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[1] The structure of tropical large-scale vertical velocity from the European Centre for
Medium-Range Weather Forecasts Re-Analysis is compared with simultaneous satellite
measurements of precipitation, top of atmosphere radiation, and clouds from the Tropical
Rainfall Measuring Mission (TRMM) on timescales ranging from hours to months. The
first two empirical orthogonal functions of the vertical velocity profile represent the
traditional deep circulation (PC1) and a shallower circulation (PC2) associated with
middle-level divergence. Together they explain 90% of total variance and can distinguish
two types of upward and downward motion: ‘‘top heavy’’ and ‘‘bottom heavy.’’ Cloud and
radiation budget quantities measured on TRMM have coherent relationships to PC1
and PC2 on all timescales from simultaneous to long-term means. The relative importance
of PC2 is greater on short temporal and small spatial scales. ‘‘Top heavy’’ ascent is
associated with deep cloud systems, more intense precipitation, lower outgoing long-wave
radiation, stronger cloud long-wave forcing, and extensive anvils. Cloud short-wave
forcing depends primarily on PC1, while the net cloud forcing depends more on PC2.
High-thin clouds are less correlated with short-term variations of the vertical velocity.
Shallow precipitation measured by TRMM precipitation radar is associated with ‘‘bottom
heavy’’ upward motion. Temporal compositing with respect to intense precipitating events
shows that strong upward motions tend to develop in the lower atmosphere first and
then change to the more ‘‘top heavy’’ type of upward motion. The associated cloud
systems show consistent temporal changes in which high-thick clouds develop first
and extensive anvil clouds develop later. These results suggest that the elevated latent
heating from stratiform precipitation and the development of ‘‘top heavy’’ upward motion
profiles in the tropics are related to each other. The coherent relationships shown here
between large-scale vertical velocity and independently measured cloud and precipitation
data can be used to test the performance of climate models.
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1. Introduction

[2] Cloud radiative feedback (CRF) stands as a large
source of uncertainty in predicting future climate [Cess et
al., 1989; Intergovernmental Panel on Climate Change,
2007; Stephens, 2005]. Previous studies have shown that
CRF is often coupled with the large-scale circulation, which
affects both the amount and type of cloud present [Dhuria
and Kyle, 1990; Hartmann et al., 2001, 1992; Ockert-Bell
and Hartmann, 1992]. Some efforts have been made to
isolate the effect of large-scale circulation on clouds by
using the large-scale vertical pressure velocity at 500 mbar,
w500, as in the work of Bony et al. [2004] and Williams et al.
[2003]. Compositing cloud properties with respect to w500

provides a useful process-based diagnostic tool for climate

model evaluation/intercomparison [Wyant et al., 2006].
However, cloud properties can vary significantly even after
vertical velocity and SST are accounted for [Yuan et al.,
2008].
[3] In the past three decades many studies have used

radar and sounding measurements to investigate convective
systems over tropical oceans. Stronger lower level upward
vertical motion and a middle-level maximum of horizontal
divergence associated with convective systems have been
found from Global Atmospheric Research Program Atlantic
Tropical Experiment (GATE, eastern Atlantic) compared to
Marshall Islands (western Pacific) soundings [e.g., Reed
and Recker, 1971; Thompson et al., 1979]. GATE convec-
tive systems are found to have relatively more heating at
lower troposphere compared to oceanic convection of
Australia Monsoon Experiments (AMEX) [Frank and
McBride, 1989]. Moreover, more lower clouds (defined
by echo top heights) have been found from GATE compared
to that from Tropical Ocean Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (COARE)
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[Johnson et al., 1999]. Recently, statistical results based on
a large sample of satellite observations suggest that net
cloud forcing over the eastern Pacific ITCZ is more nega-
tive because anvil and thin cloud abundances are less in the
East than the western tropical Pacific [Hartmann et al.,
2001; Kubar et al., 2007]. On the other hand, different types
of large-scale vertical motion profiles associated with dif-
ferent types of circulation have been found over the
western Pacific warm pool and the eastern Pacific ITCZ
regions from reanalyses and ship sounding data [Back and
Bretherton, 2006; Trenberth et al., 2000; Zhang et al.,
2004]. Monthly mean satellite data and reanalyses also
show that the anomalous cloud structure over the convective
region in the western Pacific warm pool in 1998 is associ-
ated with the anomalous large-scale vertical velocity pro-
files [Yuan et al., 2008].
[4] In the tropical atmosphere the adiabatic heating (gen-

erated by large-scale vertical motion) and the diabatic
heating (latent heating, radiative heating etc.) associated
with tropical convection are the major terms in the large-
scale energy budget. Tropical mesoscale convective systems
can alter the shape of the large-scale vertical motion profile
by producing different types of latent heating profiles
[Houze, 1982, 1989]. Houze [1982] argued that the strati-
form heating (upper atmosphere heating and lower atmo-
sphere cooling) generated by precipitating anvil clouds
results in an elevated heating profile. This elevated heating
profile can induce stronger large-scale upward motions in
the upper troposphere [Hartmann et al., 1984; Lin et al.,
2004; Schumacher et al., 2004], which may be related to the
‘‘top heavy’’ type of upward motion profile. Radar obser-
vations and rawinsonde analysis suggest the existence of
precipitating clouds with cloud top heights between tradi-
tional shallow cumulus and deep cumulonimbus categories,
which are associated with the middle-level divergence (i.e.,
the ‘‘bottom heavy’’ type upward motion) [Folkins et al.,
2008; Johnson et al., 1999]. Zhang et al. [2004] also
hypothesize that the shallower convection over the east
Pacific ITCZ might be responsible for the broad middle-
level meridional return flow from warm SST region toward
cold SST region.
[5] Pandya and Durran [1996] showed that gravity

waves generated by vertically tilted convective thermal
forcing from a squall-line system can produce consistent
mesoscale circulation patterns compared with observations,
and that gravity wave responses lead the changes in anvil
cloud coverage. This suggests that anvil clouds might be
associated with the time-variant synoptic/convective forc-
ing, either externally applied or generated by the self-
aggregation of the convection itself, which might not be
captured by climatological mean properties of thermody-
namics and dynamics (SST and omega etc.).
[6] These findings suggest a relationship between cloud

