
Bretherton - Lecture 14

General features and climatology of 
marine boundary layers



1. Near-surface air is always moist, with a typical relative humidity 
(RH) of 75-100%. 

2. The diurnal cycle tends to be weak (though not negligible), since 
surface energy fluxes get distributed over a considerable depth 
(10-100+ m) of water, which has a heat capacity as much as 
hundreds of times as large as the atmospheric boundary layer. 

3. Air-sea temperature differences tend to be small, except near coasts. 
The air tends to be 0-2 K cooler than the water due to radiative 
cooling and advection, except where there are strong winds or large 
sea-surface temperature (SST) gradients. The MBL air is usually 
radiatively cooling at 1-2 K/day, and some of this heat is supplied 
by sensible heat fluxes off the ocean surface. If the air is much 
colder than the SST, vigorous convection will quickly reduce the 
temperature difference. 

Differences between marine and continental 
atmospheric boundary layers



4. Due to the small air-sea temperature difference, the ‘Bowen ratio’ 
of sensible to latent heat flux tends to be small (typically 0.1 in the 
tropical oceans, and more variable in midlatitudes); latent heat 
fluxes are 50-200 W m-2, while (except in cold air outbreaks off 
cold land-masses) sensible heat fluxes are 0-30 W m-2 

Differences between marine and continental 
atmospheric boundary layers
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5. Over 95% of marine boundary layers contain cloud. The exceptions 
are near coasts, where warm, dry continental air is advected over a 
colder ocean, and in some regions (such as over the cold water 
upwelled along the equator in the eastern Pacific cold tongue) in 
which air is advecting from warmer to colder SST, tending to 
produce a more stable shear-driven BL which does not deepen to 
the LCL of surface air. Cloud can greatly affect MBL dynamics. It 
also affects the surface and top-of-atmosphere energy balance and 
the SST. 

Differences between marine and continental 
atmospheric boundary layers
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1. Stratus (St) and stratocumulus (Sc)-capped BLs, 
typically found in anticyclonic flow over the subtropical 
and midlatitude oceans, and often seen during the cool 
season over moister landmasses or in cold air outbreaks. 
These BLs may include Cu below or rising into the Sc.  

2. Shallow cumulus (Cu) boundary layers, ubiquitous over 
oceanic trade-wind regimes, and often seen over land 
and midlatitude oceans as the later phase of cold air 
outbreaks  

3. Boundary layers under deep convection, which have 
mesoscale variability associated with evaporating 
precipitation and downdrafts from cumulonimbus cloud 
systems 

4. Fog and shallow stably-stratified stratus layers, often 
seen in midlatitudes in warm advection over cold water 
or in the Arctic over sea ice. 

Marine Boundary Layer cloud types
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Observations over the oceans 

•  Transition from Sc - shallow Cu - deep Cu as temperature of sea-surface 
rises compared to that of mid-troposphere. 
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TABLE 1. WMO low cloud classification.

CL Code Prioritya Nontechnical cloud type description

0 7 No stratocumulus, stratus, cumulus, or cumulonimbus
1 (small Cu) 6b 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) 6b Stratocumulus not resulting from the spreading out of cumulus
6 (St) 6b Stratus in a more or less continuous sheet or layer, or in ragged shreds, or both, but no stratus frac-

tus of bad weatherc

7 (Fs) 6b Stratus fractus of bad weatherc or cumulus fractus of bad weather, or both (pannus), usually below
altostratus 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

a 1 is highest priority and 7 is lowest priority in designating CL if more than one type is present.
b If no CL 2, 3, 4, 8, or 9 is present, priority is determined by whatever type has the greatest sky cover.
c ‘‘Bad weather’’ denotes the conditions that generally exist during precipitation and a short time before and after.

relative humidity. Table 2 shows the time periods for which
good surface observations of clouds are available (with
occasional 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 al. 1995). Frequencies
are therefore calculated separately for nights with and
without sufficient moonlight or twilight (using the criterion
of Hahn et al. 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. OWS V is located
at the transition between subtropics and midlatitudes in
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 is located in the eastern subtropical ocean where
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 II (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 (DT [ Tair 2 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).

c. Soundings
While surface observations of cloudiness and other

meteorological parameters have been routinely taken

The global distribution of low cloud (at heights of 2 km or less above the 
surface) is documented in routine synoptic observations of cloud type and 
cover by using a simple visual classification scheme from the World 
Meteorological Organization (WMO). 

