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ABSTRACT

Subseasonal variability of the stratus/stratocumulus cloud deck over the subtropical southeast Pacific is
studied using satellite and buoy observations as well as the NCEP-NCAR reanalysis. It is found that
subseasonal variability in the stratus cloud deck is closely related to variations in surface wind velocity,
water vapor, sea level pressure, and 500-hPa geopotential height. An increase in cloud liquid water (CLW)
over the subtropical southeast Pacific is found to be associated with the development of an anomalous
anticyclonic circulation to the south off the west coast of Chile. The enhanced southerly to southeasterly
winds advect cold and dry air into the stratus region against the mean sea surface temperature (SST)
gradient. This cold and dry advection, together with increased wind speed, intensifies surface latent and
sensible heat fluxes and destabilizes the boundary layer. Anomalous offshore easterlies north of the anoma-
lous anticyclone cause a low-level divergence. The associated subsidence warming, together with the cold
advection in the surface layer, strengthens the temperature inversion, conducive to the development of
stratus clouds. Buoy observations confirm this subseasonal cloud variability and its relationship with surface
meteorological variables.

A lead/lag composite analysis indicates that circulation variables such as sea level pressure and surface
wind lead cloud liquid water by 1-2 days while SST lags CLW by 1-2 days, suggesting that low-cloud
variability is caused by atmospheric circulation changes rather than by the underlying ocean. The dynamic
adjustment that leads to cloud fluctuations and possible orographic effects of the Andes are also discussed.
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1. Introduction

Stratocumulus (Sc) clouds often develop over the
subtropical eastern oceans and play an important role
in the regional and global climate by reflecting solar
radiation back to space and thereby reducing the down-
ward solar radiation at the surface. Because of their low
altitude, their effect on longwave radiation is rather
small. As a result, Sc clouds have a net cooling effect on
both the ocean surface and the atmosphere and may
affect basin-scale and global climates. For example,
general circulation model (GCM) studies show that the
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Sc cloud deck over the subtropical southeast Pacific
reduces the incoming solar radiation at the sea surface
and cools the local sea surface temperature (SST), trig-
gering a coupled ocean—atmospheric adjustment that
strengthens the climatic asymmetry in both east—-west
and north-south directions across the basin [see Xie
(2004a) for a recent review of studies of eastern Pacific
climate and the role of air-sea interaction].

Global studies of temporal variability of low clouds
using surface-based observations have focused on sea-
sonal mean properties and show that seasonal to inter-
annual variations in low-cloud amount are closely re-
lated to variations in atmospheric circulation, SST, and
stability of the lower troposphere (Klein and Hartmann
1993; Weare 1994; Norris and Leovy 1994; Klein et al.
1995). These studies indicate that low-cloud amount
anomalies are often negatively correlated with SST
anomalies because of a positive feedback: a decrease in
SST increases the stability of the lower troposphere and
thus low-cloud amount, while the increased cloud
amount in turn cools the ocean further. While this SST-
cloud correlation tends to be negative on the basin scale
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that the sparse ship observations can resolve, new high-
resolution satellite observations show that this correla-
tion may become positive on smaller spatial scales (a
few hundred kilometers; Xie 2004b). On these scales,
the moisture convergence effect dominates, with in-
creased low-cloud amount over positive SST anomalies.

Studies of Sc cloud variability at diurnal and synoptic
time scale have been restricted to the Northern Hemi-
sphere (NH) during boreal summer, the season when
these clouds are well developed (Klein 1997). Wylie et
al. (1989) studied synoptic variations in low-cloud
amount during the First ISCCP (International Satellite
Cloud Climatological Project) Regional Experiment
(FIRE; Albrecht et al. 1988). They found that increases
in low-cloud amount were statistically related to in-
creases in cold advection in the planetary boundary
layer (PBL), increases in 500-hPa height, and decreases
in boundary layer depth. Klein (1997) analyzed synop-
tic variations in low-cloud properties using the long ob-
servational record from Ocean Weather Station No-
vember (30°N, 140°W) and found that low-cloud
amount was strongly correlated with temperature ad-
vection, the stability of the lower troposphere, and the
relative humidity of the cloud layer. At diurnal time
scales, the daily maximum in Sc clouds generally occurs
just before dawn and the minimum near 1500 local time
over oceans (Minnis et al. 1992; Rozendaal et al. 1995;
Bretherton et al. 1995; Wood et al. 2002; among others).
The shortwave absorption by clouds in the afternoon
leads to a “decoupling” of turbulent circulations in the
cloud layer from those in the subcloud layer, resulting
in a thinning of the cloud layer depth (Nicholls 1984;
Betts 1990). Decoupling is considered to be an impor-
tant process in the diurnal cycle of low clouds.

