with surface-based inversions. These observed relationships can be used in future studies of
cloudiness and cloudiness variability to infer processes and MBL structure where above-surface observations

are lacking.

1. Introduction

Low clouds over the ocean play a key role in the
global climate system because they have a much higher
albedo than the underlying surface and therefore can
greatly influence the surface and top-of-atmosphere en-
ergy budgets. For this reason they have the potential to
exert strong feedbacks on climate variability and climate
change, but the magnitude and even the sign of these
feedbacks are not well known. General circulation mod-
els (GCMs) show significantly different responses to a
change in climate forcing depending largely on the
strength of cloud feedbacks in the model (Cess et al.
1990; Cess et al. 1996), which in turn depend on the
cloud parameterizations. Since marine boundary layer
(MBL) clouds in particular are generally poorly simu-
lated by GCMs (e.g., Soden 1992), much effort hasgone
into better understanding the factors controlling the
amount and optical thickness of low cloudiness. Field
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experiments such as the First ISCCP (International Sat-
ellite Cloud Climatology Project) Regional Experiment
(FIRE) (Albrecht et a. 1988) and the Atlantic Strato-
cumulus Transition Experiment (ASTEX) (Albrecht et
al. 1995a) have been conducted to investigate how MBL
processes and the large-scale environment influence
cloud properties and the transition between stratocu-
mulus and trade cumulus cloud regimes in the eastern
subtropical ocean. Although these and similar projects
have produced a wealth of detailed information on the
radiative and microphysical properties of clouds and the
dynamical and thermodynamical properties of the MBL,
the data exist only for short periods of time at a few
locations and focus on the subtropical ocean. Thus, it
is desirable to sample over longer time periods and in
agreater variety of climate regimes, especially the mid-
latitude ocean.

Recent studies have examined relationships between
seasonal, interannual, synoptic, and ElI Nifio-Southern
Oscillation variability in cloudiness and other climate
parameters over the ocean (e.g., Deser and Wallace
1990; Hanson 1991; Tselioudis et al. 1992; Deser et al.
1993; Klein and Hartmann 1993; Oreopoulos and Da-
vies 1993; Norris and Leovy 1994; Weare 1994; Klein
et al. 1995; Weaver and Ramanathan 1996; Klein 1997).
Although these investigations have obtained basic in-
formation about processes influencing cloudiness, their
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Fic. 1. Locations of 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), which
contributed soundings and surface observations for this investigation.

use of broad categories of cloud type, typically total
cloud amount, limits their explanatory capability. For
example, because an observed changeintotal cloudiness
does not distinguish a change in cumulus cloudiness
from a change in stratus cloudiness, it is difficult to
specifically identify the factors responsible for the ob-
served change in total cloudiness since cumulus and
stratus form under very different conditions. Satellite-
based cloud datasets such as | SCCP (Rossow and Schif-
fer 1991) are similarly limited in their ability to examine
processes affecting low cloudiness since they cannot
easily distinguish between low cloud types. For ex-
ample, thin overcast stratus and thick patchy cumulus
occur in MBLs with significantly different properties,
but the ISCCP algorithm may encounter difficulty dis-
tinguishing between them if the cloud elements are
smaller than the pixel size. This paper proposes that
many of the previously described handicaps may be
overcome by using a global dataset based on synoptic
surface observations organized by individual cloud type.
Although synoptic surface observations lack quantita-
tive radiative measurements, they cover a much longer
time period than do satellite observations, and the ob-
servers' identification of clouds by morphological type
contains qualitative information about MBL structure.

Since synoptic surface observations of cloud type
have not seen much previous use in climate research,
the present pair of papers is intended to lay a general
foundation for future specific investigations by dem-
onstrating the general usefulness of synoptic surface
observations of cloud type in providing information on
the local MBL structure and meteorological conditions
in several different climate regimes and seasons and by
documenting climatological distributions of individual
low cloud types as abaseline for futureinterannual stud-
ies. Part | presents the average vertical distributions of
temperature and moisture associated with commonly oc-
curring cloud types using ocean weather station (OWS)
data (locations shown in Fig. 1). Thisis complementary
tothework of Bettset al. (1995), Albrecht et al. (1995b),
and Klein (1997), who focused on cloud fraction rather
than cloud type. Composite soundings are constructed
for stratocumulus, cumulus-under-stratocumulus, mod-
erate and large cumulus, fair-weather stratus, bad-
weather stratus, sky-obscuring fog, and no-low-cloud
for several midlatitude and subtropical locations during

summer and winter seasons. Mean surface meteorol og-
ical parameters associated with the cloud types are also
calculated to show how thelocal environment influences
low cloud type. These observed relationships will be
useful for interpreting the results of Part |1, which pre-
sents the global distributions of the frequency of oc-
currence of all low cloud types for summer and winter
seasons with additional illustrations of certain transi-
tions in cloud type (Norris 1998).

