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ABSTRACT

Aspects of the tropical atmospheric response to El Nifio related to the global energy and water cycle are
examined using satellite retrievals from the Tropical Rainfall Measuring Mission and the Advanced Micro-
wave Scanning Radiometer-E and simulations from the Goddard Institute for Space Studies (GISS) general
circulation model (GCM). The El Nifio signal is extracted from climate fields using a linear cross-correlation
technique that captures local and remote in-phase and lagged responses. Passive microwave and radar
precipitation anomalies for the 1997/98 and 2002/03 El Nifios and the intervening La Nifia are highly
correlated, but anomalies in stratiform—convective rainfall partitioning in the two datasets are not. The
GISS GCM produces too much rainfall in general over ocean and too little over land. Its atmospheric
response to El Nifio is weaker and decays a season too early. Underestimated stratiform rainfall fraction
(SRF) and convective downdraft mass flux in the GISS GCM and excessive shallow convective and low
stratiform cloud result in latent heating that peaks at lower altitudes than inferred from the data. The GISS
GCM also underestimates the column water vapor content throughout the Tropics, which causes it to
overestimate outgoing longwave radiation. The response of both quantities to interannual Hadley circula-
tion anomalies is too weak. The GISS GCM’s Walker circulation also exhibits a weak remote response to
El Nifo, especially over the Maritime Continent and western Indian Ocean. This appears to be a conse-
quence of weak static stability due to the model’s lack of upper-level stratiform anvil heating, excessive
low-level heating, and excessive dissipation due to cumulus momentum mixing. Our results suggest that
parameterizations of mesoscale updrafts, convective downdrafts, and cumulus-scale pressure gradient ef-
fects on momentum transport are keys to a reasonable GISS GCM simulation of tropical interannual
variability.

1. Introduction

El Nifio-Southern Oscillation (ENSO) is the most
prominent mode of unforced interannual variability in
the global climate system. As such it is considered to be
a good test for evaluating climate model performance.
It is not directly diagnostic of long-term climate feed-
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backs, since El Nifio sea surface temperature (SST)
anomaly patterns, and the tropospheric circulation re-
sponse they induce, are likely to differ from those in a
forced climate change (Del Genio 2002). However, the
ability to simulate the atmospheric ENSO signal in hy-
drological cycle fields is a necessary if not sufficient
condition for having confidence in a model’s regional
and global predictions of climate change.

Current general circulation models (GCMs) under-
estimate atmospheric responses to observed ENSO
SST anomalies, especially in fields associated with the
global energy and water cycle (e.g., Soden 2000). Pre-
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cipitation, as one of the most important climate vari-
ables, has been a challenge for climate models to
simulate. Dai (2006) indicates that the simulations of
precipitation in the newest generation of coupled atmo-
sphere—ocean GCMs still need considerable improve-
ment in their temporal and spatial variability, precipi-
tation frequency, and stratiform-convective partition-
ing. Examining a GCM’s precipitation field in detail in
the context of the whole hydrological cycle response to
ENSO perturbations will hopefully provide clues to ar-
eas of the model’s cumulus parameterization that need
further development and improvement.

State-of-the-art satellite observations during the last
two decades now provide a record sufficiently long to
document several El Nifio and La Nifia episodes and
the corresponding atmospheric responses. The Tropical
Rainfall Measuring Mission (TRMM) satellite and
more recent Earth Observing System (EOS) satellites
observe a variety of parameters related to the atmo-
spheric hydrological response to ENSO, such as pre-
cipitation, latent heating, and column water vapor, dur-
ing the 1997/98 and 2002/03 El Nifio events. TRMM
covers the entire Tropics with good diurnal sampling,
while the EOS satellites each observe twice daily but
cover latitudes up to =70°.