Recently, Rozendaal and Rossow (2003) examined
some aspects of intraseasonal variability of boundary
layer cloud deck over the northeast Pacific and its as-
sociation with the general circulation during the NH
winter using combined data from the ISCCP and the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis. They speculated that
changes in cloud properties could be the result of
changes in the large-scale circulation.

In comparison to the NH Sc cloud decks, subseasonal
variability in marine stratocumulus clouds over the
southeast Pacific has not been studied adequately de-
spite their importance for tropical eastern Pacific cli-
mate (Philander et al. 1996; Gordon et al. 2000; Xie
2004a). Spare ship observations over the South Pacific
do not adequately resolve subseasonal variability. Here
we use a suite of satellite observations to study subsea-
sonal variability in Sc clouds over the subtropical south-
east Pacific and its relationship with atmospheric circu-
lation and SST. We will show that there is considerable
variability in 2-week and intraseasonal (40-80 days)
bands in association with cold advection in the PBL.
There is some indication that the cold advection results
from the interaction of midlatitude atmospheric distur-
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bances with the Andes. Since Sc cloud is a result of
complex interaction of dynamics, thermodynamics, and
microphysics, a description of its subseasonal cloud
variability and the relation with dynamic and thermo-
dynamic fields serves as a benchmark for model simu-
lations in this climatically important region. Such a
critical comparision of simulation and observations may
help improve atmospheric general circulation models
which tend to underestimate the amount of low clouds
over subtropical eastern oceans (e.g., Del Genio et al.
1996; Ma et al. 1996).

The rest of the paper is organized as follows. The
next section describes the datasets and statistical meth-
ods used in this study. Section 3 examines subseasonal
variability in marine Sc clouds over the southeast Pa-
cific and its relationship with atmospheric circulation.
Section 4 discusses the circulation changes that lead to
cloud fluctuations. Section 5 is a summary.

2. Data and statistical methods

a. Satellite data

The paucity of ship observations limits their use to
studying variability that is monthly or longer in time
and 1000 km or larger in space. New satellite observa-
tions offer a view of the vast oceans and overlying at-
mosphere in detail never possible before (Wentz et al.
2000; Hashizume et al. 2002; Xie et al. 2001; see Xie
2004b for a review). This study uses observations made
by the Special Sensor Microwave Imager (SSM/I),
Tropical Rainfall Measuring Mission (TRMM) micro-
wave imager (TMI), and microwave scatterometer on
the QuikSCAT satellite.

SSM/I measures column-integrated cloud liquid wa-
ter (CLW), column water vapor, sea surface wind
speed, and rain rate over the global ocean at a 0.25°
resolution (Wentz 1997). Here we use a daily product
derived from a 3-day running mean of F15 SSM/I mea-
surements on the Defense Meteorological Satellite Pro-
gram (DMSP) satellite for three years from January
2000 to December 2002. The SSM/I satellite flies on a
near-polar, sun-synchronous orbit and crosses the
equator at the same local times each day, at 2131 local
time on the ascending and 0931 on the descending track.

TMI also measures CLW over the global Tropics
within 40°N/S, but unlike SSM/I, the TRMM satellite
travels from west to east in a semiequatorial orbit and
takes about 45 days for an exact repeat of its orbit. Thus
data are collected at changing local times at any given
location on the earth. As a result, subseasonal variabil-
ity is aliased by the strong diurnal cycle of stratus clouds
in the subtropical South Pacific (Wood et al. 2002;
Bretherton et al. 2004). For this reason, we do not use
TMI CLW in this study. TMI carries a 10.7-GHz chan-
nel, which allows the measurement of SST nearly free
of clouds (Wentz et al. 2000). Since the SST diurnal
cycle is weak (~0.25°C in amplitude), TMI SSTs are
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not severely aliased at subseasonal time scale by the
diurnal cycle. We use a TMI SST dataset on a 0.25° grid.