population and the vertical structure of the large-scale
vertical velocity. The characteristics of the vertical velocity
(or divergence) profile of convective systems have been
investigated on the basis of accurate in situ measurements or
numerous convective clusters simulations [e.g., Houze,
1982, 1989; Mapes and Houze, 1995]. However, since
convection varies from case to case, it is hard to obtain a
general observed relationship between vertical structure of
large-scale dynamics and cloud properties well-suited for

diagnosing/evaluating general circulation models based on
limited samples from field observations. Observational
studies of cloud effects and vertical motions to date have
been mostly done with monthly mean data or longer periods
and focus on the midtroposphere vertical velocity. The
short-term (daily or shorter) dependence of cloud radiative
impacts on the vertical velocity profile has not been well
documented. Considering the transient nature of convective
activity, the short-term or high-frequency response is of
great interest. Here we investigate the existence of coherent
relationships on a variety of timescales and space scales
between the European Centre for Medium-Range Weather
Forecasts Re-Analysis (ERA-40) vertical velocity profiles
and cloud, radiation, and precipitation data measured from
satellites.
[7] Data used in this study are introduced in section 2. In

section 3, the first two modes of vertical velocity profiles
are analyzed. The dependence of clouds and their radiative
impacts on large-scale vertical velocity profiles for different
timescales are shown in section 4. The time dependence of
vertical velocity profiles and clouds relative to precipitating
events is presented in section 5, with conclusions and
summary in section 6.

2. Data and Gridding

2.1. Data

[8] The Clouds and the Earth’s Radiant Energy System
(CERES) [Wielicki et al., 1996] measures the broadband
radiation at the top of the atmosphere. CERES instruments
were launched aboard the Tropical Rainfall Measuring
Mission (TRMM) in November 1997 and on the EOS Terra
and Aqua satellites in 1999 and 2002. CERES instruments
are substantially improved over the ERBE instruments. The
CERES-TRMM-ES4 (1998) ERBE-like gridded daily top
of atmosphere (TOA) radiant fluxes are used in this study
[Doelling et al., 2006]. The daily averaged outgoing long-
wave radiation (OLR), total reflected solar radiation (TRS),
and cloud radiative forcing at the top of the atmosphere are
available. The long-wave, short-wave, and net cloud forc-
ings are defined as

LWCF ¼ OLRcs� OLR; ð1Þ

SWCF ¼ TRScs� TRS; ð2Þ

NetCRF ¼ LWCFþ SWCF; ð3Þ

where subscript ‘‘cs’’ indicates the clear sky value. The net
radiation used in study is defined as

Net ¼ Inc� TRS� OLR; ð4Þ

where the ‘‘Inc’’ is the incoming solar radiation at the TOA.
[9] Cloud information is obtained from the CERES-

TRMM-SSF product. Cloud properties are inferred from
the simultaneous measurements by the Visible Infrared
Scanner (VIRS) imager, which flies along with CERES
on the TRMM spacecraft. Since we are interested in both
thermal and optical properties of tropical convective cloud
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systems, only daytime cloud data are used. The main
algorithm used during the daytime is the Visible Infrared
Solar-Infrared Technique (VIST) [Minnis et al., 1995]. The
CERES cloud product provides cloud effective temperature
and optical depth along with other microphysical/geometri-
cal properties [Minnis et al., 1999]. Comparisons between
cloud properties from VIS and radar observations over the
ARM southern Great Plains (SGP) site based on limited
samples suggest that the VIRS and surface daytime retriev-
als agree within the CERES accuracy goals and at roughly
same level as a similar comparison of surface, aircraft, and
GOES retrievals for stratus over the same site [Dong et al.,
2002].
[10] Both the Tropical Rainfall Measuring Mission

(TRMM) Precipitation Radar (PR) Rainfall Rate and Profile
Product (TRMM2a25, version 6) [Iguchi et al., 2000] and
the merged high-quality (HQ)/infrared (IR) precipitation
data (TRMM3b42, version 6) are used in this study. The
TRMM-PR operates at 13.8 GHz that measures the 3-D
rainfall distribution and provide the most accurate rain rate
profile covering the whole tropics measured from space.
The estimates of attenuation-corrected radar reflectivity
factor and near-surface rainfall rate are given at each
resolution cell (4 km � 4 km � 250 m) of the PR. The
rain type information from TRMM PR Rain Characteristics
Product (TRMM2a23) [Awaka et al., 1997] is included in
the current version of TRMM2a25.
[11] TRMM3b42 is a mutisatellite and rain gauge analy-

sis based global precipitation product [Huffman et al., 1997,
1995]. It provides precipitation data and root-mean-square
(RMS) precipitation-error estimates [Huffman, 1997] grid-
ded on a 3-h temporal resolution and a 25 km spatial
resolution in a global belt extending from 50 degrees south
to 50 degrees north latitude. The 3b42 estimates combine
the high-quality (HQ) microwave estimates that are cali-
brated by TRMM PR data and the variable rain rate (VAR)
IR estimates created by using the calibrated microwave
precipitation. The precipitation field is rescaled on the basis
of the GPCP One-Degree Daily combination data set by
scaling the short-period estimates to sum to a monthly
estimate that includes monthly gauge data.
[12] The European Centre for Medium-Range Weather

Forecasts (ECMWF) Re-Analysis (ERA-40) is used in this
study to characterize the vertical velocity field. The ERA-40
project is a comprehensive global analysis for the 45-year
period covering September 1957 to August 2002 [Uppala et
al., 2005]. Multiple archives of in situ and satellite obser-
vations were assimilated by the model. The data used here
are the ECMWF ERA-40 model output of the vertical
pressure velocity on 13 constant pressure surfaces (ranging
from 1000 hPa to 70 hPa). The vertical velocities are
archived at global T159 spectral resolution in spherical
harmonics and extracted to the reduced N80 Gaussian grid
with an approximate horizontal resolution of 125 km. All
data are archived 4� daily at 00z, 06z, 12z and 18z.