The goals of this paper are threefold. First, we
supplement and extend the existing observational
record of ENSO variations in precipitation (Yulaeva
and Wallace 1994; Dai et al. 1997; Huffman et al. 1997,
Xie and Arkin 1998; Curtis and Adler 2000; Robertson
et al. 2001; Berg et al. 2002), radiation budget (Cess et
al. 2001; Lu et al. 2004), and water vapor (Bates et al.
2001). Second, given the sampling and retrieval uncer-
tainties in satellite rainfall observations, we examine
the consistency in the ENSO signals of multiple pre-
cipitation datasets. Third, we explore the realism of the
Goddard Institute for Space Studies (GISS) GCM’s at-
mospheric response to El Nifio, and possible param-
eterization reasons for its deficiencies in this area. The
paper is organized as follows: in the next three sections,
we describe the observations, the GCM used, and the
extraction of the ENSO signal; in section 5 simulated
hydrological and dynamical variables are compared
with the observations in detail; and the last section sum-
marizes the evaluation and discusses possible reasons
for the discrepancies found in this study.

2. Data sources

a. Rainfall products

Three monthly gridded products (version 6) from the
TRMM satellite (Kummerow et al. 2000), covering the
period December 1997-June 2005, are included in this
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study: TRMM 3A12 (Kummerow et al. 2001) from the
TRMM Microwave Imager (TMI), TRMM 3A25-6A
(Iguchi et al. 2000) from the Precipitation Radar (PR),
and TRMM convective-stratiform heating (CSH; Tao
et al. 2001) from the PR. TMI data include surface total
rain rate, stratiform—convective partitioning, and latent
heating profiles at 0.5° X 0.5° resolution covering =40°
latitude. PR data include surface total rain rate and
stratiform—convective partitioning at 0.5° X 0.5° reso-
lution with similar area coverage as TMI but fewer
samples per unit area due to its narrower swath. Al-
though these two products are based on two different
data sources and retrieval algorithms, their rainfall
rates are highly correlated, with TMI values being
slightly higher than those from PR (Kummerow et al.
2000). CSH provides monthly 0.5° X 0.5° latent heating
profiles derived from surface convective and stratiform
rain rates.

Several caveats about the TRMM rainfall rates
should be noted. Tropical mean ENSO rainfall anoma-
lies differed significantly in earlier versions of the TMI
and PR data (Berg et al. 2002; Robertson et al. 2003),
but discrepancies have been reduced in version 6. In
addition, the TRMM satellite’s orbit was boosted in
August 2001 to extend its lifetime. The larger footprints
decrease the detection of weak rainfall and thus in-
crease the PR conditional mean rain rate slightly
(Shimizu et al. 2003), while the effect on TMI appears
to be a more substantial increase in high rain-rate areas
(De Moss and Bowman 2007). Since we focus only on
regional components of change that correlate with an
ENSO SST index, we expect these problems to have
little effect on our results.

The retrieval methods of rain type (convective versus
stratiform) for TMI and PR are different as well. The
TMI retrievals are indirect, based on texture in the
horizontal brightness temperature gradient and the
85.5-GHz polarization signatures (Olson et al. 2001).
The PR retrievals are based on the radar reflectivity
profile, in which a bright band indicates the stratiform
region (Awaka et al. 1997). This is a direct physically
based method, though the horizontal texture of the re-
flectivity field is also used when ambiguity exists. The
separation of convective and stratiform precipitation
plays an important role in correctly estimating the la-
tent heating profiles in the Tropics (Houze 1982, 1997):
convective heating is concentrated in the lower tropo-
sphere, where water vapor concentrations and thus
condensation rates in cumulus updrafts are greatest,
while stratiform heating peaks in the middle and upper
troposphere where anvils form above the freezing level.
The TMI-based latent heating profiles are derived us-
ing a technique described by Olson et al. (1999, 2006).



3582

The CSH algorithm of Tao et al. (1993) utilizes the
stratiform fraction of rain and lookup tables simulated
from a cloud-resolving model or estimated from a di-
agnostic budget study.

