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ABSTRACT

The long-term record of observations from Ocean Weather Station (OWS) November (N), which operated
at 30°N, 140°W from 1949 to 1974, is analyzed to document the relationships among boundary layer cloud
structure, sea surface temperatures (SSTs), and atmospheric circulation. During the oceanic summer season,
June through September, OWS N lay in the steady trade wind flow of the northeast Pacific. Boundary layer air
parcels, which pass through the location of N, are typically in transition from the solid stratus or stratocumulus
of the North Pacific to trade cumulus that is characteristic of the subtropics. Cloud observations indicate that
low-cloud amount is high, averaging 70%, despite the absence of a well-mixed boundary layer. Low-cloud type
code 8, cumulus and stratocumulus with bases at different levels, is the most frequently reported cloud type at
all hours of the day. These observations suggest that along the stratus to trade cumulus transition, high cloud
amount can exist long after the boundary layer ceases to be well mixed.

An analysis of summertime interannual variability suggests that low-cloud amount near ship N is better
correlated with SST and upper air temperatures 24-30 h upwind than with the local SST and upper air temperature.
This nonlocal relationship between boundary layer cloudiness and environmental parameters suggests that the
Lagrangian histories of boundary layer air parcels must be considered for the accurate prediction of boundary
layer cloudiness. These nonlocal relationships may explain the apparent propagation of SST and cloudiness
anomalies along a Lagrangian trajectory.

On an interannual timescale, low cloud amount at N is also correlated with many large-scale variables associated
with atmospheric circulation, such as temperature advection, the strength of the subtropical high, surface wind
speeds, and surface wind steadiness. These multiple relationships imply a more complex picture than a simple
relationship between boundary layer cloudiness and SST. In particular, variations in atmospheric circulation
associated with the surface wind patterns may play an important role in modulating both boundary layer
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On the Relationships among Low-Cloud Structure, Sea Surface Temperature, and

cloudiness and SST.

1. Motivation

Marine boundary layer clouds are highly reflective
relative to the underlying ocean surface and strongly
influence the surface and top of atmosphere radiation
budgets. Since the radiative effects are highly dependent
on cloud type (Hartmann et al. 1992; Hartmann 1993),
it is important to understand the factors governing dif-
ferent cloud regimes. Stratus and stratocumulus are
prevalent over the midlatitude and eastern subtropical
oceans while trade cumulus is dominant in the central
subtropical and tropical oceans (Warren et al. 1988).
A transition occurs between these two regimes as
boundary layer air is advected equatorward around the
semipermanent subtropical highs and over increasing
sea surface temperatures (SSTs). A generally shallow
boundary layer with stratus gradually changes to a
deeper boundary layer with trade cumulus. Mecha-
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nisms by which this occurs are the subject of past as
well as present modeling studies (Albrecht 1984; Wang
1993; Bretherton 1992; Krueger et al. 1995). Extensive
observations of the midlatitude stratus to trade cumulus
transition were taken during the Atlantic Stratocu-
mulus Transition Experiment (ASTEX), which took
place near the Azores in June 1992 (Albrecht et al.
1995).

Long-term observations of this transition are rela-
tively rare. Fortunately, one ocean weathership was
serendipitously placed in a transition zone. Ocean
Weather Station November (OWS N) was located at
30°N, 140°W for approximately 25 yr between 1949
and 1974. During June through September, OWS N
lies in the steady trade wind flow around the subtropical
high (Fig. 1). Along a trajectory, through OWS N, cal-
culated using the mean surface wind field, SST, and
cumulus frequency increases, while stratus plus stra-
tocumulus frequency decreases (Fig. 2). The great
similarity in the shape of the frequency contours for
the two types of clouds illustrates the close inverse re-

lationship between stratiform and cumuliform cloud-
iness.
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FIG. 1. Mean sea level pressure, sea surface temperatures, and sur-
face winds for the June-September season over the northeast Pacific
from the COADS dataset. Sea level pressure contours are solid lines
and SST contours are dotted lines. The location of OWS N is indicated
by the letter “N,” and the heavy solid line indicates a forward and
backward trajectory from the weathership. Each triangle represents
an integral number of days travel backward or forward from N. This
climatology is based only on data from those years in which OWS
N was operating: 1950, 1954-72.