The microwave scatterometer on the QuikSCAT sat-
ellite measures surface wind velocity over the World
Ocean. Like the SSM/I satellite, the QuikSCAT satel-
lite also flies on a near-polar, sun-synchronous orbit
and crosses the equator twice, at 0551 local time on the
ascending and 1751 on the descending track. To be con-
sistent with the SSM/I product, we use a daily mean
dataset of QuikSCAT wind velocity on a 0.25° grid
for the same period of 2000-02. SSM/I, TMI, and
QuikSCAT data are all downloaded from the Web site
of Remote Sensing Systems (http://www.ssmi.com).

b. Buoy observations and reanalysis

An improved meteorology (IMET; Hosom et al.
1995) buoy is deployed at 20.15°S, 85.15°W by the
Woods Hole Oceanographic Institution (WHOI) as
part of the Eastern Pacific Climate Investigation
(EPIC) program (Bretherton et al. 2004). The IMET
system makes observations of wind velocity, relative
humidity, surface air and ocean temperatures, incoming
shortwave radiation, and precipitation. The buoy data
are used to compute hourly averaged surface heat
fluxes using a bulk algorithm (Weller and Anderson
1996). We use daily averaged data based on the hourly
data for a 2-yr period from 7 October 2000 to 22 Oc-
tober 2002 (available online at http://uop.whoi.edu/
stratus/archival_data.html).

In addition, we use the daily averaged National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalysis data
(Kalnay et al. 1996) on a 2.5° X 2.5° grid, for sea level
pressure (SLP) and 500-hPa geopotential height.

c. Statistical methods

To determine statistical significance, we use the
method of Klein (1997) to estimate autocorrelation de-
cay time. For each variable the 1-day lag autocorrela-
tion coefficient, r, is first calculated, and the time in
days between independent observations, 7, is defined as
—2(In )~ !, following Leith (1973). (If 7 is less than one
day, then it is set to one day). In assessing the signifi-
cance of correlations between two variables (say x and
y), the number of independent paired observations is
required. This number is assigned to be the length of
observations divided by the maximum of 7, and 7,. Sig-
nificance is then determined using a standard ¢ test with
the cross-correlation coefficient, the number of inde-
pendent paired observations, and a specified confi-
dence level.

3. Subseasonal variability

Figure 1a shows the distribution of the 3-yr (2000-02)
mean SSM/I precipitation and CLW in the eastern Pa-
cific. Large precipitation is observed in the South Pa-
cific convergence zone (SPCZ) and the ITCZ north of
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F1G. 1. (a) Three-year (2000-02) mean SSM/I column cloud
liquid water (contour in 1072 mm) and precipitation (shaded in
mm day ') and (b) time series of column cloud liquid water (10~2
mm) averaged over the southeast Pacific stratus cloud deck [10°-
25°S, 80°-100°W; dashed box in (a)].
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the equator where CLW is closely related to deep
clouds. In the subtropical North Pacific and a wedgelike
region over the southeast Pacific, on the other hand,
nonprecipitating clouds dominate, with CLW reaching
a maximum of above 0.08 mm on each side of the equa-
tor, off the west coasts of Mexico and South America.
Typically, stratus/Sc clouds dominate these two sub-
tropical regions. This study focuses on the southeast
Pacific Sc cloud deck.

The CLW time series over the southeast Pacific dis-
plays a pronounced annual cycle, with its maximum in
local spring and minimum in local summer (Fig. 1b).
We use the annual and semiannual harmonics to rep-
resent the seasonal cycle and define subseasonal
anomalies as deviations from this seasonal cycle plus
the 3-yr mean. Figure 2 shows the temporal evolution of
the CLW anomaly averaged in 10-25°S, 80-100°W (the
dashed box in Fig. 1a, a region encompassing the maxi-
mum CLW in the mean). There is considerable subsea-
sonal variability in this area-averaged time series, with
a standard deviation of 1.5 X 10”2 mm or 15% of the
mean. We apply a Morlet wavelet to the CLW time
series to obtain a local wavelet power spectrum (Fig. 3).
Significant power concentrates mainly on two bands,
one at about 8-16 days and one at 40-80 days. Inter-
estingly, the CLW spectrum has a significant 40-50 day
peak in the late fall and early winter of 2001 and a
60-70 day peak in the late spring of 2000 and 2001.
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FIG. 2. Time series of column cloud liquid water (1072 mm)
averaged over the southeast Pacific deck 10°-25°S, 80°-100°W in
2000-02. Seasonal variations are removed with a harmonic analy-
sis. Dashed lines indicate 1.5 times the standard deviation.

a. Analysis of buoy observations

This subsection examines the effect of cloud fluctua-
tions on incoming solar radiation and its relationship
with surface meteorological variables as observed by
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the IMET buoy under the Sc cloud deck. A major role
of low clouds in climate is to reflect solar radiation and
reduce its value at the sea surface (Randall et al. 1984).
Figure 4 presents the time series of incoming shortwave
radiation anomaly at the IMET buoy and SSM/I col-
umn CLW anomaly at (20.125°S, 85.125°W), which is
the nearest grid point to the buoy (20.15°S, 85.15°W).
The SSM/I CLW and buoy-measured incoming radia-
tion are negatively correlated, with their correlation co-
efficient as high as 0.53 for 1 yr and 0.49 for the 2-yr
period when the IMET observations are available, both
significant at the 99.9% level based on the statistical
methods as described in section 2c.

