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ABSTRACT

Daily satellite cloud observations and reanalysis dynamical parameters are analyzed to determine how
midtropospheric vertical velocity and advection over the sea surface temperature gradient control midlati-
tude North Pacific cloud properties. Optically thick clouds with high tops are generated by synoptic ascent,
but two different cloud regimes occur under synoptic descent. When vertical motion is downward during
summer, extensive stratocumulus cloudiness is associated with near-surface northerly wind, while frequent
cloudless pixels occur with southerly wind. Examination of ship-reported cloud types indicates that mid-
latitude stratocumulus breaks up as the boundary layer decouples when it is advected equatorward over
warmer water. Cumulus is prevalent under conditions of synoptic descent and cold advection during winter.
Poleward advection of subtropical air over colder water causes stratification of the near-surface layer that
inhibits upward mixing of moisture and suppresses cloudiness until a fog eventually forms. Averaging of
cloud and radiation data into intervals of 500-hPa vertical velocity and advection over the SST gradient
enables the cloud response to changes in temperature and the stratification of the lower troposphere to be
investigated independent of the dynamics. Vertically uniform warming results in decreased cloud amount
and optical thickness over a large range of dynamical conditions. Further calculations indicate that a
decrease in the variance of vertical velocity would lead to a small decrease in mean cloud optical thickness
and cloud-top height. These results suggest that reflection of solar radiation back to space by midlatitude
oceanic clouds will decrease as a direct response to global warming, thus producing an overall positive
feedback on the climate system. An additional decrease in solar reflection would occur were the storm track
also to weaken, whereas an intensification of the storm track would partially cancel the cloud response to
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warming.

1. Introduction

Clouds have a large impact on earth’s radiation bud-
get because they typically reflect more shortwave (SW)
radiation and emit less longwave (LW) radiation to
space than does the unobscured surface. Despite their
importance, the sign and magnitude of cloud feedbacks
on the climate system are some of the largest uncer-
tainties of future climate change. It is presently not
known whether cloud properties will change so as to
exacerbate or mitigate global warming (Moore et al.
2001). One of the primary reasons global climate mod-
els (GCMs) produce substantially different predictions
of the magnitude of future global warming is that they
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do not correctly and consistently simulate clouds. Not
surprisingly, differences in climate sensitivity are
closely related to particular aspects of various cloud
parameterizations employed in the GCMs (Senior and
Mitchell 1993). Errors in simulated cloud variability on
interannual and longer time scales are directly related
to errors in the representation of processes controlling
cloud properties on daily time scales (Norris and
Weaver 2001). The limitations of GCM studies thus
motivate investigation of cloud feedbacks using obser-
vational data. Careful documentation of the depen-
dence of cloud properties on related dynamic and ther-
modynamic parameters using daily observations will
provide insight into how clouds might respond to dy-
namic and thermodynamic changes associated with
global warming.

Clouds over midlatitude oceans are of particular in-
terest since during summer they produce net cloud ra-
diative forcing that is more negative than anywhere else
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on earth (Harrison et al. 1990). These clouds are asso-
ciated with extratropical cyclones in the storm track.
Synoptic ascent generates thick frontal cloudiness that
can reflect as much as 200 W m ™~ of SW radiation more
than clear sky. Extensive stratocumulus cloudiness un-
der synoptic descent following the cold front typically
reflects 100 W m ™2 more than clear sky (Weaver and
Ramanathan 1997). Despite the radiative importance
of these clouds, GCMs poorly simulate them (Klein and
Jakob 1999; Tselioudis and Jakob 2002). Common er-
rors are overproduction of cloud optical thickness and
height in the ascent regime and underproduction of
cloud cover in the descent regime (Norris and Weaver
2001).