2.2. Gridding

[13] All data used for compositing study are linearly
regridded/averaged into 1� � 1� spatial resolution. CERES-
TRMM-PFM-ES4 daily TOA radiation and cloud radiative
forcing data are provided at 2.5� � 2.5� resolution. ERA-40
vertical velocities have 1.125�� 1.125� resolution. They are

both regridded to 1� � 1� resolution. TRMM3b42 has
0.25� � 0.25� resolution and it is averaged to 1� � 1�
resolution. CERES-SSF cloud data and TRMM2a25 PR
data are provided as satellite granule data with footprint
resolution of 4�10 km. They are averaged into 0.25� �
0.25� grids at first and then re-averaged to 1� � 1� grids.
Quality control flags have been considered during the
regridding process. Grids with few samples (i.e., footprints
or subgrids covering less than 2/3 of the averaging grids) are
not used in this study. Since daily clear sky TRS are sparse
and unavailable more over convective areas, the monthly
mean clear sky albedo data are used with daily insolation to
generate the clear sky TRS for grids without valid data. For
this reason the SWCF temporal variations are not evaluated
in the high-frequency analysis (periods shorter than 5 days).
[14] To study the dependence on timescales, temporal

averaging is performed on varying intervals. For the com-
positing study, all data are first daily averaged, because the
TOA radiation is provided at this frequency. Then longer
time averages of these quantities are based on daily aver-
ages. For the study in section 5, CERES clouds and TRMM
PR data are averaged to 3-h boxes, consistent with
TRMM3b42. ERA-40 is left as 4xdaily to preserve the
higher temporal resolution. The time period for the analysis
is 8 months (January 1998 to August 1998) for all data in
this study except for Figure 7, for which 2 years of PR data
(1998–1999) were used. All analysis is over open water
away from land.

3. Structure of the Vertical Velocity Profile

[15] To characterize the structure of the large-scale verti-
cal velocity profile we perform empirical orthogonal func-
tion (EOF) analysis of the tropical vertical velocity profiles.
Analysis is performed separately for instantaneous data and
for data averaged over different time periods from 1 day to 1
month. To properly perform the EOF analysis, the pressure
velocity at each level is weighted by multiplying by the
layer thickness:

w*i ¼ wi Piþ1 � Pi�1ð Þ=2; ð5Þ

where Pi, wi, and wi* refer to the pressure, the vertical
pressure velocity, and the weighted vertical pressure
velocity at the level i, respectively. The surface pressure is
also used to properly estimate the weighting for the lowest
level (1000 hPa). Then the EOF analysis is performed on
the covariance matrix of w*. When using equal-angle
gridded data another weighting is added to take into account
the area (square root of cosine[latitude] of each grid).
[16] Figure 1a shows the two leading EOFs (with weight-

ing removed) of vertical velocity profiles based on different
timescales. The 4�daily data is averaged to different time-
scales to see how the resulting EOFs change with the
timescale. All EOF analysis is based on 2.5� � 2.5� gridded
data over the whole tropics (30�N–30�S). The EOFs
derived from 22 years of monthly mean data are also shown
in Figure 1a. The EOFs change shape only slightly when
data with different timescales are used. EOF1 shows a broad
maximum through the middle troposphere, which is associ-
ated with the deep circulationmode with strong convergence/
divergence in the upper and lower atmosphere. EOF2 shows
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a shift between the upper and lower atmosphere that
corresponds to a broad middle atmosphere convergence/
divergence corresponding to shallower circulations. All
EOF1 and EOF2 are statistically distinct from each other
and from higher modes (95% level), after taking into
account autocorrelation following Bretherton et al. [1999].
By projecting EOF1 and EOF2 on the original vertical
velocity data we can get the first two principle components
PC1 and PC2. Using EOF1 and EOF2 derived on the basis
of monthly mean data (Figure 1, thick solid and thick
dashed lines) or 4xdaily data (Figure 1, solid line with
squares and dashed line with squares) resulting PC1s have a
correlation of 0.9996 (r2 = 99.9%) with the regression
1.002(0.2% deviation). Resulting PC2s have a correlation
of 0.986 (r2 = 97.2%) with the regression 1.005 (0.5%
deviation). Thus using different averaging periods to deter-
mine the EOFs has no effect on the PCs. The fraction of
variance explained by EOF2 is greatest for instantaneous
data and decreases with averaging period (Figure 1b), which
indicates that the second mode is associated more with
short-term variability. EOF1&2 together persistently explain
(85%�90%) of the total variance. Power spectral analysis of
PC1 and PC2 (not shown) shows that about 80% of total
variance is explained by periods longer than 5 days for PC1
and only about 50% for PC2. Since the internal mode PC2
has a slower gravity wave speed than PC1, it is likely that
the smaller temporal and spatial scales of PC2 arise from the
forcing that drives it. It is driven in the positive phase by
shallow convection and in the negative phase by mature
stratiform convection. It is likely that the slow radiative
cooling of clear skies that balances most of the convective
heating has a deep structure like PC1, and the response of
the clear-sky cooling is likely to be slow, so this may also
help to explain the difference in timescale between PC1 and
PC2.
[17] Figure 2 shows the maps of annual mean PC1 and

PC2 derived from ERA-40 based on 10 years of data. They
are scaled by each EOF’s amplitude. We define the EOFs’

sign such that positive PC1 means downward motion.
Positive PC2 means low-level upward motion and high-
level downward motion, which corresponds to middle-level
divergence. The magnitude of PC1 is scaled so that its value
is nearly equivalent to the middle-troposphere pressure
velocity. PC2’s magnitude is scaled so that it is equivalent
to the amplitude of the vertical change of velocity. The map
of annual mean PC1 looks almost exactly like w500 and so
characterizes the typical mean tropical large-scale circula-
tion pattern.
[18] The map of PC2 brings some new information in

addition to PC1. It shows that over the eastern ITCZ PC2
has positive sign. As described by Back and Bretherton
[2006], that constitutes the ‘‘bottom heavy’’ type of vertical
motion profile. This is also consistent with the work of
Trenberth et al. [2000] and Zhang et al. [2004] in that over
the eastern Pacific ITCZ area, middle-level meridional
overturning rises over the warm SST region. Over the
western Pacific/Indonesian region the PC1 and PC2 are
both negative (‘‘top heavy’’ upward motion), which indi-
cates a deep layer of convergence in the lower troposphere.
These differences in the mean motion field are consistent
with more stratiform elevated clouds in the western Pacific
Ocean [Houze, 1982]. The middle-level overturning circu-
lation over the east Pacific Ocean associated with the
‘‘bottom heavy’’ upward motion may be related to strong
SST gradients [Back, 2007; Zhang et al., 2004] and less
upper level anvil clouds [Kubar et al., 2007]. Our analysis is
performed on the two rectangular regions, western Pacific
(15�S–15�N, 100�E–160�E; WP hereinafter) the eastern
pacific ITCZ area (15�S–15�N, 210�E–270�E; EP herein-
after). Only grid cells without land are included in the
analysis, but if we include the land areas in the WP box
the results are not very different.
[19] In this study we use EOF1 and EOF2 to characterize

the vertical velocity profile and composite other cloud and
radiation variables into a PC1 and PC2 phase space. The
different types of vertical velocity profiles (or anomalies of

Figure 1. (a) EOF1 and EOF2 of the vertical velocity profile derived from the European Centre for
Medium-Range Weather Forecasts Re-Analysis (ERA-40) and (b) the fraction of total variance explained
by them, as a function of timescales.
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vertical velocity profiles) in the PC1-PC2 phase space are
shown schematically in Figure 3. Quadrants 1 and 3
represent ‘‘bottom heavy’’ vertical motion, and quadrants
2 and 4 represent ‘‘top heavy’’ vertical motion.

