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ABSTRACT

Marine stratiform cloudiness (MSC) (stratus, stratocumulus, and fog) is widespread over subtropical oceans
west of the continents and over midlatitude oceans during summer, the season when MSC has maximum
influence on surface downward radiation and is most influenced by boundary-layer processes. Long-term datasets
of cloudiness and sea surface temperature (SST) from surface observations from 1952 to 1981 are used to
examine interannual variations in MSC and SST. Linear correlations of anomalies in seasonal MSC amount
with seasonal SST anomalies are negative and significant in midlatitude and eastern subtropical oceans, especially
during summer. Significant negative correlations between SST and nimbostratus and nonprecipitating midlevel
cloudiness are also observed at midlatitudes during summer, suggesting that summer storm tracks shift from
year to year following year-to-year meridional shifts in the SST gradient. Over the 30-yr period, there are
significant upward trends in MSC amount over the northern midlatitude oceans and a significant downward
trend off the coast of California. The highest correlations and trends occur where gradients in MSC and SST
are strongest. -

During summer, correlations between SST and MSC anomalies peak at zero lag in midlatitudes where warm
advection prevails, but SST lags MSC in subtropical regions where cold advection predominates. This difference
is attributed to a tendency for anomalies in latent heat flux to compensate anomalies in surface downward
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radiation in warm advection regions but not in cold advection regions.

1. Introduction

Marine stratus and stratocumulus cloudiness ( MSrC)
covers extensive areas of the ocean and plays a signif-
icant role in determining the energy balance of the earth
due to its large radiative forcing (Hartmann and Short
1980; Randall et al. 1984). Most research has focused
on MSC that forms in the boundary layer under a
strong temperature inversion. These conditions are well
known to occur over eastern subtropical oceans where
surface waters are relatively cool (Schubert et al. 1979;
Albrecht et al. 1988), but they also occur over mid-
latitude oceans during summer (Klein and Hartmann
1993). Much effort has been devoted to understanding
mechanisms of MSC breakup, and in general, proposed
mechanisms of MSC breakup have been related to the
strength of the capping inversion (Deardorff 1980;
Randall 1980; Betts and Boers 1990). More recently,
Klein and Hartmann (1993) have found an empirical
link between MSC amount and the static stability of
the lower troposphere. While the large-scale atmo-
spheric circulation determines the temperature above
the inversion, the sea surface temperature (SST) de-
termines the temperature of the boundary layer. Thus,
MSC can be expected to relate closely to SST. Figures
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1 and 2 show the clear climatological connection be-
tween higher MSC amounts and relatively low SSTs.

This inverse relationship between MSC and SST
has also been observed for interannual anomalies.
Hanson (1991) calculated correlations between
monthly anomalies in total cloud amount and SST
from the Comprehensive Ocean~Atmosphere Data Set
(COADS) (Woodruff et al. 1987) over a 40-yr period
for several subtropical MSC regions and found negative
values. Peterson (1991) computed regressions of
monthly anomalies in satellite-observed low cloud
amount with monthly anomalies in SST. Weare (1994)
computed similar regressions for satellite-observed total
cloudiness. The regression slopes from both studies
were negative in many parts of the ocean where MSC
predominates. Oreopoulos and Davies (1993) exam-
ined interannual variations in satellite-observed albedo
and SST for the MSC regions off the coasts of Peru
and Namibia, finding a tendency for unusually cool
SSTs to be associated with increased albedos.

In the present work, we investigate interannual vari-
ability in MSC amount and SST using surface data
derived from ship observations for both quantities and
extend the analysis to all areas of the globe that have
sufficient observational coverage. While this approach
excludes most of the World Ocean south of 30°S, it
allows us to investigate variations over a longer time
period and provides a sharper focus on MSC than do
satellite assessments. Interactions between MSC and



1916

JJA MSC Amount

TR Gl
v U :
5 %_"“ﬁﬁ%%
i, [40]

IR,
‘Y'

JOURNAL OF CLIMATE

VOLUME 7

SON MSC Amount

FIG. 1. Climatological seasonal mean MSC amount from the ocean cloud atlas. Contour interval is 10%.
: Shading indicates amounts above 30% (light) and 60% (dark).