In addition to vertical motion, advection over the sea
surface temperature (SST) gradient separating subpo-
lar and subtropical gyres changes low-level cloud prop-
erties, especially during summer. The climatological
distribution of surface-observed low cloud types sug-
gests that poleward advection of warm subtropical air
over colder water causes stratification of the near-
surface layer that leads to the suppression of cumulus
clouds and eventually the formation of fog and stratus.
Equatorward advection of midlatitude stratocumulus
over warmer water causes decoupling of the boundary
layer and a transition to cumulus (Norris 1998a,b).
Anomalies in SST cause shifts in the cloud transition
region and consequently anomalies in low-level cloud
cover (Norris and Leovy 1994). These cloud-cover
anomalies can in turn radiatively reinforce the SST
anomalies (Norris et al. 1998). Another thermodynamic
factor besides SST affecting cloud properties is the
static stability of the lower troposphere (Klein and
Hartmann 1993; Weaver and Ramanathan 1997). As-
certaining the individual influence of each of the above
meteorological parameters on cloud properties is com-
plex since interannual anomalies in the strength and
location of the storm track covary with SST anomalies
(Norris 2000), and SST anomalies affect the static sta-
bility of the lower troposphere.

The strategy of the present study is to separately
characterize dynamical and thermodynamical effects on
cloud properties using a method similar to that of Bony
et al. (2004). The North Pacific region is examined since
it is better sampled than the Southern Ocean and is
more zonally uniform than the North Atlantic, which
simplifies the analysis. The time period of the investi-
gation is the months of January, April, and July during
1984-2001 and October during 1983-2000. Daily values
of cloud amount, cloud optical thickness (1), and cloud-
top pressure (CTP) are averaged within small intervals
of midtropospheric vertical velocity and advection of
the near-surface wind over the SST gradient to deter-
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mine how synoptic forcing in conjunction with the SST
gradient control cloud properties. The cloud data in
each vertical velocity and advection interval are then
subdivided into terciles of anomalously cold or warm
SST and anomalously strong or weak lower-tropo-
spheric static stability. The average of the data within
the middle terciles represents “normal” conditions, and
the difference between the averages of the upper and
lower terciles represents how cloud properties change
with temperature or stratification. This procedure ef-
fectively calculates the partial derivatives of cloud frac-
tion, 7, and CTP with respect to vertical motion, advec-
tion, SST/atmospheric temperature, and static stability.
Long-term cloud feedbacks on the climate system may
be inferred from these synoptic-scale relationships. Al-
though present-day observations cannot describe the
state of the future climate, the results of this study can
be used to estimate, for example, how clouds might
respond were SST to increase or the intensity of the
storm track were to change. They can also be used to
constrain GCM simulations of cloudiness over midlati-
tude oceans.

2. Data

The International Satellite Cloud Climatology Proj-
ect (ISCCP) Data (D1) product provides values of
cloud fraction, mean visible 7, and mean CTP in 2.5° X
2.5° grid boxes every 3 h (Rossow et al. 1996; Rossow
and Schiffer 1999). These properties were retrieved
from geostationary and polar-orbiting weather satel-
lites starting in July 1983 and currently ending in Sep-
tember 2001. Besides gridbox mean values, the D1 data
include the frequency of pixels in each grid box classi-
fied into six 7 and seven CTP intervals, subsequently
reduced to the same three 7 and three CTP intervals
used by ISCCP D2 data. Because each 4-7-km pixel is
assumed to be completely cloud filled or cloud free,
these frequencies correspond to the fractional coverage
of clouds with low, middle, or high tops and thin, inter-
mediate, or thick 7. High clouds are defined as those
with tops above the 440-hPa level, midlevel clouds with
tops between 680 and 440 hPa, and low-level clouds
with tops below the 680-hPa level. Thin clouds are de-
fined as those with 7 < 3.55, intermediate clouds with
3.55 < 7 < 22.63, and thick clouds with 7 > 22.63.
Although ISCCP data are available every 3 h, only the
hours closest to local noon (0000 and 2100 UTC over
the North Pacific) are used in order to minimize solar
zenith angle and cloud retrieval errors.

One disadvantage of ISCCP cloud observations is
that they do not accurately recognize the morphological
characteristics of low-level clouds (Hahn et al. 2001).
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Knowledge of cloud morphology, determined through
visual identification of low cloud type, is useful because
it provides qualitative information about vertical struc-
ture and meteorological processes in the boundary
layer (Norris 1998a). For this reason the satellite data
are supplemented by surface synoptic reports collected
in the Extended Edited Cloud Report Archive (EECRA;
Hahn and Warren 1999) and originally processed from
the Comprehensive Ocean—Atmosphere Data Set
(COADS; Woodruff et al. 1987). These reports, made
primarily by Volunteer Observing Ships, include cloud
type at low, middle, and high levels (C,, C,,, and Cy;)
and present weather (ww) identified according to the
World Meteorological Organization (WMO) code
(WMO 1987). To increase the number of observations
contributing to 2.5° X 2.5° gridbox averages, data from
all observing hours (0000, 0600, 1200, and 1800 UTC)
are used. Since it was necessary to discard many night-
time observations due to poor illumination (Hahn et
al. 1995), the diurnal mean is biased toward daytime.
EECRA data are currently not available after 1997.