2. Data
a. Cloud type

Synoptic surface cloud type observations are partic-
ularly useful for studying low cloudiness because human
observers identify clouds by morphological type, which
is qualitatively related to the dynamical and thermo-
dynamical environment in which the clouds occur. Table
1 gives nontechnical descriptions of each low cloud type
(including no-low-cloud) classified according to the
synoptic code (WMO 1975) and the abbreviations that
will be used in this paper. If more than one cloud type
is present, certain cloud types have priority over others
in designating the low type code (C, ) even if they cover
only a small fraction of the sky (Table 1). Thus, if any
cumulonimbus with anvil is present then C, = 9, oth-
erwise if any cumulonimbus without anvil is present
then C, = 3, etc. If only C_ = 1, 5, 6, or 7 are present,
then the low type code is designated by whatever type
has the greatest sky cover. If no low cloud is present,
then C, = 0. Occasionally it is not possible to observe
low cloudiness due to sky-obscuring fog or sky-ob-
scuring precipitation (diagnosed by the present-weather
code), which areidentified astwo additional *‘low cloud
types”’ for the purposes of this paper. These 12 types
include every possible sky condition for low cloud iden-
tification.

Figure 2 shows the climatological frequency of oc-
currence of each low cloud type during June-August
(JJA) and December—February (DJF) at 0000 UTC for
OWS B and C and at 1200 UTC for OWS N, P, and V.
These hours are the times of the nighttime sounding and
correspond to 2036, 2138, 0240, 0220, and 2256 local
time at OWS B, C, N, B and V, respectively. Daytime
observations are not used due to biases in sounding
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TaBLE 1. WMO low cloud classification.
C, Code Priority2 Nontechnical cloud type description

0 7 No stratocumulus, stratus, cumulus, or cumulonimbus

1 (smal Cu) 6° Cumulus with little vertical extent and seemingly flattened, or ragged cumulus other than of bad
weather,c or both

2 (Cu) 5 Cumulus of moderate or strong vertical extent, generally with protuberances in the form of domes or
towers, either accompanied or not by other cumulus or by stratocumulus, all having their bases at
the same level

3 2 Cumulonimbus the summits of which, at least partially, lack sharp outlines, but are neither clearly
fibrous (cirriform) nor in the form of an anvil; cumulus, stratocumulus, or stratus may also be
present

4 3 Stratocumulus from the spreading out of cumulus;, cumulus may also be present

5 (Sc) 6° Stratocumulus not resulting from the spreading out of cumulus

6 (St) 6° Stratus in a more or less continuous sheet or layer, or in ragged shreds, or both, but no stratus frac-
tus of bad weathere

7 (Fs) 6° Stratus fractus of bad weathere or cumulus fractus of bad weather, or both (pannus), usually below
atostratus or nimbostratus

8 (Cu-under-Sc) 4 Cumulus and stratocumulus other than that formed from the spreading out of cumulus; the base of
the cumulus is at a different level than that of the stratocumulus

9 1 Cumulonimbus, the upper part of which is clearly fibrous (cirriform), often in the form of an anvil,

either accompanied or not by cumulonimbus without anvil or fibrous upper part, by cumulus, stra-

tocumulus, stratus, or pannus

a1l is highest priority and 7 is lowest priority in designating C, if more than one type is present.
®1f no C,_ 2, 3, 4, 8, or 9 is present, priority is determined by whatever type has the greatest sky cover.
¢““Bad weather” denotes the conditions that generally exist during precipitation and a short time before and after.

relative humidity. Table 2 showsthetime periodsfor which
good surface observations of clouds are available (with
occasiona missing data). Surface observers sometimes
have difficulty identifying clouds on dark nights (Hahn et
al. 1995). This is mainly a problem for the detection of
middle and high clouds but also affects the identification
of low cloud type (Rozendaal et a. 1995). Frequencies
are therefore calculated separately for nights with and
without sufficient moonlight or twilight (using the criterion
of Hahn et a. 1995). All significant cloud types except
cumulonimbus are well-sampled by these locations.

The cloud-type frequencies displayed in Fig. 2 are
consistent with the season and climate regime at each
OWS location. The midlatitude OWS (B, C, and P)
experience significant synoptic activity with the corre-
sponding occurrence of bad-weather stratus. Warm ad-
vection is more prevalent during summer and cold ad-
vection is more prevalent during winter. Correspond-
ingly, stratiform cloudiness and fog are most common
during summer, consistent with Klein and Hartmann
(1993), but cumulus often occurs during winter, partic-
ularly at those locations closer to land where strong
cold-air outbreaks are more common. OWSV islocated
at the transition between subtropics and midlatitudesin
the western Pacific and experiences some synoptic ac-
tivity, especially during winter, but subtropical cumulus
is otherwise most common. Warm advection predomi-
nates during summer and cold advection during winter.
OWS N islocated in the eastern subtropical oceanwhere
subsidence and trade winds dominate during summer
and winter and is in the transition region between sub-
tropical stratocumulus and trade wind cumulus (Klein et

al. 1995). Because synoptic activity is minimal, cloud
types other than stratocumulus and cumulus rarely occur.
The geographical and seasonal variations of cloud types
will be discussed in greater detail in Part |1 (Norris 1998).

b. Synoptic surface observations

The OWS datasets used in this investigation were
obtained from the National Climatic Data Center in
Asheville, North Carolina, and provide synoptic obser-
vations of cloudiness and surface meteorology every 3
h during the time periods recorded in Table 2. In addition
to low cloud type, cloud information includes the frac-
tional coverage of the low cloud layer. Coincident sur-
face meteorological information includes sea surface
temperature (SST), surface air temperature, wind direc-
tion, wind speed, and present weather. Goerss and Du-
chon (1980) indicate that daytime deck heating can in-
troduce substantial biases into measurements of surface
air temperature and the subsequent calculation of air—
sea temperature difference (AT = T,, — SST), but this
should not be a problem in the present study since only
observations at the time of the nighttime sounding are
used. The frequencies of drizzle, rain, snow, showers,
and fog were obtained using present-weather codes
identifying precipitation or fog at the time and location
of the observation, and the categories were defined fol-
lowing Hahn et al. (1996).