4. Compositing Observations Into PC1-PC2
Coordinates

[20] The observed precipitation, TOA radiation and re-
trieved clouds are composited into bins defined by PC1 and
PC2. We separate the compositing into two parts. First we
compute the temporal anomalies from both reanalysis data
and observations. These observed anomalies are then
assigned to this array on the basis of these anomalies of
PC1 and PC2. We will label these anomalies as dPC1 and
dPC2. This shows the relation of anomalies to temporal
anomalies in PC1 and PC2. The second method uses the
long-term mean of all the data to reflect the relations due to
large-scale spatial dependence of climatology.
[21] In what follows we will show very consistent depen-

dencies of cloud and radiation properties measured from
satellites on the first two modes of vertical velocity from
ERA-40 reanalysis. The consistent and physically reason-
able results obtained here are somewhat surprising given the
grid and time matching that must be done and the fact that
the vertical velocities are not observed, but are inferred from
a data assimilation process. Decomposing the vertical ve-
locity profile into EOF structures reduces the noise in the
vertical velocity profiles somewhat, but we believe the main
reason we obtain these consistent results is that we average
over a large amount of data for each result that we show.

Averaging over a large ensemble of events allows the real
dependencies to emerge from what might be a noisy data
set. It may also be that the vertical velocities from reanalysis
are better than many people think. We have performed these

Figure 2. The averaged annual mean (1990–1999) map of PC1 and PC2 scaled by the amplitude of
EOF1 and EOF2.

Figure 3. Schematic view of the signature types of vertical
velocity profiles in different quadrants of the PC1 versus
PC2 (or dPC1 and d PC2) phase space used here. Quadrant
numbers are shown at the center of each quadrant.

D19201 YUAN AND HARTMANN: CLOUDS AND VERTICAL VELOCITY PROFILES

5 of 14

D19201



analyses with NCEP/NCAR vertical velocities and obtained
very similar results in all cases.
[22] Since most results are similar between the WP and

EP, primarily only results of the WP area are shown in this
paper. Because CERES-ES4 TOA radiation is provided as
daily averages, all data are daily averaged. About 450,000
data grids are used for each area. We regroup CERES
clouds into four cloud types following Kubar et al.
[2007]. High clouds with cloud effective temperature less
than 245�K are separated into three types. High-thin clouds
are clouds with the visible optical thickness less than 4,
which generally have positive cloud net radiative forcing.
Anvil clouds are defined as clouds having visible optical
thickness not less than 4 but smaller than 32. High-thick
clouds with optical thickness greater than 32 are tightly
associated with precipitation rate [Kubar et al., 2007]. Since
cloud retrievals are based on passive retrieving techniques
measured from space, lower clouds usually have high

anticorrelations with high clouds due to overlapping. For
simplicity the lower clouds are grouped in one category
defined as clouds with effective temperature higher than
245�K. Composites bins with less than 100 samples are left
blank (white).

4.1. Composites Based on Anomalies

[23] From Figure 4 it is clear that on short timescales,
TRMM daily precipitation and CERES daily TOA fluxes
systematically change with both dPC1 and dPC2. The steepest
gradient occurs along the ‘‘top heavy’’ upward motion to
the ‘‘top heavy’’ downward motion axis (i.e., along the 2–4
quadrant axis), which highlights the dependence on dPC2.
Despite the fact that PC2 explains only about 15% of the
daily variance of omega, it has a first-order effect on the
radiation balance. Figure 4 shows consistent changes along
this diagonal (quadrants 2–4) direction in precipitation
(�15 mm/d), OLR (�45 W/m2), TRS (�60 W/m2), and
LWCF (�45 W/m2). Figure 4d suggests that more intense
convection produces more negative net radiation, which
tends to lower the sea surface temperature and inhibit
convection. Because the long-wave effect and the short-
wave effect of clouds tend to cancel each other, the change
of the net radiation is relatively small (�15 W/m2), but the
reduction in net radiation at the surface would be much
larger, closer to the change in absorbed solar (�50 W/m2).
[24] Cloud information is shown in Figures 4e–4h. The

cloud forcing is not shown because the LWCF primarily
shows the same information as the OLR and the daily
SWCF data is sparse in the high-frequency sample (see
section 2). Generally clouds are consistent with Figure 4a.
Anvil (�10% changes) and high-thick clouds (�10%
changes) show similar dependence on vertical motions as
precipitation and TOA measurements and seem more sen-
sitive to PC2 than PC1. Although relatively abundant, high-
thin clouds show little sensitivity to large-scale motions.
This might be because high-thin clouds (cirrus) are only
loosely related to convective activities [Luo and Rossow,
2004] and their lifetimes are much longer than convective
events. The lower clouds are seen more frequently in the
‘‘bottom heavy’’ upward motion regime.
[25] Next we focus on longer timescale anomalies by

taking the 5-day mean departures from 30-day means.
Figure 5 shows similar information as Figure 4 but with
slightly greater dependence on dPC1. On this longer time-
scale the SWCF sampling is better. SWCF shows weaker
dependence on dPC2 than LWCF. Hence the net cloud
forcing is more sensitive to dPC2 than dPC1. The long-wave
effects depend more on the altitude of clouds but the short-
wave effects depend more on the thickness of clouds.
Strong lower level cloud formation (associated with mid-
dle-level divergence) may produce thick clouds with lower
cloud top heights, which produce stronger negative cloud
forcing. Figure 5k shows that over ‘‘top heavy’’ upward
motion regimes the net cloud forcing is near zero and is
about �10W/m2 over ‘‘bottom heavy’’ areas. Anvil clouds
(�20% changes) and high-thick (�10% changes) show
similar dependence on vertical motions as precipitation
and TOA radiation. The OLR (�60 W/m2) and TRS
(�75 W/m2) show stronger contrast than in Figure 4. Since
clouds last longer than precipitation, averaging over a
longer period reduces the anomaly of the vertical motion