This study has two parts. In the first part we examine
the climatological summertime (June-September)
conditions at OWS N in terms of the mean sounding
and cloud-type information. We discuss the implica-
tions of the mean climate at N for the midlatitude stra-
tus to trade cumulus transition. The long record of
observations from N can also demonstrate the repre-
sentativeness of the observations taken during ASTEX,
an experiment of only one month duration conducted
in a similar transition zone in the Atlantic. In the sec-
ond part we examine the relationship between inter-
annual variations in summertime cloudiness at N and
the large-scale patterns of meteorological variables such
as SST and sea level pressure. Many recent observa-
tional studies have looked at the relationship between
large-scale stratocumulus cloud amount and SST
(Hanson 1991; Peterson et al. 1992; Klein and Hart-
mann 1993; Oreopoulos and Davies 1993; Weare 1994,
Norris and Leovy 1994). We extend these studies in
two ways: 1) we look for relationships between cloud-
iness at a single point and meteorological factors not
at that point, and 2) we look for connections between
cloudiness and a larger set of meteorological variables
such as sea level pressure, temperature advection, large-
scale divergence, lower-tropospheric static stability, and
inversion height. Our primary goal is to understand
what controls interannual variations in boundary layer
cloudiness.
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2. Data

Ocean Weather Station November was established
by the United States to take routine weather data and
provide weather information for commercial ships and
aircraft in the era before satellites. During the period
of operation at N, 1949-74, radiosondes were launched
twice daily, and routine surface observations were taken
every three hours. OWS data are available from the
National Climatic Data Center (NCDC) in Asheville,
North Carolina. Earlier data from ocean weather ships
located in the same region as N were used in the Riehl
etal. (1951) classical study of the trade wind structure.

The radiosonde data stored at the NCDC have a
vertical resolution of 50 millibars. Significant level
soundings with generally finer resolution in the bound-
ary layer are only available after 1970. For consistency
in our long-term study, all soundings are converted to
50-millibar resolution regardless of the resolution in
the original data. During the late 1960s, solar heating
of a new sensing material for the hygristor strip led to
a spurious diurnal cycle in relative humidity for most
United States radiosondes (Teweles 1970). For ex-
ample, during July at OWS N, the average night minus
day relative humidity difference at 900 mb was only
3% before 1965 but 18% from 1966 to the end of the
record. To avoid this obvious bias, we use only night-
time soundings, which were taken at 1500 UTC (0600
LT) through 1956 and 1200 UTC (0300 LT) beginning
in 1957.

From the radiosonde data, we can determine the

‘level of the trade wind inversion that typically caps the
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FIG. 2. Mean June-July-August frequency of stratus, stratocu-
mulus, or fog (solid lines) and cumulus (dotted lines) clouds from
the compilations of ship observations by Warren et al. (1988). This
climatology is based upon data from the years 1952-81.
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marine boundary layer at N. This level is estimated as
the mean pressure of the first 50-mb layer for which
temperature rises with height. For the 18% of soundings
with no 50-mb layer for which temperature rises with
height, the mean pressure of the first layer in which
the potential temperature rises to 7°C above the surface
potential temperature is used. Within marine boundary
layers, the potential temperature may rise 1-3°C above
the surface value. Thus, the threshold of 7°C is great
enough to ensure being above the inversion but low
enough such that the first level at which this criterion
is satisfied is generally not too far above the height of
the trade inversion. Based on subjective inspection of
the significant level soundings, this algorithm for find-
ing the trade inversion level works quite well.

Surface observations taken every three hours include
SST, surface air temperature, dewpoint temperature,
surface winds, cloud amount, and cloud-type infor-
mation. From this information we calculate the fluxes
of sensible and latent heat at N using standard bulk
formulas (Smith 1988). To select the appropriate bulk
coefficient requires knowledge of the height at which
the wind, temperature, and humidity were measured.
We assume that all OWS surface data were taken at a
height 25 m above the ocean surface, which appears
to be appropriate for the Coast Guard cutters that
served at American OWSs (J. Elms 1993, personal
communication ). .