¢. Soundings

While surface observations of cloudiness and other
meteorological parameters have been routinely taken
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Fic. 2. Frequency of occurrence of the low cloud types described in Table 1 along with sky-obscuring precipitation (SOP) and sky-
obscuring fog (FOG) at OWS B, C, N, B and V during JJA and DJF Observations are from 0000 UTC or 1200 UTC under conditions of
good illumination and poor illumination according to the criterion of Hahn et al. (1995). Color coding of bar: white—JJA, good illumination;
black—JJA, poor illumination; light hatching—DJF, good illumination; dense hatching—DJF, poor illumination.

over most of the global ocean for many decades, detailed
information about the atmosphere above the surface is
much more limited. The present investigation uses rel-
atively high resolution soundings obtained from NCDC
for OWS B, C, N, and V (OWS P has soundings only

at 50-mb resolution). Most of the OWS operated for
several decades until the early 1970s, and twice-daily
soundings with coincident surface observations (de-
scribed in the previous section) are available for most
of that time period with occasional missing data. Un-
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TABLE 2. Availability of good data.

OWS B OowWscC OWS N OWS P OoWSs Vv
Surface observations Jan 54-Apr 74 Jan 54-Dec 87 Jan 54-Apr 74 Jan 54-Jun 81 Jan 54—Jan 72
Significant-level soundings Jul 70-Jun 74 Jul 70-Dec 73 Jul 70-Jun 74 Not available Jul 70-Jan 72
Number of JJA soundings* 254 (226) 299 (141) 249 (69) 0 149 (37)
Number of DJF soundings* 197 (51) 239 (80) 230 (71) 0 107 (39)

* The parentheses indicate the number of soundings with conditions of good illumination.

fortunately, prior to July 1970 the soundings were ar-
chived at 50-mb resolution, which is insufficient to ac-
curately specify the depth of the MBL or the strength
of the capping inversion. For the few remaining years
(see Table 2) soundings were archived at significant
levels (described in WM O 1974) and include data mea-
sured at or interpolated to every 50 mb as well.

Solar heating of the radiosonde hygristor caused day-
time relative humidity to be substantially underesti-
mated in the OWS soundings (Teweles 1970; Elliott and
Gaffen 1991). The amount of underestimation varies
with cloud cover and solar angle and consequently is
impossible to correct in individual soundings. To avoid
introducing an unknown humidity bias into the results,
daytime OWS soundings were excluded from the anal-
ysis.t One drawback of this policy isthat diurnal cycles
in MBL decoupling (Betts 1990; Betts et al. 1995) that
help drivediurnal cyclesin cloud type (Kleinet al. 1995;
Rozendaal et al. 1995) will not be uniformly sampled.
Furthermore, usually more than half of the nighttime
cloud observations lack sufficient illumination.

Thin layers where potential temperature decreases
substantially over a few meters are sometimes present
in the OWS soundings. These almost always occur im-
mediately above a nearly saturated layer at the base of
the MBL inversion and are much more frequent in sub-
tropical and summer soundingswhere cloud liquid water
content is greater. Because the superadiabatic layers
themselves are dry, the most likely explanation for this
phenomenon is cooling of the thermistor due to the
evaporation of droplets collected by the radiosonde
while passing through a stratiform cloud at the top of
the MBL. The sounding profiles were corrected by in-
terpolating temperature between the base of the super-
adiabatic layer and the nearest level above the supera-
diabatic layer. No correction was applied to the lowest
layer of the soundings because superadiabatic layers can
sometimes occur at the surfaceif the SST is greater than
the air temperature.

3. Compositing procedure
a. Selection of soundings

A composite sounding for a particular location and
season was constructed by averaging the soundings for

1 June soundings at OWS B were still included in the analysis even
though the sun is slightly above the horizon at 0000 UTC, but any
solar heating should be negligible.

which the same low cloud type was reported at the time
of the sounding. To increase the sample size, cloud ob-
servations made without sufficient illumination werein-
cluded if the climatological frequency of occurrence of
the reported cloud type under poor illumination did not
exceed the frequency under good illumination at the
80% significance level for that location and season. For
example, at OWS N during JJA it islikely that cumulus-
under-stratocumulus (C, 8)? is sometimes misidentified
as ordinary stratocumulus (C, 5) under conditions of
poor illumination (Fig. 2). Therefore, all C_ 8 obser-
vations are accepted but poor-illumination C_ 5 obser-
vations are rejected. Table 2 shows the total number of
soundings with coincident surface cloud observations
at each location during JJA and DJF and al so the number
with good illumination. A few hundred soundings are
available for each OWS but usually only afraction have
good illumination.