The Advanced Microwave Scanning Radiometer—
Earth Observing System (AMSR-E) instrument on the
EOS Agqua satellite provides passive microwave mea-
surements of terrestrial, oceanic, and atmospheric pa-
rameters twice daily covering up to =70° latitude. The
level-3 rainfall accumulation product (AE_RnGd) used
in this study is the monthly averaged rainfall accumu-
lation over ocean and land at 5° X 5° resolution for the
period June 2002-June 2005 (Wilheit et al. 2003; Adler
et al. 2004).

b. Other TRMM products

Other atmospheric parameters over ocean from TMI
are available from Remote Sensing Systems (RSS) on-
line (see http://www.ssmi.com/tmi/tmi_browse.html).
The monthly gridded TMI ocean product (version 3a)
includes SST, column water vapor (CWYV), and surface
wind speed (Wentz and Meissner 2000). The resolution
is 0.25° X 0.25° for the same area and temporal cover-
age as TRMM 3A12.

¢. Other datasets

Monthly mean vertical profiles of pressure vertical
velocity (omega) and temperature through June 2005
are obtained from the National Centers for Environ-
mental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) reanalysis (Kalnay et al.
1996) at 2.5° X 2.5° resolution. Outgoing longwave ra-
diation (OLR) at the top of the atmosphere (TOA)
through December 2004 is obtained from the Interna-
tional Satellite Cloud Climatology Project radiative flux
dataset (ISCCP-FD; Zhang et al. 2004).

3. GISS global climate model description

We use an updated SI2000 version of the GISS gen-
eral circulation model (GCM), but at higher horizontal
and vertical resolutions (2° X 2.5° X 32L) than the
previous version documented by Hansen et al. (2002).
Most model physics has been updated to match that in
the more recent Model E GCM used for long-term cli-
mate change experiments (Schmidt et al. 2006). Rel-
evant features of the model for this study include the
following. Advection of water vapor is based on a qua-
dratic upstream scheme. The radiation uses the corre-
lated-k distribution method and a single Gauss point
adaptation of the doubling—adding method. The bound-
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ary layer is based on a nonlocal turbulence scheme us-
ing dry rather than moist conserved variables.

The GCM produces convective precipitation using
the bulk mass flux scheme of Del Genio and Yao
(1993), and stratiform precipitation from the prognostic
cloud water parameterization of Del Genio et al.
(1996). The cumulus parameterization scheme uses a
closure assumption based on a stability-dependent mass
flux. Triggering is based on the local buoyancy of par-
cels lifted between two model layers, with a mass flux
that results in neutral buoyancy at cloud base. The mass
flux spectrum is simulated by two plumes: one undilute
and the other entraining at a fixed rate. Detrainment
occurs at the level of neutral buoyancy. Convective-
scale downdrafts are created from negatively buoyant
equal mixtures of updraft and environmental air, the
mass flux specified to be a third that of the updrafts.
Convective motions carry momentum from their level
of origin.

For large-scale cloud formation, the nonconvective
portion of a grid box is divided into cloudy and clear
parts based on relative humidity. A single cloud water
variable is predicted with a condensation source based
on available moisture convergence. Simple representa-
tions of all microphysical processes (autoconversion,
accretion, Bergeron-Findeisen diffusional growth,
evaporation, and cloud-top entrainment) are included.
Cloud phase is based on a temperature-dependent
probability and adjusted when glaciation of super-
cooled water by falling ice is diagnosed. Cloud optical
thickness is diagnosed from the cloud water path as-
suming different fixed particle number concentrations
for continental liquid, ocean liquid, and ice clouds. Of
particular relevance for this study is the coupling be-
tween the convection and stratiform cloud schemes.
Cumulus updraft condensate follows a Marshall-
Palmer distribution. Empirical size—fall speed relation-
ships and assumed updraft speed profiles are used to
partition the drop-size distribution into a precipitating
fraction and a remainder that detrains to form an anvil
(Del Genio et al. 2005). Subsequent anvil evolution de-
pends on the parameterized stratiform cloud micro-
physics, but mesoscale updrafts and downdrafts are not
included.