SST are explored through instantaneous correlations,

“lag correlations, and trend analysis with a particular
focus on the role of the SST gradient and warm and
cold advection.

2. Data
a. Ocean éloud atlas

The atlas of ocean cloud data for the time period
1952-1981, Global Distribution of Total Cloud Cover
and Cloud Type Awniounts over the Ocean (Hahn et al.
1988; Warren et al. 1988, hereafter referred to as the
ocean cloud atlas), is particularly useful for studying
low-cloud types since human observers are able to
clearly see and identify the clouds by type. We identify
MSC with the ocean cloud atlas category of “‘stratus,”
which includes contributions from both stratus and
stratocumulus cloudiness and also sky-obscuring fog.
The ocean cloud atlas contains climatological seasonal
mean MSC amount at 5° X 5° resolution and yearly
seasonal mean MSC amount at 10° X 20° resolution
with the longitudinal width of the grid boxes increasing
poleward of 50° to preserve approximately equal areas
in the boxes. Cloud amount is given as a percentage
of sky cover. Warren et al. required a minimum of 100
observations in a grid box to form a mean and esti-
mated the statistical uncertainty of the mean to be close
to 3% for 100 observations and to decrease by the re-

ciprocal of the square root of the number of observa-
tions. '

The 10° X 20° averaging region for seasonal means
of individual years was chosen by Warren et al. to in-
crease the number of grid boxes with at least 100 ob-
servations in sparsely sampled. areas of the ocean; un-
fortunately, the large size of these boxes (see Fig. 5 for -
examples) could introduce spurious interannual vari-
ability if ships happen to travel through cloudier areas
of the box more in some years than others. Before un-
dertaking further calculations, we removed first-order
geographic sampling biases from the ocean cloud atlas
data using COADS ship location data binned into

2° X 2° grid boxes and the climatological mean gra-

dient in MSC amount. These are the same ships whose
observations were used in the ocean cloud atlas. This
correction was generally much smaller than the inter-
annual variability in MSC amount. Yearly seasonal
means of MSC at 5° X 5° resolution became available
at the time of this writing, and results using the yearly
5° X 5° data equally-averaged into 10° X 20° boxes
compared well with results using the bias-corrected
10° X 20° data.

Figure 1 shows climatological mean MSC amount
for the seasons of June-July—-August (JJA), Septem-
ber—October—November (SON), December-January—
February (DJF), and March-April-May (MAM)..
Data availability in much of the Southern Hemisphere
and the Arctic Ocean is poor. The highest amounts of
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FIG. 2. Climatological seasonal mean SST averaged from monthly 5° X 5° GOSTA data. Contour interval is 2°C.
Shading indicates temperatures below 24° (light) and 12°C (dark).

MSC occur in the midlatitude and eastern subtropical
oceans with decreased amounts during winter. MSC
amounts are also high in June-November just north
of the equatorial eastern Pacific cold tongue due to
advection from areas of colder SST farther south (Deser
and Wallace 1990). The lowest amounts of MSC occur
in the central and western subtropical and tropical
oceans, but amounts are slightly higher along the in-
tertropical convergence zone and South Pacific con-
vergence zone. See Klein and Hartmann (1993) for a
more thorough discussion of the global climatology
of MSC.

b. GOSTA

The Global Ocean Surface Temperature Atlas (Bot-
tomley et al. 1990, hereafter referred to as GOSTA)
provides climatological monthly mean SST for the time
period 1951-1980 at 5° X 5° and 1° X 1° resolution
and monthly anomalies from this climatology for the
much longer time period 1856-1991 at 5° X 5° reso-
lution. Although GOSTA was compiled from a smaller
set of observations than COADS, we believe the greater
quality control used during the construction of GOSTA
produces more accurate SST values. Our analysis was
carried out using both GOSTA and COADS SST pro-
ducing similar results, but only the GOSTA results are
displayed.

