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Abstract. Clouds play an important role in the climate sys- regimes, we examine the difference in cloud and radiative
tem by reducing the amount of shortwave radiation reachingproperties between warm and cold subsets. To avoid misin-
the surface and the amount of longwave radiation escaping tterpreting a cloud response to large-scale dynamical forcing
space. Accurate simulation of clouds in computer models re-as a cloud response to temperature, we require horizontal and
mains elusive, however, pointing to a lack of understandingvertical temperature advection in the warm and cold subsets
of the connection between large-scale dynamics and cloudo have near-median values in three layers of the troposphere.
properties. This study uses a k-means clustering algorithm técross all of the seven clusters, we find that cloud fraction
group 21 years of satellite cloud data over midlatitude oceanss smaller and cloud optical thickness is mostly larger for the
into seven clusters, and demonstrates that the cloud clustesgarm subset. Cloud-top pressure is higher for the three low-
are associated with distinct large-scale dynamical conditionslevel cloud regimes and lower for the cirrus regime. The net
Three clusters correspond to low-level cloud regimes withupwelling radiation flux at the top of the atmosphere is larger
different cloud fraction and cumuliform or stratiform char- for the warm subset in every cluster except cirrus, and larger
acteristics, but all occur under large-scale descent and a relwhen averaged over all clusters. This implies that the direct
atively dry free troposphere. Three clusters correspond taesponse of midlatitude oceanic clouds to increasing temper-
vertically extensive cloud regimes with tops in the middle or ature acts as a negative feedback on the climate system. Note
upper troposphere, and they differ according to the strengtlthat the cloud response to atmospheric dynamical changes
of large-scale ascent and enhancement of tropospheric tenproduced by global warming, which we do not consider in
perature and humidity. The final cluster is associated with ahis study, may differ, and the total cloud feedback may be
lower troposphere that is dry and an upper troposphere thgbositive.

is moist and experiencing weak ascent and horizontal moist
advection.

Since the present balance of reflection of shortwave and  |stroduction
absorption of longwave radiation by clouds could change as

the atmosphere warms from increasing anthropogenic greenz|ouds play an integral role in the climate system by reflect-
house gases, we must also better understand how increagrq solar radiation back to space and restricting the emission
ing temperature modifies cloud and radiative properties. Wef terrestrial radiation to space, thereby substantially influ-
therefore undertake an observational analysis of how mid'encing the Earth’s temperature. For this reason, it is impor-
latitude oceanic clouds change with temperature when dyant to understand how clouds and their impacts on radiative
namical processes are held constant (i.e., partial derivativgansfer might respond to an initial warming from increased
with respect to temperature). For each of the seven cloud(,. This is known as the cloud-climate feedback. Although
global climate models are commonly used to study climate
change, there is currently no agreement between different

Correspondence ta\. D. Gordon models on the magnitude of the cloud-climate feedback, and
m (n.gordon@leeds.ac.uk) the representation of clouds in climate models continues to
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be the largest source of uncertainty in projections of futurecluster is divided into relatively warm and cold subsets. The
climate (IPCC, 2007). impact of joint dynamical forcing on temperature and cloudi-
Previous studies have used various compositing techness is removed by restricting warm and cold subsets to have
nigues to examine and compare how cloudiness is relatedear-median values of horizontal and vertical temperature
to meteorological forcing in observations and models (e.g.advection and near-median values of lapse rate in the lower
Klein and Jakob, 1999; Norris and Weaver, 2001; Tselioudistroposphere and tropopause region. The difference between
and Jakob, 2002). Dividing the atmosphere into a series ofold and warm subsets provides information on how large-
distinct meteorological regimes, each with different cloud scale cloud and radiative properties are affected by increas-
properties, is an effective method for understanding the coning temperature directly rather than through changes in atmo-
nections between the dynamics and thermodynamics of thepheric circulation associated with global warming. These
atmosphere and the clouds they produce (Jakob, 2003). Morneesults will give insight into cloud feedback on the climate
recent investigations have used clustering algorithms to morsystem and be a useful baseline for model evaluation.
objectively identify cloud regimes without direct reference to
meteorological parameters (e.g., Jakob and Tselioudis, 2003;
Gordon et al., 2005; Jakob et al., 2005; Rossow et al., 2005)2 Data sources
Williams and Tselioudis (2007) examined differences be-
tween simulated cloud properties in control runs ar€CD, The source of cloud observations for this investigation
experiments through the use of a clustering algorithm. Identi-was the three-hourly International Satellite Cloud Clima-
fying the specific vertical distribution of dynamical and ther- tology Project (ISCCP) D1 equal-area (280k&80 km)
modynamical processes generating a particular type of cloudata set, originally processed from radiances primarily mea-
is crucial for understanding the atmosphere and improvingsured by geostationary weather satellites (Rossow et al.,
model simulation of clouds. 1996; Rossow and Schiffer, 1999). The ISCCP data con-
The present study extends the clustering approach of Gorsist of cloud fractions within a grid box for nine categories
don et al. (2005) to all midlatitude ocean grid boxes, whereof cloudiness based on three intervals of cloud-top pres-
clouds have a very large impact on shortwave radiationsure (CTP) (below 680 mb, between 680 and 440 mb, and
(Weaver and Ramanathan, 1997). Only ocean regions are ex@bove 440 mb) and three intervals of cloud optical thickness
amined so as to minimize the role that surface features play iffr) (between 0.3 and 3.6, between 3.6 and 23, and above
cloud forcing. We use &-means clustering algorithm to clas- 23). Satellite pixels used to generate the GTRistograms
sify daily grid box cloud data from the International Satellite are approximately 4—7 km in size and spaced approximately
Cloud Climatology Project (ISCCP) into seven groups ac-30km apart, with up to 80 pixels per grid box. Since cloud
cording to similar cloud fraction values in three cloud-top optical thickness values are obtained from visible retrievals,
pressure intervals and three cloud optical thickness intervalsvalid data only exist for daytime hours. We restricted our
Vertical profiles of reanalysis relative humidity, temperature, analysis to one time point per day for each satellite grid box,
vertical velocity, horizontal temperature advection, and hor-choosing the value with the smallest solar-zenith angle (clos-
izontal moisture advection are averaged over each cluster agst to local noon). This restriction avoided sampling biases
perturbations from the mean state. This provides insight intoassociated with more valid data points coming from regions
meteorological conditions and dynamical forcing associatechear the equator and from points in the summer hemisphere,
with each cloud regime, which is supplemented by examinawhere there are a greater number of daylight hours.
tion of the climatological distribution and seasonal cycle of Additional quality control included removal of all grid box
each cluster. values with any sea ice, as reported by the satellite, or any
Since current global climate models do not provide reli- points with anomalously high clear-sky albedg {a). The
able information on the cloud response to global warmingnormal range ofclearWas determined for bins of solar-zenith
(e.g., Ringer et al., 2006; Clement et al., 2009; among oth-angle (SZA) by calculating the difference between the first
ers), we will additionally use our clustering analysis as apercentile and the median value. For each SZA bin, all data
foundation for investigation of the sensitivity of cloud prop- for which acjear values were greater than the sum of the me-
erties to changes in temperature. To avoid the confounddian and the difference between the median and the first per-
ing effects of dynamical processes that can influence botltentile value were excluded. This assumes that valighy
temperature and clouds, we investigate how cloud propertiesaries uniformly above and below the median. We also ex-
vary with temperature within a narrow range of dynamical cluded data for which satellite skin temperaturfec) was
parameters, following the approach of Bony et al. (2004).less than 271K, more than 4 K colder than NCEP reanaly-
Clustering is a useful tool for this purpose because it groupssis SST, or more than 8 K warmer than reanalysis SST. As
cloud types with similar meteorology, and Williams and Tse- noted by Tsuang et al. (their Fig. 3, 2008}in tended to
lioudis (2007) employed it to examine the relative contribu- be warmer than NCEP reanalysis SST by about 2 K for most
tion of changes to cloud properties due to dynamic and therebservations over the midlatitude oceans. All of these re-
modynamic changes in GCMs. In the present study, eaclstrictions removed less than 1% of the initial data, but it