The model simulation is done with atmospheric com-
ponents only but forced by observed SST and sea ice
cover from the Hadley Centre Sea Ice and SST dataset
(HadISST1; Rayner et al. 2003) for the period Novem-
ber 1996 to June 2005. The various datasets and the
GCM have different resolutions, so interpolation is ap-
plied in order to match the lowest resolution for all
analyses.
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F1G. 1. Seasonal mean ENSO anomaly evolution in the RSS-TMI derived SST field. Seasons are DJF,
March-May (MAM), June-August (JJA), and September-November (SON).
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4. Methodology

To study the atmospheric response to El Nifio, the
first step is to characterize the ENSO event in the ob-
servations and the GCM. Numerous methods have
been used previously to define the ENSO anomaly in
the surface temperature field (e.g., Kelly and Jones
1996; Santer et al. 2001). However, ENSO affects sur-
face temperature as well as other climate variables with
different time lags in different regions globally (Lan-
zante 1996). Using a single lag-lead relationship to ob-
tain ENSO-related variability for all regions is prob-
lematic (e.g., Robock and Mao 1995). In this study, we
use a simple but effective lag—correlation technique to
extract the ENSO signal from a given monthly mean
field at the grid box level. This method, developed by
Chen (2005), objectively defines the ENSO anomaly
and captures both the in-phase and the lagged local and
remote response. Details of the procedure are de-
scribed in the appendix.

We apply the technique to the TMI SST data and
demonstrate its ability to capture known features of the
ENSO evolution of SST (Klein et al. 1999) and corre-
sponding lag-lead relationships revealed by other tech-
niques such as complex principal component analysis
(Lanzante 1996). ENSO events can be classified by
their strength and SST anomaly pattern. Fu et al. (1986)
define type-I events as those with significant warming
in the central and east Pacific, and type-II events as
those whose warming extends farther westward and is
weaker in the eastern Pacific. The different patterns of
warming can result in different regional remote re-
sponses. The peak and decline of the strong type-I
1997/98 EI Nifio are clearly shown in Fig. 1: a positive
SST anomaly expanding from the date line to the east
Pacific, and a negative SST anomaly over the west Pa-
cific and the subtropics in both hemispheres; the
anomalies begin to decay in boreal spring 1998. A La
Nifla appears in boreal autumn 1998 with a negative
SST anomaly over the central-eastern Pacific and a
positive anomaly over the west Pacific, persisting
through boreal winter 2001. The technique also cap-
tures the moderate 2002/03 El Nifio, which starts in the
west Pacific and is more type II in structure. This event
decays in mid-2003 but reappears as a third weak event
in late 2004. The remote lagged response in the Indian
Ocean (10; cf. Lanzante 1996) can also be seen for each
event with a positive SST anomaly during El Nifio and
a negative anomaly during La Nifa.

Other aspects of the in-phase and the lag-lead rela-
tionships on different time scales in different regions
can be seen in Fig. 2. SST anomalies throughout the
central/east equatorial Pacific, extending to the eastern
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FIG. 2. The extreme correlation at least lag with (top) Nifio-3.4
and (bottom) the corresponding lag relationship maps for TMI-
derived SST. Only those locations above the 95% significance
level in the lag map are shown.

subtropics, are highly positively correlated with the
Nifno-3.4 index (N34). The correlation is in phase near
the equator but lags N34 by several months in the sub-
tropics. The equatorial west Pacific and remaining re-
gions of the subtropical Pacific are negatively corre-
lated with N34 at lags of several months, consistent with
the time required for circulation anomalies to remotely
influence the surface energy budget. In the Indian
Ocean, the SST anomaly lags N34 by about 1~5
months; this may also be due to remote ENSO forcing
of circulation and surface heat flux changes (Klein et al.
1999), but it may also be associated with a separate
Indian Ocean dipole (Saji et al. 1999), which may in
turn influence ENSO evolution (Kug and Kang 2000).
Several Pacific locations appear to lead N34, but these
tend to occur near the transition from positive to nega-
tive correlation where the ENSO signal is weak.