Impacts of cloud properties on the top-of-atmo-
sphere radiation budget are assessed using daily mean
values of SW, LW, and net cloud radiative forcing
(CRF) in 2.5° X 2.5° grid boxes, previously used in
Norris and Weaver (2001), and originally obtained
from the Earth Radiation Budget Experiment (ERBE;
Barkstrom et al. 1989). These data are available for
1985-89. CRF was calculated by subtracting daily mean
clear-sky radiative flux from daily mean all-sky radia-
tive flux in each grid box, and monthly mean values of
clear-sky flux were used when daily clear-sky values
were not available due to extensive cloud cover (C.
Weaver 2004, personal communication). It should be
noted that ERBE daily means were actually calculated
from a few instantaneous measurements during the day
(Barkstrom 1984), and thus could include errors asso-
ciated with aliasing of diurnal cloud variations. This is
unlikely to produce a systematic bias in the present
study, however, because the satellite orbit precesses
and values from widely separated days are averaged
into the composites. Moreover, diurnal variations in
cloud cover are not large over the midlatitude North
Pacific (Cairns 1995; Rozendaal et al. 1995). Radiative
flux is defined as positive downward such that SW CRF
is negative and LW CREF is positive.

The National Centers for Environmental Prediction
(NCEP) Department of Energy (DOE) Atmospheric
Model Intercomparison Project (AMIP)-IT Reanalysis
(R2) provides values of vertical velocity, horizontal
winds, and temperature on standard pressure levels at
2.5° X 2.5° grid spacing every 6 h (Kanamitsu et al.
2002). These are based on a variety of measurements of
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the atmospheric state brought into dynamical consis-
tency by a numerical weather prediction model. Even
though vertical velocity is diagnosed by the model
rather than directly measured, negligible differences
occur between statistical cloud relationships based on
NCEP Reanalysis I, NCEP Reanalysis II, and ECMWF
Re-Analysis vertical velocity (as was also found by Nor-
ris and Weaver 2001). Since the reanalysis grid is offset
from the ISCCP grid by 1.25° in latitude and longitude,
reanalysis parameters were bilinearly interpolated to
the ISCCP grid and linearly interpolated to ISCCP
times.

Weekly mean SST values for 1° X 1° grid boxes are
obtained from version 2 of the Reynolds optimal inter-
polation (OI) dataset, a combination of in situ and sat-
ellite measurements of SST (Reynolds et al. 2002).
These data were also bilinearly interpolated to the
ISCCP grid. Lower-tropospheric static stability (LTS)
is defined as 60,,, — 6ss1, Where 6, is the potential
temperature at the 700-hPa level and 6gqr is the poten-
tial temperature at the surface (calculated from SST
and SLP).

3. Spatial composites

Figure 1 shows climatological July and January dis-
tributions of total cloud amount, SST, and 1000-hPa
wind. Cloud amount and SST are close to zonally uni-
form over the central North Pacific, and the gradient in
cloud amount is collocated with the gradient in SST. In
general, cloudiness over the North Pacific is most
prevalent where the ocean is cold and least prevalent
where it is warm. Maximum midlatitude cloud amount
is slightly greater during July than during January, but
the area of extensive cloud amount does not extend as
far equatorward during July. Although the climatologi-
cal near-surface wind is westerly or southwesterly over
the region of the strongest SST gradient, the frequent
passage of extratropical cyclones causes large variabil-
ity in daily wind direction.