The high correlation with the buoy-measured incom-
ing solar radiation indicates that SSM/I CLW may be
used to study the cloud-radiation effect in this region.
The typical range of the subseasonal variability is 0.05
mm (or 50% of the mean) for CLW and 40 W m ™2 (or
20% of the mean) for surface solar radiation (Fig. 4),
indicating that Sc clouds play a significant role in ra-
diation balance at the sea surface.

Table 1 lists the correlation coefficients between
SSM/I CLW at 20.125°S, 85.125°W and some other
variables measured by the buoy. The most significant
correlation is with the incoming shortwave radiation, as
discussed earlier. In addition, SSM/I CLW is positively
correlated with surface wind speed, consistent with
Klein’s (1997) analysis of observations at an ocean
weather station over the northeast Pacific. He sug-
gested that the wind speed correlation is indicative of
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FIG. 3. Local wavelet power spectrum (10~* mm?) using the Morlet wavelet for SSM/I CLW
averaged over the stratus region of 10-25°S, 80-100°W (dashed box in Fig. 1a). Shade indi-
cates regions with greater than 95% confidence for a red noise process with a lag-1 correlation

coefficient of 0.88.
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FiG. 4. SSM/I cloud liquid water at 20.125°S, 85.125°W (thick in
107>mm) and incoming shortwave radiation (thin in W m~2) mea-
sured by a buoy at 20.15°S, 85.15°W for a 1-yr period of 7 Nov
2000-6 Nov 2001, with their correlation coefficient on the left
bottom corner. Seasonal variations have been removed with the
harmonic analysis.

cold advection. We calculated surface temperature ad-
vection by using buoy-measured wind vectors and TMI
SST gradient averaged in 17.5-22.5°S, 82.5-87.5°W. It is
found that the CLW is highly negatively correlated with
the surface temperature advection. Surface air tem-
perature is also highly negatively correlated with CLW,
consistent with the highly positive correlation of the
CLW with surface temperature advection. With surface
air temperature decreasing due to the cold advection
and the increased surface wind, both sensible and latent
heat fluxes are increased and thus positively correlated
with CLW variations.

Surface specific humidity is negatively correlated
with CLW, an indication of dry advection in addition to
the cold advection, but the correlation is only margin-
ally significant. While previous radiosonde observa-
tions indicate significant correlations between cloud
amount and relative humidity in the cloud layer (Al-

TaBLE 1. Correlation coefficients of selected variables observed
by the IMET buoy with SSM/I column cloud liquid water at
20.125°S, 85.125°W. Correlations that are significant at the 99%
level are boldfaced. Note that seasonal variations are removed
before the correlations are calculated.

Variable Correlation coefficient
Sea surface temperature -0.17
Surface wind speed +0.32
Surface zonal wind -0.30
Surface meridional wind +0.16
Sea level pressure +0.12
Air temperature —-0.27
Surface temperature advection -0.27
Surface relative humidity -0.02
Specific humidity —-0.15
Sensible heat flux +0.32
Latent heat flux +0.32
Surface incoming shortwave radiation —-0.49
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brecht 1981; Bretherton et al. 1995; Klein 1997), surface
relative humidity is not correlated with cloud fluctua-
tions at the IMET buoy. Surface humidity signal is
weak or nonexistent possibly because of the competi-
tion between the moistening due to increased surface
flux and drying due to the horizontal advection and
enhanced vertical mixing.

b. Large-scale structures from
satellite measurements

To examine the linkage between the large-scale cir-
culation and the stratus cloud fluctuations, we compos-
ite surface wind velocity, column water vapor, SLP, and
500-hPa geopotential height fields based on the time
series of area-averaged SSM/I CLW over the subtropi-
cal southeast Pacific (Fig. 2). Days with this CLW index
exceeding 1.5 standard deviations (0.021 mm) are clas-
sified as being in the positive phase of the CLW vari-
ability; those below —1.5 standard deviations as being
in the negative phase. The 1.5 standard deviations are
shown with dashed horizontal lines in Fig. 2. There are
78 and 70 days in the 3-yr data record that are classified
as the positive and negative phases of CLW variability,
respectively. Data are averaged separately for these
positive and negative phase days. We discuss the dif-
ference fields between the positive and negative phase
composites. To determine the statistical significance of
the difference field, we compute the degree of freedom
as (n, + n, — 2) divided by the maximum of 7, and 7,
at each grid point and use a two-sided Student ¢ test,
where n, = 78, n, = 70; 7, and 7, are calculated with the
method described in section 2c.