5. Results

In this section, we first compare the various precipi-
tation retrievals to each other and to the model to char-
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FiG. 3. Dec 1997-Jun 2005 mean annual precipitation from (a) TMI, (b) PR, (c) the GCM, and (d) zonal
means of all three.

acterize the observational uncertainties and define the
strengths and weaknesses of the GCM’s precipitation
climatology and ENSO signal. We then analyze higher-
order diagnostics of the precipitation field such as
stratiform—convective partitioning, latent heating pro-
files, and related hydrological and dynamical fields, to
gain insight into possible causes of the GCM deficien-
cies.

a. Precipitation

The annual mean precipitation distribution from
TMI, PR, and the GCM is plotted in Fig. 3. There are
some discrepancies between the TMI and PR annual
mean precipitation both in the spatial patterns and
zonal mean distributions: TMI rain rates generally ex-
ceed those of PR, and TMI maxima over central Africa,
the Himalayas, and the Amazon basin are missing or
only weakly present in PR, which is more reliable over
land. But in general, the differences are small compared
to those between the GCM and either dataset. The
simulated Pacific intertropical convergence zone

(ITCZ) and South Pacific convergence zone (SPCZ)
are too broad and their rainfall rates too intense. There
is also an unrealistically strong rainfall maximum in the
tropical west Atlantic and a spurious maximum over
the north Indian Ocean. The precipitation maximum
over the Amazon is underestimated, while a spurious
peak over the Himalayas not seen by PR is simulated.
The seasonal mean precipitation (not shown) has simi-
lar patterns of deficiency in the GCM in that there is
stronger rainfall than observed over most ocean areas
and weaker over some land areas. Over the Maritime
Continent (MC), the GCM produces more (less) rain-
fall in the north (south) part during boreal winter and
spring, and behaves in the opposite sense during boreal
summer and fall.

Figure 4 compares the evolution of seasonal ENSO
anomalies in precipitation for TMI (Fig. 4a) and the
GCM (Fig. 4b). The ENSO-induced precipitation pat-
terns are characterized by a positive anomaly over the
central and eastern Pacific, and a negative anomaly
over the western Pacific and the MC during El Nifo,
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FIG. 4. Seasonal ENSO anomalies in (a) TMI and (b) GCM precipitation.
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and vice versa during La Nina (Fig. 4a). Positive Pacific
rainfall anomalies are less extensive than SST anoma-
lies, however. Rainfall decreases during the warm
phase in the climatological ITCZ and SPCZ locations,
including the east Pacific ITCZ where SST warms. Posi-
tive IO rainfall anomalies occur during the warm phase,
but only in the western part of the basin, while SST
warms over most of the 10. Although the GCM simu-
lation shows a similar pattern of El Nifio— and La Nifia—
like anomalies, the magnitude is weaker than observed
in most areas (Fig. 4b). Furthermore, the anomaly pat-
tern is more zonally oriented than observed, suggesting
that the model’s Walker cell perturbation is underesti-
mated, especially over the MC and IO regions. The
GCM also misses the observed precipitation changes in
the southeastern United States during the 1997/98
ENSO event. Finally, tropical anomalies of both signs
generally weaken a season too early compared to those
observed, for example, MAM in 1998, 2000, and 2003 in
Fig. 4b.