Although cloud-type ‘classification is subjective,
OWSs have trained observers; thus, their classifications
of cloud types should be more trustworthy than those
from standard ships of opportunity (J. Elms 1993, per-
sonal communication). A remaining bias is the iden-
tification of clouds at night. Stratifying nighttime ob-
servations of cloud amount and cloud type by the flux
of moonhght indicated that the reported boundary layer
cloud amount and the frequency of various cloud types
have a strong dependence on moonlight. For example,
the difference in nighttime low cloud amount between
observations with moonlight and those without is about
5%. For the cloud climatology presented in the next
section, only nighttime observations with illumination
greater than 10% of that from a full moon directly
overhead are included.! For the interannual variations
in low cloud cover at N, monthly mean cloud amount
is calculated from all observations regardless of illu-
mination. Accounting for illumination has a small ef-
fect on the results of the interannual correlations.

We use the monthly mean SST, sea level pressure,
winds, flux estimates, and total cloudiness from
COADS (Comprehensive Ocean-Atmosphere Data
Set) (Woodruff et al. 1987) for interannual correlation

! Hahn et al. (1995) have independently determined that requiring
nighttime observations from standard ships of opportunity to have
illumination greater than 11% of a full overhead moon eliminated
most of the low-illumination cloud bias.
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of the large-scale fields with observations at N. Because
of the noise in the 2° monthly means, the COADS
data are reduced to 6° resolution from the original 2°
resolution by a linear regression of the 2° averages on
a function of xand y[x = rcos@(A — Ag)and y = r(¢
— ¢o), where r is the radius of earth, ¢ and A are the
lat and long, and the subscript “0” refers to the center
of each 6° box]. In this regression, the significance
given each 2° box is proportional to the number of
observations in each 2° box, so that the regression line
is more strongly influenced by those 2° boxes with more
observations. The mean value of the 6° box is taken
as the intercept of this regression. The slopes of the
regression line of zonal wind on x and of meridional
wind on y are used to estimate the surface horizontal
wind divergence for each 6° box. The SST gradient at
N is determined from the slopes derived from a regres-
sion of SST on x and yin a 16° box centered on 30°N,
140°W. To estimate monthly mean temperature ad-
vection at N, we combine this SST gradient derived
from COADS data with the surface wind from ship N:

—Viurr * Vszurf ~ Vsurf - VSST. ( 1 )

This is a reasonable approximation if the air temper-
ature does not differ too greatly from the SST and if
the SST gradient remains relatively constant over a
month. :

Only months with less than 10 missing nighttime
soundings and less than 10 missing surface observations
at each of the eight synoptic hours are analyzed. The
climatological conditions and interannual variations
are based on the 20 Junes, 20 Julys, 20 Augusts, and
19 Septembers that satisfy this criterion.

3. Mean June-September climate
a. Results

Figure 3 presents the average June-September
nighttime sounding. The open squares depict the av-
erage sounding of all observations, while the heavy solid
line represents the inversion-adjusted? sounding for the
cases of cold advection.? The trade inversion is at about

2 Owing to fluctuations in inversion height, averaging of temper-
ature and dewpoint on a pressure axis smears out the inversion. An
inversion-adjusted sounding is one where temperature and dewpoint
are averaged on levels of constant height relative to the height of the
inversion. After averaging, the vertical axis is rescaled by the mean
height of the inversion. This procedure is only performed on the
soundings with a 50-mb layer in which temperature rises with height.
Roughly 82% of all soundings have such inversions.