Figure 5 presents the composite difference fields of
CLW, column water vapor, surface temperature advec-
tion, and scalar wind speed based on SSM/I observa-
tions, and QuikSCAT wind vectors. Here the surface
temperature advection is calculated by using Quik-
SCAT wind vectors and the TMI SST field instead of
surface air temperature. This is a reasonable approxi-
mation given that surface air temperature does not dif-
fer much from the underlying SST. Increased CLW
over the southeast Pacific is associated with an anoma-
lous anticyclonic circulation centered to the south
around 40°S, 85°W (Fig. 5a). The significant displace-
ment of the anticyclone center south of the maximum
CLW anomaly explains why the CLW-SLP correlation
is only marginally positive at the IMET buoy (Table 1).
The southeast trades are enhanced, and wind speed
increases in the northern half of this anomalous anticy-
clonic circulation (Fig. 5b). Buoy observations confirm
this positive CLW-wind speed correlation. At the
IMET buoy site, wind velocity anomalies are domi-
nated by the zonal component, consistent with CLW’s
high negative correlation with zonal wind and marginal
positive correlation with meridional wind (Table 1).

Over the positive CLW anomalies in the subtropical
South Pacific, anomalous winds are nearly perpendicu-
lar to the mean SST contours, resulting in a strong cold
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FIG. 5. Composite anomalies of (a) SSM/I CLW (contours in 1072 mm), (b) SSM/I wind speed (contours in m s~ '), (c) temperature
advection (light contours in 0.3°C day™!), and (d) SSM/I column water vapor (contours in mm) between the positive and negative
phases of CLW variability. Composite anomalies of QuikSCAT wind vector are also shown. Shade denotes regions where the
differences pass the two-sided ¢ test at the 99% significance level. Three-year (2000-02) mean TMI SST (heavy contours in °C) is also

plotted in (c).

advection (Fig. 5c) that is consistent with the highly
negative correlation with surface air temperature ad-
vection at the buoy. Negative anomalies of SSM/I col-
umn water vapor are observed to roughly coincide with
those of CLW, another result of dry and cold advection
from a cold ocean surface by anomalous winds. The
cold and dry advection, together with increased wind
speed, destabilizes the surface layer over the ocean and
enhances surface latent and sensible heat fluxes, as ob-
served by the IMET buoy. On the other hand, the in-
creased boundary-layer offshore easterlies associated
with the anomalous subtropical anticyclone support
low-level divergence and thus subsidence in the stratus
region. As a result, the subsidence warming, together

with the cooling of the boundary layer due to cold ad-
vection, acts to enhance the capping temperature inver-
sion, favorable for low-cloud formation (Klein and
Hartmann 1993; Norris 1998). The enhanced subsi-
dence and temperature inversion are indeed found in
both ECMWF and NCEP-NCAR reanalyses (Fig. 6).
The difference between the positive and negative phase
composites is similar between two datasets but is
greater in magnitude and deeper in height in the
ECMWEF reanalysis. At the positive phase of subsea-
sonal CLW variability, the cold advection by surface
flow cools the PBL, while the enhanced subsidence
causes a warming above the inversion. The combined
effect of surface cooling and free tropospheric warming
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FIG. 6. Vertical profiles of (a), (b) temperature (K) and (c), (d) vertical velocity (0.01 Pa s™') at 20°S, 85°W at
the positive (solid) and negative (dashed) phases of subseasonal CLW variability, based on 2-yr (2000-01) daily
mean ECMWF in (a) and (c) and NCEP-NCAR reanalyses in (b) and (d).

is to strengthen the temperature inversion, conducive
to stratus formation.