The fraction of soundings that can contribute to a
composite depends on the frequency of occurrence of
the cloud type. Since rare cloud types will have few
soundings, only the more commonly occurring cloud
types at each location and season are analyzed. None-
theless, because the OWS occupy several different cli-
mate regimes nearly all cloud types except cumulonim-
bus are represented. Some cloud types have many
soundings contributing; in these cases only the subset
for which the cloud type had been persistent 3 h before
and/or after the time of the sounding was used. This
should improve the quality of the results by eliminating
cases on the borderline between two cloud types. Ad-
ditional improvement was obtained by removing asmall
fraction of soundings (typically 15%) that did not share
the MBL structure commonly associated with the given
cloud type. Although excluding such ambiguous sound-
ings could be considered to bias the results, the practical
result of including them is simply added noise, not
change in the basic properties of the composite sound-
ings. Nonetheless, it should be kept in mind that ob-
servers occasionally identify a particular cloud type un-
der conditions not represented in the corresponding
composite sounding. The number of soundings contrib-
uting to the composites at each OWS during each season

2The WMO description of C_ 8 merely states ‘‘the base of the
cumulus is at a different level than that of the stratocumulus” (Table
1), but cumulus-under-stratocumulus is an appropriate paraphrase be-
cause stratocumulus-under-cumulus is unphysical.
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TABLE 3. Number of significant-level soundings used in the composites, and means and standard deviations from Fig. 4.

Number of MBL 50/g4(SST)
soundings height (km) (X 100) AT (K) S (K)
JJAOWSBC, 5 33 0.67 = 0.24 26 = 122 —-05=* 10 19.0 = 41
JJA OWSB C_ 8 7 092 + 0.34 2.8 = 10.8 -0.8 =08 148 = 3.8
JAOWSCC. 5 46 0.86 = 0.32 52 + 85 -04 £ 12 18.7 = 4.0
JAOWSCC, 8 12 1.13 = 0.49 131 = 11.1 —0.6 = 0.9 15.6 = 3.9
JJA OWSN C_ 5 7 1.26 = 0.39 104 =59 -16 =08 183 = 2.7
JJA OWSN C_ 8 68 1.67 = 0.42 140 = 6.5 —-15=* 0.8 173 £ 2.0
JJA OWSN C_ 2 15 1.88 = 0.56 185+ 7.6 -16 =09 166 = 3.1
JJAOWSPC. 5 —-04 =038 173 = 31
JJAOWSPC, 8 —-05 = 0.7 155 *= 3.2
DJF OWSB C, 5 11 1.14 = 0.32 3670 —-32=*23 11.0 = 6.4
DJF OWSB C, 8 18 1.67 = 0.50 84 *+ 11.2 —-52 = 37 45 *+ 438
DJF OWSB C, 2 20 2.07 = 0.64 9.7 £ 6.7 —6.9 = 34 03 =52
DIFOWSCC, 5 12 1.26 = 0.41 41+ 7.0 -11+20 145 = 46
DIJFOWSCC, 8 17 1.66 = 0.45 94 £ 92 —21=*18 95 *59
DJFOWSCC, 2 13 2.61 + 0.73 19.5 + 10.6 -32=*x21 39*54
DJF OWSN C, 5 17 1.37 = 0.29 8671 -16 +1.2 154 = 25
DJF OWSN C, 8 44 1.58 = 0.34 119 = 9.3 -17*13 144 = 2.4
DJF OWSN C, 2 13 1.63 = 0.54 17.0 = 12.9 -16 *+15 131+ 35
DIFOWSPC, 5 -0.6 £ 13 136 = 7.1
DIJF OWSPC, 8 -19*+ 15 73 £ 6.0
DIJF OWSPC, 2 -23* 17 47 =52
DJF OWSV C, 5 —15=* 27 12.6 = 3.8
DJF OWSV C_8 18 244 + 0.79 153 = 9.3 —-28=*=22 75+ 44
DJF OWSV C, 2 10 2.73 = 1.16 189 = 14.3 —-35=*20 6.1 £ 4.8

* Stability.

are recorded in Tables 3 and 4. These numbers are not
large enough for climatological significance, but the
composites do show representative vertical distributions
of temperature and moisture associated with particular
cloud types. Moreover, the OWS soundings used in the
composites are sampled from an entire season over a
period of several years and thus have a much greater
level of independence than those from short-term field
projects (e.g., FIRE, ASTEX).

TaBLE 4. Number of significant-level soundings used in the
composites, and means and standard deviations from Fig. 6.

Number
of
sound-
ings AT (K) S (K)
JJA OWSBC, 7 15 0.1+ 1.0 18.3 = 3.6
JJAOWSBC, 0 12 0.7 1.2 209 + 3.7
JJA OWSBC, 6 17 -0.1+ 09 19.9 = 3.9
JJA OWS B FOG 21 0.0+ 1.2 23.6 + 3.8
JAOWSCC 7 29 02+ 10 18.0 = 4.1
JAOWSCC, 0 13 0.6 + 1.0 19.9 = 2.9
JAOWSCC, 6 28 02 +12 215 + 35
JJA OWS C FOG 25 1.0+ 10 237 + 2.6
JJAOWSPC 7 0.0+ 0.8 20.7 = 35
JJA OWSPC 6 -0.1* 0.6 20.1 = 34
JJA OWS P FOG 0.1+ 0.9 21.3 £ 43
JJA OWSV C,_ 2 22 -05=+10 142 = 2.0
JJA OWSV C_ 0 03+ 19 174 = 2.6
JJA OWSV C_ 6 10 03+ 11 186 = 18
* Stability.

b. Scaling to MBL height

As noted by Albrecht et al. (1995b) and Klein et al.
(1995), directly averaging temperature and moisture pa-
rameters on a pressure axis will smear out the sharpness
of the capping inversion due to fluctuations in MBL
height. To preserve the temperature and moisture struc-
ture at the top of the MBL all soundings were normal-
ized by the height of the MBL prior to averaging. After
averaging, the vertical axis of the composite sounding
was rescaled to the mean MBL height. Inall cases, MBL
height was determined by visual inspection of the
soundings.