Figure 4. (a–h) Anomalies of precipitation, top of
atmosphere radiative fluxes, and clouds composited into
dPC1 and dPC2. The anomalies are daily mean departures
from the 5-day running mean centering on that day. Domain
used is western Pacific (WP), 15�S–15�N, 100�E–160�E.
OLR, outgoing long-wave radiation; TRS, total reflected
solar radiation.
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more than the cloud effects. So all variables related to
clouds have stronger contrast as the timescales is increased
from 1 day to 5 days. High-thin clouds (Figure 5i) show
similar behavior as in Figure 4e. Figure 5h shows that lower
clouds respond most strongly to PC1 but especially when
the profile is ‘‘bottom heavy.’’
[26] The composite of the SST (not anomalies) in dPC1

and dPC2 coordinates is shown in Figure 5l. It shows that
stronger upper atmosphere divergence (quadrants 2–4)
happens over warm SST. Stronger contrast in the net
radiation (Figure 5d) is associated with weak SST difference
across the diagonal connecting quadrants 2–4. This sug-
gests that deep convection over warm sea surface tends to
reduce the net radiation reaching the surface by blocking
more short-wave radiation, which in turn reduces the SST
gradient over WP warm pool [Hartmann et al., 2001;
Ramanathan and Collins, 1991]. Stronger low-level con-
vergence (1–3 quadrants) mostly happens over relatively
cold SST areas, which are also areas with stronger SST
gradients within the warm pool area. Similar results can be
obtained from shorter timescale study (daily anomalies from

5-day mean). The EP (not shown) shows similar results as
for the WP.

4.2. Composites Based on Long-Term Means

[27] We next use 30-day running mean data, so that the
composites mainly reflect changes associated with spatial
gradients of temporal means. Large inhomogeneities in the
net downward radiation (Figure 6d) are present in these data.
The composite of ERA-40 SST (Figure 6l) has a similar
pattern as the net radiation, with high SST associated with
high net radiation. In the most ‘‘top heavy’’ upward motion
regime the net radiation is about 80�100 W/m2, and these
regions correspond to regions of the warmest SST. For
strongly ‘‘bottom heavy’’ upward motion regions, the net
radiation is 40–60 W/m2. The ‘‘top heavy’’ upward motion
region corresponds to intense precipitation (10�12 mm/d),
extensive anvil clouds (15�20%), more high-thick clouds
(5�10%), more high-thin clouds (7.5�10%) and less lower
clouds (�40%). The dependence of the net radiation now
has the opposite sign compared with anomaly studies
(comparing Figure 6d with Figures 5d and 4d). This is

Figure 5. (a–l) Same as in Figure 4, but anomalies are 5-day mean departures from the 30-day running
mean centered on the 5-day interval of interest. LWCRF, long-wave cloud radiative forcing; SWCRF,
short-wave cloud radiative forcing; SST, sea surface temperature.
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because in anomaly studies most of the net radiation
changes are due to cloud changes. While for the long-term
mean study, changes in the net radiation mainly result from
the spatial variance of the incoming solar radiation, and the
cancellation between long-wave and short-wave cloud forc-
ing is more complete for longer timescales. Warm ocean
areas receiving the most energy are the most active and
produce more deep convection.
[28] Unlike in the anomaly studies shown previously,

high-thin clouds (Figure 6e) now favor ‘‘top heavy’’ upward
motion, which suggests that the high-thin cloud coverage
significantly depends on large-scale dynamics rather than
just convection [Luo and Rossow, 2004]. Stronger large-
scale upward motion in the upper troposphere favors high-
thin cloud formation and supports their longer lifetime.
[29] Precipitation, OLR, LWCF, anvil and high-thick

clouds show similar dependence as in the anomaly studies,
but show weaker dependence on PC2. Owing to the
presence of high-thin clouds, LWCF and OLR look a bit
different from anvil and high-thick clouds. Lower clouds
(Figure 6h) over the ‘‘bottom heavy’’ upward motion
regimes are about 10% (absolute fraction) more than in
‘‘top heavy’’ upward motion regimes. Short-wave effects

(TRS and SWCF) only weakly depend on PC2 because
more low clouds are present in ‘‘bottom heavy’’ upward
motion regimes. The NetCRF depends both on PC1 and
PC2 but is relatively more sensitive to PC2.

4.3. Relative Dependence on PC1 and PC2

[30] To quantitatively estimate the relative dependence of
other variables on PC1 and PC2 we perform a linear
regression based on the composited phase plots (Figures
4–6):

V 0 ¼ A 	 PC10 þ B 	 PC20; ð6Þ

where V refers to dependent variables. V 0, PC10, and PC20

(or dPC1
0 and dPC20 for anomaly studies) are defined to have

zero mean and unit variance. We use the values from boxes
(joint bins) in the plot that have data and give them each
equal weight, regardless of how many data points are used
for the averages in each box. For each box we also have a
pair of PC1 and PC2 corresponding to it. So we have a set
of variables and PC1 and PC2 matched with each other.
Then we remove their means and normalize them by
dividing their standard deviations. Hence A and B based on

Figure 6. (a–l) Same as in Figure 4 but based on 30-day running mean values.
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the least squares fit give an objective measure of the relative
importance of PC1 and PC2 in controlling the variation
within the compositing space.
[31] Table 1 shows the linear regression corresponding to

Figures 4–6. Linear dependence explains most of the
variance (R2 > 0.73). The relative dependence on PC2 is
bigger at short timescales. For example, when the timescale
increases from 1 day to 5 days and 30 days, the magnitude
of the correlation coefficient between anvil cloud fraction
and PC2 (jBj) decreases monotonically from 0.79 to 0.39,
while the dependence on PC1 (jAj) increases monotonically
from 0.53 to 0.80. High-thin clouds, lower clouds and the
NetCRF have the least significant response to vertical
velocity. The sign of the dependence of net radiation
reverses as one goes from local temporal anomalies to
spatial gradients.
[32] The stronger dependence on PC2 on shorter time-

scales suggests that the second mode of the vertical velocity
profile (PC2) mainly results from the latent heating (the
stratiform type as seen in Figure 3 of Houze [1997])
produced by convection. When the timescale increases,
impacts of radiation tend to be more important. The vertical
motion associated to clear-sky radiative cooling produces a
deeper mode more like EOF1 (a constant tropospheric deep
cooling). Hence, we expect the relative dependence on PC1
to increase with increasing timescales.

