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Abstract

The seasonal and intraseasonal vatiability of boundary layer cloud in the subtropical
eastern oceans are studied using combined data from the International Satellite Cloud Clima-
tology Project ISCCP) and the European Centre for Medium-Range Weather Forecasts
(ECMWTF) reanalysis.

Spectral analysis reveals that most of the time variability of cloud properties occurs on
seasonal to annual time scales. The variance decteases one to two orders of magnitude for
each decade of time scale decrease, indicating that daily to monthly time scales have smaller,
but non-negligible variability. The length of these dominant time scales suggests that the
majority of the variability is influenced by the general circulation and its interaction with
boundary layer turbulence, rather than a product of boundary layer turbulence alone.

Previous datasets have lacked the necessary resolution in either time ot in space to
propetly characterize variability on synoptic scales; this is remedied by using global satellite-
retrieved cloud properties. We characterize the intraseasonal subtropical cloud variability in
both hemispheres and in different seasons. In addition to cloud fraction, we examine variabil-
ity of cloud optical thickness - cloud top pressure frequency distributions. Despite the large
concentration of research on the variability of Northern Hemisphere (NH) regions during
summer, it is noted that the largest amplitude intraseasonal variability in the NH regions
occurs during local winter.

The effect of intraseasonal variability on the calculation and interpretation of seasonal
results is investigated. Decreases in seasonally averaged cloud cover, optical thickness and
cloud top pressure from the May-through-September season to the November-through-

March season are most apparent in the NH regions. Further analysis indicates that these



changes are due to an increase in frequency, but a decrease in the persistence of synoptic
events. In addition, changes in cloud top pressure and optical thickness characteristics from
the summer to winter seasons indicate that the NH subtropics undergo a change in dynamic
regime with season. This change appears in the cloud fields as a shift from the more com-
monly seen lower-altitude, thicker optical thickness clouds to higher-altitude, thinner clouds.
The latter cloud-type is associated with the lower sea level pressure, upward vertical velocity
phase of the synoptic wave.

Intraseasonal changes in cloud properties in the Southern Hemisphere and NH sum-
mer are much smaller in amplitude. Although they also appear to be linked to changes in the
large-scale dynamics, similarly to NH winter vatiations, the relationships are more ambiguous
due to the small amplitudes and longer time scales. We attempt to interpret some of these
relationships using the results of the Betts and Ridgway (1989) box model. However, these
results cannot consistently explain the patterns when results from all regions are considered,

implying that this model may not adequately explain all the processes involved in the variabil-

ity.



I. Introduction

Surface and satellite observations (Warren et al. 1988; Rossow and Lacis 1990) show
the eastern subtropical oceans to be covered primarily by low-level clouds confined to the
boundary layer. Many mesoscale modelling studies focus on the role of boundary layer turbu-
lence in the formation and dissipation of these clouds. In these cases, models generally simu-
late time periods of hours to days with fixed large-scale parameters (Moeng et al. 1995 and
Bechtold et al. 1996 provide intercomparisons of some state-of-the-art mesoscale models).
However, the geographical concentration of low clouds and an associated near-total absence
of higher-level clouds imply that large-scale (and longer time scale) conditions exist which
favor low clouds.

Global studies of low-cloud time variability have focused mainly on seasonal mean
properties (Klein and Hartmann 1993 (hereafter KH93); Tselioudis et al. 1992) or seasonal
variability of the diurnal cycle (Cairns 1995; Rozendaal et al. 1995; Bergman and Salby 1996).
Studies of seasonal means note that some cloud and meteorological properties have their
maxima during the northern hemisphere (NH) summer season, regardless of the local season.
For instance, KH93 found 2 high correlation (r*=0.88) between seasonally averaged surface-
observed stratus cloud fraction and static stability for the months of June, July, and August
(JJA) in both hemispheres. However, this relationship is less robust at intraseasonal time
scales and for other months of the year (Klein et al. 1995; Klein 1997). Additionally, a physical
mechanism linking low-cloud fraction and static stability has not been established, although a
number of possibilities have been suggested (e.g. Randall 1980; Deardorff 1980; Slingo 1980;
Klein 1994).

GCM studies have also concentrated primarily on seasonally averaged data. This lack of
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intraseasonal information makes it difficult to identify sources of model deficiencies. For
instance, some GCMs underestimate seasonal mean subtropical low-cloud fraction by 10-
30% compared to surface observations (Del Genio et al. 1996; Ma et al. 1996) and the Inter-
national Satellite Cloud Climatology Project (ISCCP - Jakob 1999). However, based on this
information alone, it is impossible to tell whether these discrepancies are due to differences in
frequency of occurrence or amount of coverage.

Comparisons between GCM and satellite-observed clouds on daily time scales high-
light specific disagreements between the two. For instance, Webb et al. (1999) find that for
one month of daily-averaged data in the Californian stratocumulus regime, three different
GCMs show low clouds occutting less frequently than observed by ISCCP. Additionally,
these GCM clouds are optically thinner than ISCCP with lower-altitude cloud tops. These dif-
ferences can alter the radiation balance at the surface and therefore change the thermodynam-
ics and dynamics of the boundary layer.

Recent expetiments (Ma et al. 1996; Yu and Mechoso 1999; Gordon 2000; Li et al.
2000) artificially increase low-cloud fraction, persistence or optical thickness to study its
effect on the radiation balance and SST of the eastern equatorial Pacific. For instance, in Ma
et al. (1996), they assume that stratus clouds of a constant pressure thickness are present at all
times over a portion of the tropical eastern ocean. This decreases both the solar radiation
reaching the surface (by 100-150W/m?) and the net upward LW radiation from the surface
(by 70-90W /m?). These changes allow model SSTs to cool by as much as 5°K compared to
the control run, creating larger and more realistic latitudinal and longitudinal SST asymme-
tries, and thus increasing surface wind speeds and surface evaporation in the marine stratus

regions.
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Studies of time variability of marine low-level cloud on smaller spatial scales (summa-
rized in Klein (1997)) have been restricted to the NH regions during summer, with most of
the emphasis on the Californian region. In addition, many of these are limited to the examina-
tion of low-cloud fraction only. The types of variability studied include daily to monthly ime
scales in the Californian region (Klein 1997), the diurnal cycle (Simon 1977; Betts 1990;
Blaskovic et al. 1992; Bretherton et al. 1995) and time variability in the vertical structure
(Albrecht et al. 1995a; Nottis 1998; Wang et al. 1999). The detail offered by these surface
datasets is valuable for testing local correlations between clouds and their environment. How-
ever, these data cannot be used to examine the interactions of large-scale meteorology and
clouds or to compare multiple regions during the same time period.

Previously, it was not possible to examine the synoptic variability of these clouds
because datasets lacked the required resolution in either time (e.g. Warren et al. 1988) or space
(individual weathership observations). These deficiencies are addressed here by combining
satellite data and a model reanalysis product (observations interpolated by model output).
Since this combination of information provides global coverage for all seasons, it is possible
to compare the seasonal and intraseasonal variability of subtropical low clouds and their envi-
ronment in several locations at once.

Section II describes the datasets, the model reanalysis product, and the details of some
data analysis techniques used in this study. Section III describes the time variability spectrum
for several cloud properties and identifies the seasonal cycle and the synoptic variability as the
two most important scales of time vatiability. Similarities and differences in cloud properties
for four subtropical regions are characterized on these scales. Section IV examines relation-

ships between vatiability in cloud properties and the general circulation. We extend the analy-
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sis of some known seasonal relationships between cloud and atmospheric variables and
ptovide information on intraseasonal variability. Section V relates the NH wintertime
intraseasonal variability of section IV to phases of synoptic scale waves. We also investigate
the influence of changes in tropical convection on the seasonal and intraseasonal variability of
subtropical low clouds. To do this, we compare patterns observed in our data to the predic-
tions of a box model which specifically links changes in convective region variables to
changes in subsiding regions.

II. Data

A. Satellite data

Nine years (1984-92) of data obtained from the ISCCP D-series (Rossow et al. 1996;
Rossow and Schiffer 1999) are used in this analysis. The spatial resolution is 280 km (approx-
imately 2.5°) and time resolutions are 3-houtly for the D1 series and monthly for D2. Since
VIS/IR cloud information is only available for daylight hours, daily averages are calculated
using these hours only. The data are not interpolated over the nighttime houts since the max-
imum and/or minimum values do not always occur during the daytime hours; therefore inter-
polation would not remove potential biases from the data. Biases and other errors in ISCCP
VIS/IR cloud-top temperature and cloud fraction are discussed at length in Wang et al.
(1999).

This study characterizes low clouds by examining the variability of cloud fraction, cloud
optical thickness (TAU), and cloud-top pressure (CTP). Low-cloud is defined in ISCCP as
having CTPs greater than 680mb. Upper-level cloud refers to all clouds with CTPs less than
680mb (middle + high-level cloud). Most of the results are presented for 10x10° domain sizes

(boundaries given in Table 1); results for other domain sizes are included as necessary.
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To be consistent with previous studies (e.g. Lau and Crane 1995, 1997; Tselioudis et al.
2000), TAU is used to describe cloud water changes rather than cloud liquid water path
(LWP). However, these two vatiables are directly related at the smallest (pixel) scale for
ISCCP water clouds by the relationship LWP = 6.292¥TAU, where LWP is in g/ m? when the
effective droplet radius is 10 ftm, (Rossow et al. 1996). A more detailed discussion of the rela-
tionship between the two variables can be found in Han et al. (1998). All analyses in this paper
have been made using both vatiables; using LWP rather than TAU would not change our con-
clusions.

Although we generally use CTP to study vatiations in cloud-top location, occasionally
we include information on cloud-top tempetature (CTT) or cloud-top height (CTH). In this
analysis, CTH is estimated as the difference between cloud-top and surface temperatures
divided by a fixed lapse rate of 6.5 °K/km (e.g. Salby 1996). All tests in this paper were also
petformed substituting CTT or CTH for CTP. This substitution did not affect the conclu-
sions so, unless otherwise noted, CTP is used as a proxy for either of these two variables.