Atmos. Chem. Phys., 10, 6435459 2010 www.atmos-chem-phys.net/10/6435/2010/



N. D. Gordon and J. R. Norris: Cluster analysis of midlatitude oceanic cloud regimes 6437

was necessary to ensure that spurious clear-sky values digalnay et al., 1996). This data set provided standard meteo-
not contaminate our analysis of changes in cloud radiativerological parameters as well as information about large-scale
properties. gradients and atmospheric motions that were needed to cal-
Our analysis spans nearly the entire available record otulate the advective tendencies of moisture and temperature,
ISCCP, 21 years (1984-2004), and incorporates all oceamwhich are important to cloud formation and dissipation. We
points between 30and 55 in both hemispheres, represent- have restricted our analysis to middle latitudes because that
ing 1444 grid boxes. The ISCCP data consisted of nearlyis where much of the dynamical forcing that leads to cloud
10 million CTP< histograms over all days and grid boxes, formation in these regions is at or above the spatial scale of
thus enabling a comprehensive investigation of the cloud rethe satellite grid boxes. Moreover, vertical motion at mid-
sponse to temperature when large-scale dynamical condidle latitudes is better constrained via quasi-geostrophic re-
tions are held constant. The CTPhistogram corresponds lationships by satellite and radiosonde observations of tem-
to a nine-type cloud fraction array. All values of the nine- perature and horizontal wind. Although deficiencies exist in
type cloud fraction array are exactly zero for clear-sky obser-the dynamics as represented in reanalyses (Trenberth et al.,
vations, which infrequently occur (less than 1% of the total 2001), the accuracy of the NCEP Reanalysis in the midlati-
number of days and grid boxes) and are excluded from theudes is greatly improved in the model satellite era, post 1978
clustering. To complement the satellite-derived properties(Bromwich and Fogt, 2004). Additionally, our main interest
of the cloud regimes, we also analyzed surface-based visuas in the relationship between dynamics and cloud properties,
cloud type observations from the Extended Edited Cloud Re-and Norris and Weaver (2001) found negligible differences
port Archive (EECRA) (Hahn and Warren, 1999). between cloud-vertical motion relationships when using the
In addition to mean cloud properties, we examined theNCEP and ECMWF Reanalyses.
three-hourly radiative flux data derived from the ISCCP data
(Zhang et al., 2004). The flux data consists of upwelling
and downwelling, shortwave and longwave radiative flux for 3 Cluster analysis method
both clear and cloudy parts of the grid box. This data is pro-
vided at the surface, the top of the atmosphere (TOA), and aThe ISCCP cloud data were grouped into regimes by apply-
three levels within the atmosphere (680 mbar, 440 mbar, aning a k-means clustering algorithm to the nine-type cloud
100 mbar). While the uncertainties of instantaneous flux val-fraction arrays (CTR- histograms). Thé&-means procedure
ues are on the order of 10 Winthese will be considerably classifies all nine-type arrays into a specified number of clus-
reduced in the clusters by averaging over a large number ofers such that within-cluster variance is minimized (Hartigan,
values. While systematic biases may exist in ISCCP FD datd 975; Jakob and Tselioudis, 2003). The only arbitrary pa-
due to satellite changes, we do not expect them to produceameter needed is the number of clusters; the character of
substantial differences between cloud clusters. the individual cluster means is then objectively determined
Since our selection of the one satellite observation per dayy the data. The clustering process began with random se-
that is closest to local noon would otherwise produce a sublection ofk nine-type arrays as initial seeds. All other nine-
stantial radiative bias, we divided near-noon upwelling TOA type arrays in the data set were then assigned to the initial
SW fluxes by near-noon insolation to convert them to valuesseed to which they were closest in a Euclidean sense. The
of reflectivity. Reflectivity values were multiplied by diur- number of nine-type arrays in a cluster divided by the total
nal mean insolation to convert them back to diurnal meannumber of nine-type arrays is the frequency of occurrence
upwelling SW flux (more details are available in Appendix of the cluster, and the average of all nine-type arrays in the
A). This procedure assumes that systematic cloud changeduster is the centroid (i.e., average cloud fraction for each
near local noon are characteristic of the entire day. Aver-of the nine CTPe categories). These cluster centroids be-
aging diurnal mean flux values across different grid boxescame new seeds to reinitialize the clustering routine, which
and seasons gives more radiative weighting to cloud changesas repeated until the centroids converged.
that occur at lower latitudes and during the summer season. An uncertainty in the&-means method is the convergence
While this may be more relevant to the overall impact on cli- of the clustering algorithm to different results for different
mate, in the present study we are more interested in the typiinitial seeds. We resolved this ambiguity by clustering on 50
cal cloud response to increasing temperature. For this reasadifferent sets of random initial seeds and choosing the final
we gave equal weighting to clouds in all grid boxes and sea<cluster set with the least sum of variance around each clus-
sons by separately averaging reflectivity values and diurnater centroid (the other possible solutions will be discussed
mean insolation values before multiplying them together tolater). Specifying the number of clusters is the most subjec-
obtain average diurnal mean upwelling flux. Our results aretive aspect of thé&-means method. After examining results
qualitatively the same irrespective of radiative weighting.  for various numbers, we chose to use seven clusters, as that
We obtained information about the dynamics and thermo-was the minimum number of clusters that had clearly distinct
dynamic structure of the atmosphere from the National Cen-<cloud properties and meteorological conditions. Additional
ter for Environmental Prediction (NCEP) NCAR Reanalysis clusters beyond seven exhibited great similarity to one of the
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Table 1. Grid box mean ISCCP cloud properties for each cluster.

1- 2- 3- 4-— 5- 6— 7 -

SmallCu LargeCu Sc/St DeepAs Cirrus Weak Frontal Strong Frontal
Cluster Frequency (%) 275 18.4 16.5 14.0 11.3 7.7 4.3
Mean Cloud Fraction (%) 54.1 77.8 929 97.5 87.4 99.0 994
Mean Cloud-Top Pressure (mb) 658.2 781.0 776.4 584.3 431.8 382.6 347.6
Mean Cloud Optical Thickness 3.63 2.89 7.19 8.30 2.30 8.90 23.08

preceding clusters without providing appreciable new infor-names given to each cluster in Tables 1 and 2 will be de-
mation; inclusion of such intermediate clusters would havescribed in the following paragraphs.
increased the number of pIOtS without Commensurately en- As a Comp|ement to the satellite ObservationS, we ex-
hancing our understanding of dynamical and thermodynamiamined cloud information reported by surface observers on
cal conditions associated with particular cloud regimes. ships in the same grid box and on the same day as the IS-
Our approach differs from that of Gordon et al. (2005) in CCP data. These provide a bottom-up view of the scene
that we cluster on cloud fraction in nine CTPeategories  along with morphological rather than radiative characteriza-
rather than grid box mean cloud fraction, cloud-top pressuretions of cloud types as well as precipitation (see Table 1 of
and cloud reflectivity. We instead took the approach used byNorris, 1998a). Table 3 lists average surface-observed total
Jakob and Tselioudis (2003), except that they used 42 €£TP-cloud cover and low-level cloud cover for each cluster to-
categories (cloud fraction within each of seven CTP and six gether with the frequencies at which surface observers report
intervals). Because cloud fraction in 42 CTRategories did the occurrence of clear sky, sky obscuration by fog or pre-
not provide significantly more information, we aggregated cipitation, non-drizzle precipitation, various low-level cloud
the 42 categories into nine categories that correspond to thgypes, and the absence of low-level cloudiness. In order to
standard ISCCP-defined cloud types. distinguish relative differences between clusters more eas-
ily, anomalies from the frequency-weighted mean across all
clusters are provided. Because ship sampling is sparse over
southern hemisphere midlatitude oceans, Table 3 includes
4 Cloud properties only northern hemisphere points. This should not bias the
results appreciably since no cluster is primarily restricted to
Table 1 lists mean cloud fraction, CTP andiveraged over the southern hemisphere, and mean cloud properties and dy-
all CTP< categories for the cluster centroids during the namics are similar for each cluster in either hemisphere (not
1984-2004 time period, ordered according to relative fre-shown). There is general agreement but not exact correspon-
quency. The nonlinear relationship between radiation fluxdence between Table 1 and Table 3 due to the different spatial
and optical thickness was taken into account by convertscale and method of satellite and surface observations.

ing cloud optical thickness values to cloud reflectivity at  Figure 1 displays the mean cloud fraction for all categories
0.6 microns using an ISCCP look-up table (correspondingin the ISCCP CTP= histograms for each of the seven clus-
to Fig. 3.13 in Rossow et al., 1996) before averaging. Theters. If mean cloud fraction in a category is less than 2%,
mean reflectivity was then converted back to cloud opticalit js not displayed. The three most frequent clusters all cor-
thickness using the same table. This ensures that our C|U5t$éspond to low-level cloud regimes, as seen by the predom-
mean optical thickness values more correctly represent cloughance of clouds with CTP greater than 680 mb. Since sur-
effects on grid box mean visible radiation flux. face observers report small cumulus and clear sky more fre-

Table 2 lists mean TOA shortwave cloud radiative forcing quently for Cluster 1 than any other cluster (Table 3), we
(SWCRF) and longwave cloud radiative forcing (LWCRF) will refer to it as the “small cumulus” cluster. We call Clus-
for each of the clusters. These are diurnal mean valueser 2 “large cumulus” and Cluster 3 “stratocumulus/stratus”
calculated from near-noon values according to the methodor similar reasons. Cluster 1 has the smallest cloud fraction
described in the Appendix. Following Charlock and Ra- of all clusters, and low-level and total cloud fraction increase
manathan (1985), we define cloud radiative forcing as outgofrom Cluster 1 to 2 to 3 (Tables 1 and 3), consistent with their
ing radiative flux for all-sky conditions subtracted from out- “Small Cu”, “Large Cu”, and “Sc/St” designations. Clus-
going radiative flux for cloud-free conditions. Thus, SWCRF ters 1, 2, and 3 have weak LWCRF (Table 3) because their
values are negative and represent a net cooling of the climatlw cloud tops are relatively warm (Table 1). Cluster 3 has
system, and LWCRF values are positive and represent a natronger SWCRF than do Clusters 1 and 2, as would be ex-
warming of the climate system. Reasons for the informalpected for horizontally extensive stratiform cloud.
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Fig. 1. Mean ISCCP histograms of cloud fraction for each cloud-top pressure and cloud optical thickness interval.