4.4. The EP Region

[33] Composites for the EP show similar results as for the
WP. Exceptions are that the composites based on climatol-
ogy for the EP (not shown) have systematically less/more
high-thin/lower clouds. The associated SWCF and NetCRF
over the upward motion regime are more negative in the EP
than in the WP, which is consistent with ISCCP and MODIS
data [Hartmann et al., 2001; Kubar et al., 2007]. The

different climatological relationship of high-thin clouds to
large-scale upward motions between EP and WP suggests
that, although upward motion in the upper troposphere
favors high-thin clouds, other parameters rather than the
strength of upward motion seem to impact the high-thin
cloud (like horizontal wind field, environmental thermody-
namic conditions, etc.).

4.5. Radar Rainfall Composite

[34] Here we show the dependence of shallow rain rate
from PR on PC1 and PC2 derived from 2 years of PR data
for the WP area. Since PR data is sparse and precipitation
may change rapidly, we match PR with vertical velocity
using 3-hourly averages (i.e., the PR estimate during ± 1.5 h
around 00z, 06z, 12z, 18z). The composite is based on
3-hourly averaged PR rain rate and instantaneous vertical
velocity. The shallow rain rate is defined as valid precipi-
tation with radar echo top lower than 5 km. Figure 7 shows
the shallow rain rate is greatest in the ‘‘bottom heavy’’
upward motion regime. Because the precipitation rates are
weak, latent heating is not likely the causal factor of the
strong upward motion in the lower atmosphere. The ‘‘bottom
heavy’’ regime is over the relatively cold SST area in the
WP region. This might suggest that strong low-level con-
vergence tends to force convection to happen over relative
cold SST. Since the thermodynamic conditions do not favor
deep convection (cold SST, small CAPE, etc.) the convec-
tion tends to be shallow there. It is known that PR misses
light rain rates (reflectivity <17 dbz or RR < 0.4 mm/d), so
that additional light rain events are largely missed.

5. Temporal Relationships

[35] In section 4 we showed that observed clouds and
radiation have significant correlation with both PC1 and

Table 1. Relative Dependence of Precipitation, TOA Radiative Fluxes, and Clouds on PC1 and PC2a

Variable
Correlation
Coefficients

Derived From Figure 4
(Daily Anomalies)

Derived From Figure 5
(5-Day Anomalies)

Derived From Figure 6
(30-Day Means)

Precipitation A �0.73 �0.72 �0.92
B �0.62 �0.62 �0.25

OLR A 0.50 0.67 0.86
B 0.84 0.67 0.36

TRS A �0.50 �0.68 �0.83
B �0.83 �0.66 �0.30

Net A 0.50 0.68 �0.72
B 0.79 0.58 �0.50

High-thin clouds A (�0.01) (�0.32) (�0.66)
B (�0.45) (�0.49) (�0.54)

Anvil clouds A �0.53 �0.63 �0.80
B �0.79 �0.69 �0.39

High-thick clouds A �0.49 �0.66 �0.80
B �0.74 �0.60 �0.36

Lower clouds A (�0.48) (�0.52) (�0.26)
B (0.37) (�0.03) (0.57)

LWCF A �0.49 �0.66 �0.85
B �0.86 �0.68 �0.40

SWCF A (NA) 0.70 0.85
B (NA) 0.62 0.28

NetCRF A (NA) (�0.18) (0.36)
B (NA) (�0.54) (�0.33)

aPairs of A and B with fraction of explained variance less than 73% (corresponding to a correlation coefficient less than 0.85) are placed in parentheses.
TOA, top of atmosphere; OLR, outgoing long-wave radiation; TRS, total reflected solar radiation; LWCF, long-wave cloud forcing; SWCF, short-wave
cloud forcing; NA, not available.
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PC2 even on short timescales. It is interesting to investigate
the temporal evolution of vertical motion and clouds asso-
ciated with precipitation on short timescales. Temporal
evolution of some aspects of clouds, precipitation, and
dynamic properties (divergence or vertical motion profiles)
during the life cycle of tropical convective systems has been
previously investigated on the basis of radar and sounding
measurements [e.g., Mapes and Houze, 1993; Mapes et al.,
2006]. Satellite observations provide much larger spatial
samples over longer periods than ground-based measure-
ments, and offer another way to study the temporal evolu-
tion of convection, clouds and large-scale circulation.
Satellites in low Earth orbits (LEO) carrying microwave
imagers, precipitation radar and visible and infrared sensors
like TRMM can provide detailed retrievals of precipitation
structure and more accurate properties of cloud systems.
Poor sampling in time and the nighttime limit of cloud
retrieving techniques make it difficult to directly study the
temporal evolution of tropical convection from LEO, how-
ever. The geostationary IR radiometer is the only platform
that can sample individual convective systems continuously
over their entire life cycle (hours to days), but the informa-
tion we can get from the IR channels is limited. Previous
work utilizing geostationary satellite IR data have explored
the life cycle of tropical mesoscale convective systems [e.g.,
Chen and Houze, 1997] by taking advantages of the high-
frequency measurements form geostationary satellites.
[36] Here we want to explore the short-term temporal

evolution of precipitation, vertical motion and cloud system
associated with intense convective events using a compos-
iting method with the help of TRMM3b42 precipitation. We
composite all observed variables into a temporal reference
frame and see the temporal evolution from a large number
of samples rather than individual cases. We can align
infrequent observational measurements to more frequent
measurements by using a relative space-time frame so that
we can focus on short-term process studies. To achieve this
goal, we use the TRMM3b42 precipitation as the reference
variable, since it has the highest temporal frequency
(3-hourly) and is a reasonable index of the strength of
convective systems. Second, we calculate the probability

distribution of precipitation rate for precipitating grids (only
counting nonzero precipitation points) over the WP. Then
we choose a threshold value to select times and locations of
strong convective events. We pick the highest deciles of rain
rate points as reference times (the 3-h mean rate bigger than
2 mm/a).
[37] The TRMM3b42 is thus used to locate the time and