Norris 1998b (J. Climate)
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FIG. 1. Locations of OWS B (56.58N, 518W), C (52.758N, 35.58W), N (308N, 1408W), P (508N, 1458W), and V (348N, 1648E), 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 change in total 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 ISCCP (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 a baseline for future interannual stud-
ies. Part I 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). This is complementary
to the work of Betts et 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 meteorolog-
ical parameters associated with the cloud types are also
calculated to show how the local environment influences
low cloud type. These observed relationships will be
useful for interpreting the results of Part II, 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 (CL) even if they cover
only a small fraction of the sky (Table 1). Thus, if any
cumulonimbus with anvil is present then CL 5 9, oth-
erwise if any cumulonimbus without anvil is present
then CL 5 3, etc. If only CL 5 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 CL 5 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 are identified as two 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, P, and V, respectively. Daytime
observations are not used due to biases in sounding

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 
observations for which the same low cloud type was observed.

Norris 1998a (J. Climate)
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FIG. 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, P, 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-

SOP = 

Sky Obscuring Precipitation

FOG = 

Sky Obscuring FOG

Norris 1998a (J. Climate)





CL 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. 
CL 0 is associated with warm advection of dry 
air from land.

CL 0 also sometimes occurs on the southern 
side of the equatorial cold tongue in the 
Pacific and Atlantic Oceans where southerly 
winds advect air over colder SST. 

CL 0 (No cloud)

Norris 1998b (J. Climate)



Sky-obscuring fog is rare over most of 
the ocean except in the western 
midlatitude North Pacific and North 
Atlantic and parts of the Arctic during 
summer where substantial warm 
advection occurs. The maximum 
frequency of sky-obscuring fog occurs 
where mean warm advection (including 
eddy terms) is greatest. 
 

Sky-obscuring fog

Norris 1998b (J. Climate)



The frequency which observers 
report the dominant cloud type is 
stratus. This tends to form under 
high pressure without strong 
surface heating. It favor cold 
oceans during the summer. 

CL 6 (Fair weather Stratus)
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CL 7 (Bad weather Stratus)

Bad-weather stratus reflecting 
precipitation. It tends to reflect the 
rainfall distribution, and occurs 
relatively infrequently over the 
summer midlatitude oceans when 
normal stratus is maximum. 
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Cloud types that indicate cold advection over cool SSTs (Sc) and warmer 
SSTs (cumulus under stratus). These cloud types correspond to 
convective boundary layers with upward surface heat fluxes. Here ‘cool’ 
and ‘warm’ are relative to the overlying troposphere, so in a cold air 
outbreak, the ocean may be relatively warm compared to the air aloft and 
favor a Cu-under-Sc boundary layer.
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Cumulus-topped MBLs 

Over warm oceans, Cu-topped MBLs > 70% of time. 

Norris et al. (1998, J Climate) 

The various cumulus cloud types, which favor warm SSTs. 
Here ‘cool’ and ‘warm’ are relative to the overlying troposphere. 
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The annually averaged cloud cover (frequency of occurrence multiplied by 
fractional sky cover when cloud type is present) for `stratus' (stratus+ 
stratocumulus+fog), which encompasses the most radiatively important cloud 
types, since cumulus cloud only has a typical sky cover of 20%. Stratus cloud 
layers are typically 100-500 m thick, with a cloud base anywhere from the surface 
to 1500 m, and mostly do not precipitate much. Over much of the midlatitude 
oceans and parts of the eastern subtropical oceans, stratus cloud cover exceeds 
50%. In some parts of the Aleutian Islands, the average stratus cloud cover in 
June, July and August is 90%. Over land, there is much less stratus cloud due to 
the lesser availability of surface water. In most of the tropical and subtropical 
oceans, stratus clouds are rare, as we saw in previous slides. 