Table 2. Grid box mean ISCCP cloud radiative forcing for each cluster.

1- 2- 3- 4-— 5— 6— 7-

SmallCu Large Cu Sc/St Deep As  Cirrus Weak Frontal ~ Strong Frontal
SWCRF (Wn%) —39.01 4046 -96.96 -—-112.89 -55.04 —123.05 —168.38
LWCRF (WmZ) 14.81 10.32 13.17 40.59 46.71 78.26 87.02

Cluster 4 is the only cluster with a cloud top in the mid- the magnitude of LWCRF for Cluster 5 (Table 2), which is
dle troposphere (Fig. 1). The large low-level cloud amountthe only case where the cooling from reflected solar radiation
and stratiform cloud types very frequently reported by sur-is nearly cancelled out by the trapping of longwave radiation
face observers for this cluster (Table 3) suggest that thesemitted by the surface. Clusters 6 and 7 contrastingly have
clouds usually extend from the middle troposphere downa large cooling effect on climate because their very negative
to near the surface, even though the satellite retrievals ar8 WCRF substantially outweighs their large positive LWCRF.
unable to provide that information. For this reason, we As was the case for Cluster 4, surface observers report large
call Cluster 4 “deep altostratus”. Table 2 shows that it haslow-level cloud amount by stratiform types, indicating that
larger LWCRF than the low-level cloud clusters and rela- Clusters 6 and 7 have vertically extensive clouds. Surface
tively strong SWCRF. observers also report the occurrence of precipitation 13% of

the time for Cluster 6 and 30% of the time for Cluster 7 (Ta-

The last three clusters in Fig. 1 are high-top cloud regimesyje 3). We call Cluster 6 “weak frontal” and Cluster 7 “strong
with optical thickness that increases from Cluster 5 to 6 t0 7.frontal” The net CRF values (i.e., SWCRF+LWCRF) for
We call Cluster 5 “cirrus” because it has the smallest opticalihe “weak frontal” and “strong frontal” regimes are45

thickness and least low-level cloud of all clusters (Tables 1and—81 wn?, respectively, consistent with the approximate
and 3). The magnitude of SWCREF is only slightly larger than
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Table 3. Mean surface-reported cloud properties for each cluster (northern hemisphere only), along with anomaly from the average over all

clusters.
Observation Cluster #
1 2 3 4 5 6 7
Clear-sky Frequency (%) Mean 6.8 2.2 11 0.4 3.5 0.4 0.2
Anom 37 -09 -20 -26 04 -27 =29
Obscured-sky Frequency (%) Mean 2.2 21 105 9.3 1.8 9.1 125
Anom -33 -34 5.0 38 -38 3.6 6.9
Total Cloud Amount (%-sky-cover) Mean 58.2 685 87.1 907 67.4 926 959
Anom -165 -6.3 124 159 -74 179 21.1
Low-level Cloud Amount (%-sky-cover) Mean 47.2 59.7 799 80.9 487 799 864
Anom -16.6 -4.1 16.1 171 -15.1 16.1 22.6
Rain and Snow Frequency (%) Mean 4.2 6.4 46 115 30 131 301
Anom -33 -11 -29 40 -45 56 226

No-low-cloud Frequency (%)
Small Cumulus Frequency (%)

Moderate and Large Cumulus Frequency (%)

Mixed Cumulus and Stratocumulus Frequency (%)

Ordinary Stratocumulus Frequency (%)
Fair-weather Stratus Frequency (%)

Bad-weather Stratus Frequency (%)

Mean 16.3 6.4 4.9 4.7 17.8 5.6 3.9
Anom 6.2 -37 -53 -54 77 —-45 -6.2
Mean 185 137 51 4.5 15.7 4.7 2.5
Anom 7.1 23 -6.3 -6.9 44 —-6.7 -—-8.8
Mean 16.8 18.6 6.9 6.5 141 5.8 3.8
Anom 4.7 6.5 -53 57 19 -64 -83
Mean 169 225 202 193 188 18.1 123

Anom -1.8 3.7 1.5 0.6 0.1 -06 -6.4
Mean 96 186 20.6 18.3 12.1  16.7 137
Anom —4.4 6.5 6.6 44 -1.8 2.8 -0.3
Mean 5.5 58 154 157 6.3 16.2 179
Anom -46 -4.3 5.2 56 -39 6.1 7.8
Mean 6.1 7.5 11.4 16.0 6.2 18.5 28.0
Anom —-45 -3.2 0.8 54 -4.4 79 173

—70 Wn? value reported by Weaver and Ramanathan (19965 Characteristic dynamics
for midlatitude ocean synoptic storms. Averaging over all

clusters with weighting by their relative frequencies, we cal- 1, provide insight into the atmospheric state and advec-

culate a net CRF cooling 6£39 Wn? by midlatitude ocean

clouds.

tive forcing associated with the various cloud regimes, we
averaged vertical profiles of NCEP/NCAR Reanalysis data

As mentioned previously, our clustering algorithm may qyer the grid boxes and times corresponding to each clus-

converge to a different solution, depending on the initial (or Monthly means for each spatial point and each vertical
seeds provided. We resolved this by taking the solution withjoye| were removed from all meteorological parameters to

the smallest total variance. Besides the solution presented ifeyent spatial and seasonal biases from affecting the results.
Fig. 1, there are two additional sets of clusters to which thety s meteorological conditions associated with the clusters
solution can converge. The only difference is the inclusionyj| represent perturbations from the mean state. The advec-

of either another low-level cloud or midlevel cloud cluster,

' tive tendencies of water-vapor mixing ratio were converted

both of which occur with the loss of one of the frontal clus- to tendencies in relative humidity (RH) by dividing by the

ters. In analyzing clustering results for valueskofreater

saturation-mixing ratio at each level. For consistency, we

than seven, we often found cases with more than three lowghose all values of RH and saturation with respect to liquid

level cloud clusters or more than one midlevel cloud clus-\yater even though saturation with respect to ice may be more
ter. In both of these instances, the inclusion of the add't'onalapplicable in the upper troposphere. Additionally, the merid-
cluster did not provide any additional information since the jgnal wind for all points in the southern hemisphere was mul-
cluster with intermediate cloud properties also exhibited i”'tiplied by -1 before averaging so that positive horizontal flow
termediate meteorological properties. Clustering analysis inig i a poleward sense. Vertical profiles of perturbation RH
dependently applied to individual ocean basins and seasonge isplayed in Fig. 2, perturbation temperature in Fig. 3,
produced types similar to those described above, albeit withyrrhation pressure vertical velocity in Fig. 4, perturbation

possibly different frequencies.