location of intense precipitating events. We set as the origin
each specific time and each specific location identified as
containing intense precipitation. Then we composite other
variables near the spatial position at times before and after
that time. Composites are made for each point in a 10� �
10� area centering on the reference position.
[38] Figure 8 shows the absolute values PC1, PC2, rain

fall rate, and clouds composited in space and time with
respect to strong convective events in the WP. Each row
shows one variable varying with time from 12 h before the
event to 12 h after in 3-h intervals. The small maps show the
10� � 10� spatial region centered on the reference grid
(0, 0). Bottom to top is south to north, and left to right is
west to east. Note that the reference precipitation based on
TRMM3b42 is an independent data set from the others
used. The maximum precipitation occurs at 0 h by design,
but the intense events tend to persist for 6 h or more. A
small asymmetry is present with slightly more precipitation
before the key time than after. This slight asymmetry is also
present in the thick cloud composite, supporting the idea
that the optically thick cold clouds are closely related to the
production of heavy precipitation. On the other hand, the
anvil clouds, which are the less optically thick cold clouds,
reach their maximum abundance after the peak of precipi-
tation. The structure of the vertical velocity is also asym-
metric with respect to the precipitation event. The deep
upward motion (-PC1) peaks before the precipitation event,
while the top heavy upward motion (-PC2) peaks after the
precipitation event. The temporal and spatial correspon-
dence between top heavy upward motion and anvil cloud
is very apparent in Figure 8.
[39] It is of interest to see if the vertical velocity anoma-

lies and precipitation anomalies in Figure 8 are energetically
consistent. As we know, the adiabatic cooling and latent
heating are the major terms controlling the energy balance
during intense convective events. It is interesting to simply
look at how these two balance with each other during the
composited short time period. Over the tropics the vertical
gradients of dry static energy (ds/dz) is nearly a constant and
can be given as Cp(3.3�C/km), where Cp is the specific heat
of dry air at constant pressure. The vertical advection of s in
the troposphere in the pressure coordinate is

RPH

P0

w @s
@p dp

P0 � PH

; ð7Þ

where w, r g, P0, PH, and H are the vertical pressure
velocity, air density, gravity-acceleration, surface pressure,
pressure at the tropopause and the tropopause height,
respectively. Then we can project two EOFs in Figure 1 on
the @s

@p profile and properly estimate the adiabatic cooling
associated with the PC1 and PC2 used in this study. Since
density decreases with decreasing pressure, upward motions

Figure 7. Shallow precipitation (precipitation radar echo
top below 5 km) composited into PC1 and PC2 based on
4 � daily data. Domain used is WP, 15�S–15�N, 100�E–
160�E. Time period is 1998–1999.
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with the same magnitude in the upper troposphere would
generate more cooling than in the lower troposphere.
[40] We use a temperature profile with surface tempera-

ture of 29�C and pressure of 1013 hPa and a lapse rate of
6.5�C/km. The estimated cooling associated with �
100hPa/day of PC1 used in this study is about 396 W/m2

(�14.1 mm/d precipitation). The cooling associated with
�100hPa/day of PC2 is about 130 W/m2 (�4.6 mm/d
precipitation). Applying these quantities to the compositing
results shown in Figure 8 within the 10� � 10� region, the
area averaged variation of adiabatic cooling associated with
PC1 and PC2 are �83 W/m2 (�21h Pa/d) and �15 W/m2

(�11.5 hPa/d), respectively. The latent heating from pre-
cipitation is �118 W/m2 (4.2 mm/d). So the adiabatic
cooling associated with PC1 and PC2 are �83% of the
latent heating (98/118) observed. The 1-day integrated (�12
to +12 h) cooling and heating have the similar ratio
(�80%). When using the central 5� � 5� area, the ratio
decreases to �51%. So for the synoptic scale (say 1000 km)
the composited ERA-40 vertical motions are energetically
consistent with the latent heating to within 20% or so.
[41] To have an objective view of the relative dependence

of other variables on PC1 and PC2 in Figure 8, we perform
a linear regression similar to that in section 4. For each
variable V(x, y, t) in the composited time-space frame,
which ‘‘x’’ and ‘‘y’’ are the position of the box(1� � 1�
size) and the ‘‘t’’ is the time in the composited phase space.
First the temporal mean V t (x, y) at each box is removed to
get the temporal anomalies Vt

0(x, y, t):

V 0
t x; y; tð Þ ¼ V x; y; tð Þ � V t x; yð Þ: ð8Þ

Then the temporal anomalies can be normalized:

V 0 x; y; tð Þ ¼ V 0
t x; y; tð Þ=s: ð9Þ

The s is the standard deviation of all the data points within
the composited space:

s ¼ 1

NxNyNt � 1

X

x;y;t

V 0
t x; y; tð Þ

� �2
; ð10Þ

where Nx and Ny are the number of grids shown in plots at x
and y direction and the number of time frames used (17,
from �24 to +24 h), respectively. The least squares fits
(equation (6)) are then performed on PC10, PC20, and V0.
[42] Figure 9 shows the regressions for the temporal

variations described above. Figure 9 shows that the tempo-
ral variation of anvil clouds is well correlated with PC2.
High-thick clouds and precipitation have similar temporal
dependence on PC1 and PC2. Around a half of the variance
can be explained by PC1 and PC2. High-thin clouds and
lower clouds are less well correlated in time with PC1 and
PC2.
[43] To better compare the phase information the tempo-

ral variations of normalized spatial averages of these vari-
ables are shown in Figure 10. To get the normalized
temporal variations the spatial averages of each variable
over the central 5� � 5� box are calculated. Then the
temporal (�24–+24 h) means are removed. Finally they
are divided by the amplitudes of spatial means, so that the
departures of all variables are equal. Amplitudes are shown
in parenthesis in legends. dPC1 and dPC2 are plotted with