For clouds occurring under capping inversions (stra-
tocumulus and cumulus cloud types at OWS B, C, and
N during summer and winter and OWS V during
winter), MBL height was identified as the height of
temperature minimum at the base of the inversion. This
almost always corresponded closely to the base of the
layer in which potential temperature began to increase
substantially and both relative and specific humidity be-
gan to decrease substantially. In a few soundings the
slope of potential temperature experienced a short de-
crease immediately above the apparent cloud top, sug-
gesting spurious cooling due to the evaporation of cloud
droplets off the radiosonde; in these cases MBL height
was identified as the base of the layer where relative
humidity began to decrease substantially. If there was
no discernible temperature inversion (often the case for
wintertime midlatitude cumulus), then the top of the
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MBL was identified as the base of the layer where po-
tential temperature began to increase substantially.

Sky-obscuring fog and no-low-cloud at OWS B and
C occur with surface-based inversions; their soundings
were normalized by the height of the temperature max-
imum at the top of this inversion. Fair-weather stratus
at OWS B and C typically has a clearly defined cloud
top but often occurs without a clearly defined capping
inversion or stable layer. For this reason fair-weather
stratus soundings were normalized by the height at
which relative humidity began to significantly decrease
with height. Bad-weather stratus at all locations and
cumulus and stratus at OWSV during summer-typically
did not have MBLs that could be clearly defined by
either potential temperature or relative humidity; their
soundings were not normalized.

¢. Surface observations and 50-mb sounding data

Surface observations of low cloud fraction, SST, AT,
wind speed, zonal and meridional wind components, and
frequencies of fog and various precipitation types, were
averaged for each cloud type over the entire multide-
cadal time period. The lower-tropospheric static stabil-
ity, S= 6(700 mb) — 0(SST, SLP), was averaged for
each cloud type using the entire sounding data set. How-
ever, a dlightly different definition of S from that of
Klein and Hartmann 1993) was used where SST is sub-
stituted for surface air temperature. Only observations
at the time of day of the nighttime sounding made under
conditions of sufficient sky illumination were averaged.
To obtain more distinctive results, observations were
averaged only when the cloud type had been persistent
3h before and after the observation. When less than 40
observations were available, the persistence criterion
was relaxed to allow more observations to contribute.

4. Results
a. Clouds under capping inversions

A temperature inversion almost always capsthe MBL
over eastern subtropical oceans and frequently caps the
MBL over midlatitude oceans, particularly during sum-
mer (Klein and Hartmann 1993). Subsidence associated
with the subtropical anticyclone promotes inversions
over the eastern subtropical ocean and probably con-
tributes to inversions over the midlatitude ocean during
summer, and subsidence behind a cold front probably
promotes inversions over the midlatitude ocean during
winter and contributes to inversions during summer.
Much recent research has been devoted to understanding
physical processes controlling cloud amount in inver-
sion-capped MBLs with a particular focus on the tran-
sition from stratocumulusto trade cumulusin the eastern
subtropical ocean (e.g., ASTEX). The conceptual model
of Bretherton (1992) and Wyant et al. (1997) proposes
that a generally well-mixed MBL with stratocumulus
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becomes increasingly decoupled asit is advected by the
trade winds over increasingly warm SST. In adecoupled
MBL (described by Nicholls 1984) intermittent cumuli
carry moisture from the subcloud layer to the cloud layer
to maintain the stratocumulus deck. In a more strongly
decoupled MBL, entrainment may evaporate the stra-
tocumulus deck leaving only cumulusin the cloud layer.
The present investigation indicates that the occurrence
of cumulus-under-stratocumulus and cumulus with in-
creased MBL height and inferred increased decoupling
istrue not only in the eastern subtropical ocean but also
at midlatitudes during both summer and winter.

Figure 3 shows composite vertical distributions of
water vapor mixing ratio (q), saturation water vapor
mixing ratio (q.), virtual potential temperature (6,), and
equivalent potential temperature (6,) for stratocumulus
(C. 5), cumulus-under-stratocumulus (C, 8), and mod-
erate and large cumulus (C, 2) at OWS N during JJA
and OWS C during JJA and DJF (no composite is shown
for cumulusat OWS C during JJA sinceit rarely occurs).
Composite soundings for OWS N during DJF (not
shown) are similar to those during JJA and composite
soundings for OWS B (not shown) are similar to those
for OWS C. Stratocumulus and cumulus cloud types at
these locations almost never occur except under an in-
version and vice versa. The capping inversion is strong-
est over the eastern subtropical ocean and weaker at
midlatitudes, especialy during winter when the top of
the MBL is often defined by a substantial increase in
0, with little increase in temperature. Although the
large-scale environments at the locations and seasons
displayed in Fig. 3 are different, each set of soundings
shares common features. The depth of the MBL and the
increase in 0, and decrease in q within the MBL above
the surface layer increases from stratocumulus to cu-
mulus-under-stratocumulus to cumulus.