Atmos. Chem. Phys., 10, 6435459 2010

horizontal advective tendencies of water-vapor mixing ratio
in Fig. 5, and perturbation horizontal advective tendencies
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Fig. 2. Vertical profiles of mean perturbation relative humidity for each cluster from the NCEP Reanalysis.

of temperature in Fig. 6. Profiles of vertical advection ten- sistent with the vertical temperature profile and dynamical
dencies of both temperature and water vapor (not shown) arprocesses previously found to be associated with surface-
similar to the profile of vertical motion (water vapor being observed midlatitude large cumulus and stratocumulus, re-
the opposite sign). We have not included bars correspondingpectively (Norris, 1998a; Norris and Klein, 2000). In the
to the 95% confidence interval on either side of the profilesLarge Cu cluster, perturbation temperature switches from
because, in nearly every instance, the uncertainty range wasold below 300 mb to warm above 300 mb, suggesting a de-
indistinguishable from the mean profile (due to the very largepressed tropopause. Contrastingly, the Sc/St cluster has an
number of data points contributing to each cluster). opposite temperature reversal — warm below and cold above

300 mb, suggesting a slightly elevated tropopause (Fig. 3).
The mean cloud properties of each cluster are physically

consistent with the meteorological state and dynamical forc- Clusters 6 (Weak Frontal) and 7 (Strong Frontal) appear to
ing. The low-level cloud Clusters (1, 2, and 3) occur with occur east of the trough and west of the ridge in a midtropo-
negative perturbation RH in the middle and upper tropo-spheric synoptic wave. Both occur with strong upward mo-
sphere (Fig. 2) that is produced by grid box mean vertical detion (Fig. 4) and a very moist troposphere (Fig. 2). Although
scent (Fig. 4). Cluster 1 (Small Cu) has the weakest averagaot shown, perturbation horizontal velocity in the upper tro-
dynamical forcing, with near-mean profiles in temperatureposphere is southwesterly (in a northern hemisphere sense),
(Fig. 3), zonal and meridional wind (not shown), horizontal which is consistent with the positive perturbation tempera-
advection of moisture (Fig. 5), and horizontal advection of ture advection (Fig. 6), warm tropospheric temperature, and
temperature (Fig. 6). Clusters 2 and 3 have similar dynamic®levated tropopause (Fig. 3). Figure 5 indicates that both
(downward motion and low-level horizontal advective pertur- frontal clusters have horizontal perturbation moistening in
bation drying and cooling), but their temperature profiles arethe lower troposphere, and the strong upward moisture ad-
quite different. Cluster 2 (Large Cu) occurs with a relatively vection clearly dominates the horizontal perturbation drying
cold boundary layer and cold free troposphere, whereas Clusn the upper troposphere to create vertically extensive cloudi-
ter 3 (Sc/St) occurs with a relatively cool boundary layer andness. Consistent with the names of the clusters, the Weak
relatively warm free troposphere (thus indicating a perturba-Frontal cluster has smaller perturbations in meteorological
tion temperature inversion). These characteristics are constate and dynamical forcing than the Strong Frontal cluster.
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Fig. 3. As in Fig. 2, except for perturbation temperature.

Cluster 4 (Deep As) exhibits vertical profiles of perturba- frequency for each grid box before adding it to the compos-

tion RH, temperature, vertical velocity, horizontal temper- ite. Figure 7 shows the results, which are generally consis-
ature advection, and horizontal moisture advection that havéent with the placement of cloud regimes in a midlatitude

similar shapes and signs, albeit with much weaker magnisynoptic wave. Points located in the Southern Hemisphere
tude, to those of the frontal clusters. have been inverted before averaging so that the figure is dis-
The RH profile for Cluster 5 (Cirrus) shows negative per- played in a quthern Hemisphere sense, namely the bottom
turbation moisture below 600 mb and significant positive per-.Of the domain is towards the equator. By construction, there

: : . . is a large positive perturbation in the frequency of Cluster 7
turbation moisture above 600 mb (Fig. 2), and the negative §trong Frontal) at the center of the composite. Similar to

temperature perturbation above 250 mb (Fig. 3) suggests th au and Crane (1995), who composited on points of high

it coincides with an elevated tropopause. The large positive

horizontal perturbation moisture advection (Fig. 5) suggestsOptlcal thickness, Cluster 7 frequency is preferentially ori-

that some of these clouds are blow-off from a deep convec—emed in & SW-NE fashion (in a northern hemisphere sense).

tive system or an extratropical cyclone, and the small upwaraCIUSter 6 (Weak Frontal) is also relatively frequent in the re-

motion in the upper troposphere suggests that some of thes%ion surrounding the center, especially to the northeast (in
: . a northern hemisphere sense). The frequency of Cluster 5
clouds may be locally dynamically generated (Fig. 4). (Cirrus) is enhanced equatorward and eastward (i.e., ahead)

In addition to looking at the local meteorological con- of the frontal regime. Clusters 1 (Small Cu) and 2 (Large Cu)
ditions, we can examine the spatial relationships betweemnore frequently occur northwest of the frontal regime (i.e.,
cloud regimes corresponding to each cluster. This can bén the cold sector).
accomplished by compositing the frequency of occurrence
of various clusters in grid boxes surrounding a central point
(e.g., Lau and Crane, 1995; Norris and lacobellis, 2005). In6 Spatial distribution and seasonal cycle
this case we choose as a central point those grid boxes in
which the Strong Frontal cluster is present. To avoid biased-igure 8a—g show the spatial distribution of the annual mean
from geographical and seasonal variations in cluster distrifrequency of each cluster. Note that some artificial fea-
bution, we subtracted the long-term monthly mean clustertures associated with the viewing geometry of geostationary
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Fig. 4. As in Fig. 2, except for perturbation pressure vertical velocity.

satellites are present and do not reflect real geographical variea, and southern Africa). Another region of increased fre-
ations (Rossow and Garder, 1993). The overall most frequenguency is in the central Pacific, possibly due to advection
cluster, Small Cu, predominantly occurs in equatorward androm the deep convective towers of the west Pacific equato-
coastal regions of our domain (Fig. 8a), as may be expectedal warm pool (Fig. 8e). The final two clusters (Weak Frontal
for the cluster with the least cloud fraction and greatest prevaand Strong Frontal) are fixtures of the storm track, with the
lence of surface-reported cumuliform cloud types (Table 3Strong Frontal cluster more focused in the western half of the
of this study; Figs. 5 and 6 of Norris, 1998b). The CTP- ocean basins (Fig. 8f—g).
© histogram for Small Cu (Fig. 1) shows that this cluster  Williams and Tselioudis (2007) (hereafter WTO07) per-
is primarily composed of low-level clouds, but some small formed a similar study by clustering ISCCP histograms for
amount of higher clouds is mixed in, as implied by the lower the ice-free extratropics (poleward of 2@ both hemi-
grid box mean CTP for this cluster relative to the other low- spheres). Although they only examine five cloud clusters,
level cloud clusters (Table 1). The second cluster, Large Cutheir results are very similar to those produced from our anal-
occurs more often in the center of the ocean basins and igsis (Fig. 6 from WT07). The WTO7 clusters of shallow cu-
more prevalent in the southern hemisphere (Fig. 8b). The fimulus, stratocumulus, cirrus, mid-level, and frontal are sim-
nal low-level cloud cluster, Sc/St, has a very distinctive geo-ilar to Small Cu, Sc/St, Cirrus, Deep As, and Strong Frontal
graphical distribution. The region of highest frequency is the (respectively). The WTO07 study examined a much larger do-
subtropical anticyclone region in the eastern Pacific Oceanmain, allowing points poleward of 85provided that they are
and other regions of frequent Sc/St include the far northerrice-free, more subtropical points, and points over land.
Pacific Ocean and off the west coast of Australia (Fig. 8c). | order to gain a more in-depth understanding of the re-
Other climatological subtropical stratocumulus regions arejationship of each cluster to large-scale dynamical processes,
too far equatorward to be included in our analysis (Norris, it js useful to examine the seasonal cycle of each cluster's
1998D). spatial distribution. For Cluster 1 (Small Cu), the spatial
The only predominantly midlevel cluster, Deep As, is pri- distribution of each season is nearly identical to that of the
marily located in the higher latitude regions of the analysisannual mean and is therefore not shown. Figure 9a and
domain (Fig. 8d). Cluster 5 (Cirrus) is most frequent im- b display the spatial distribution of Cluster 2 (Large Cu)
mediately east of continents (South America, North Amer-for the December-January-February (DJF) and June-July-
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Fig. 5. As in Fig. 2, except for perturbation horizontal moisture advection.