The synoptic cloud response to advection over the
SST gradient was investigated by compositing ISCCP
cloud properties and reanalysis meteorological param-
eters in a manner similar to that of Lau and Crane
(1995, 1997). The compositing parameter used in this
study is maximum SST advection, defined as
—V - VSST, where V is 1000-hPa wind and VSST is the
gradient of SST. For every July or January during 1984—
2001 and every longitude grid point within the region
30°-50°N, 155°-215°E (the smaller box demarcated in
Fig. 1), the latitude and day of month with the greatest
positive SST advection were identified. The boundaries
of the selection region were chosen to emphasize the
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a) Climatological July Conditions
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FiG. 1. Climatological ISCCP percentage total cloud amount
(color), SST (lines), and 1000-hPa wind (arrows) averaged from
daily local noon values during 1984-2001 for (a) Jul and (b) Jan.
The SST contour interval is 2°C with a thick line for the 16°C
isotherm. The smaller box indicates the spatial domain of com-
posite center locations in Figs. 2 and 3, and the larger box indi-
cates the spatial domain of composite locations in Figs. 4-8.

midlatitude North Pacific and to avoid influences of
land. Values of SST, 1000-hPa wind, and 500-hPa pres-
sure vertical velocity (wsq,) at the composite times and
within a =15° latitude and =25° longitude domain cen-
tered on the composite locations were averaged to-
gether over the 24 longitude points and 18 yr (432 to-
tal). Cloud fraction of each of the nine ISCCP 7/CTP
categories and clear-sky frequency were composited in
the same way, except that the climatological values
were subtracted before averaging. Inspection of the
composite times and locations indicated that maximum
SST advection frequently occurred at adjacent grid
points on the same or adjacent days, and the effective
sample size was found to be approximately one-third
the nominal sample size (144 instead of 432). A com-
posite cloud anomaly was deemed statistically signifi-
cant if it was greater than 950 out of 1000 anomaly
realizations calculated by averaging over the same lo-
cations with 144 dates chosen randomly (with replace-
ment). This procedure maintains the same distribution
of geographical sampling and number of independent
points as in the original composite.
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Figures 2a,b display meteorological and cloud condi-
tions associated with maximum positive advection over
the SST gradient during July and January. The 1000-
hPa wind has a very strong northward component at the
center of the composite, consistent with strong warm
advection over a primarily meridional SST gradient. As
expected from quasigeostrophic theory, the area of
poleward motion substantially overlaps the area of up-
ward motion at the 500-hPa level. High-top optically
thick clouds are located where midtropospheric upward
motion is strongest, as previously documented by Lau
and Crane (1995) in their composites centered on loca-
tions of very optically thick clouds. One new aspect in
Fig. 2a, however, is the enhanced frequency of clear-sky
southeast of the ascent core during July, where near-
surface warm advection occurs beneath midtropo-
spheric descent and weak ascent. Movement of warm
subtropical air over colder water likely promotes strati-
fication of the near-surface layer and inhibits the up-
ward flux of moisture needed to sustain cloud growth
against subsidence drying. Clear sky becomes less fre-
quent and low-level clouds become more frequent far-
ther north, suggesting that fog and shallow stratus form
as the stratified near-surface layer moistens to satura-
tion (Norris 1998a; Norris and Klein 2000). During
January, the area of enhanced clear sky occurs on the
northern side of the SST gradient (Fig. 2b).

Low-level clouds are prevalent under midtropo-
spheric descent occurring in the cold sector west of the
high-top optically thick frontal clouds. These clouds are
emphasized by creating composites centered on maxi-
mum negative advection over the SST gradient during
July and January (Figs. 2c,d). July low-level cold advec-
tion clouds generally have greater optical thickness
than those in January. The frequency of optically thin
clouds and clear sky increases from north to south dur-
ing July, implying the breakup of stratocumulus clouds
as they are advected over warmer water under decreas-
ing midtropospheric subsidence (Fig. 2¢). The midlevel
clouds occasionally seen on the southern side of the
SST gradient during July are probably averaged from
narrow bands of higher clouds that occur along cold
fronts.

Morphological low cloud types and weather condi-
tions identified in synoptic reports provide qualitative
information about the state of the boundary layer not
available from the ISCCP data. These surface observa-
tions were composited in the same manner as the
ISCCP data, except that averaging was carried out over
all surface observations within =12 h of the composite
time and only during 1984-97. The resulting composites
are displayed in Fig. 3, and the close similarity between
spatial patterns of SST, 1000-hPa wind, and w5, in Figs.










