Inspection of soundings coincident with observations
of cumulus-under-stratocumulus and cumulus cloudi-
ness from the ASTEX R/V Valdivia (not shown) indi-
cates most of the change in stratification and humidity
within the MBL above the surface layer frequently oc-
curs in a single jump near the middle of the MBL,
similar to the case for the trade wind MBL reported by
Augstein et al. (1974). Unfortunately, the OWS signif-
icant level soundingslack sufficient resolutionto discern
ajump in 6, and q between a decoupled cloud layer
and subcloud layer, but the ASTEX soundings suggest
that the change in stratification and humidity within the
MBL seen by the OWS may often result from decou-
pling. Since the best measure of decoupling is probably
the decrease in g from subcloud layer to cloud layer (C.
Bretherton 1997, personal communication), the param-
eter 6 = q(z'z = 0.2) — q(Z'z = 0.9), where z is the
height of the MBL, is introduced. These are the same
locations in the MBL that Albrecht et al. (1995b) chose
to sample in the subcloud layer and near the top of the
cloud layer. Because the present study focuses on the
differences in g between cloud types and not the ab-
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solute values of 8q, the conversion of water vapor to
liquid water will not bias the results unless cloud liquid
water in the sounding profiles increases with decou-
pling. This is unlikely to be the case since the strato-
cumulus deck is expected to be thinner for cumulus-
under-stratocumulus than for stratocumulus alone, and
only a fraction of the soundings pass through cumulus
clouds. Although not shown, similar results are obtained
using parameters based on 6, and 6..

Figure 4 shows average MBL height, 6q/g,(SST), AT,
and Sfor stratocumulus, cumulus-under-stratocumulus,
and moderate and large cumulus occurring under an
inversion for various locations and seasons. The lines
(solid for DJF and dotted for JJA) connect values for

each cloud type at a single location and season. Because
asmaller 6g could occur in the colder midlatitude MBLs
simply due to the nonlinear Clausius—Clapeyron rela-
tionship, 6q is normalized by the SST saturation water
vapor mixing ratio. Table 2 records the means and stan-
dard deviations of the data displayed in Fig. 4. Although
not shown, the distributions of 6q often exhibited con-
siderable skewness, with the tail toward greater mag-
nitude. Although the mean conditions at agiven location
and season are different for each cloud type, the large
standard deviations indicate that the cloud types may
not be well separated in parameter space.

At every location and during every season, MBL
height and normalized 8q are less than or the same for
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stratocumulus than for cumulus-under-stratocumulus
and less than or the same for cumulus-under-stratocu-
mulus than for moderate and large cumulus (Figs. 4a
and 4b). These results are consistent with those of Betts
et al. (1995), who composited Valdivia soundings ac-
cording to cloud fraction and found that the change in
0. within the MBL was greater for 10% cloud cover
(likely cumulus) than for 80% cloud cover (likely stra-
tocumulus). Similarly, soundings composited by Al-
brecht et al. (1995b) for several locations in the sub-
tropical and tropical ocean, including the Valdivia, show
that locations with deeper MBLs are associated with
increased decoupling, decreased cloud cover, and in-
creased cumulus frequency. The fact that similar asso-
ciations between cloud type, increased decoupling in-
ferred from &q, and increased MBL height are observed
at midlatitudes during summer and winter as well asin
the subtropics suggests this general relationship tends
to occur whenever the MBL is capped by an inversion.

Figure 4c shows that the average AT associated with
stratocumulus and cumulus cloud types at these loca-
tions and seasons is aways negative, suggesting the
presence of cold advection. This is certainly the case
for the trade wind regime at OWS N; examination of
coincident surface winds at the other OWS (not shown)
indicates a tendency for stratocumulus and cumulus
cloud types to occur with flow from the direction of
cooler SST or cold continents. The study of Lau and
Crane (1995), who composited ISCCP cloud data with
analyses from the European Centre for Medium-Range
Weather Forecasts, found that clouds of varying optical
thickness with low tops are associated with cold ad-
vection and subsidence. Assuming no overlying higher
clouds, a satellite would identify stratocumulus, cu-
mulus-under-stratocumulus, and cumulus as clouds of
varying optical thickness with low tops. A subsequent
study by Lau and Crane (1997) using surface cloud
observations confirms that stratocumulus and cumulus
are most common in the cold-advection region west of
the low center.

Little variation occurs in AT between stratocumulus
and cumulus cloud types during summer at midlatitudes
and year-round in the subtropics, but AT is most neg-
ative for cumulus and least negative for stratocumulus
during winter at midlatitudes. Figure 3 shows that
above-inversion temperature at midlatitudes during win-
ter is aso coldest for cumulus and least cold for stra-
tocumulus, suggesting that the strength of cold advec-
tion and atmosphere—ocean temperature difference dur-
ing winter has a large influence on cloud type. Satellite
photographs of cold-air outbreaks suggest a transition
from stratocumulus to cumulus cloudiness following a
tragjectory from the coast (Houze 1993), implying more
negative AT for stratocumulus than for cumulus. How-
ever, none of the OWS appear close enough to a coast
to sample thisinitial stratocumulus of a strong cold-air
outbreak.