August (JJA) seasons, respectively. This cloud regime pre7 Temperature sensitivty analysis method
dominantly occurs in the winter season, suggesting that these
clouds are the result of cold air advecting over warmer water
behind a frontal system (Fig. 7). Cluster 3 (Sc/St) also hasSince previous studies (e.g., Bony et al., 2004) have sug-
a very strong seasonal cycle (Fig. 10a—b), but unlike Cluste@ested the thermodynamic component of cloud change will
2, it primarily occurs during the summer season. Stratocue globally more influential than the dynamical component
mulus clouds in the eastern Pacific anticyclone region ancPf cloud change, we would like to understand the impact
stratus clouds in the central North Pacific are most extensivéhat increasing temperature has on cloud properties. To this
during JJA (Norris, 1998b). end, we divided clusters into relatively warm and relatively
The spatial distribution of Cluster 4 (Deep As) frequency cold sub-groups according to tropospheric mean tempera-
for each season is fairly similar to the mean distribution (notture. We use tropospheric temperature rather than SST to
shown). One large exception is the North Pacific during JJA,act as a proxy for anthropogenic global warming because
where Deep As is especially prevalent (Fig. 11). The re-tropospheric temperature has much more variance at daily
striction of this cloud regime to higher latitudes and its in- time scales than SST and best represents the temperature
creased frequency in northern hemisphere summer suggesgxperienced by clouds. Tropospheric mean temperature is
that these are weakly forced and shallow synoptic stormsthe pressure-weighted average of temperature at levels from
Surface observers report precipitation for the Deep As clus1000 mb to 200 mb. In order for a case to be considered rel-
ter nearly as often as they do for the Weak Frontal cluster@tively warm (or cold), it had to be above (or below) the
(Table 3). Cluster 5 (Cirrus) also has little seasonality for themedian of tropospheric mean temperature for each ISCCP
most part. One exception is that the frequency of Cirrus is engdrid box, calendar month, and cluster number. This uni-
hanced in the western North Pacific Ocean near the southerf®rm sampling ensures that no geographical or seasonal bi-
boundary of our domain during JJA (Fig. 12). These high-ases are introduced. As observed by Norris and lacobel-

level clouds may be the result of greater nearby convectiorlis (2005), temperature advection is a large contributor to
in the western tropical warm pool. local temperature variability. In order to eliminate a pos-

sible confounding dynamical influence, we require that all
cases be between the 25th and 75th percentile of horizontal
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Fig. 6. As in Fig. 2, except for perturbation horizontal temperature advection.

and vertical temperature advection. This is conducted indeto greater elevation. To minimize this effect, we required
pendently for three different layers of the atmosphere, whichthat the temperature difference between 200 mb and 400 mb
corresponded to the layers of the ISCCP cloud histogram$e between the 25th and 75th percentiles (thus constraining
(1000-680 mb, 680-440 mb, and 440-100 mb). Examiningvariations in tropopause height). These restrictions were ap-
warm-cold differences in cloud properties only for conditions plied independently to each ISCCP grid box, calendar month,
of median advection minimizes the possibility of misinter- and cluster number with an equal number of warm and cold
preting a cloud-temperature relationship produced by largecases retained. Although midlatitude lapse rate will probably
scale dynamics for a thermodynamic response. Such confudecrease with global warming, albeit much less so than in the
sion could arise because variability in cloud amount, tempertropics (Fig. 10.7 of IPCC, 2007), we did not attempt to re-
ature, advection, and the storm track are closely connectegroduce this in differences between warm and cold cases be-
over midlatitude oceans (Norris, 2000). cause that would have required complicated additional com-
posite restrictions,

Two more meteorological conditions that we restricted  Our division of the initial 10 million daily grid box obser-
were lower-tropospheric static stability (LTS) and the vations into warm and cold subsets for conditions of median
tropopause height. The former has particular influence oradvection and lapse rate in three layers of the troposphere left
low-level cloud properties (Klein and Hartmann, 1993; Nor- us with about 75 000 observations designated as warm and an
ris, 1998), while the latter primarily affects the high-cloud equal number as cold. Since the warm and cold observations
clusters. Because advection over the ocean produces were uniformly distributed geographically and seasonally in
greater change in temperature in the mid-troposphere thaproportion to cluster frequency, our results are globally rep-
near the surface, warm cases are on average associated widssentative of clouds over midlatitude oceans. Assuming that
stronger stability than cold cases. To minimize the confound-observations are independent if they are not in adjacent grid
ing influence of changes in LTS on cloud-temperature re-boxes and separated by more than one day in time, the effec-
lationships, we required that the temperature difference betive number of observationdje, is about 1/4 of the nominal
tween 1000 mb and 70 mb be between the 25th and 75th perumber of observationgy.
centiles. For the high-cloud clusters, warm cases tend to oc-
cur with a higher tropopause, which allows clouds to extend
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Fig. 7. Composite spatial distributions of the perturbation frequency of each cluster around a central grid box with the Strong Frontal cluster.

We calculated confidence levels using a bootstrap method
wherein two sets olNes values were randomly selected from

. . . . . the combined set a¥ warm+ N cold observations for each
Since we are interested in how cloud properties change with .
. . ) . ... _cCluster, and the average difference between the two sets was
increasing tropospheric temperature, we examined differ- . .

. alculated. This procedure was repeated 1000 times to de-
ences between the warm and cold cases. Figure 13 shows I$-

CCP CTPr histograms for the average warm minus cold dif- ermine how likely the observed difference could have oc-
curred by chance. Table 4 shows cluster average, warm av-

ference in cloud fraction for each of the seven clusters. Un- . ; .
erage, cold average, and warm-cold differences in grid box

shaded areas of the histograms represent regions where trr]n(:'lean cloud properties for each cluster per degree change in
difference was not significant at the 95% confidence level. prop P 9 9

8 Impact of increasing temperature on cloud properties
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Fig. 8. Annual mean climatological spatial distributions of the frequency of each clysfe§mall Cumulus,(b) Large Cumulus(c)
Stratocumulus/Stratu&l) Deep Altostratus(e) Cirrus, (f) Weak Frontal, andg) Strong Frontal.

temperature. Those differences that are different from zeraptically thin clouds and an increase in the occurrence of
at the 95% confidence level are displayed in bold in Table 4.optically thick clouds within the grid box (Fig. 13). Clus-
We used an ISCCP look-up table (corresponding to Fig. 3.13er 3 (Sc/St) is the only cluster with a reduction in optical
in Rossow et al., 1996) to convert visible cloud optical thick- thickness for increasing temperature05 K-1), which is
ness to infrared window cloud emissivity. due to a decrease in the occurrence of optically thick clouds
Figure 13 and Table 4 show a generally consistent reduc{Fig. 13).
tion in cloud fraction, increase in cloud-top pressure (low- Cluster 4 (Deep As) shows little change in cloud fraction
ering of cloud top), and increase in optical thickness acrosr cloud-top pressure but has the largest change in optical
all clusters for increasing temperature. Cluster 1 (Small Cu)thickness 40.33K™1), as seen in Table 4. The latter is
exhibits the largest decrease in cloud fraction-at3% K1, produced by a decrease in the occurrence of optically thin
accompanied by increases in cloud-top pressure and opticallouds and an increase in the occurrence of optically thick
thickness. The other low-level cloud clusters (Large Cu andclouds (Fig. 13). Cluster 5 (Cirrus) exhibits a reduction in
Sc/St) have smaller reductions in cloud fraction and largercloud fraction (0.9% K1), and it is the only cluster with
increases in cloud-top pressure@ 9 and+9.1mb K1, re-  a substantial decrease in cloud-top pressu@.§ mb K1)
spectively). The enhancement of optical thickness for thecaused by a reduction in the occurrence of low-level clouds.
small Cu and Large Cu clusters0.13K ~* and+-0.09 K1, For the weak frontal cluster, the only significant change with
respectively) is produced by a decrease in the occurrence offarmer temperature is an increase in optical thickness of
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Fig. 8. Continued.

+0.25 K~1 due to the more frequent occurrence of optically the warm subset has warmer tropospheric temperature than
thick clouds. The strong frontal cluster exhibits no signifi- the cold subset, with the average cluster temperature profile
cant changes with increasing temperature (Table 4). (Fig. 3) lying between them. Although the anomalies are

Although there is substantial noise due to small Samplenot vertically uniform, the difference between warm and cold

sizes for individual grid boxes, the geographical and seasonéﬂomes is nearly_ constant within the tropos_,phere, sgggesting
distributions of differences in cloud properties between warm_t Ellt the cloud g!ﬁerenfses r? annot :oe. asr;]rlbe%_to d|ﬁerer:pes
and cold subsets for a given cluster appear to be uniform (no#n apse rate(.j |g|1;re b S owsdre ative humi 'r:y anomalies

shown). This suggests that the information in Table 4 repre-Or warm and cold subsets, and warm cases have a greater

sents the general response of various cloud regimes to warngrid box relative humidity that is statistically significant and

ing rather than a particular response driven by a change onl iftedn_ds overa larger vetrt_|c?r:_r?(nge tr}an cold casss. tTrlle |(rjn-
in one region or season. ied increase in geometric thickness for warm-subset clouds

is consistent with the tendency for larger cloud optical thick-
To provide context for how cloud properties change with ness but not with the tendency for greater cloud-top pres-
temperature, we present the average vertical profiles of mesyre (Table 4). Specific humidity anomalies are substantially
teorological parameters derived from NCEP Reanalysis fonarger in the lower troposphere for the warm subset (Fig. 16),
the warm and cold subsets of each cluster. Figure 14 showgs may be expected from the increase in saturation-specific

the vertical profiles of temperature anomalies with respectyymidity with increasing temperature. Vertical velocity has
to grid box and calendar month means. By construction,
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Fig. 10. As in Fig. 9, except for Cluster 3 (Stratocumulus/Strat(es) DJF and(b) JJA.

a large influence over midlatitude ocean cloudiness (LauwQ Impact of increasing temperature on radiative

and Crane, 1995; Norris and Klein, 2000; Weaver and Ra-  properties

manathan, 1997), and Fig. 17 shows that vertical profiles of

vertical velocity anomalies are almost exactly the same forThe effects of temperature modification of cloud properties

warm and cold subsets. This result gives us confidence tha@n the climate system can be better understood by examining
our restriction of temperature advection to near-median val-changes in radiation flux. Table 5 shows the TOA SW cloud

ues successfully eliminated differences in the large-scale dytadiative forcing (SWCRF) averaged over the entire cluster,

namical forcing of clouds in the warm and cold subsets ofonly warm cases, only cold cases, and their difference. Fol-
each cluster. lowing Ramanathan et al. (1989), we define SWCRF as clear-

sky upwelling flux minus all-sky upwelling flux; thus nega-
tive values have a cooling effect on climate. Note that all-
sky flux includes flux from both clear and cloudy portions
of a grid box. In order to understand how changes in cloud
fraction and optical thickness separately affect SWCRF, we
divide it into the following components,
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Table 4. Average cloud properties for the entire cluster, warm subset, cold subset, and the difference between the two divided by the
temperature change for each cluster (Subsets different at the 95% confidence level are in bold).