'The ISCCP dataset also includes atmospheric temperature and humidity information
provided by the TIROS Operational Vertical Sounder (TOVS) product processed by NOAA
NESDIS. In this study, precipitable water above the boundary layer (PWyyp) is defined as the
sum of the TOVS precipitable watet in the layers between 310 and 680mb. Static stability is

calculated as the difference between the potential temperature at 740mb (0749) and the sur-
face temperature. 04 is calculated using the TOVS atmosphetic temperature. Although a
near-surface temperature is also available from TOVS, according to Figure 11 of Stubenrach
et al. (1999), TOVS temperatures over these regions tend to run approximately 2°K colder at

the surface and 0-1°K warmer at 740mb compared to 31 sounding data. Therefore, we try to

2/2/01



6

minimize this systematic error by using the mean surface skin temperature from the ISCCP
clear-sky composite to represent the surface temperature (Rossow et al. 1996; Rossow and
Schiffer 1999).

B. ERA-15

Meteorological variables are provided by the European Centre for Medium-Range
Weather Forecasts Reanalysis level ITI-B surface and upper air data for 1979-1993 (known as
ERA-15, hereafter ERA). We extract model products for the same time and spatial resolution
as the ISCCP data, except that daily averages are calculated using 6-hourly model data.

This study uses ERA sea level pressure (SLP) from the surface dataset, plus tempera-
ture (T), specific humidity (S), zonal wind speed (U), meridional wind speed (V) and vertical
pressure velocity (®) at vatious pressute levels indicated by a subsctipt (for instance, Vg i
the meridional wind speed at 1000mb). ERA static stability is calculated as the difference
between potential temperatures at 700 and 1000mb (8705-81¢0¢)- Vertical shear of the zonal
wind speed (U, is tepresented by Usgo-Uyggg. The meridional change in any variable
across the region is estimated as the difference between the equatorward most and poleward
most boxes (Xq-Xpole) Within the 10x10° domain, at the longitude farthest away from the
coast. The zonal change is estimated as the difference between the box closest to the coast

and the one farthest from the coast (X oaerXocean) Within the 10x10° domain, at the latitude

€< .3

closest to the equator. The subsctipts “u” and “v” are used to designated zonal and meridi-

onal changes respectively, for instance, “A,SLP” represents the metidional change in sea level

pressure across the domain.
C.  Ocean weathership sounding data

This study uses upper air data from Ocean Weatherships N (ship N - 30N, 140W) and
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P (ship P - 50N, 130W). We limit the data to the nighttime hours due to daytime biases in
temperature and relative humidity (e.g. Klein 1997; Norris 1998). Sounding data are available
for the years of 1949-1974 for ship N and 1949-1970 for ship P. These soundings provide
vertical profiles of pressure, height, temperature and relative humidity at 50mb intervals. We
use the relationships outlined in Bolton (1980) to convert the data to water vapot mixing ratio

(q), potential temperature (8), and equivalent potential temperature (8,) as necessary.

We identify the pressure and temperature associated with the base of the temperature
inversion using the method desctibed in Klein (1997). Since the temperature inversion is asso-
ciated with a rapid increase in temperature and decrease in relative humidity with height, these
differences are calculated for each 50mb layer. Howevet, since these changes can occut in lay-
ers less than 50mb in thickness, the inversion structure may not appear explicitly in these
coarse resolution soundings. Instead, it is assumed that the layer containing the inversion will
show the smallest fall in temperature and the largest decrease in relative humidity with height.
If these changes occur in the same layer, then the base of the trade invetsion is marked as the
pressure at the base of this 50mb layer. Soundings which do not meet both of these critetia
are discarded from the analysis.

D.  Data compositing method

Similar to earlier studies of this kind (Klein et al. 1995; Klein 1997; Lau and Crane 1995,
1997; Tselioudis et al. 2000; Nortis and Klein 2000), we composite ISCCP cloud properties in
categories based on anomalies in meteorological data from ERA. In particular, we follow the
method of Tselioudis et al. (2000) who use 12-hourly SLP anomalies to identify the passage of

low-pressure systems and to group clouds by synoptic regime.

In order to concentrate on time variability, the data are spatially averaged over 10x10°
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regions. A time series of anomalies is constructed by subtracting monthly means from daily
averages. These anomalies are separated into May-September (MJ]JAS) and November-Match
(NDJFM) seasons and are referted to as “seasonal anomalies” through the rest of this paper.
For each season, the resulting anomalies ate separated into positive and negative groups and
the median value is calculated for each group. All of the anomalies, and their associated cloud
properties, are then resorted into three groups: anomalies larger than the positive median
(POS ANOM), anomalies less than the negative median (NEG ANOM) and anomalies larger
than the negative median, but smaller than the positive one (ZERO ANOM) (see Figure 1 of
Tselioudis et al. 2000 for an illustration).

Sometimes changes in cloud property regimes more strongly related to changes in
actual values of meteorological variables rather than the anomalies. In these cases, the 25 and
75% quantile values of the meteorological data are calculated and cloud properties are sorted
into three groups based on where the associated meteorology falls on the frequency distribu-
tion: actual values larger than the 75% quantile, values between the 25 and 75% quantiles and
values below the 25% quantile.

When discussing CTP-TAU frequency distributions, we generally refer to the 6 TAU
classes and 7 CTP classes defined in Figure 2.5 of Rossow et al. (1996) and used by Tselioudis
et al. (2000). When discussing smaller magnitude changes, the number of classes is increased
to 12 TAU (with boundaries at 0.02, 0.5, 1.27, 2.3, 3.55,6.0, 9.38, 14.5, 22.63, 34.74, 60.36,
109.8, and 378.65) and 14 CTP (with boundaries at 1000, 900, 800, 740, 680, 620, 560, 500,
440, 375, 310, 245, 180, 105 and 30 mb).

II1. Characterizing subtropical cloud variability

A. Variability spectrum
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Using four of the subtropical domains chosen by KH93 (Table 1), we calculate the
power spectra for TAU, CTP and cloud fraction. This spectral method uses five overlapping
windows, with 512 days in each window (the method requires the window size to be a power
of two). The power spectrum of total cloud TAU in Figure 1 shows the dominance of sea-
sonal to annual time scales in temporal cloud variability (the spectra for cloud fraction and
CTP are similar and therefore not shown). The spectra for low-cloud TAU and cloud fraction
show an even larger concentration of power at these longer time scales. The shape of the
spectrum is cleatly “red” (e.g. Gilman et al. 1963), so most of the variance occurs at longer
time periods. The power decreases one to two orders of magnitude for each decade of time
scale decrease, but there is a plateau at weekly to monthly time scales. The existence of the
plateau indicates that not all of the power at daily to monthly time scales is cascading down
from longer time scales, but that a source must exist to inject enetgy into the system near
these time scales. Since both the temporal and spatial spectra (e.g. Pandolfo 1993; Rossow and
Cairns 1995) are red in character, longer time scales tend to be associated with larger spatial
scales. The length of the dominant time scales indicates that the majority of the cloud variabil-
ity is influenced by the general circulation and its interaction with boundary layer turbulence,
rather than the local product of boundary layer turbulence alone.

Since the data are daily averages, there is no spectral information for periods less than
the Nyquist frequency of 2 days. Using a cutoff of 1/e ~.37 for the autocotrelation, the deco-
rrelation time scale for total cloud TAU, CTP and cloud fraction is about 3 days in all regions.
The temporal power below one day is not known from these data, but studies at highet spatial
resolution show that the spatial power spectrum for stratocumulus clouds continues to follow

a power law relationship (Welch et al. 1988; Sengupta et al. 1990) and that the magnitude of
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cloud variations at scales smaller than approximately 5km contributes little to the total cloud
variability (Barker 1996; Chambers et al. 1997). Given these results and the negative slopes of
both the time and spatial power spectra, the variance continues to decrease at shorter time
scales. Therefore, there is more power at the few-days to seasonal time scales than at the
hourly-daily time scales characteristic of boundary layer turbulence.

We test the dependence of spectral shape on changes in the size of the averaging
domain, latitude and longitude, and season. As the domain size increases from 2.5x2.5% to
20x20°, more power is found at seasonal to annual time scales and less at intrascasonal. This is
not unexpected since shorter petiod variability is smoothed by spatial averaging as the domain
size increases. Varying the location of several 5x5° boxes within the larger 20x20° domain
causes small changes in power at the seasonal frequencies and slight changes in slope between
the seasonal and intraseasonal frequencies. However, no major differences in spectral shape
were noted. If the spectrum is calculated for MJJAS and NDJFM separately, the NH regions
exhibit some changes in shape with season. During NDJFM, there is an increase in power at
intraseasonal time scales for periods less than 30 days, and a decrease in the slope between
seasonal and intraseasonal time scales. In contrast, the southern hemisphere (SH) regions
show no significant changes in power or spectral shape with season. The differences in vari-
ability between hemispheres will be explored in later sections.

B. Seasonal variability

We extend previous studies of the seasonal variation of low-cloud fraction to include
the variations of other cloud propetties as well as variations in the ISCCP cloud-types (Table
2). As noted in eatlier papers (e.g. Schubert et al. 1979; KH93), seasonally averaged low-cloud
fraction is larger during MJJAS than NDJFM in all of these eastern ocean subtropical regions,
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regardless of whether the local season is summer or winter. The MJJAS upper-level cloud
fraction is smaller, around 10%, with most of the coverage by middle cloud. Therefore, the
possibility of obscuration of low-level cloud by upper-level cloud is rare duting this season.