Relatively large anomalies of column water vapor are
found along the equator and in the SPCZ (Fig. 5d). The
cause of these remote anomalies is beyond the scope of
this study but may be indicative of interaction of the
large-scale atmosphere circulation and stratus cloud
deck. Based on a regional climate model, Wang et al.
(2005) recently found that the stratus cloud deck over
the southeast Pacific has a significant effect on the
large-scale atmospheric circulation and the ITCZ
through cloud-radiation—circulation feedback.

c¢. Lead/lag relationships

We now examine the lead/lag relations to infer cau-
sality. CLW peaks are selected with the following cri-
teria: (i) the CLW anomaly exceeds a threshold of 0.015
(—0.015) mm; (ii) it is the maximum (minimum) during
the adjacent 6 days (total 7 days including the peak
day); and (iii) CLW decreases (increases) in those ad-
jacent days on both sides. The time for this peak is
designated as “day 0”. There are 30 such peaks for both
positive and negative phase composites. Composites of
various fields are constructed each day from 3 days
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prior to the peak to 3 days after the peak. The
positive —negative composite difference is discussed be-
low.

Figure 7 presents the composite differences of CLW,
total and zonal wind speeds, SSTs, water vapor, and
temperature advection at various lead/lag times. The
temperature advection is calculated by using Quik-
SCAT wind vectors and the TMI SST field instead of
surface air temperature. Note that all anomaly fields in
Fig. 7 are spatially averaged over the southeast Pacific
stratus region (the dashed box in Fig. 1a). Surface wind
speed and temperature advection lead CLW by 1-2
days while SST lags CLW by 1-2 days. This indicates
that on subseasonal time scales CLW variations over
the southeast Pacific are strongly influenced by atmo-
spheric circulation rather than by underlying SST
changes. Our result of the temperature advection lead-
ing CLW by 1-2 days is different from Klein (1997),
who found the best correlation of the low-cloud amount
with temperature advection at zero lag. The phase dif-
ference is due in part to the fact that here we focused on
the subseasonal variability of low clouds with time
scales longer than 2 weeks, while Klein (1997) studied
the synoptic variability of low clouds with a time period
of several days (less than 5-6 days). Thus the phase shift
between the surface advection and cloud amount in his
work is not well resolved by using daily data. The SST
lag, however, is consistent with the results of Klein
(1997), who found that the low-cloud amount over the
northeast Pacific is best correlated with SST lagging 1-2
days. Simultaneous negative SST correlation, though
only marginally significant, is observed also by the

] | T CLW = SST
o Wsp e Tadv
s{ | ©U X Vap

1 +/
/

[

4 0 1
Lead/Lag time (day)

F1G. 7. Composite anomalies of CLW (0.02 mm), wind speed
(Wsp in m s™1), zonal wind (U in m s™!), TMI SST (0.1 K), water
vapor (Vap in mm), and temperature advection (Tadv in 0.1 K
day™!) as a function of the lead/lag time relative to the CLW
maximum. All anomalies are spatially averaged over the subtropi-
cal southeast Pacific (10°-25°S, 80°-100°W). See text for the com-
posite method.
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IMET buoy (Table 1). The SST decrease is likely due to
enhanced entrainment across the bottom of the ocean
mixed layer and increased surface turbulent heat flux in
response to increased wind speed, reduced air tempera-
ture and humidity, and reduced incoming solar radia-
tion. Note that Fig. 7 shows the composite differences
between the positive and negative phases. For the posi-
tive (negative) phase only, the SSTs decrease (increase)
about 0.1 K in 4 days, which would require an anoma-
lous heat flux of about 50 W m ™2 for a 50-m deep ocean
mixed layer. Based on our estimation, an increase by
0.02 mm in CLW would reduce shortwave radiation by
about 20-30 W m ™2, while an increase by 1-2 m s~ ' in
wind speed would induce an anomalous sensible and
latent heat flux of about 10-20 W m ™2,

4. Discussion: Atmospheric circulation

This section discusses the atmospheric circulation
changes that lead to the variations in the South Pacific
subtropical high, which cause subseasonal variations in
the stratus cloud deck as discussed in the preceding
section. Figure 8 portrays the differences of SLP and
500-hPa geopotential height between the positive and
negative CLW phases, obtained using the same method
as in section 3b and the NCEP-NCAR reanalysis. An
increase in CLW over the subtropical southeast Pacific
is associated with a positive SLP anomaly center off the
west coast of Chile, about 20° south of the stratus re-
gion. This anomalous high pressure is consistent with
the independent QuikSCAT observations of surface
wind velocity (Fig. 5). At 500 hPa, geopotential height
anomalies are roughly collocated with the SLP anoma-
lies, indicating that this anomalous high off Chile has a
barotropic structure in the vertical. The increase in
CLW over the subtropical southeast Pacific is also as-
sociated with a weak negative SLP anomaly center off
the southeast coast of Argentina and a positive SLP
anomaly center in the midlatitudes of the South Atlan-
tic. This anomaly wave train is more clearly reflected in
the 500-hPa geopotential height field (Fig. 8b), indicat-
ing that there are possible connections among atmo-
spheric circulations over the southeast Pacific and
South Atlantic.