1- 2-— 3- 4— 5- 6 — 7 -
SmallCu LargeCu Sc/St DeepAs Ci Weak Frontal  Strong Frontal
Cluster Frequency (%) 275 18.4 16.5 14.0 11.3 7.7 4.3
Warm — Cold Difference (K) 2.25 2.23 2.25 2.58 2.37 2.45 2.37
Cluster Cloud Fraction (%) 54.1 77.8 92.9 97.5 87.4 99.0 99.4
Warm Subset (%) 455 75.8 92.0 97.7 85.0 99.3 99.5
Cold Subset (%) 50.7 77.1 92.9 97.9 87.0 99.4 99.5
Difference (% ICl) —-2.3 —-0.6 -0.4 -0.1 -0.9 0.0 0.0
Cluster CTP (mb) 658.2 781.0 776.4 584.3 431.8 382.6 347.6
Warm Subset (mb) 679.2 799.2 795.0 588.1 425.2 389.1 350.9
Cold Subset (mb) 668.7 783.8 7745 589.5 434.1 388.5 349.0
Difference (mb K1) +4.6 +6.9 49.1 -05 -38 +0.3 +0.8
Cluster Optical Thickness 3.63 2.89 7.19 8.30 2.30 8.90 23.08
Warm Subset 3.32 2.89 7.07 8.30 2.12 9.06 22.63
Cold Subset 3.03 2.69 7.19 7.46 2.06 8.44 22.63
Difference (K1) +0.13 +0.09 -0.05 +0.33  +0.03 +0.25 0.00
Cluster Emissivity 0.835 0.823 0.979 0.985 0.776 0.993 1.000
Warm Subset 0.825 0.823 0.979 0.986 0.750 0.994 1.000
Cold Subset 0.802 0.805 0.978 0.981 0.746 0.992 1.000
Difference (K1) +0.010 +0.008 0.000 +0.002 +0.002 +0.001 0.000

Table 5. Average total SWCRF, SWCRF from cloud fraction change, and SWCRF from albedo change for entire the cluster, warm subset,
cold subset, and the difference between the two (per degree temperature change; Subsets different at the 95% confidence level are in bold).

1- 2- 3- 4— 5- 6— 7-
SmallCu LargeCu Sc/St DeepAs Ci Weak Frontal ~ Strong Frontal
Cluster Total SWCRF (Wm?) —-39.0 —40.5 -97.0 -1129 -55.0 -123.1 —-168.4
Warm Subset (Wm?2) -30.8 -388 -939 -1131 -51.1 —125.2 -167.1
Cold Subset (Wm?) -32.3 —385 -966 —109.3 -51.8 —122.6 —167.2
Difference (Wnm2 K—1) +0.7 -0.2 412 -15 +0.3 -1.1 +0.1
SWCRFRE
Warm Subset (Wm?2) —25.7 -36.7 -953 -111.13 -47.3 -117.3 —-162.8
Cold Subset (Wm2) —28.6 —37.3 -96.3 —111.35 -485 —117.4 —-162.8
Difference (Wn‘rz) +1.3 +0.3 +05 +0.1 405 +0.1 0.0
SWCRRipedo
Warm Subset (Wm?2) -27.5 -37.4 -950 -113.2 -48.0 -118.7 -162.7
Cold Subset (sz) —26.8 -36.5 -96.6 —-109.3 -47.9 —-116.1 —-162.8
Difference (Wn12) -0.3 -04 407 -15 0.0 -1.1 +0.1
SWCRF= — faSW | TOA (1)  scene (Table 5). The individual impacts of cloud fraction

TOA TOA and albedo changes on SWCRF are defined as follows.
SW overcas—SW 1

clear
SW | TOA (2)  ASWCRRe=—AfaswTOA ?)

& = Qovercast— Uclear=

wheref is cloud fraction ana is the difference between the ASWCRFE, = — f AaSW | TOA (4)
albedo of an overcast scene and the clear-sky albedo. Albedo

values were obtained by dividing TOA upwelling SW flux by where the overbar indicates the cluster averag@WCRFR:F
insolation. For all clusters, the changes to clear-sky albedaepresents the modification in SWCRF resulting from the
are smaller than the changes to the albedo of the overcastarm minus cold difference in cloud fraction multiplied
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Fig. 11. JJA mean climatological spatial distribution of the fre- Fig. 12. Asin Fig. 11, except for Cluster 5 (Cirrus).
quency of Cluster 4 (Deep Altostratus).

Our observational method is not a suitable analogue for
by the average cluster albedo and diurnal insolation, andhe global warming scenario when calculating the difference
ASWCREF, represents the modification in SWCRF resulting between the average LWCRF for the warm and cold subsets.
from the warm minus cold difference in albedo multiplied This is because tropospheric temperature differences are sub-
by average cluster cloud fraction and diurnal insolation. Thestantially larger than surface temperature differences in our
fact that the sum oASWCRFF and ASWCREF, is nearly  analysis (i.e., daily temperature variability is larger for the
the same as the total change in SWCRF indicates that, withitroposphere than for the ocean surface), unlike the more uni-
a particular cloud regime, there is little correlation betweenform surface and atmospheric warming expected from a dou-
variability in cloud fraction and variability in cloud albedo. bling of CO, (IPCC, 2007). Because LW emission is sensi-
All calculations are conducted such that a positive numbettive to temperature, our observational analysis will underesti-
represents a net radiative warming of the climate system fomate the upwelling LW flux from the surface relative to what
an increase in temperature. will happen during future climate change and thus produce

For Cluster 1 (Small Cu), the radiative warming associ- biased LWCRF. Despite our inability to quantify the total
ated with a reduction in cloud fraction is only partially bal- |Lw radiative change between warm and cold subsets, we can
anced by a radiative cooling associated with a small increas@onetheless examine changes in components of LWCRF, de-
in albedo/optical thickness, resulting in a total SW radiative fined here as the product of cloud fraction and the difference

warming of +0.7 Wnt2 K~1 (Tables 4 and 5). For Cluster between upwelling TOA clear-sky and overcast LW flux.
2 (Large Cu), the small radiative warming due to a decrease

in cloud fraction is contrastingly more than compensated forl WCRF= f (LW 1125 —LW 1% (5)
by the radiative cooling from the increased optical thickness

of these clouds (total SW radiative cooling-i€.2Wnr2  Overcast LW flux is defined as follows,

K~1). The reductions in cloud fraction and optical thick- TOA 4

ness with increasing temperature for Cluster 3 (Sc/St) bothW Tovercast (1 — gadleo Ter+ (1 —€)LW T (6)

contribute to SW radiative warming (total is1.2 Wnr? : .
1 whereggc is the above-cloud greenhouse parametés,the
K™). Clusters 4 and 6 (Deep As and Weak Frontal) have o . .
cloud emissivityg is the Stefan-Boltzmann constafitt is

the greatest differences in total SW radiative coolinrd 6 the temperature at cloud top, and i is the upwelling

_ 2 -1 ; ;
and 1-1""“? K™, r.espect|vely)., bOth. of which are the LW flux coming from beneath the cloud. Overcast refers
result of the increase in cloud optical thickness, but Cluster,

7 (Strong Frontal) experiences very little change in SWCRFtO. the flux that Wo.ljld oceur '.f the entire scene were filled
. X : . with clouds. We will not consider how LWCRF may be af-
because its extensive and optically thick clouds are near r

diative saturation. The SW radiative warminge®.3 Wnt 2 afe(_:ted b_y changes in clear-sky LW ﬂy)f in the present anal-
K- for Cluster 5 (Cirrus) primarily results from the reduc- ysis, which has the advantage of avoiding possible disagree-

tion of cloud fraction. while chan in ootical thickn ment between the sign of the CRF change and the sign of the
on of cloud traction, € changes In optical tNICKNESS 15,d feedback that was noted by Soden et al. (2008).
have small impact.