When subdivided by cloud-type, most of the low-cloud falls into the “stratocumulus
(Sc)” TAU category, in the range of 3.6 to 23.3 (Rossow et al. 1996). 70-75% of the VIS/IR
low-cloud fraction is Sc and 17-25% cumulus (Cu) with smaller amounts of stratus (St) in all
regions except the Canarian. The low-cloud fraction in the Canarian region is comprised of
almost equal parts Sc and Cu. These differences in low-cloud fraction amount and type
among the subtropical regions are in qualitative agreement with seasonally averaged surface
observations from the Ocean Cloud Atlas (Warren et al. 1988), despite differences in the def-
inition of these cloud-types for each dataset. Hahn et al. (2001) provide a comprehensive dis-
cussion of the extent to which ISCCP clouds are associated with standard surface observer
cloud-types. To summarize, ISCCP cannot distinguish between Cu, Sc and St cloud-types in
individual observations because of the considerable overlap in the CTP-TAU distributions
associated with each of these cloud-types. Howevet, changes in ISCCP TAU resemble
expected changes in surface-observed cloud-type when surface observations are compositedv
into spatial and seasonal averages. Therefore, in this section, we treat surface-observed and
ISCCP cloud-types as though they are equivalent; but in later sections, when we examine dis-
tributions of daily averaged data, we refer to clouds of different TAU as “thinner” and
“thicker” clouds.

During NDJFM, low-cloud fraction decreases in all regions relative to the MJJAS val-
ues. This is primarily a decrease in Sc type cloud fraction; changes in Cu and St cloud frac-

tions are of mixed sign. Part of this decrease may be caused by an increase in obscuration by
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uppet-level cloudiness, but with the exception of the Canarian region, low-cloud fraction
decreases are larger than increases in upper-level cloudiness. From these data alone, it is
impossible to determine the extent to which upper-level clouds replace or obscure low-level
clouds. However, this seasonal decrease of low-cloud fraction is consistent with results from
the Ocean Cloud Atlas. In this case, the surface-observed decrease in low-cloud fraction is the
result of decreases in coverage by St and Sc cloud types and increased coverage by Cu.

Low-cloud TAU and CTH are calculated for the low clouds that are seen. The relation-
ship between seasonal variations in TAU and atmospheric temperature appeats to be incon-
sistent with Tselioudis et al. (1992) since low-cloud TAU is larger during locally warm seasons.
However, as pointed out in their paper, this relationship is very sensitive and averaging over
eight years of data as well as several months of the year includes time periods where the rela-
tionship changes sign. When subdivided by cloud-type, TAU values for Cu and Sc cloud-
types are larger in MJJAS, while St TAUs are smaller during this season. Therefore, as the sea-
son changes from MJJAS to NDJFM, thicker clouds increase in thickness while thinner
clouds become thinner.

We find that seasonal changes occut in the classification of low clouds by ISCCP. In the
MJJAS season, the VIS/IR scheme reports larger cloud fractions than the IR-only scheme for
all cloud-types in all regions. During NDJFM the situation is reversed, with the IR-only
scheme reporting more low-cloud cover than the VIS/IR. Since the IR scheme alone can
never “see’” more clouds than the combined VIS/IR scheme, this is due to a reclassification
of low-level cloud as mid-level cloud. In the IR detection scheme, clouds are assumed to be
opaque to IR radiation. If the VIS/IR scheme determines that a cloud is optically thin, the

CTP is recalculated, placing the cloud-top at a higher altitude in the atmosphere. In our anal-
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ysis of intraseasonal variability, we consider vatiations in total cloud properties, rather than
low-cloud alone, to avoid discarding these mid-level clouds.

Low-cloud CTH is smaller during MJJAS in all regions except the Namibian. The defi-
nition of CTH (given in the data section) is important because the apparent increase in mean
low-cloud CTH in NDJFM occurs for different reasons in different hemispheres. While both
cloud-top and surface temperatures are warmest in local summer, mean NH cloud top tem-
peratures decrease by more than mean surface temperatures as the season shifts from sum-
mer to winter. In contrast, during NDJFM, SH surface temperatures increase by more than
cloud top temperatures. This implies that variability in the SH properties could occur on
longer time scales and lag behind changes in the NH since atmospheric temperatures change
on shorter time scales than SSTs. Indeed, for low-cloud fraction and CTH, larger correlations
are found between monthly mean NH and SH data if the SH values are lagged behind the
NH by 1-2 months. The fact that the cloud properties tend to change in similar ways in the
same calendar months rather than local season also points to large-scale circulation controls
on subtropical cloud variability.

C. Intraseasonal variability
1. Changes in frequency and persistence with season

Although the dominance of seasonal to annual periods in the temporal power spectra
of low-cloud fraction, TAU and CTP justifies the concentration of effort on seasonal variabil-
ity, intraseasonal data is used to examine relationships between synoptic meteorology and
cloud variables. Figure 2 shows a time-longitude Hovmoller diagram for low-cloud fraction at
latitudes of 25-30°N (Californian). From approximately May to September, faitly stationary

and persistent large low-cloud fraction events are readily apparent. The events are not regu-

13
2/2/01



14

larly spaced in time nor do they petsist for the same length of time. The same is seen in the
Peruvian and Namibian regions (not shown). However, as also noted in KH93, the initiation
of large low-cloud fraction events in these regions lag behind the Californian by one to two
months.

During this season, the characteristics of cloud properties in the Canarian region are
different from the other three subtropical regions. The time-longitude diagram of all cloud
propetties, but particularly CTP (not shown), indicates that upper-level cloud events propa-
gate from east to west at estimated speeds of 10m/s and, by obscuring or replacing the lowet-
level clouds, shorten the perceived low-cloud petsistence.

For the other months of the year, the petsistence and propagation characteristics of the
synoptic variability change. In the SH, large low-cloud fraction events decrease in both mag-
nitude and frequency, but are still stationary. In the NH regions, the persistence and frequency
of occurrence of large low-cloud fraction events is similar to the Canarian MJJAS variability,
except that the upper-level cloud events propagate in the other direction, from west to east.

We quantify these observations by counting the number of times low-cloud fraction
exceeds a chosen threshold value, and once it does, how many days it remains above this
value. For a threshold value of 70%, Table 3 shows that large low-cloud fraction events occur
more frequently during MJJAS in all regions except the Canarian. This exception occurs
because low-cloud fraction in the Canatian region seldom reaches 70%; but the same result is
achieved there when the threshold value is reduced to 50%. Figure 3 shows that in the NH
regions, not only is the frequency of occurrence of these large events greater during the
M]JJAS season, but so is the average persistence of individual events. The persistence in the

SH regions is approximately the same in both seasons.
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In contrast to the seasonally averaged picture, large low-cloud fraction events appear in
both seasons, but they occur more often and lést for a shorter period of time in the NH dur-
ing winter. Therefore, observed seasonal differences in low-cloud fraction are due primarily
to changes in mean values in the SH and to changes in frequency of occurrence and persis-
tence in the NH.

2. Changes in the intraseasonal clond property frequency distribution with season

Although the seasonal average is a commonly reported statistic, other characteristics of
a distribution are often more informative, particularly if the distribution shape is not normal.
For low-cloud fraction (Figure 4) and total cloud fraction (not shown) the shape of the fre-
quency distribution varies with domain size. At the 2.5x2.5° spatial scale, the distributions
have a wide range of mode values, varying from 20% in the Canarian region to nearly overcast
in the Namibian. The mode values converge to approximately 60% and the shape of the dis-
tribution approaches near normal as the domain size increases to 20x20°. This is consistent
with observations of Rossow and Cairns (1995) and Klein (1997) for subtropical surface
observations. Both demonstrate that the cloud fraction frequency distribution is dominated
by completely overcast or clear-sky cases at smaller spatial scales, but the mode value
approaches pattly cloudy as the domain size increases. Therefore, in Table 2, the apparent
similarity of seasonally averaged low-cloud fractions between regions masks different types of
intraseasonal variability.

In contrast to cloud fraction, frequency distributions for total cloud TAU (Figure 5)
and CTP (not shown) exhibit little variation in shape or mode with averaging domain size.
These distributions are monomodal, with the distribution becoming narrower as the domain

size increases. This occurs ptimarily because TAU and CTP variables are undefined under

15
2/2/01



clear-sky conditions, therefore these scenes are omitted from the distributions (Rossow and
Cairns 1995).

Figure 6 characterizes subtropical clouds using the two dimensional frequency distribu-
tion of total cloud TAU and CTP for the 10x10° domain (results are similar on all spatial
scales). During MJJAS, the Californian distribution looks more like the SH distributions, with
primarily low-altitude cloud tops and a broad range of TAU values. Cloud properties in the
Canarian region are distributed differently, with more frequently occurring high-altitude cloud
tops and lower TAU values. As the season shifts from MJJAS to NDJFM, the most drastic
change in cloud properties occurs in the Californian region, where the frequency of occur-
rence increases for higher-topped clouds and decreases for larger TAU clouds.

The differences in persistence, propagation and cloud-type between seasons indicate a
shift in dynamic regime in the NH subtropics. The NH regions are located more poleward
than their SH counterparts (see Table 1). This latitudinal difference, combined with an equa-
torward shift in NH storm-track activity during the NH winter season (Trenberth 1991; Ros-
sow et al. 1993) allows midlatitude storms to intrude into the NH subtropical regions. In
contrast, the SH regions do not show this change in variability since the storm-track is located
at approximately 45°S all year around, keeping the storms poleward of the subtropical strati-
form cloud regions. The effect of synoptic storms on low-cloud variability in the subtropics
are explored further in the following sections.

IV. Subtropical cloud and the general circulation
A. Seasonal cycle
1. Exploring the correlation between subtropical low-clond fraction and static stability

Previous studies found a significant correlation between the variability of large-scale
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meteorology and cloud on seasonal and intraseasonal time scales, in particular, a large correla-
tion exists between seasonal variations in surface-observed low-cloud fraction and lower tro-
posphetic static stability (KH93). Since the coefficient is so large, this relationship is
sometimes used in models to simulate the seasonal cycle of subtropical low-cloud (e.g. Philan-
der et al. 1996; Miller 1997; Clement and Seager 1999; Larson et al. 1999).