Figure 8. Temporal evolution of the vertical motion profile and clouds composited by time and space
relative to strong precipitation events. Domain used is WP, 15�S–15�N, 100�E–160�E.
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reversed sign for better comparison. Error bars show the
95% confidence interval. The autocorrelations of the data
are considered to determine the number of degree of
freedom [Bretherton et al., 1999]. Precipitation is shown
for reference in Figures 10a–10c. PC1 peaks 3 h in advance
of precipitation, but PC2 lags 3 h after precipitation, which
suggests that low-level convergence in advance of peak rain
rate gives way to middle-level convergence afterward. This
is consistent with a typical mesoscale convective system
(MCS) lifecycle [Mapes et al., 2006]. High-thick cloud
coverage almost has the same temporal variation as precip-
itation, but anvils lag high-thick clouds by 3 h. The phasing
of thick and anvil cloud in these observations is consistent
with the observation that deep convective cloud systems
evolve in time from more vigorous convective cells toward
stratiform anvils with layered structure [Houze, 1997].
Anvil clouds and PC2 seem to have similar phasing during
the intense precipitation events, which is in agreement with
a recent study [Nishi et al., 2007] showing that steady upper
atmosphere upward motion occurs in stratiform cloud
region. High-thin and lower cloud fractions vary little as
precipitation changes during the strong convective system
developments (not shown). Composites based on VIS
clouds and TRMM PR suggest that the high-thick clouds
defined in this study represent precipitating high clouds
(both convective and stratiform) while the anvils defined
here are more likely the weakly precipitating thick anvils
(not shown).
[44] The phase differences among high-thick clouds,

anvil clouds, PC1, PC2 and precipitations are robust.
Composites based on different subsets of the data give
similar results (not shown). Additionally PR data show that
the stratiform rain rate(area fraction) lags the convective
rain rate(area fraction), which is consistent with radar
studies of tropical oceanic mesoscale convective systems
[e.g., Churchill and Houze, 1984; Houze, 1977; Houze and
Hobbs, 1982; Houze and Rappaport, 1984; Leary, 1984;
Wei and Houze, 1987] (not shown). The short-term temporal
co-evolution of precipitation, vertical motion and cloud
system associated with intense convective events for the

EP area is also investigated. The EP area results are similar
to the WP area within the statistical uncertainty (not shown).

6. Conclusions and Summary

[45] Reanalysis shows that large-scale vertical velocity
profiles have two significant modes that explain �90% of
the variance on all timescales. The first mode (PC1) shows a
broad maximum through the middle troposphere, which is
associated with the traditional deep circulation mode. The
second mode (PC2) shows a shift between the upper and
lower atmosphere corresponding to middle-level diver-
gence. The second mode is found to explain more variance
at shorter timescales and space scales.
[46] Despite the uncertainties inherent in vertical velocity

from reanalysis, coherent relationships exist between the
modes of vertical velocity derived from reanalysis and

Figure 9. Relative time dependence of other variables (V 0)
on PC10 and PC20 for the tropical composites in Figure 8.
Error bars show 95% confidence interval based on the
number of degrees of freedom. Shaded numbers are the
variance explained by the least squares fit (R2). The variables
of interest are written across the bottom of the plot.

Figure 10. (a–c) Temporal evolution of the vertical
motion profile and clouds composited by time and space
relative to strong precipitation events in the WP. The spatial
average of each variable over the central 5� � 5� box shown
in Figure 9 is calculated at each time. Then the minimum
value of the time series of each spatial average is subtracted.
The anomaly then is scaled by dividing it with its amplitude.
The negatives of dPC1 and dPC2 are plotted in order to
compare the phase more easily.
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cloud and radiation properties measured independently from
satellites. These relationships are consistent with the evolu-
tion of cloud systems that we would expect on the basis of
in situ data from field experiments conducted in the past.
[47] Composites for the western Pacific show that strong

upper level large-scale ascent (‘‘top heavy’’ upward motion)
is associated with deep cloud systems (more intense pre-
cipitation, lower OLR, stronger cloud long-wave forcing,
and extensive anvils). Anvil cloud is sensitive to the
amplitude of PC2, suggesting a strong relationship of
‘‘top heavy’’ upward motion and anvil clouds. This also
supports previous work [Hartmann et al., 1984; Houze,
1982] that the elevated heating profile produced by tropical
deep convective systems results in deepening convergence
in the lower troposphere.
[48] Cloud short-wave radiative forcing has weaker de-

pendence on PC2 since short-wave effects depend upon
cloud optical thickness rather than cloud top altitudes. The
net cloud forcing depends more strongly on PC2 than PC1
over areas with rising motion. More net radiation goes into
the area with warmest SST corresponding to ‘‘top heavy’’
upward motions and strong deep convective systems.
[49] High-thin cloud fraction shows small sensitivity to

both PC1 and PC2 on short timescales, and appears to be
only loosely connected to convective events [Luo and
Rossow, 2004]. On longer timescales, high-thin clouds show
stronger dependence on vertical motion and are favored by
‘‘top heavy’’ upward motion. More low clouds are found in
‘‘bottom heavy’’ regimes. The analysis shows similar results
over the WP and EP region, but high-thin/lower clouds are
systematically less/more in the EP than in the WP area. The
difference between these two regions is consistent with
results shown by ISCCP [Hartmann et al., 2001] and
MODIS [Kubar et al., 2007] data. More shallow rain is
found over the areas with ‘‘bottom heavy’’ upward motion
suggesting that convection favors the area with strong low-
level convergence which could moisten the lower and
middle atmosphere.
[50] The co-evolution of vertical velocity and cloud

properties on short timescales has also been investigated.
The deep mode of vertical velocity, PC1, tends to reach its
peak 3 h before intense precipitating events but PC2 reaches
its peak 3 h later than precipitation. Strong upward motion
tends to develop in the lower atmosphere at first and then
change to the more ‘‘top heavy’’ type upward motion later
during the evolution of convective events. This has been
seen before from case studies using radar and sounding data
[e.g., Frank, 1978; Nitta, 1977; Ogura et al., 1979]. The
associated cloud systems show consistent temporal changes
leading from the developments of high-thick clouds to later
extensive anvil clouds. High-thick clouds occur simulta-
neously with precipitation but anvil clouds lag 3 h behind
the precipitation maximum.
[51] This study presents observed statistical relationships

between cloud properties and vertical velocity profiles.
These relationships could be used to diagnose/evaluate the
links between large-scale dynamics and cloud properties
produced by general circulation models. A potential issue is
that vertical velocities from the reanalysis are not entirely
observed and may be biased by the model used to make the
reanalysis. Similar results to those shown here are obtained
when using ERA-40 or NCEP/NCAR reanalysis products,

however. It would be useful to investigate how the param-
eterization of diabatic processes in models used for reanal-
ysis could bias the vertical velocity structure, but this is
beyond the scope of the present work.
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