Figure 9 presents the composite anomalies of SLP
and 500-hPa geopotential height at various lead/lag
times (—3~0 day), obtained using the same method as
in section 3c. Three days before CLW reaches its peak,
a strong negative SLP (500-hPa geopential height)
anomaly center occurs around 55°S, 110°W with a
maximum value of 12 hPa (120 gpm) while a strong
positive SLP (500-hPa geopotential height) anomaly
center appears around the southern tip of the South
American continent. Both negative and positive
anomaly centers then propagate eastward with a nearly
constant distance of about 3000 km between them (~
wavenumber 3 and 4). The negative anomaly center



1 JaANUARY 2005

XU ET AL.

139

500mb HGT

F1G. 8. Composite anomalies of (a) SLP (contours in hPa) and (b) 500-hPa geopotential height (contours in gpm) based on the
NCEP-NCAR reanalysis. Shade denotes regions where the differences pass the two-sided Student’s ¢ test at the 99% significance level.

eventually decays as it approaches the coast of South
America, while the positive anomaly center keeps
propagating eastward and reaches as far as the central
South Atlantic. When these midlatitude anomalies
travel eastward, a positive SLP (500-hPa geopotential
height) anomaly center develops over the subtropical
southeast Pacific just west of Chile. This subtropical
anomaly center intensifies and reaches the maximum
intensity 1 day before CLW reaches its peak. With
these midlatitude anomalies propagating eastward, a
negative anomaly center also develops over the south-
ern part of South America and reaches its maximum
intensity just 1 day after the subtropical positive
anomaly over the southeast Pacific reaches its peak,
indicating some delayed effects of the upstream posi-
tive anomalies over the southeast Pacific on the down-
stream negative anomalies over the southern portion of
South America. The intensification of the negative
anomalies may be associated with leeside cyclogenesis
as the upper-level westerly flow crosses the narrow and
steep Andes. This lagged relationship between the at-
mospheric circulation over the southeast Pacific and
that over South America is also found by Wang and Fu
(2004), who showed that the low-level jet (LLJ) inten-
sity over on the eastern flank of the Andes is highly
correlated with upstream zonal winds a few days earlier
over the subtropical South Pacific. These associations
among the midlatitude low, subtropical high over the
southeast Pacific and the subtropical low over southern
South America are confirmed in a one-point lead/lag
correlation analysis of the 500-hPa geopotential height
field with the base grid point at 30°S, 85°W (not
shown). In addition, the advection by the midlatitude
low of low potential vorticity air from low latitudes off
South America may contribute to the development of
the Pacific subtropical high.

The intensification of the Pacific subtropical high

may also be associated with the blocking effect of the
Andes Mountains. Garreaud et al. (2002) found that a
coastal low off the west coast of Chile often develops as
an upper-troposphere, midlatitude ridge over the Pa-
cific approaches the Andes. These coastal lows/ridges
are also often observed along the west coast of North
America (Nuss et al. 2000), and a common feature of
these coastally trapped disturbances off North and
South America is their poleward propagation. Based on
numerical simulations, Garreaud and Rutllant (2003)
showed that the coastal trough is largely due to the
upwind barrier effect as the synoptic-scale low-level
easterly flow impinges on the Andes. Here we propose
a similar mechanism for the development of SLP
anomalies off subtropical South America. As a midlati-
tude low pressure center travels eastward and ap-
proaches the west coast of South America, the onshore
westerly winds intensify on the northern side of the low.
Due to the blocking effect of the high Andes, air piles
up near the coast, leading to an increase in SLP. Fur-
ther studies are necessary to test this mechanism.
Finally, we discuss the mechanism for eastward-
propagating anomalies in the midlatitudes that cause
the intensification of the subtropical high over the
southeast Pacific. Over the last two decades many in-
vestigators have examined subseasonal variability of
the Southern Hemisphere circulation in the middle and
high latitudes. Kidson (1991) applied a 10-50-day band-
pass filter to daily ECMWF analyses for 1980-88 and
found that variations on this time scale contribute more
than 40% of the daily variance in 500-hPa geopotential
over much of the middle and high latitudes of the
Southern Hemisphere. EOF analysis of the unnormal-
ized variance for all seasons shows that 49% of this
variance can be explained by zonal wave trains cen-
tered on the South Pacific and southern Atlantic/Indian
Oceans, a high-latitude mode of global extent, and a
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FI1G. 9. Horizontal distributions of composite anomalies of NCEP-NCAR SLP (shaded in hPa) and 500-hPa geopotential height
(contours in gpm) at various lead/lag times (—3~0 day) relative to the CLW maximum.