However, as discussed in KH93, this correlation is calculated using seasonally aver-
aged data at many locations (Figure 13 of KH93). In this diagram, geographic variations in
stability between locations duting one season are of the same magnitude as seasonal vatia-
tions taken at one location for many seasons. Therefore, it is not clear how much of this large
correlation is due to correlation in time and how much to correlation in space. Although the
time-seties of seasonally averaged stability and cloud fraction imply that the seasonal correla-
tion is probably large, we would like to test the time dependence of this statistic separately.

Are the correlation coefficients still large if the calculation is made for each region
separately? We address this question by creating seasonal anomalies for low-cloud fraction
and static stability (by removing the annual average from the seasonally averaged data), and
then calculating the slope and correlation coefficient for a best-fit line to a scatterplot of the
anomalies (Table 4). The resulting slopes ate consistently less than KH93 and the correlation
coefficients range from fair to good, but are never as large as theirs. If we assume that the rea-
son for this disagreement is that ISCCP is missing low clouds due to obscuration by higher
clouds, then a correction can be estimated by alteting the cloud amounts with a random over-
lap assumption (e.g: Rozendaal et al. 1995) or a maximum overlap assumption (all upper-level
cloud has low-level cloud beneath it). However, a correction of this kind should actually

dectease, rather than increase, the slope of the best-fit line, since it would presumably increase
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the “smaller” low-cloud fraction values. This hypothesis is confirmed by Table 4, which
shows that coefficients and slopes for corrected low-cloud fraction decrease in the NH (par-
ticularly for maximum ovetlap), but do not change by much in the SH. Therefore, these cot-
rections do not improve the agreement with KH93.

What is the difference between the seasonal cycle of low-cloud fraction predicted by
KH93 and the cycle predicted using the best-fit line at each location? In this case, the relation-
ship of KH93 and static stability anomalies are used to predict the seasonal cycle of low-cloud
fraction. The result is then correlated with seasonal anomalies in ISCCP low-cloud fraction
(not shown). In this case, the closer the slope and cortrelations coefficients are to one, the bet-
ter stability is as predictor of the seasonal cycle. In general, the correlation coefficients are
slightly lower than in the previous case. This implies that using the global relationship of
KH93 does not enable us to predict the seasonal cycle of low-cloud fraction at an individual
location more accurately than if we fit the data separately at each location. In addition, the
correlation coefficient calculated by fitting data from all regions is larger the ones calculated
for each region separately, indicating that some of the KH93 correlation may be due to spatial
rather than seasonal variability.

The analysis above shows some of the limitations of using stability as a seasonal predic-
tor of low-cloud fraction, but it does not move us any closer to establishing why static stabil-
ity ought to be related to low-cloud cover. Klein (1994) rules out the idea of low clouds
changing static stability since clouds do not appear to affect heating rates in the upper atmo-

sphere (and therefore 6749) and the time scale for changing SST is on the order of a few

months. (In our study, we are using surface temperature rather than SST, but daily observa-

tions are still autocorrelated for two to three months). He proposes that changes in stability
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could cause changes of low-cloud cover either through cloud-top entrainment instability or
changes in inversion height. Although these mechanisms have been examined (Klein et al.
1995; Klein 1997), no conclusive evidence has been established. This leaves a third possibility:
that changes in stability and low-cloud amount are both modified by the large-scale circula-
tion and that their may not be a direct link between stability and cloud cover.
2. Exploring lagged correlations between tropical and subtropical cloud properties

Theories connecting seasonal changes in subtropical low-cloud properties to variations
in tropical convection are not vety specific about the physical mechanism linking the two.
Several have suggested a link between increasing tropical convection and increasing area cov-
erage by marine stratocumulus clouds. Schubert et al. (1979) assert that “areas of marine stra-
tocumulus convection are most extensive in the Northern Hemisphere summer, when the
upward motion in the ITCZ and the downward motion in the subtropical highs is strongest”.
This idea seems contrary to GCMs expetiments which show that the mass flux in the
descending branch of the Hadley cell is actually strongest in the wintertime hemisphere (e.g.
Rind and Rossow 1984; Hack et al. 1989). This is supported by Philander et al. (1996), who
find poor correlations between changes in subsidence and cloudiness. KH93 suggest that the
strength of the subtropical inversion is likely tied to the strength of the Hadley Cell and the
amount of deep convection in the tropics. In theory, if SST is held constant, an increase in
subsidence could increase the subtropical temperature inversion strength through the adia-
batic warming of descending air.

Studies attempting to link the two regions focus on longer time scale variability associ-
ated with climate change. Several box model studies test the response of low-cloud properties

in tropical subsidence regions to changes in convective properties in the tropics (Sarachik

19
2/2/01



20

1978; Betts and Ridgway 1989 (hereafter BR89); Miller 1997; Clement and Seager 1999; Lar-
son et al. 1999). In these cases, some of the cloud properties are specified or parameterized.

We observe in time-longitude plots of daily average CTP (not shown) and in seasonal
averages (Table 2), that eastern subtropical CTPs tend to be larger and more spatially homo-
geneous during the MJJAS season. In this same season, the ITCZ (as represented by ISCCP
CTP) has smaller CTP values, covers a narrower range in latitude, and is located at its north-
ernmost position. A similar pattern is seen in Mitchell and Wallace (1992), who note that as
the I'TCZ shifts northward, SSTs drop over the cold tongues, perhaps in response to the
decrease in solar radiation reaching the sea surface as the coverage of low-cloud increases.
However, this relationship has a feedback aspect as demonstrated by Chang and Philander
(1994), who find that their GCM has difficulty correctly locating the ITCZ in the NH without
low clouds to aid in cooling of subtropical SSTs.

Regardless of which is the cause and which is the effect, we express these observations
quantitatively as a change in the shape of the distribution of CTP within selected tegions of
the subtropical and tropical Pacific (boundaries for the subtropical regions are given in Table
1; the tropical regions in Table 5). The boundaries of the tropical domains are selected to
accommodate seasonal shifts in latitude of the ITCZ. Since tropical convective clouds only
occupy a small portion of this domain at any given time, we examine changes in the spatial
standatrd deviation of CTP over the entire box, rather than changes in the mean CTP. As trop-
ical convective clouds become particularly high-altitude and coherent, the spatial standard

deviation of CTP (STD¢p) over the domain increases (since the remaining portion of the

region is covered by lower-level clouds).

In the tropics, the amount of deep convective cloud cover (DCC) is a strong control on
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the STDp; as the amount of high-level cloud increases, the standard deviation increases (as

the number of small CTP values in the tail of the CTP frequency distribution increases). This
is true for standard deviations calculated over time and space. DCC is moderately to well-cor-
related (r values between than 0.42 to 0.56 for the Pacific regions in Table 5 with significance

at the 99% level) with STDp in the tropical regions; therefore, we interpret an increase in
STD(p as an increase in the area covered by convective cloud. In the subtropics, STDcp

has a strong negative correlation with low-cloud fraction (with r values of -0.90 and -0.75 with

significance at the 99% level), so a decrease in STDp is interpreted as an increase in the

area covered by low-cloud.

Based on these interpretations, we expect that if increasing DCC in the tropics is
related to increasing coverage by lowet-level clouds with larger, more homogeneous CTPs in
the subtropics, STDpp in these two locations will be negatively correlated. Time series of
STD(p (Figure 7a) show a well-defined seasonal cycle in the spatial variability of CTP in all
regions. Given its cyclic nature, it is impossible to tell for certain which peaks constitute the
lead effect and which are the lagged result. However, given our hypothesis, we assume that
the large STDp values in the tropics (increasing DCC) lead the small STDcpp values in the
subtropics (increasing low-cloud cover).

Correlations among the tropical regions show that maximum STDcp values occur
first in the eastern Pacific, and then in the western Pacific 2-3 month later (the same lag is
observed directly for DCC in the tropics). If the connection between changes in variability in
the tropics and subtropics is direct, then the lag time between observed tropical variability
and the subtropical response should increase from east to west.

Correlations between the subtropics and the eastern Pacific are negative and largest in
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magnitude if the Californian region (Figure 7b) lags the tropical region by 1 month and Peru-
vian (not shown) lags by 2-3 months. When we extend this analysis to include the western
Pacific, the lagged relationships are not what we expect given our hypothesis. Lagged correla-
tions coefficients between the Peruvian region and the western Pacific are larger in magnitude
than correlations with the eastern Pacific, and the lag time is reduced to 1 month. This would
imply that the Peruvian region responds more rapidly to a change in convection in the west-
ern Pacific than to a change in the eastern Pacific. In this case, the Californian actually lags the
western Pacific by up to 10 months.

There are several ways that an increase in the areal coverage of tropical convective
clouds could influence the subtropics. One idea is that an increase in the amount of tropical
convection could cause the air above the invetsion to become more moist. According to box
model expetiments, increasing the specific humidity above the boundary layer would cause
the inversion height in the subsidence region to decrease because radiative cooling decreases
(e.g. BR89; Miller 1997, Larson et al. 1999). However, although boundary layer clouds have
larger seasonally averaged CTPs during MJJAS, the SH regions have a seasonal minima in
uppet-level specific humidity (given either by ERA S7oy or TOVS PW,;)).

A second possibility is that increasing convection in the tropics causes upper tropo-
spheric temperatures to warm, which increases the large-scale static stability. This could limit
the mixing of drier air from above the boundary layer and the vertical propagation of moist
plumes from below. However, Philander et al. (1996) notes that seasonal changes in static sta-
bility occur for different reasons in different hemispheres; the NDJFM decrease occurs due

to large decreases in 84 in the NH, but due to increases in surface temperatures in the SH.

Therefore, although a seasonal relationship between stability and low-cloud fraction does
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exist, this cannot consistently explain the change in stability in both hemispheres.