Figures 5a,b show the correlation between TMI and
PR monthly gridbox precipitation anomalies within the
dataset domain for El Niflo (N34 > 0.5) and La Nifia
(N34 < —0.5) periods over the period December 1997-
June 2005. The two datasets are highly correlated (cor-
relation coefficient R = 0.9) but with PR anomalies
only 80%-85% as strong as TMI anomalies. The largest
differences typically occur in the central equatorial Pa-
cific. For the June 2002-June 2005 period that overlaps
AMSR-E, which contained only a single weak ENSO
event, we use positive and negative values of N34 in-
stead to separate El Nifio and La Nifia. The resulting
PR-TMI correlation (Figs. 5c,d) is lower (R = 0.7), and
the PR signal only about 2/3 the strength of the TMI
signal. In part this may be due to the ambiguity in iso-
lating ENSO over the shorter time interval, but it may
also reflect the greater disparity in the two products at
weaker rain rates where TMI and PR disagree the most
(Kummerow et al. 2001), since this period contained
only moderate ENSO anomalies. The GCM (not
shown), whose ENSO anomalies are displaced relative
to those observed in some locations, is correlated more
weakly with TMI (R = 0.5), and its anomalies are only
~40% as large.

Figures Se,f compare AMSR-E and TMI anomalies
over this same period. The strengths of AMSR-E and
TMI ENSO anomalies are more similar than those of
PR and TMI, though the correlation is slightly worse.
The latter is due primarily to a small number of grid
boxes, mostly over the Himalayas, where the AMSR-E
monthly product using the Wilheit et al. (2003) algo-
rithm diagnoses large anomalies while the TMI algo-
rithm of Kummerow et al. (2001) does not. Excluding
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these, Figs. Se.f suggest that the sparse diurnal sampling
of AMSR-E does not seriously degrade its ENSO pre-
cipitation signal.

Figure 6 shows the extreme correlation at least lag
(see appendix) of precipitation with N34 and corre-
sponding lag-lead relationship maps for PR (Fig. 6a),
TMI (Fig. 6b), and the GCM (Fig. 6¢). Both TMI and
PR are negatively correlated with N34 over the eastern
10, the MC, the SPCZ, the Amazon basin, and the west
equatorial Atlantic Ocean, and positively correlated
over the central-east equatorial Pacific Ocean (upper
panels in Fig. 6a and Fig. 6b). The local central-east
Pacific precipitation anomaly tends to lag the evolution
of Pacific SST by 1-2 months except right at the equa-
tor (lower panels in Fig. 6a and Fig. 6b), suggesting that
low-level moisture convergence anomalies must de-
velop before precipitation is affected. The observed
precipitation anomaly in the MC region leads the Pa-
cific SST anomaly, consistent with the finding of Curtis
and Adler (2000). This implies that subsidence anoma-
lies due to weakening trade winds may determine MC
behavior as much as the delayed remote response to
resulting east Pacific SST anomalies. The GCM simu-
lates reasonably well the observed positive correlation
between equatorial Pacific precipitation anomalies and
SST, and the negative correlation in the SPCZ and At-
lantic. However, the strong negative (positive) correla-
tions observed in the MC (I0) regions are missing (mis-
placed) in the model. The missing MC response, if
driven by trade wind rather than SST anomalies at
ENSO initiation, may be a limitation of atmosphere-
only GCM simulations in which the surface wind can
respond to but not affect the prescribed SST.

b. Stratiform—convective partitioning and latent
heating

The release of latent heat in precipitating areas is a
major driving force to the large-scale circulation in the
Tropics. The profile of latent heating is associated with
the partitioning of stratiform versus convective rainfall
(Houze 1982, 1997). In a convective dominated region,
heating peaks in the lower troposphere, while it is con-
centrated in the upper troposphere (with evaporative
cooling below) in the stratiform anvil region. Changes
in the stratiform rainfall fraction (SRF) and corre-
sponding latent heating profile during El Nifio events
have been reported by Schumacher and Houze (2003),
who show an enhanced near-equatorial trans-Pacific
SRF gradient during El Nifio.