The above-cloud greenhouse parameter accounts for the
reduction in upwelling radiation that occurs between the
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Fig. 13.ISCCP histograms of difference in cloud fraction between warm and cold subsets for each cluster.

cloud top level and the top of the atmosphere. It is simi-changes in cloud fraction, cloud emissivity, and cloud-top
lar to the greenhouse parameter devised by Raval and Raressure on LWCRF:
manathan (1989) and Cess and Udelhofen (2003), except that

instead of accounting for the ratio in surface and TOA LW ALWCRFce= Af (LW 1 ]0A —LW 41, (7)
flux, we are interested in the ratio of cloud level and TOA
LW flux. The upwelling flux at cloud level is composed of ALWCRF, = —7(1—g_am)Ae[oT4CT—LW Mol (8)

thermal emission by the cloud as well as a portion of LW flux

from below transmitted'thro.ugh the cloud. For cloud regimes A LWCRFctp= — f(1— Za0 [4EUT%TWAPCT] (9)

that have near-unit emissivity, namely Sc/St, Deep As, Weak

Frontal, and Strong Frontal, the transmission of below-cloudAs before, the overbar indicates cluster averages and the

LW flux will be negligible. Using values of TOA overcast A indicates the difference between warm and cold subsets.

LW flux and Tct (Table 1), we calculated averagg. for The change in cloud-top pressutgct was converted to a

those four clusters with =~ 1. Figure 18 demonstrates that change in cloud-top temperature using cluster average lapse

gac varies nearly linearly with cloud-top pressure (i.e., in- rate from the NCEP reanalysis. Values fat WCRFcr,

versely with atmospheric mass above the cloud top). ASSUMALWCRF,, and ALWCRFctp are displayed in Table 7.

ing that this is the only factor controllingsc, we interpolate  The consistent reduction in cloud fraction with increasing

the values in Fig. 18 to the average cloud-top pressures of theemperature across clusters results in a negative change to

remaining clusters to obtajn, for those clusters with < 1. LWCRF, which acts as a cooling effect on the climate. En-

With these estimates for the fraction of upwelling radiation hanced cloud emissivity (parallel to enhanced visible cloud

absorbed by the atmosphere above the cloud for each clustasptical thickness) with warming reduces the transmission of

we can use Equation 6 to calculate the below-cloud LW fluxupwelling LW flux through those clouds with< 1 and pro-

for the three clusters with < 1 (Table 6). duces a positive change in LWCRF, with the largest modifi-
Using cluster average values of LW flux that do not suf- cation for the Cirrus regime, which is also the cluster with

fer from disproportionate changes in tropospheric and surthe smallest mean emissivity. The largest contribution to

face temperature, we can calculate the individual impacts othanges in LWCRF comes from shifts in cloud-top pressure.
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Fig. 14. Vertical profiles of temperature anomalies for warm (red) and cold (blue) subsets for each cluster from the NCEP reanalysis.

of the total SW radiative heating values, resulting in net ra-
diative cooling for all low-level cloud regimes-Q.4,—0.9,
and—0.3Wn1 2 K~1 for Small Cu, Large Cu, and Sc/St, re-
spectively). The net radiative cooling for the low-level cloud
regimes results from a reduction in greenhouse effect due
Cluster Mg (Wm=2)  305.0 357.7 338.0 to lower mean cloud top height and less cloud cover that is
larger than the reduction in solar reflection due to less cloud
cover. LW radiative changes are very small for the Deep As
and Weak Frontal clusters, and SW radiative cooling due to

The three low-level clusters exhibit a lowering of cloud top enhanced optical thickness dominates to produce net radia-
* tive cooling for these cloud regimes-1.1 and—1.0 Wnt 2

leading to greater LW emission and a negative change "k—l for Deep As and Weak Frontal, respectively). LW, SW,
LWCRF, but the Cirrus cluster shows a rising cloud top, lead- - ' D ’
and net radiative effects are small for the Strong Frontal

ing to less LW emission and a positive change in LWCRF. cloud regime, and Cirrus is the only cloud regime for which

Assuming that variations in cloud fraction, cloud emissiv- there is both LW and SW radiative warming for increasing
ity, and cloud-top pressure are uncorrelated within each clustemperature (net value is1.3 Wnr2 K—1). The only clus-
ter, we can sum their individual contributions to LWCRF 10 ters that have a change in total LWCRF that is distinct from
obtain an approximation of the total LWCRF change asso-zerg at the 95% confidence level are the Large Cu and Sc/St
ciated with the difference between the warm and cold sub|ysters. When averaged over all clusters, weighting by fre-
sets. These are listed in Table 8, and indicate that the Cirguency of cluster occurrence, the net radiative difference be-
rus cluster ¢-1.0 Wnr 2 K1) has the largest positive change tween warm and cold subsets9.5 W2 K~L; however
in LWCREF for increasing temperature, corresponding to athjs is not a statistically significant change.
warming effect on the climate system. The other clusters
exhibit either a weakly positive or largely negative change
(near zero to-1.5Wnm2 K—1). For the low-level clusters,
the summed LW radiative cooling values are larger than any

Table 6. Below-cloud upwelling LW flux.

1- 2- 5—
SmallCu Large Cu Cirrus
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Fig. 15. As in Fig. 14, except for relative humidity anomalies.

Table 7. Average LWCRF from cloud fraction change, LWCRF from emissivity change, and LWCRF from cloud-top pressure change for
the difference between the warm and cold subsets (per degree temperature change; Subsets different at the 95% confidence level are in bolc

1- 2- 3- 4- 5-— 6-— 7-
SmallCu LargeCu Sc/St DeepAs Cirrus Weak Frontal Strong Frontal
ALWCRFcg (Wm—2K~1) —0.6 -01 -01 0.0 -05 0.0 0.0
ALWCRF, (Wm—2K~1) +0.1 +0.3 00 +0.2  +0.4 +0.2 0.0
ALWCRFTT (Wm—2 K1) -05 —-09 -14 +0.1 411 -0.1 -0.3
10 Discussion lis, 2005; Wagner et al., 2008), but the enhancement of cloud

optical thickness may not be. Williams and Webb (2009),

The broad results of the preceding analysis suggest that 45ind & clustering routine to examine the response of GCM-
warmer troposphere promotes reduced cloud fraction, enSimulated cloud regimes to a doubling of &dound that
hanced cloud optical thickness, a lower cloud top for low- M0st models produced a shift towards optically thicker low-
level clouds, and a higher cloud top for cirrus over the mid- /€vel clouds and more elevated high-level clouds with warm-
latitude ocean. Since this study was constructed to eliminatd"d in the ice-free extratropics.

variations in temperature associated with horizontal and ver- Theory suggests that adiabatic cloud liquid-water content
tical advection along with variations in lapse rate, we pre-will increase with temperature as a result of the increase in
sume that the observed changes are directly connected to isaturation vapor pressure, particularly at middle and high lat-
creased temperature rather than large-scale dynamical praudes (Somerville and Remer, 1984; Betts and Harshvard-
cesses. The reduction in cloud fraction with warmer temper-han, 1987). The conversion of ice to liquid at warmer tem-
ature is consistent with the findings of previous investigationsperature in mixed-phased clouds is also expected to enhance
of cloud-temperature relationships over midlatitude oceansptical thickness at middle latitudes because cloud droplets
(Norris and Leovy, 1994; Weare, 1994; Norris and lacobel-have smaller size and fall out more slowly than ice crystals
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Fig. 16. As in Fig. 14, except for specific humidity anomalies.

Table 8. Total SWCRF and sum of LWCRF component changes for each cluster and the average from the midlatitude based on relative
frequency of occurrence. (Subsets different at the 95% confidence level are in bold).