A third possibility is that stronger subsidence rates during the MJJAS season in the sub-
tropics, driven potentially by a larger area of vertical updrafts in the tropics, cause larger sub-
tropical CTPs because more dry air mixes across the inversion into the boundary layer.

However, in all regions, seasonally averaged ERA ®;qq is always larger during local winter,

consistent with Rind and Rossow (1984). Therefore, this possibility does not seem to be true
for the NH regions.

If data from subtropical regions in both hemispheres is considered, none of these pro-
posed mechanisms consistently explains the seasonal variability. In addition, the variability
explained by correlations between subtropical and individual tropical regions is only 25-30%.
If the tropical regions are added one by one in a multivariate correlation analysis with the sub-
tropics, the explained vatiability can be increased to approximately 45%, but this still leaves
about half the variance unexplained. Therefore, we turn to intraseasonal variability to try to
better understand the patterns seen in seasonal averages.

B. Intraseasonal variability of subtropical cloud and the general circulation

Thus far, studies of low-cloud fraction data have found no single good predictor of
submonthly cloud fraction vatiability. Correlations between low-cloud fraction and some
large-scale meteorological factors on the synoptic time scale are examined by Wylie et al.
(1989) for FIRE and by Klein (1997) duting the MJJAS season at ship N. These studies show
increases in low-cloud fraction with increases in cold, dry advection, wind steadiness, latent
heat flux, SLP and surface divergence. However, the correlation coefficients are small, with r
values no larger than 0.35. In theory, an increase in cold, dry advection increases the sensible

and latent heat fluxes between the relatively warm, moist ocean surface and the ovetlying air.
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An increase in surface wind speed also increases the magnitude of surface heat fluxes, and in
addition, creates stronger wind shear which increases the mechanical stirring in the near-sur-
face boundary layer. One possible reason that these coefficients are so small is that the sut-
face-observed cloud data are point measurements rather than truly synoptic in spatial scale.
Increasing the size of the averaging domain can increase the effective number of independent
samples and decrease the standard error of the estimates if the averaging region is large com-
pared to spatial correlation lengths of a few thousand kilometers (Leith 1973).

However, if we tepeat the calculations mentioned above and increase the spatial scale
of the data by using ISCCP and ERA data on the 10x10° domain, the magnitude of the corre-
lations coefficients does not increase. In addition, if we repeat our earlier analysis for season-
ally averaged low-cloud fraction and stability with daily anomalies (the seasonal mean
removed), the magnitude of the r correlation coefficients decreases to less than 0.4 for all
regions in either season. Klein et al. (1995), in their study of interannual variability, increase
their correlation coefficients by lagging the time-seties by a day or two; this does not increase
the coefficients in our case.

In the NH regions, power spectra for static stability, surface temperature and 874y (not
shown) have a factor of two mote power at seasonal to annual time scales (roughly 90 days to
one year) than cloud fraction, TAU or CTP. In addition, these variables are autocorrelated for
longer periods than cloud variables. Therefore, since temperature variables have more “mem-
ory” than cloud variables, their variability alone may not be a good proxy for submonthly low-
cloud variability.

We mentioned previously that changes in the intraseasonal variability of clouds in the

NH from summer to winter indicates a change in dynamic regime with season. This shift is
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quantified in the meteorological variables as an increase in the range and standard deviation
of SLP during winter (Table 6), plus an increase in the speed and propagation of low SLP
anomalies in time-longitude diagrams (not shown), which look similar to the variability seen
in Figure 2 for low-cloud cover. Additionally, the power spectrum for SLP (not shown), as
well as those of other dynamic variables, has an otder of magnitude less power at seasonal
time scales and more power at synoptic time scales (defined roughly as 3-10 days) than the
static stability spectra. The shape of the power spectra for cloud properties falls somewhere in
between the static stability and the SLP spectra.

Similar to what we see in the subtropics, this type of time-longitude variability has been
observed for cloud properties in the tropics. Chang (1970), noting the westward propagation
of clouds across the tropical Pacific ocean during July and August, hypothesized that these
patterns could be due either to the passage of wave disturbances or the advection of cloud
clusters by the mean flow. He turned to several analyses of rawinsonde SLP data to confirm
that observed cloud variations were the result of easterly waves with petiods of 3-5 days and
estimated wavelengths of thousands of kilometers. Cho and Ogura (1974) connected the
increasing high-level cloud coverage associated with the troughs of the tropical eastetly waves
to increases in low-level convergence.

This type of disturbance is observed in the variability of cloud properties in the Canar-
ian region during summer. Summertime disturbances could be the result of the easterly waves
originating on the African continent, with wavelengths of approximately 2500km and periods
of about 3-4 days (e.g. Burpee 1972; Reed et al. 1977). These waves have been studied exten-
sively to determine their link to hurricane development and to chart their progtess across the

tropical Atlantic. They appeat in the Canatian region as increases in surface observed upper-
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level cloudiness and negative SLP anomalies (e.g. Carlson 1969).

In the following sections, we examine the variability of cloud and meteorology together
by compositing. Compositing allows us to study relationships between vatiables without mak-
ing assumptions about the shapes of the frequency distributions. In the following sections we
discuss selected vatiables in depth and summarize the remaining results.

1. NH during NDJFM
a. Cloud properties composited by dynamic anomalies

The results for the following section are summarized in Table 7. Following the exam-
ples of Tselioudis et al. (2000) and Lau and Crane (1995, 1997), we examine anomalies in SLP
and find that days of negative SLP anomaly (lower pressure) are associated more often with
higher-altitude clouds and lowetr-altitude, thinner (smaller TAU) clouds in both regions (the
Californian region is shown in Figure 8). Unlike the studies mentioned above, these data are
spatially averaged so the dispersion seen these figures is due entirely to temporal variability.

We extend this analysis to include other variables. Figure 9 shows that thicker and thin-

ner clouds at all altitudes are better separated by anomalies in the magnitude of A SLP across
the region, a negative A SLP anomaly being associated with thicker clouds. A negative A SLP

value occurs when the SLP on the poleward side of the box is larger than the equatorward

side. Therefore, a negative A, SLP anomaly occurs either when this gradient is large and nega-

tive or when the monthly mean meridional pressure gradient is larger and more positive than

the daily value. Thicker clouds also tend to be associated more often with negative Uyggg

anomalies (weaker zonal winds) during this season.

Anomalies in 0799, Ushear Vi000> 20d AT g0 divide subtropical cloud properties

into smaller and larger CTP regimes; but the division is most clear for anomalies in ;4 (Fig-
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ure 10) and Ug,.,, (Figure 11). Since (¢ is positive for descent and seasonally averaged ®7q
is always positive, positive 0,y anomalies represent times of increased descent. In this figure,

increased descent is associated with larger CTPs (or lower-altitude cloud tops). However,

anomalies in (g have no apparent relationship to TAU variations. Smaller CTP clouds are
associated with negative Vg anomalies (stronger equatorward wind speeds) and negative
A, To00 anomalies (warmer advection if the meridional wind direction is poleward, or less

strong cold advection if its equatorward).

Larger anomalies of Ugy,, are due primatily to increases in Usqg. Since increasing verti-

cal shear is related to departures from barotropic stratification through the thermal wind
equation (Salby 1996), it is not surptising that increasing shear between these levels is associ-
ated with more frequently occurring smaller CTP (upper-level) clouds.

In order to separate clouds into CTP and TAU categories at the same time, the cloud

data are sorted by the A SLP and ¢ ctiteria together. Since correlations between seasonal
anomalies of A,SLP and @ ate poor in the NH subtropics during this season (r values of -

0.1), we can sort the data using both critetion without redundancy. In Figure 12, higher-alti-

tude, thicker clouds are most often associated with negative anomalies in A, SLP and ®;q.
These tend to be times where A SLP is large and negative and upward Wy, (ascent). Lower-
altitude, thinner clouds occur on days that have positive (smaller) values of A SLP and down-
ward @-qg. The distribution using both criteria more closely resembles the M7, distribution,
with the A SLP criterion causing slight shifts in the TAU categories.

These results are consistent with previous work. Some modeling studies have found 2

similar association between larger downward vertical velocities and larger CTPs (or thinner
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boundary layers), but until now no relationship to physical cloud thickness or TAU has been
noted (e.g Schubert et al. 1979; Hack et al. 1989; Philander et al. 1996). Data analyses of
storms over the NH midlatitude oceans have concluded that local ascent and descent in mid-
latitude synoptic scale disturbances ate associated respectively with smallet and larger CTPs
(Lau and Crane 1995; 1997), and larger and smaller longwave cloud radiative forcing (Weaver
and Ramanathan 1997).

b, Cloud properties composited by temperature anomalies

Compositing cloud variables by anomalies in temperature emphasizes different rela-
tionships than compositing by actual temperature. This study differs from Tselioudis et al.
(1992) and Tselioudis and Rossow (1994) because they examined the actual temperature
dependence of TAU and how its sign changes with season and latitude while neglecting
dynamically-induced variations. In our case, looking at dependence of TAU on seasonal
anomalies in temperature is intended to isolate the contribution of synoptic changes in tem-
perature to changes in TAU, while neglecting the actual temperature dependence of TAU.
This study is also limited to the eastern ocean, rather than including all longitudes over the
ocean.

Static stability anomalies (not shown) do not divide cloud properties into well-defined

regimes in either region during this season. When taken separately, colder 8749 and surface

temperature anomalies (not shown) both appear to be weakly associated with thicker clouds.
If a colder temperature anomaly is equal to a colder actual temperature, this is consistent with
Tselioudis et al. (1992) and Tselioudis and Rossow (1994). If we composite the cloud data by
actual stability and temperature values rather than seasonal anomalies, we find larger CTP and

thicker clouds to be weakly associated with larger values of stability and colder 8744 and sur-
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face temperatures. The relationships between composited cloud properties and actual tem-
peratures are stronger than in the seasonal anomaly case. Therefore, temperature may not be
a good diagnostic for examining variability of cloud properties due to synoptic wave passage.
In an alternate experiment, we composited cloud properties using stability and temper-
ature anomalies from ERA. In this case, positive anomalies in static stability are strongly asso-
ciated with thicker, larger CTP clouds. ERA temperature anomalies associate thicker, larger

CTP clouds with both warmer 6+, temperatures and colder 8,y temperatures; therefore

both variables appear to be contributing to the relationship with ERA static stability. When
we repeat the analysis using actual temperature values instead of anomalies, we find that ERA

does show thicker clouds associated with larger values of stability and colder 8¢, tempera-
tures, but we also find them associated with warmer 6, temperatures, in disagreement with

our results with TOVS.