Figure 2 shows climatological seasonal mean SSTs.
Generally, SST follows the annual cycle of the merid-

ional distribution of insolation with the coldest water
at high latitudes and the warmest water at the equator,
but several notable exceptions occur. Wind-driven up-
welling of subsurface water creates the equatorial cold
tongue extending across the eastern Pacific from South
America and the cold surface water at the eastern bor-
ders of subtropical oceans. Each of these cold SST fea-
tures is associated with high MSC amount (Fig. 1).

3. Correlations between seascnal cloundiness and
SST anomalies

a. Seasonal correlations at zero lag

To match the resolution of the yearly MSC data,
monthly SST anomalies at 5° X 5° resolution were
first averaged over the 10° X 20° boxes and then over
the season. Linear correlations between MSC amount
and SST were computed for those 10° X 20° boxes
with data for at least 15 out of the 30 yrs (most grid
boxes with data had data for all 30 yrs), and significance
levels were calculated under the assumption the data
were independent. This assumption is good for red
noise provided the autocorrelation time is less than 6
months or half the time period between samples ( Leith
1973). We estimated MSC autocorrelation times as
less than 6 months everywhere except for the northern
Indian Ocean. Autocorrelation times for SST were es-
timated as 6-9 months over much of the tropical ocean
and a few other regions, 9-12 months in the tropical
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and eastern subtropical Pacific Ocean, and less than 6
months elsewhere. This reduction in the number of
degrees of freedom in the SST data generally occurs
where MSC amount is low and correlations with SST
are low. An exception to this is the region off the coast
of California, where the peak correlations are none-
theless large enough to be 95% significant even with
half the degrees of freedom. ,

Correlation coefficients are contoured in Fig. 3 with
shading indicating the 95% and 99% significance levels,
assuming the data are independent. In every season,
but especially summer, extensive areas of negative cor-
relations occur in the northern midlatitude oceans, the
eastern subtropical oceans, and the eastern tropical Pa-
cific. This pattern corresponds fairly well to the cli-
matological distribution of MSC seen in Fig. 1; in sea-
sons and areas of the ocean where MSC forms under
a strong inversion, the amount of MSC tends to vary
inversely with SST on interannual timescales. The
highest negative correlations generally do not coincide
with MSC maxima, as noted by Oreopoulos and Davies
(1993); rather, they occur where gradients in MSC and
SST are strongest—across the midlatitude oceans and
at the edges of subtropical MSC regions. This tendency
is also apparent in regression maps from Weare (1994 ).
The global pattern and seasonality of the sign of MSC-
SST correlations broadly matches the pattern of
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regression signs between low-cloud anomalies and SST
anomalies calculated by Peterson (1991).

Significant correlations between cumulus cloudiness
and SST also occur. In all seasons the pattern of cor-
relations (not shown) is almost identical in structure
to the pattern of MSC-SST correlations but with re-
versed sign. Peak magnitudes of the cumulus correla-
tions are also slightly lower. Because MSC dominates
the oceanic low-cloud amount, the correlation between
total low-cloud amount and SST follows the MSC-
SST correlation.

We have also examined correlations between SST
and nimbostratus and between SST and nonprecipi-
tating midlevel clouds. High negative correlations occur
between SST and both cloud types during JJA in the
North Pacific and Atlantic Oceans, especially in the
western North Pacific, as shown in Fig. 4. Since these
clouds are likely to be associated with storms, the cor-
relations suggest a relationship between summer SST
and the summer storm track. A preliminary exami-
nation of surface low center tracks recorded in the
Mariners Weather Log (Anonymous 1958-1981) in-
dicates that years with colder SSTs tend to have a
greater frequency of cyclones during JJA in the 30°-
40°N Ilatitude band of strong climatological SST gra-
dient (Table 1). This is consistent with the model result
of Lau and Nath (1990), who used observed SST vari-
ations to drive an atmospheric general circulation

SON MSC-SST Correlation

FIG. 3. Coefficient of local linear correlation between anomalies in MSC amount and SST for each season. Contour interval is 20%.
Positive correlations are drawn with solid lines, negative correlations dotted, and zero correlation bold. Shading indicates 95% (light)
and 99% (dark) significance. To produce this and subsequent plots, the 10° X 20° grid boxes were bilinearly interpolated to 5° X 5°
with light smoothing provided by the contouring routine.