3 In this paper we define a case of cold advection to be a case where
the direction of the surface wind vector is within 45° of the mean
SST gradient for the month. Roughly 65% of the observations fall
into this narrowly defined criterion for cold advection. We focus on
the cases of cold advection because we are interested in the properties
of the air undergoing the midlatitude stratus to trade cumulus tran-
sition. Combining the cold advection criterion with the requirement
of a 50-mb layer in which temperature rises with height means that
55% of all soundings are composited in the inversion-adjusted, cold
advection sounding displayed in Fig. 3.
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F1G. 3. Mean nighttime June-September sounding from OWS N.
The open squares represent the mean of all soundings while the heavy
solid line represents an inversion-normalized sounding for cold ad-
vection cases. Cold advection cases are those cases where the surface
wind blows within 45° of the monthly mean SST gradient. The
blackened square represents the ship-measured SST. The long dashed
line is the § = 291.5 K dry adiabat, while the long and short dashed
lines are moist adiabats. A surface parcel lifted moist adiabatically
would intersect the 6 = 321.2 K moist adiabat. The very short dashed
lines are lines of constant saturation mixing ratio with the mixing
ratio in g kg™' indicated on these lines.

830 mb. Despite the coarse vertical resolution (50 mb)
of the soundings composited here, one can clearly see
that the boundary layer does not have a “well-mixed”
structure typical of stratocumulus clouds; that is, ver-
tical profiles of equivalent potential temperature 6, and
total water mixing ratio g, are definitely not constant
with height. Indeed, the vertical structure of temper-
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ature is closer to that of trade cumulus boundary layers
that typically have a lapse rate close to dry adiabatic
near the sea surface and a lapse rate between dry and
moist adiabatic from 950 to 850 mb. The strong de-
crease with height of moisture within the boundary
layer is more typical of trade cumulus boundary layers
(Augstein et al. 1974; Betts and Albrecht 1987).

Furthermore, the sounding depicted in Fig. 3 is con-
ditionally unstable. If a surface parcel were raised moist
adiabatically to the trade inversion, the parcel would
be negatively buoyant in a layer near the lifting con-
densation level of surface parcels at 960 mb, but above
930 mb the cloudy parcel would be positively buoyant
and accelerated by buoyancy until it reached the trade
inversion. Thus, parcels that penetrate the stable layer
at the top of the subcloud layer would become cumulus
clouds with bases near 960 mb and tops at the trade
inversion.

The cloud climatology for observations during cold
advection cases indicates that low-cloud amount is high
with a strong diurnal cycle (Fig. 4a). The afternoon
minimum and early morning maximum in cloudiness
is more typical of subtropical stratocumulus. With re-
gard to cloud types, observers at N report cumulus and
stratocumulus with cloud bases at different levels (Cp
8) about 50% of the time, while cumulus alone (Cy 1
plus C 2) and stratocumulus alone (C; 5) are each
reported about 25% of the time (Table 1). Consistent
with conditions of mean large-scale subsidence, cu-
mulonimbus is reported 1% of the time. The diurnal
cycles of these cloud types (Fig. 4b) show that C; 8 is
the dominant cloud type at all hours of the day, with
nearly out-of-phase diurnal cycles in the frequencies
of occurrence of stratocumulus and cumulus. It is in-
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FIG. 4. Mean OWS N June-September diurnal cycles of (a) low-cloud amount and (b) the frequency of occurrence of various WMO low-
cloud type codes for cases of cold advection. For nighttime values, only observations with moonlight greater than 10% of an overhead full

moon are included.
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TABLE 1. The frequency of occurrence of various WMO low-cloud-
type codes for cases of cold advection during June through September
at OWS N,

C, code Cloud-type description Frequency (%)
0 No low cloud present 0.5
1 Cumulus with little vertical extent 7.8
2 Cumulus with moderate or strong 16.4

vertical extent
3 Cumulonimbus without an anvil 0.8
4 Stratocumulus formed by the spreading 2.5
out of cumulus
S Stratocumulus . 23.2
6 Stratus but not of bad weather 0.4
7 Stratus of bad weather 0.6
8 Stratocumulus and cumulus with bases 47.6
at different levels
9 Cumulonimbus with an anvil 0.1

teresting to note that the hour of maximum stratocu-
mulus occurs during the early morning hours, while
C. 8 peaks near noon and cumulus peaks later in the
afternoon.

b. Discussion

Given a nighttime vertical thermodynamic structure
more typical of trade cumulus soundings, it might be
surprising that the cloud amount is so high. This sug-
gests that along the midlatitude stratus to trade cumulus
transition the boundary layer ceases to be well mixed
long before the cloud amount decreases substantially.
Figure 2 shows N is located just -at the beginning of a
substantial decrease in Warren et al. stratus, strato-
cumulus, and fog frequency* and a substantial increase
in the frequency of cumulus clouds. This result is also
inconsistent with the original concept of cloud top en-
trainment instability (CTEI) (Deardorff 1980; Randall
1980), according to which the stratocumulus cloud re-
mains well mixed until the onset of CTEI after which
the cloud rapidly (on the order of hours) dissipates.