wavenumber-3 pattern at midlatitudes. All of the lead-
ing modes propagate eastward, but the most consistent
movement is shown by the South Pacific wave train.
This wavenumber-4 pattern moves eastward at 4°-7°
longitudes per day near 55°S. Berbery et al. (1992) and
Ambrizzi et al. (1995) also found that eastward-
propagating waves of zonal wavenumbers 3 and 4 are
confined to a zonal belt between 40° and 60°S, with the
polar jet acting as a waveguide. These eastward-
propagating wave trains have equivalent barotropic
structure in the vertical and their phase tilts slightly
westward with height (Ghil and Mo 1991; Kidson 1991;
Lau et al. 1994), consistent with the vertical structures
of the eastward-propagating anomalies presented here.
Kiladis and Weickmann (1997) further suggested that
these eastward-propagating wave trains are forced by
convection in the Indian and Australasian sectors.

5. Summary

New satellite and buoy observations are used to in-
vestigate subseasonal variability in the Sc cloud deck

over the subtropical southeast Pacific. SSM/I CLW is
highly correlated with the incoming shortwave radia-
tion at the sea surface measured by an IMET buoy off
South America, demonstrating that the satellite-
measured CLW can be used to study cloud variability.
On subseasonal time scales, SSM/I CLW is significantly
correlated with local wind velocity, surface air tempera-
ture, and sensible and latent heat fluxes based on the
buoy observations. This result is consistent with that of
Klein et al. (1995) and Klein (1997) for synoptic vari-
ability in the northeast Pacific stratus deck based on
weather station observations.

A lead/lag composite analysis show that surface wind
speed and its temperature advection lead CLW by 1-2
days while local SST lags CLW by 1-2 days, indicating
that on subseasonal time scales, CLW is strongly influ-
enced by atmospheric circulation changes rather than
by the underlying ocean. An increase in CLW is asso-
ciated with an anomalous positive SLP center and an
anomalous anticyclonic circulation (enhanced subtropi-
cal high) over the southeast Pacific west of South
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America, with enhanced surface southeasterly winds in
the stratus cloud deck region. These anomalous winds
blow in the direction of the mean SST gradient, advect-
ing cold and dry air into the stratus region from the
coastal region off Chile where SST is kept cold by the
strong upwelling. The cold and dry advection together
with increased wind speed helps destabilize the surface
layer over the ocean, increasing surface latent and sen-
sible heat fluxes. On the other hand, the enhanced off-
shore easterlies associated with the anomalous anticy-
clone cause low-level divergence and subsidence in the
southeast Pacific stratus region. Together, the subsi-
dence warming and the cooling of the PBL act to en-
hance the capping temperature inversion, favoring low-
cloud formation.

The lead/lag composite analysis indicates that an in-
crease in CLW and a strengthening of the subtropical
high over the southeast Pacific are associated with an
eastward-propagating low-pressure disturbance in the
midlatitudes, suggesting possible interactions between
the subtropics and midlatitudes. In addition, the high
Andes Mountains along the west coast of South America
may act to amplify the subtropical high by blocking the
eastward-propagating midlatitude disturbance.

While the southeast Pacific stratus deck plays an im-
portant role in basin-scale climate (Philander et al.
1996; Ma et al. 1996; Xie 2004a), its realistic simulation
is still a challenge in many global and regional climate
models. Recognizing the need to better describe and
understand this important element of Pacific climate,
the stratus cloud deck off the west coast of South
America is a focus of the recent EPIC field campaign
(Bretherton et al. 2004). A follow-on campaign, the
Variability of the American Monsoon Systems
(VAMOS) Program’s Ocean—Cloud-Atmosphere—
Land Study (VOCALS), is under planning for a de-
tailed investigation of this subtropical stratus cloud
deck. This cloud deck involves complex interactions
among atmospheric circulation, mixing, radiation, mi-
crophysics, and ocean. Our observational study of its
subseasonal variability provides a benchmark for model
simulation. A realistic model should correctly simulate
this subseasonal cloud variability and its relationship
with atmospheric circulation. Recently, we have used a
regional atmospheric model to simulate the southeast
Pacific cloud deck (Wang et al. 2004) and study the
effect of the Andes (Xu et al. 2004). The simulation of
subseasonal variability of this cloud deck and investi-
gation of its vertical structure and mechanism using this
model are a subject of our future study.
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