The relationships between stability and temperature anomalies and cloud properties are
clearly weaker for TOVS anomalies than ERA anomalies, and in some cases, even the sign of
the relationships is different between the datasets. Although ERA does incotporate TOVS
data into its reanalysis, it uses TOVS radiances rather than the operational data products. As
discussed in the data section, a recent study (Stubenrach et al. 1999) shows that monthly
TOVS temperatures over tropical and subtropical ocean regions tend to be colder at the sur-
face and warmer at 740mb compared to 31 sounding data. Since this is true for both the Jan-
uary and July data, this probably causes TOVS to systematically overestimate the mean static
stability in both seasons. However, whether this would affect the daily variability is less cer-
tain. Although TOVS radiances are available twice per day, the TOVS operational product

uses data from only one time per day (Stubenrach et al. 1999). The time of day and the source
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(satellite) for this profile can vary within a month. On the other hand, the effect of the ERA
model assimilation process on this particular feature of the assimilation process is unknown.

Given what we know about both datasets, we cannot come to a definitive conclusion
about the relationships seen here between static stability, temperature anomalies and cloud
properties. Addressing these discrepancies would involve cross-correlations between the tem-
perature variables within each dataset and across the two datasets plus an investigation into
the causes of daily temperature vatiability in both datasets. While this subject is worth further
investigation, we will not attempt to do so here.

2. MJIAS in all regions and NDJFM in the SH

As mentioned eatlier, previous studies of intraseasonal data found larger low-cloud
fractions associated with increases in static stability, cold advection, subsidence and strength
of the subtropical high. In this section, we test these relationships using our data and extend
the results to include changes in the CTP-TAU frequency distribution. Since the intraseasonal
variability of cloud properties during this season is smaller in amplitude than either the sea-
sonal cycle or the synoptic NH winter vatiability, particularly in CTP, we initially increased the
number of CTP and TAU categoties as described in the data section of this paper. However,
none of the variables tested produced a clear separation in cloud regimes. Since we know that
the time scales of variability during this season are longer than weeks to months, subtracting
monthly means from the data may obscure the information we are interested in. In this case,
we obtained better separation between cloud regimes by compositing data by actual meteoro-
logical values, rather than anomalies. This method is also described in the data section of the
papet.

a. Cloud properties composited by dynamic variables
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We tested several other variables to verify relationships observed in surface data studies
(see Table 8). Larger SLP values (stronger subtropical highs) are found more often with
thicker TAU clouds in all regions and smaller CTPs (higher-altitude cloud tops) in the NH
(Figure 13). This result was unexpected given that we tend to associate stronger subtropical
highs with increasing subsidence and lower-altitude cloud tops. Larger, positive values of

¢ (larger subsidence) are weakly associated with thinner TAU and decreasing low and total

cloud fractions. Larger 1000mb wind speeds are associated with thicker, larger CTP clouds
and increasing cloud coverage in all regions except for the Peruvian. Larger, negative values of

V000 (in the NH, these ate larger equatorward meridional wind speeds) are associated with
thicker clouds in the Californian region only. In contrast, larger positive A, Tjgo (larger

meridional temperature difference) are associated with thicker clouds only in the SH regions.

U tends to be associated with smaller CTP values in all regions, but has a mixed relation-

shear
ship to cloud fraction and TAU.

Clearly, these relationships are not always consistent for all regions. This could be due
to a variety of reasons, one being the problem of trying to resolve small amplitude variability
in the meteorology fields. Notris and Klein (2000) have better success compositing W7
anomalies by surface-observed cloud-types. If we assume for 2 moment that changes in
ISCCP cloud properties ate easier to resolve than changes in dynamic variables, we can follow
theit example and composite dynamic variables by daily average values of TAU and CTP.

In this case, when we composite by CTP, lowet-altitude clouds are associated consis-
tently with larger values of SLP for all regions. This result also holds true for the SH regions
during local winter and is consistent with our earlier result. However, there appears to be no

consistent relationship between CTP and ®5. If we composite by TAU, we find thicker
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clouds associated with high SLPs in the Californian region and a weak relationship with
upward vertical velocities in the remaining three regions. Performing the analysis in this way
does not appear to provide additional information, possibly because amplitudes of cloud vati-
ability are also smaller during this season, particularly for CTP. In general, the same relation-
ships are obtained whether one composites the cloud properties by dynamics or the dynamics
by cloud properties.

b Cloud properties composited by temperature variables

Of the variables tested in Klein (1997), static stability (either using TOVS/ISCCP data
ot ERA) separate cloud properties most clearly into particular types (Figure 14). Consistent
with Tselioudis et al. (1992), warmer upper atmosphere temperatures (0749 from TOVS or

8700 from ERA) are associated with thicker, lower-altitude clouds during this season in all

regions except the Namibian, where these clouds are found with colder temperatures. Colder
surface temperatures are associated with thicker clouds for all regions.
V. Discussion

Sorting the NH NDJFM cloud data by seasonal anomalies in ERA meteorology shows
that large changes in cloud properties ate better related to changes in the large-scale circula-
tion than to changes in boundary layer parameters in both seasons. The combined criteria in
Figure 12 show that thicker, higher-altitude cloud tops tend to be associated with larger
metidional SLP gradients and motre negative (upward or less strong downward) ®;(, anoma-
lies. This is generally the warm sector of the synoptic storm, after the warm front passage and
ahead of the cold front.

Despite the small amplitude variability during MJJAS, we repeat our composite analysis

for this season using actual variable values rather than anomalies. Some relationships ate
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found to be consistent with previous studies, others ate not. The relationships that are found
to be consistent do not always seem to be true for all subtropical regions.

Two types of intraseasonal low-cloud vatiability seem to dominate the subtropics - the
storm driven NH wintertime variability and the longer time period NH summer and SH vari-
ability. In the following sections, we discuss each type separately.

A. NH in winter

What does the passage of a synoptic wave do to the vertical structure of the subtropical
boundary layer and thus to low clouds? Under undisturbed conditions, the vertical structure
consists of subcloud and cloudy layers capped vertically by a temperature inversion (sample
soundings for the subtropical oceans are shown in Schubert et al. 1979, Nicholls 1984; Albre-
cht et al. 1995b; Nortris 1998). Since these layers are seldom well-mixed, it is common to find

profiles of q decreasing with height, and 8 and 6, increasing with height below the inversion.

As the synoptic wave passes, large-scale convergence and ascent occurs just preceding
the low SLP anomaly (Lau and Crane 1995). As the air in the boundary layer is synoptically
lifted, the entire subcloud layer cools at the adiabatic lapse rate. However, if q decreases with
height, lower layers may reach saturation before upper layers and subsequently cool more
slowly. This can destabilize the subcloud layer and cause vertical mixing. Non-uniform cool-
ing can also destabilize the temperature inversion. Sarachik (1979) points out that large-scale
lifting could cause the dry air above the inversion air to cool more rapidly than the cloudy ait
just below it, resulting in rapid instability and vertical mixing which could temporarily wipe
out the temperature invetsion. This is consistent with data from ships N and P, which show
that wintertime soundings associated with anomalously low SLP more often have higher-al-

tude inversion heights or no inversion compared to soundings associated with positive SLP
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anomalies (Figure 15 and Table 9).

We study the effect of synoptic wave passage on the subtropics by asking two slightly
different questions. How long do higher-altitude clouds linger in the subtropical regions?
Once the synoptic wave passes, how long before the vertical structure of the subtropical
boundary layer returns to a “normal” state? To answer the first question, we chose a thresh-
old of CTP=560mb (the mid-point of the middle cloud category) and ask the question, once
the daily average CTP goes below this critical value, how long does it remain there? In most
cases, daily CTP stays below this value for 2-3 days, but occasionally smaller CTPs persist for
as long as 8 days. The inversion also reappears in 2-6 days, with few exceptions. Both of these
time scales are consistent with synoptic wave passage.

If the storm-track did not intrude into the subtropical NH regions in winter, would
low-cloud intraseasonal variability look similar to the summer season? We cannot answer this
question since the synoptic storms and their effects cannot be completely removed from the
data. However, answering a related question may give us new insight. Given that most of the
MJJAS intraseasonal variability exists under subsidence conditions, can the relationships
found during MJJAS between clouds and meteorology be seen in the NDJFM during the
increased subsidence phase of the wave?

We investigate this using a subset of the winter data, keeping only data where both the
actual value of ;g and the My seasonal anomaly are positive. Then, using the MJJAS
median anomaly values, this subset is separated into positive and negative composites. Sub-
tracting these composites produced the same relationships seen in Table 8, where thicker
clouds and larger low-cloud fraction are associated with positive anomalies in static stability

and SLP. This result hints that if synoptic variability did not disturb the region, intraseasonal
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variability during winter would probably look similar to the summer case. In addidon, Figure
16a shows that when descent in the Californian region is anomalously large (downward), the
spatial SLP anomaly pattern is largely zonal with high pressure dominating the subtropics. In

the case where the @, anomaly is negative (Figure 16b), the SLP anomaly pattern shows the

synoptic wave structure with anomalous descent over the subtropics.

The interaction of the of synoptic vatiations in meteorology, cloud properties and
underlying SSTs in the subtropics adds a non-linear dimension to the problem of air-sea inter-
action. The time scale of synoptic wave effects on cloud properties is on the order of days and
the spatial scale is thousand of kilometers. Although both the atmosphere and the ocean sut-
face experience changes in radiation and temperature on these scales, the oceanic response to
these changes occurs more slowly than the atmospheric.