Klein and Hartmann (1993) documented that in-
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creased cloud amount of combined stratus, stratocu-
mulus, and fog is associated with a greater lower-tro-
pospheric static stability for both the seasonal cycle and
interannual anomalies. Figure 4d showsthat Sisgreatest
for stratocumulus and least for cumulus at every location
and during every season, suggesting that a large part of
the relationship documented by Klein and Hartmann is
due to the fact that stratiform cloud types occur more
frequently when Siis greater. A further contribution re-
sultsfrom the fact that stratocumulustypically hasgreat-
er cloud amount than cumulus-under-stratocumulus,
which typically has greater cloud amount than cumulus
(Table 2 of Part Il). The observed relationship between
low cloud type and Sis consistent with increased sub-
sidence promoting a shallower MBL (Schubert et al.
1979a) and warmer temperatures at 700 mb.

Although the relative order of MBL height and nor-
malized 6g with cloud type is similar at all OWS lo-
cations, significant variations occur geographically and
seasonally that can be grouped into three regimes: trade
wind (not near the coast), summer midlatitude, and win-
ter midlatitude. The summer midlatitude MBL is much
shallower than the trade wind MBL, suggesting greater
subsidence, weaker entrainment-generating turbulence,
or both. Based on 6qg/g,(SST), the summer midlatitude
stratocumulus MBL is more well mixed than the trade
wind stratocumulus MBL, consistent with the shallower
MBL depth at midlatitudes. The summer midlatitude AT
is distinctly lower than the trade wind AT, which, along
with the colder SST, contributes to a weaker latent heat
flux. On the other hand, the large winter midlatitude AT
contributes to a much stronger surface buoyancy flux,
which contributes to the much deeper winter midlatitude
MBL (Schubert et al. 1979b).

b. Clouds not under capping inversions

A variety of structures occur when the MBL is not
capped by a temperature inversion, such as surface-
based inversions, strongly stratified layers, or weakly
stratified layers. These three situations are illustrated in
Fig. 5, which shows composite vertical distributions of
g, ds, 6, and 6, for no-low-cloud (C_ 0), sky-obscuring
fog, bad-weather stratus (C, 7), and fair-weather stratus
(C.6) at OWS C during JJA and moderate and large
cumulus (C, 2) and fair-weather stratusat OWSV during
JJA. Composite soundings for OWS B (not shown) are
similar to those for OWS C. Composites are not shown
for OWS N since the MBL there is rarely without a
capping inversion. Figure 6 shows average AT and S
for bad-weather stratus, no-low-cloud, fair-weather stra-
tus, and sky-obscuring fog at various locations during
JJA. Cumulus at OWS V is also included because it
does not occur under an inversion. Note that Sfor stratus
and fog is greater than that for cumulus at all OWS
locations. Table 4 records the means and standard de-
viations of the data displayed in Fig. 6.

The extremely strong surface stratification, positive
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AT, large S, and strong southerly wind component (not
shown) associated with observations of no-low-cloud
and sky-obscuring fog at midlatitudes are consistent
with strong advection of warmer air over colder water,
as has been documented by previous studies of fog over
the ocean (Taylor 1917; Tsukuda 1932). The no-low-
cloud composite has much less low-level moisture than
the sky-obscuring fog composite. Figure 14 of Part 11
(Norris 1998) shows that no-low-cloud generally occurs
only very close to the coast, or sometimes poleward and
eastward of continents at midlatitudes during summer.
This suggests the occurrence of no-low-cloud at OWS
B and C during summer corresponds to air masses of
recent continental origin.

Fair-weather stratus at midlatitudes occurs in a sat-
urated layer that is often shallow but sometimes quite
deep, but bad-weather stratus usually has no clear MBL
or cloud top and is nearly saturated through much of
the troposphere. Fair-weather stratus frequently co-oc-
curs with fog and drizzle, and bad-weather stratus is
associated with particularly strong winds and substantial
precipitation (not shown). The relatively large values of
S, positive or slightly negative values of AT, and deep
cloud layers suggest that fair-weather stratus as well as
bad-weather stratus tends to be associated with warm
advection and synoptic ascent. The fact that fair-weather
stratus typically has awell-defined cloud top and largely
occurs with drizzle whereas bad-weather stratus gen-
erally has no well-defined cloud top and largely occurs
with rain suggests these two types differ by the degree
of synoptic ascent. Although not shown, bad-weather
stratus at midlatitudes during winter occurs with sub-
stantially warmer surface air temperatures than do the
stratocumulus and cumulus types previously examined,
and with precipitation that occurs predominantly asrain

instead of snow. This suggests bad-weather stratus at
midlatitudes during winter is also associated with warm
advection. The study of Lau and Crane (1995) found
that optically thick clouds with high tops, likely cor-
responding to nimbostratus, are associated with warm
advection and ascent. Lau and Crane (1997) confirms
that surface-observed nimbostratus is most frequent in
the warm-advection region east of the low center.