Moreover, the preponderance of C_ 8 in the cli-
matology is indicative of the role of cumulus clouds
in supporting the stratocumulus in a not-well-mixed
environment. Nicholls (1984) introduced the idea of
“decoupling” to explain how shortwave absorption
within a stratocumulus cloud leads to a situation where
the boundary layer ceases to be well mixed due to the
formation of a stable layer just beneath cloud base,
which isolates (“decouples’) the turbulent circulations
in the cloud layer from those below. The stratocumulus
cloud then thins as the stable layer inhibits the vertical
transport of moisture. Coupling between the cloud layer
and the subcloud layer is reestablished by intermittent
cumulus clouds that rise from the subcloud layer up

4. 8 is included in the Warren et al. (1988) category of stratus,
stratocumulus, and fog.
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into the stratocumulus layer just beneath the inversion.
The formation of cumulus clouds is aided by the con-
ditional instability of the cloud layer relative to the
subcloud layer that results from decoupling. Nicholls
associated the cumulus clouds that form after decou-
pling with the preponderance of Cy. 8 in afternoon ob-
servations in Great Britain. At N, we see that C, 8 is
the dominant cloud type during both day and night.
This suggests that at the intermediate stage of the mid-
latitude stratus to trade cumulus transition, with a high-
cloud amount in a deep and not-well-mixed boundary
layer, cumulus convection becomes the primary means
of communication between the subcloud layer and the
cloud layer during the day and the night.

A boundary layer not well mixed at night as well as
during the day could explain why the diurnal cycle in
cloud amount at N is so great. If the stratocumulus is
supported only by intermittent cumulus convection,
the stratocumulus cloud at the very top of the boundary
layer may be very thin and easily susceptible to daytime
breakup. In this case, the diurnal cycle is not due to
daytime decoupling and nighttime recoupling as is the
case for shallow stratocumulus clouds, but perhaps is
instead due to a diurnal variation in the strength of the
stable layer at the top of the subcloud layer, which
inhibits the vertical transport of moisture. A weaker
stable layer at night could result from the increase at
night of the net radiative cooling in the cloud layer.

It is interesting to interpret the observations from
OWS N in the context of satellite images of the mid-
latitude stratus to trade cumulus transition. Within the
first few hundred kilometers offshore of the west coasts
of continents, stratocumulus typically exist in shallow
boundary layers ( ~500 m) with substantial mesoscale
variability (Fig. 5a). As boundary layer air travels
equatorward, it encounters warmer SST and the
boundary layer typically deepens. As it does so, the
spacing between the bright spots increases, and more
contrast is seen between the bright spots and the less
reflective but still cloudy areas between the bright spots
(Fig. 5b). During the afternoon, the less reflective areas
begin to burn off at the farthest points from the bright
spots (Fig. 5¢). We interpret the bright spots in Fig.
5b to be areas of substantial cumulus convection and
the less reflective areas between the bright spots to be
areas of thin stratocumulus unsupported by cumulus
convection. It is cloud fields such as these (Figs. 5b,c)
that we associate with the surface observations of C;
8. Farther downwind, the low reflectivity clouds be-
tween the bright spots dissipate leaving only the spotty
bright cloud centers. We suggest that the broadening
of scale between areas of active cumulus convection
contributes to the dissipation of the stratocumulus. As
the distance between areas of active cumulus convec-
tion increases, it may be more difficult for cumulus
convection to supply enough cloud water to cover the
larger areas between the bright spots. An alternative
explanation for the dissipation of the stratocumulus is