B. Californian in summer and SH in both seasons

During this season the influence of intraseasonal variability on the boundary layer is
much weaker (Figure 17), but the variability of the inversion height with anomalies in SLP can
still be seen (Figure 18). As summarized by Miller (1997), the temperature and moisture struc-
ture of the atmosphere above the subtropical boundary layer depends to a great extent on the
large-scale tropical citculation. Therefore, the variability of clouds and meteorology are
largely determined as a balance between tropically-driven upper atmosphere conditions and
local subtropical boundary layer processes. As mentioned eatlier, several studies test the links
between tropical and subtropical variability using box models (Sarachik 1978; BR89; Miller
1997; Clement and Seager 1999; Larson et al. 1999). For example, BR89 couple a tropical
convective region to a subsiding region by assuming that the temperature profile in the con-

vective region is fixed to a moist adiabat and that upper-level temperature gradients above
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both regions are small. This makes temperature and moisture profiles above the trade inver-
sion determined by profiles in the tropics. Thermodynamic properties of air in the subsiding

region are assumed to lie on a mixing line joining the conserved total water and 6, just above

the inversion to values near the ocean surface.

BR89 test the dependence of their results on the equilibrium time scale of the convec-
tive boundary layer by using different closure assumptions. To do this, they assume that some
of the time scales in question are sepatable; some processes occur so rapidly compared to
others, that the slow ones are essentially fixed. These assumptions are important because
BR89 find that relationships between meteorology and cloud properties can vary in magni-
tude, and even in sign, depending on the time scale and type of coupling that is assumed. In
the case that is probably closest to our intraseasonal time scale, they assume that the tropo-
sphere is in energy balance, with an associated time scale of approximately ten days. For this
experiment, surface fluxes of latent and sensible heat (LH and SH) in the subsidence region
are balanced by the radiative flux divergence between the troposphere and the surface. In this
section, we compate the results of these experiments to the relationships found in our data in
the hope of linking observed changes in the large-scale circulation and low-level clouds to a
modulation of boundary layer processes by the large-scale circulation.

In Table 8, the sign of the relationship between surface temperature and TAU is par-
tially consistent with surface observations from Norris (1998 - Figure 3), who finds Cu type

clouds at ship N associated with warmer values of 8, (and presumably SST, although this is
not shown explicitly). However, Nortis also finds that higher-altitude inversion heights are
associated with Cu clouds rather than Sc, which appears to be inconsistent with our results.

But since the observed difference in pressure at the inversion base between the two compos-
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ite soundings in his figure is about 50mb and our bin widths are approximately 60mb, our
results may not be sensitive to this change. In the model of BR89, increasing SST increases

low-level 8, and decteases CTP (low-cloud fraction is held fixed in their model). This occurs

because, for a fixed surface wind speed, increasing SST increases the SH and LH fluxes
(where these fluxes are determined by bulk aerodynamic formulas). To maintain tropospheric
energy balance, this extra energy can be compensated by a decrease in the outgoing longwave
flux by clouds represented by a decrease in the cloud-top temperature. This can occur either
by decreasing the CTP (for a fixed lapse rate) or by increasing the lapse rate (for fixed CTP).
'The BR89 model does a combination of these things, resulting in equilibrium CTPs that
decrease less rapidly with increasing SST compared to runs where the model can only
respond by changing CTP (see their Figure 13).
Similarly, BR89 find that increasing the surface wind speed increases low-level 0, and

ecreases CTP. In this case, although LH increases, SH decreases because although the wind
speed is increasing, the temperature difference between the SST and the ovetlying air
decreases. However, since the LH flux is two orders of magnitude larger than the SH flux, its
increase must again be balanced by a decrease in the cloud-top temperature.

BR89 show that in the coupled troposphere case, subsidence is not an external parame-
ter, but decreases with increasing SST and wind speed. Therefore, the effect of decreasing
subsidence on cloud parameters should be the same as discussed in the previous two cases.
However, our data show only a slight increase in low-cloud fraction with decreasing @7 (less
subsidence) in all regions and no apparent relationship to TAU or CTP.

Under this same argument, BR89 speculate that increasing SLP should be associated

with increasing subsidence and thinner, larger CTP clouds. However, we find that larger SLPs
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are more often associated with thicker, smaller CTP clouds. This is more consistent with
Klein (1997), who interprets an increase in SLP as an increase in cold advection. However,
changes in surface air properties through advection are not addressed by BR89.

Increasing moisture above the boundary layer causes a sharp increase in CTP (approxi-
mately 50mb with every g/kg of total water). This is a steeper response than the uncoupled
case because the addition of total water decreases the radiative cooling and increases the sub-

sidence at cloud-top. We tested this possibility using S;g9 from ERA and PW,, from TOVS,

but found results which are mixed in sign and inconsistent between regions (thetefore, these
results are not included in Table 8.

Although some of the relationships seen in the data between cloud properties and
meteorology can be better understood though the model of BR89, there are enough disagree-
ments to imply that this may not be an adequate model to explain the MJJAS variability in
boundary layer cloud propetties in all regions. In particular, the model does not account for
changes in the advection of temperature and moisture. Unfortunately, adding more complex-
ity to a model of this kind may make it impossible to interpret the results. Additionally, incon-
sistencies could be the result of problems with ISCCP data or ERA meteorology.
Understanding the reasons for these disagreements may require additional long term mea-
surements in the subtropical regions, particularly in the SH, where little meteorological data is
assimilated into ERA.

VI. Conclusions

We have explored the role of the general circulation in the large-scale variability of sub-

tropical marine low-level cloud properties. Longer time scale processes change the basic state

of the subtropics and the more rapid processes at work within it. These interactions on differ-
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ent time scales make the variability non-local; this may account for the limited success of
attempts to desctibe the system using only local, linear or single variable analyses.

The longer period seasonal cycle plays 2 modulating role on daily to monthly variability.
With the exception of the Canarian region, CTP-TAU frequency distributions indicate that
these subtropical regions are more frequently populated by lower-altitude clouds with a wide
range of thicknesses during the NH summer season. This pattern is altered during the winter
season in the Californian region and duting both seasons in the Canarian by large-scale syn-
optic variations in both cloud properties and meteorology. We have examined changes in
cloud properties and meteorology as they occur together, and have speculated that changes in
cloud properties could be the result of changes in meteorology, although there is reason to
believe that the reverse can also be true (e.g. Clark 1993). These differences highlight the dif-
ficulty of treating the seasonal cycle as decoupled from other time scales of variability. Our
inability to consistently explain the seasonal variability in all four subtropical regions may be
due in part to the fact that part of the apparent cycle (e.g. the minimum values of low-cloud
fraction during the NDJFM season) occurs for different reasons in different locations.

Our attempt to explain the intraseasonal variability in the NH summertime and SH as a
result of interactions with changing tropical convection had limited success. The single box
model of BR89 predicts that clouds in subsiding regions will increase in TAU and decrease in
CTP with increasing SST, decteasing subsidence, increasing surface wind speed or increasing
the specific humidity above the inversion. Compatisons with our data show mixed agreement
with these model predictions and the results of surface-based studies, particularly when data
from both hemispheres are considered. The large number of inconsistent results between our

data, surface-observed studies and the BR89 model illustrates the need for additional long-

2/2/01



40

term observations of cloud and meteorology. To add to this analysis, these data need to
include simultaneous cloud property and meteorological data in both hemispheres, for both
seasons, and consider sufficient resolution in cloud CTP and TAU.

The model of BR89 cannot be used to test the larger amplitude variations induced by
synoptic waves during the NH winter season since assumptions of continuous subsidence
above the boundary layer and an equilibrium balance between the boundary layer and upper
atmospheric parameters are violated in this situation. A different type of model needs to be
used to study the effects of frontal passage on boundary layer processes, vertical structure and
cloud properties. One possibility is to use a single-column model and simulate the passage of

a front using a time-varying @7, and/or a temperature gradient at the surface. Simulating the

NH winter case study might be a more useful way to diagnose whether GCM low-cloud
model deficiencies are due to problems with the dynamics or with the cloud parametetiza-
tions since the intraseasonal variability in clouds properties and meteorology ate much larger
in amplitude.
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Temporal spectrum of daily average ISCCP total cloud TAU on the 10x10° spatial
scale for nine years (1984-92) for the four regions of Table 1. A line representing
a power law with exponent -1 is shown for reference.

Time-longitude diagrams of daily average ISCCP low cloud fraction at 25-30°N for
January - December 1990 (tesults are similar for other years). The Californian
region is located approximately between 230-240° longitude on this diagram.

Persistence (in days) of low cloud fraction events larger than 70% during MJJAS
and NDJFM (1984-92). Distributions are normalized by the total number of
events for that season.

Frequency distributions of daily average ISCCP low-cloud fraction (1984-92) on
2.5x2.5° and 20x20° spatial scales for MJJAS and NDJFM.

Same as Figure 4, but for ISCCP total cloud TAU.

2D frequency distributions of daily average ISCCP total cloud TAU and CTP
(1984-92) for the 10x10° domain. Solid lines are MJJAS and dotted lines are
NDJFM.

(a) Time seties of the monthly mean spatial standard deviation of ISCCP (1984-92)
total cloud CTP for the Californian region and selected tropical Pacific ocean
domains from Table 5. (b) Correlation when the Californian region is lagged (in
months) behind the tropical regions. (c) Correlation when the Peruvian region is
lagged behind the tropical regions.

2D frequency distributions of daily average ISCCP total cloud TAU and CTP

sorted by ERA seasonal SLP anomalies, CAL NDJFM (1984-90). Mean low and



total cloud fractions associated with each composite are printed in the upper left

hand corner.