The greatest difference between OWSV and the other
OWSiisthe frequent lack of adiscernible MBL or cloud
top during the summer season, resulting from weaker
or negligible subsidence at OWS V compared to the
other locations. Furthermore, in contrast to the other
locations, OWSV reported stratocumulus without a cap-
ping inversion a significant fraction of the time; for this
reason stratocumul us soundings were not composited as
was done at the other OWS. The synoptic context for
stratocumulus at OWS V is not clear, but the associated
soundings without an inversion bore some resemblance
to those for stratus (not shown).

Both the moderate and large cumulus composite
sounding and fair-weather stratus composite sounding
at OWS V (bottom of Fig. 5) show a similar gradual
decrease of temperature and humidity with height with
the only difference being that the stratus composite is
more saturated and stratified near the surface. This sug-
gests that stratus at OWS V may often be associated
with avery shallow, shear-driven stratus layer. The lack
of an abrupt decrease in humidity in the cumulus com-
posite suggests the cumuli have a broad distribution of
cloud-top heights. In contrast to the other OWS, cu-
mulus a8 OWS V during summer is associated with
warm advection, and the difference between cumulus
and stratus largely seems to depend on the SST asso-
ciated with each (25.6°C for cumulus and 20.8°C for
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stratus). This substantial difference in SST between
cloud types does not occur at the other OWS and largely
stems from cumulus replacing stratus as the strong SST
gradient between subtropics and midlatitudes moves
northward during summer (stratus is observed during
June and July and cumulus is observed during July and
August). Hence, the cumulus composite at OWSV may
be viewed as corresponding to alocation south of OWS
V during June, and the stratus composite at OWS V
may be viewed as corresponding to a location north of
OWS V during August. In this sense, the stratus com-
posite shows how the lower part of the cumulus com-
posite is modified as it is advected from south to north
over increasingly cold SST, along with a corresponding
increase in S and change from negative to positive AT.
Thisis consistent with Fig. 18 of Part 11 (Norris 1998),
and the results of Norris and Leovy (1994), who found
a strong negative correlation between interannual anom-
alies in seasonal mean stratiform cloudiness and SST
in this region during JJA and attributed it to latitudinal
shifts in the strong stratiform cloud and SST gradients
that usually exist slightly north of OWS V. An equa-
torward shift in the region of strong SST gradient could
produce significantly stronger warm advection at OWS
V and result in more stratus compared to cumulus.

5. Conclusions

The preceding composite soundings and surface ob-
servations demonstrate the general consistency of syn-
optic surface observations of cloud type with the local
meteorological conditions. Although the OWS dataused
in the present study sample only a few regions of the
global ocean and have restricted statistical significance
due to the limited number of soundings available, they
provide representative information about the geograph-
ical and seasonal variability in the MBL structure as-
sociated with low cloud types as identified by the syn-
optic code. The physical consistency of the results sug-
gests that the relationships documented in the present
study can be used in subsequent work to qualitatively
infer MBL structure and the synoptic environment from
observations of low cloud type. However, the large stan-
dard deviations associated with many MBL and surface
meteorological values indicates that some low cloud
types may not be well separated in parameter space.
Part Il of this paper (Norris 1998) will show the geo-
graphical and seasonal variations of low cloud type over
the global ocean.

Although the stationary observations at the OWS can-
not track the evolution of individual MBL parcels, the
examination of clouds under capping inversions sug-
gests that transitions in cloud type between stratocu-
mulus, cumulus-under-stratocumulus, and moderate and
large cumulus are associated with changesin therelative
depth and decoupling of the MBL over the midlatitude
ocean as well as the eastern subtropical ocean. Obser-
vations of cumulus with stratocumulus by Nicholls
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(1984) and Norris (1998) imply that the MBL over the
midlatitude ocean is frequently decoupled, suggesting
it may be necessary for GCMs to account for MBL
decoupling at midlatitudes to correctly simulate MBL
cloudiness. Although the difference in cloud cover be-
tween ordinary stratocumulus and cumulus-under-stra-
tocumulusissmall (Norris 1998), the differencein cloud
radiative forcing may be significant if the greater hor-
izontal inhomogeneity of cumulus-under-stratocumulus
due to the thinner stratocumulus cloud deck and un-
derlying cumulus clouds (e.g., Klein et al. 1995)
changes the mean abedo.

The large variety of conditions under which low
clouds form, particularly at midlatitudes, indicate that
investigations using broad categories of cloud typeswill
have limited success in identifying processes respon-
sible for changes in cloud amount. For example, the
Warren et al. (1988) cloud atlas groupsfair-weather stra-
tus, bad-weather stratus, stratocumulus, cumulus with
stratocumulus, and sky-obscuring fog together in the
‘“stratus’ category, but the present study shows that
even fair-weather stratus can be very different from stra-
tocumulus. Klein and Hartmann (1993) found a strong
relationship between **stratus’ cloud amount and S, but
the present study indicates that thisresult occursthrough
distinctly different processes for stratus, stratocumulus,
and sky-obscuring fog. Thus, parameterizationsfor stra-
tus cloud amount based on simple relationships with S
(e.g., Philander et a. 1996) are questionable, especially
in regions where the stratus category is not dominated
by a single cloud type. Further investigations into the
processes responsible for cloud variability should be
undertaken using datasets based on specific cloud type
to resolve these issues.
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