‘net cloud radiative effect’, the change to the net downward radiation at the top 
of the atmosphere induced by clouds. For boundary layer cloud, net CRE is 
mainly due to the reflection of sunlight by the cloud, which reduced net 
downward radiation at TOA and causes negative CRE. The longwave cloud 
radiative effect is small since being low clouds, stratus emit radiation at a 
similar temperature as the underlying surface. About 50% of the radiative 
cooling is realized in the ocean and 50% in the atmosphere. The atmosphere 
cools because of the longwave cooling of the clouds. The surface cools because 
the clouds shade the sunlight. The clouds emit longwave radiation downward 
that partly compensates for the shortwave cooling of the surface. 
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Stratus cloud amount and net cloud radiative effect 

•  Marine stratus cloud is the most radiatively important 
cloud type for the current climate.  

Stratus 
cloud 

amount 
(%) 

Net CRE 
[W m-2] 

correlated 
with… 

CRE = change in net 
(shortwave+longwave) 
radiation into TOA due to 
clouds. 

Sc reflect sunlight and are too 
warm to much affect outgoing 
longwave radiation, producing 
a negative SWCRE and little 
LWCRE, for negative net CRE. 

The net CRE is highly anticorrelated with stratus cloud amount because stratus 
clouds are reflective, having a typical albedo of 0.3-0.7. 
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Subtropical PBL soundings 

•  Sc and St clouds favored by strong, low inversions, which go with 
large lower tropospheric stability (LTS) = !(700 hPa)-!(1000 hPa) 

LTS 

Bretherton 1997, 
after Albrecht et al. 1995 

Subtropical PBL soundings

Composite soundings from four field experiments that studied marine 
subtropical and tropical CTBLs. The experiments were conducted over 
locations with very different sea-surface temperature (SST). The typical 
observed boundary layer cloud structure and circulations are sketched. 

θv q
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Subtropical PBL soundings 

•  Sc and St clouds favored by strong, low inversions, which go with 
large lower tropospheric stability (LTS) = !(700 hPa)-!(1000 hPa) 

LTS 

Bretherton 1997, 
after Albrecht et al. 1995 

Subtropical PBL soundings

The deeper BLs tend to have less cloud cover, a weaker inversion, and a less 
well-mixed structure in the total water mixing ratio w = vapor+liquid (which 
is conserved following fluid motions in the absence of mixing). The 
stratification of the virtual potential temperature θv is roughly dry-adiabatic 
below cloud base. In the cloud layer, it is moist-adiabatic within the shallow 
FIRE stratocumulus cloud layer and conditionally unstable in the other cases. 

θv q
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Subtropical PBL soundings 

•  Sc and St clouds favored by strong, low inversions, which go with 
large lower tropospheric stability (LTS) = !(700 hPa)-!(1000 hPa) 

LTS 

Bretherton 1997, 
after Albrecht et al. 1995 

Subtropical PBL soundings

The lower tropospheric stability (LTS) = θ(700 hPa) –θ(1000 hPa) 
correlates well with how shallow and strong the inversion is, as seen at 
the top of the figure. Hence it also correlates well with stratus cloud 
cover and net CRE in low latitudes.

θv q
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Subtropical PBL soundings 

•  Sc and St clouds favored by strong, low inversions, which go with 
large lower tropospheric stability (LTS) = !(700 hPa)-!(1000 hPa) 

LTS 

Bretherton 1997, 
after Albrecht et al. 1995 

Subtropical PBL soundings

Stratocumulus and Stratus clouds favored by strong, low inversions, 
which go with large lower tropospheric stability  
LTS = θ(700 hPa) –θ(1000 hPa).

θv q
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Lower tropospheric stability LTS = !700 - SST 

Geographically 
and seasonally 
correlated with 
subtropical  
marine stratus  
cloud cover and  
net CRE 
(Klein & Hartmann  
1993) 

Lower tropospheric stability

STL correlates well with 
stratus cloud cover and net 
CRE in low latitudes. This 
strong correlation between 
how cool the SST is compared 
to the free troposphere, the 
vertical structure of the 
boundary layer, its cloud 
cover, and its effect on the 
radiation budget is very 
important for climate, yet 
difficult for climate models to 
quantitatively reproduce. 
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Lower tropospheric stability LTS = !700 - SST 

Geographically 
and seasonally 
correlated with 
subtropical  
marine stratus  
cloud cover and  
net CRE 
(Klein & Hartmann  
1993) 

Lower tropospheric stability