Figure 9. Same as Figure 10d, but for anomalies in ERA A SLP.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

42
2/1/01

Same as Figure 10d, but for anomalies in ERA g,

Same as Figure 10d, but for anomalies in ERA vertical shear of the zonal wind
(Uspo-U1000)

Sorting ISCCP total cloud TAU and CTP by ERA ;4 and A ,SLP anomalies
together during NDJFM (1984-90).

Cloud properties associated with smaller - larger ERA SLP values for MJJAS in
the four subtropical regions.

Cloud properties associated with smaller - larger static stability values for MJJAS
in the four subtropical regions.

Dependence of pressure at the base of the temperature inversion on SLP anomaly
during NDJFM at ships N and P. The total number of soundings used in the fre-
quency distribution is printed on the figure.

Spatial pattern of composite SLP anomaly for NDJFM (1989-90) over the north-
ern Pacific ocean when ), anomalies in the 10x10° Californian region are pos-
itive and negative.

Spatial pattern of composite SLP anomaly for MJJAS (1989-90) over the northern
Pacific ocean when SLP anomalies in the 10x10° Californian region are positive
and negative.

Dependence of pressure at the base of the temperature inversion on SLP anomaly

during MJJAS at ships N and P. The total number of soundings used in the fre-



quency distribution is printed on the figure.
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"REGION LATITUDE | LONGITUDE.
CAL 20-30 N 120-130 W
PER 10-20S 80-90 W
CAN 15-25 N 20-30 W
NAM 10-20 S 0-10E

Table 1.
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Cloud Fraction

REGION IR - VIS/IR ;
MJJAS | Low Mid Hi | Low Ran Mid Hi St Sc  Cu Total
CAL 588 99 29 | 654 767 105 45 78 450 127 818
PER 662 64 02 | 659 735 90 17 23 464 172 816
CAN 376 75 31 | 431 506 80 76 11 210 209 608
NAM 629 49 02 | 662 731 75 24 42 491 130 782
NDJFM
CAL 482 145 110 | 457 663 146 166 19 271 168 796
PER 525 87 08 | 480 571 117 36 38 310 132 665
CAN 362 93 82 | 342 461 100 162 08 123 211 649
NAM 576 39 04 | 578 641 62 41 38 433 108 704
M]JJAS-NDJFM |
CAL 106 46 86 | 197 104 -41 -121 59 179 41 22
PER 137 23 06 | 179 164 27 19 15 154 40 151
CAN 14 18 51 | 89 45 20 86 03 87 211 -41
NAM 53 10 02| 84 90 13 17 04 59 06 78
Cloud Optical Thickness and Location of Cloud Top
REGION ~ LowCloud Total Cloud
mpjas |TAU Lwp .t 5S¢ G oppr o cTH|TAU LWP CIT CTP CTH
TAU TAU TAU
CAL | 89 8.1 206 80 23 2858 1277 | 81 702 2816 755 1923
PER | 49 487 303 75 25 2847 1308 | 106 445 2816 750 1784
CAN | 24 300 393 63 20 2808 1092 | 3.6 320 2811 735 2431
NAM | 68 637 272 83 22 2858 1200 | 84 530 2822 765 1754
NDJFM
CAL | 39 451 347 80 23 2822 1615 | 56 475 2721 675 3169
PER | 58 633 303 73 22 2852 1585 | 66 431 2805 715 2308
CAN | 15 242 604 62 17 2868 1415 | 34 291 2738 685 3415
NAM | 71 653 278 83 22 2883 1107 | 79 510 2827 750 1969
MJJAS-NDJFM
CAL [ 50 410 51 12 03 36 -339| 25 227 95 80 -1245
PER | -09 -146 00 02 00 05 277 |40 14 11 35 .523
CAN |09 58 .21 01 03 30 -323|02 29 73 50 985
NAM |03 16 06 00 00 25 92 |15 20 05 15 215
Tables 2a and 2b.
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“REGION |  >70% |  >50%  —
MJJAS | NDJFM | MJJAS | NDJEM

CAL 95 56 82 92
PER 75 36 109 85
CAN 13 16 60 54
NAM 78 67 103 94

Table 3.

Tow cloud
REGION 2 slope y-intercept

CAL 0.74 522 -13.04
PER 0.52 3n 2.26
CAN 0.56 348 -1.46
NAM 0.72 4.99 -11.64

ALL 0.73 497 -13.79

random overlap cloud

CAL 0.61 2.89 33.11
PER 0.59 4.22 346
CAN 0.36 2.27 22.27
NAM 0.70 514 -7.02
ALL 0.59 417 7.16

maximum overlapclond
CAL 0.20 1.16 62.84
PER 0.57 372 15.46
CAN (0.01) 0.26 56.78
NAM 0.74 5.27 4.54
ALL 0.38 2.65 34.56

Table 4.
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REGION | LATITUDE |LONGITUDE
PAC1 58-15N 150-180 E
PAC2 58-15N 180-150 W
PAC3 58-15N 150-120 W
PAC4 558-15N 120-90 W
Table 5.
ERA Sea Level Pressure
REGION | MJJAS NDJFM
MEAN| sTD | ANOM IMEAN| sTD | ANOM
CAL 10184 | 23 -7.8 9.0 |10205] 3.7 -17.3 8.1
PER 10184 | 23 -8.4 6.5 10162} 1.9 -5.5 53
CAN 1018.3 1.7 -5.7 51 10189} 27 -9.8 6.4
NAM 10219 | 24 -15 6.0 | 10161 20 -5.0 5.2
Table 6.
NDJFM “ change in cloud ptopertiés
Variable LCF TCF TAU CTP
SLP increase increase thicker larger
A SLP, Uy decrease decrease thinner none
W00 increase decrease none larger
Vertical Shear (Usgp-Ujpog) decrease increase none smaller
V1000 decrease none none smaller
A Tio00 none increase none smaller
A T1000 none decrease none larger
T;000, Clear Sky Temp decrease decrease thinner smaller
T700 increase none thicker larger
STAB none none none none
ERA STAB increase none thicker larger

Table 7.
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MJJAS chaxrlgﬁe'igl cloud properties regions affected
Variable LCF TCF TAU CTP
SLP increase(SH) | increase(SH) thicker smaller (NH) ALL
ASLP decrease decrease thinner none CAN and NAM
thinner
A SLP ALL
" decrease none (except NAM) amaller
®700 decrease none none smaller ALL(weak)
Uiooo decrease decrease thinner(NH) larger ALL
A Tyo00 decrease decrease thinner none ALL
decrease decrease .
v / ALL
1000 (except NAM) | (except NAM) thinner(CAL) none
A Tio00 decrease(SH) | decrease(SH) thinner smaller(CAL) ALL
increase increase i
SPEED (except PER) | (except PER) thicker(NH) smaller ALL
Vertical Shear . ALL except
decrease none thinner smaller -
(Usoo-U1o00) NAM
STAB increase increase thicker none ALL
Clear Sky Temp | decrease(SH) decrease thinner none ALL
. . . ALL except
TOVS 6
740 increase increase thicker larger NAM
ERA STAB increase increase thicker none ALL
ERA 81009 decrease(SH) decrease thinner none ALL
ERA 85 increase none thicker none All except NAM
Table 8.
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“REGION POS SLP ANOM NEG SLP ANOM
MODE MEAN STD MODE MEAN STD
NDJFM
CAL 279 (742) | 276 (727) 7 97) 285 (895) | 271(675) | 11(127)
SHIPN 292 (825) | 294 (828) 3 (43) 298 (825) | 298 (804) 3 (53)
SHIPP 282 (875) | 283 (824) 4 (88) 287 (725) | 286(740) | 12(108)
M]JJAS
CAL 288 (755) | 280 (736) 6 (75) 286 (773) | 284 (781) 4(62)
SHIPN 296 (875) | 296 (852) 3 (41) 300 (825) | 300 (824) 3 (46)
SHIPP 289 (875) | 288 (882) 4 (62) 203 (775) | 290(805) 3 (63)
Table 9.
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Table Captions

Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Table 7:
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Boundaries of the 10x10° regions. Other sizes are concentric around the given
boundaries. The 2.5x2.5° region is the box most equatorward and westward within
the 5x5° region. The Canarian region is shifted 5° west from KH93 to avoid coastal
influences.

(a) ISCCP D2 (1984-92) seasonal averages and differences for cloud fraction (%0).
Cloud fraction information is separated into types as defined by ISCCP. These types
include low-level (Low), low-level corrected using a random overlap assumption
(Ran), mid-level (Mid), high-level (Hi) and total cloud. Cloud fractions associated
with St, Sc and Cu optical thicknesses are also included. (b) ISCCP D2 (1984-92)
seasonal averages and differences for TAU, LWP (g/m?, CTP (mb), CTH (meters)
and CTT (°K).

Number of times low-cloud fraction surpasses the given threshold cloud fraction
(10x10° regions) by season (1984-92).

Cortrelation coefficients, slopes and y-intercepts for a linear fit to seasonal anomalies
(annual mean removed) in ISCCP low-cloud fraction and static stability. Results are
also shown when low-cloud fraction is corrected using assumptions of random and
maximum overlap. Correlations not significant at the 99% level are in parentheses.
Boundaries of the tropical Pacific regions.

Mean, standard deviation and range for ERA SLP by season for the regions of Table
1.

Changes in composite cloud properties associated with positive anomalies in meteo-

rology for the Californian and Canarian regions only during NDJFM. Increases or



Table 8:

Table 9:
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decreases in cloud fraction are included if the amount exceeds 5%.

Changes in composite cloud properties associated with increases in meteorological
variables for all regions during MJJAS. Increases or decreases in cloud fraction are
included if the amount exceeds 5%.

Mode, mean and standard deviation of composite temperatures and pressures (in
parentheses) for SLP anomalies during MJJAS and NDJFM. CAL pressures (mb)
and temperatures (degrees K) are those of the ISCCP cloud top; SHIP pressures

and temperatures are those associated with the base of the temperature inversion.
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