1- 2- 3- 4 — 5- 6— 77— Midlatitude
SmallCu LargeCu Sc/St DeepAs Cirrus Weak Frontal Strong Frontal Ocean Average
Cluster Frequency 27.5 184 16.5 14.0 11.3 1.7 4.3
(%)
Sum of LWCRF components -11 -0.7 -15 +0.3 +1.0 +0.1 -0.3
(Wm—2K-1)
Total SWCRF +0.7 -0.2 +1.2 -15 +0.3 -1.1 +0.1
(Wm—2K-1)
Net CRF -04 -09 -03 -11 413 -1.0 -0.3 —-0.5
(Wm—2K-1)

(Mitchell et al., 1989). Contrastingly, previous observational tical thickness with temperature, and the third cluster (Sc/St)
work using the same satellite cloud dataset as in this study inshows a decrease smaller than that reported by Tselioudis et
dicates that cloud optical thickness decreases with temperaal. (1992). These seemingly discrepant results can be recon-
ture over the midlatitude North Pacific (Norris and lacobellis, ciled by keeping in mind that our study calculated the par-
2005). Tselioudis et al. (1992) also reported a decrease in optial derivative of cloud properties with respect to tempera-
tical thickness with temperature for midlatitude oceanic low- ture, whereas the other studies calculated the total derivative.
level clouds warmer than -2Q, even when partially cloud- If large-scale dynamical processes happen to reduce cloud
filled pixel effects are taken into account (Chang and Coak-optical thickness, while coincidently enhancing temperature,
ley, 2007). Two of the low-level cloud clusters examined in that would create a negative, rather than positive, correlation.
this study (Small Cu and Large Cu) exhibit an increase in op-In the case of Norris and lacobellis (2005), it is likely that
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Fig. 17. As in Fig. 14, except for pressure vertical velocity profiles.

constraining vertical velocity only at 500 mb and advection radiation flux is reduced (e.g., a positive feedback). One

only near the surface were insufficient to remove joint dy- potential positive feedback would be a poleward shift in

namical influences on cloudiness and temperature. the storm track and associated cloudiness that moves high-
The presence of dynamical forcing may also explain Whyalbedo clouds to a latitude where there is less insolation and

Norris and lacobellis (2005), Chang and Coakley (2007), anothus Ies§ reflection back to space (e.g., Weaver, 2(_)03)' For
Wagner et al. (2008) report that warmer temperatures are ofSuPtropical low-level clouds, it appears that dynamical pro-

ten associated with higher cloud tops, a result opposite Ouresses play a large role in produging a positive total cloud
finding for low-level clouds. Another possibility is inaccu- eedback on decadal and longer time scales (Clement et al.,

rate or imprecise retrievals of average cloud-top pressure fo?oog)‘
a grid box with clouds at different levels.

Except for Cirrus, all cloud regimes over midlatitude 11 Conclusions
oceans exhibit upwelling net radiation flux at TOA that is
larger for the warm subset than for the cold subset. ThisThis study demonstrates how midlatitude oceanic clouds can
result implies that, in terms of the direct response to temperbe grouped into distinct regimes based ok-means clus-
ature change, midlatitude oceanic clouds exert a weak negering algorithm applied to satellite-derived cloud fraction
ative feedback on the climate system. As the atmospherén three intervals of cloud-top pressure and three intervals
warms due to increasing anthropogenic greenhouse gas coof cloud optical thickness. Surface observations of cloud
centrations, the increase in temperature modifies cloud propeover and morphological cloud type helped us interpret the
erties such that more radiation goes out to space, thus mitiradiatively based satellite cloud data and determine the ver-
gating the anthropogenic greenhouse radiative forcing. It igical extent of clouds with high tops. Atmospheric dynam-
essential to keep in mind, however, that this does not meaical and thermodynamical information, obtained from the
that the total midlatitude ocean cloud feedback on the climatetNCEP/NCAR Reanalysis, enabled us to examine the syn-
system is negative. Increasing temperature could also proeptic environment and advective tendencies associated with
duce a change in atmospheric circulation that more stronglythe cloud regimes. The climatological spatial distribution
modifies cloud properties such that overall upwelling netand seasonal cycle of the frequencies of occurrence for each
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cluster were consistent with dynamical processes generating 300 T r T T T T T T T
each cloud regime.

Clusters 6 and 7 (Weak Frontal and Strong Frontal, respec-
tively) have vertically extensive clouds with tops in the upper
troposphere. They are associated with meteorological condi-
tions indicative of being east of a trough in an upper-level 4®
synoptic wave: strong ascent, southwesterly flow, enhancec
moisture throughout the troposphere, relatively warm tem- .,
perature, and an elevated tropopause. These cloud regime
are climatologically most frequent in storm track regions and
preferentially occur during the winter season. The low-level
cloud clusters (1 —Small Cu, 2 - Large Cu, and 3 - Sc/St) are §
associated with weak descent, a dry upper troposphere, an(g sso
relatively cool and dry horizontal advective tendencies, con- &
sistent with the expected dynamical conditions that would be 3
associated with low-level clouds over the ocean. Cluster 2
(Large Cu) is climatologically most frequent during winter
and occurs with a relatively cold temperature throughout the s
troposphere. In contrast, Cluster 3 (Sc/St) is climatologically
most frequent during summer and occurs with a temperature
inversion under a relatively warm free troposphere. Cluster 1
(Small Cu) is climatologically most frequent equatorward of
40 and exhibits little seasonal cycle. One of the remaining ™°
clusters, 5 — Cirrus, is most common east of continents and
occurs with a dry lower troposphere and a moist upper tro- g s : - : : - : s -
. . . . 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26
posphere produced by horizontal advective moistening and 9,
weak ascent. The last cluster, 4 — Deep As, is the only cloud
regime with a top in the middle troposphere. It is most com-Fig. 18. Relationship between the above-cloud greenhouse param-
mon poleward of 50and resembles the frontal clusters, al- eter and cloud-top pressure.
beit with substantially smaller magnitude.

Each of these relatively homogeneous clusters was di-
vided into a warm subset and cold subset according to troporadiative flux at the top of the atmosphere. The reduction of
spheric temperature anomalies with uniform sampling overcloud fraction at warmer temperature allows more SW radia-
grid boxes and calendar months. For each cluster, we cortion to be absorbed by the Earth, but this is partially or wholly
strained vertical and horizontal temperature advection tocanceled by less absorption of outgoing LW radiation. The
have near-median values at three different levels in the troenhancement of optical thickness at warmer temperature in-
posphere, and we constrained lapse rate to have near-medigreases the reflection of SW radiation back to space, although
values in the lower troposphere and in the tropopause rethis is partially canceled by less transmission of LW radiation
gion. This enabled us to isolate changes in cloud propertieghrough clouds for those cloud regimes with emissivity less
as a direct response to increasing temperature, as opposedttean zero (Small Cu, Large Cu, and Cirrus). The decrease
changes in cloud properties from dynamical forcing, whichin cloud-top height at warmer temperature for the low-level
also happened to be associated with a change in temperaturelusters increases LW emission by the clouds, and the in-

Negligible change in cloud fraction is seen for the Deep crease in cloud-top height for Cirrus decreases LW emission.
As and two Frontal regimes, but for the rest of the clusters,Net upwelling radiation increases at warmer temperature for
the warm subset consistently exhibits less cloud fraction tharevery cluster except Cirrus.
the cold subset. No change in optical depth is seen for the Averaged over all clusters, with weighting by frequency of
Strong Frontal regime, but for all of the other clusters exceptoccurrence, the increase in upwelling flux is about 0.5¥¢m
for Sc/St, the warm subset consistently has greater opticak —1, implying that the direct response of midlatitude oceanic
depth than the cold subset. The changes in cloud-top pressu@ouds to warmer temperature acts as a negative feedback on
are less consistent, with the three low-level clusters (Smalthe climate system (e.g., partially canceling the reduction in
Cu, Large Cu, and Sc/St) showing greater cloud-top pressurapwelling LW flux caused by increasing greenhouse gas con-
for the warm subset and the Cirrus cluster showing greatecentrations). This result, however, does not mean that the
cloud-top pressure for the cold subset. We then used ISCChotal cloud feedback by midlatitude oceanic clouds is neg-
flux data to examine how these changes in cloud propertiestive. A change in atmospheric mean circulation and vari-
with increasing temperature affected upwelling SW and LW ability caused by anthropogenic greenhouse warming could

350

500

sure

700
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modify the dynamical forcing of clouds in a manner that LWCRFgiyrnai= LW 4 5irace

e_verwhelms the temperature response and generates a Pgg TLSQ—LW TLcla_Asky) /LW fsurface (A6)

itive feedback. For example, a poleward shift of the storm

tracks could reduce the radiative cooling effect of the weakTo avoid giving more radiative weighting to cloud changes
and strong frontal cloud regimes. More research is needed tehat occur at lower latitudes and during the summer season,
determine what changes in atmospheric dynamics are likelyve separately averaged SWGRR and LWCRForm over

to accompany climate change. The cloud-temperature dyall grid boxes and seasons before multiplying them by diur-
namical relationships revealed in this study could providenal mean SW and LW separately averaged over all grid boxes
a useful diagnostic tool for the evaluation of global climate and seasons. Our results are qualitatively the same irrespec-
models. tive of radiative weighting.
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tive forcing as the difference in the radiative flux between
all-sky conditions and cloud-free conditions at the top of the Edited by: B. Stevens
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