The two TRMM SRF products show different fea-
tures both in the mean and ENSO anomaly fields. For
the mean field (Fig. 7, left), the largest discrepancies are
found over land and over the east Pacific ITCZ. (Large
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F1G. 5. ENSO monthly precipitation anomaly scatterplots for (a),(b) PR vs (c),(d) TMI and
(e),(f) AMSR-E vs TML (left) El Nifio months and (right) La Nifia months as defined in the
text. The solid line is the least squares fit; S stands for the slope of the linear fit, and R is the

correlation coefficient.

apparent PR-TMI discrepancies over the Peruvian and
Namibian marine stratocumulus regions are not associ-
ated with deep convective systems and are irrelevant to
this discussion.) In general, PR stratiform fraction over
ocean is ~40%-60% and that for TMI is ~10% smaller
in heavily precipitating regions. Over land, the PR SRF
is somewhat smaller and the TMI SRF is considerably

smaller. The GCM simulation has a general pattern
that agrees with PR, but with much larger SRF than PR
and TMI have over land (where GCM mean rainfall is
deficient), and much smaller SRF over most ocean ar-
eas (~10%-20%), symptomatic of the absence of a
mesoscale updraft parameterization in the model (Don-
ner et al. 2001). Corresponding to those differences in
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F1G. 6. The extreme correlation at least lag of precipitation with Nifio-3.4 and the corresponding lag relationship
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are shown.

SRF between the GCM and data over ocean regions,
the GCM produces more convective precipitation, and
thus latent heating peaks at a much lower altitude with
a much stronger magnitude compared to the TRMM
latent heating profile (see below and section 6).

In the right column of Fig. 7, the 1998 December—
February (DJF) SRF ENSO anomaly is plotted for PR
(Fig. 7d), TMI (Fig. 7e), and the GCM (Fig. 7f). The
sign of the SRF ENSO anomaly is opposite in TMI and
PR data. PR has a negative SRF anomaly over the MC
region, the SPCZ, and the subtropical Pacific in the
Northern Hemisphere, and a strong positive anomaly
over the central/east Pacific (Schumacher and Houze
2003). TMI instead shows a positive 1997/98 ENSO
anomaly in the subtropical Pacific in both hemispheres,
and weak negative changes over the MC region and the
central equatorial Pacific Ocean. Similar patterns exist
during the 2002/03 El Nifio (not shown), but the area
covered and anomaly magnitude are smaller. The
GCM’s SRF ENSO anomaly pattern resembles the less
reliable TMI estimate but is stronger over the central
Pacific.

Mean and ENSO 1998 DJF anomalies in the altitude
of peak latent heating (ALPH) for the CSH product
and the GCM are shown in Fig. 8. The GCM plots are
shown for the deep convective component of heating

only, since shallow nonprecipitating clouds are not de-
tected by PR and do not contribute to the CSH profiles.
The PR retrieval peaks in the middle troposphere in
convecting regions, higher in the west Pacific warm
pool and over the tropical continents than in the east
Pacific ITCZ. ENSO anomalies in the PR-based ALPH
are fairly consistent with the PR SRF anomalies in the
central Pacific (ALPH rises where SRF increases dur-
ing the warm phase), the SPCZ, and the MC (ALPH
and SRF both decrease). We also examined the TMI-
based latent heating profiles (not shown), which show a
higher ALPH over most ocean areas than the PR-based
product. The TMI ENSO perturbation latent heating is
also noisier than the PR anomaly. The patterns in the
GCM’s ALPH are similar to those in CSH, but its latent
heating peaks at a lower altitude than that of CSH over
the oceans and most continental regions, and at higher
altitudes over a few tropical land locations. The GCM’s
ALPH also increases in the central/east Pacific during
the warm phase despite its SRF decreasing there, sug-
gesting that it is determined by an upward shift in the
convective heating profile as rain rate increases rather
than a change in the weighting between stratiform and
convective contributions. The big decrease of ALPH
during El Nifio in the MC, however, is missing from the
GCM.
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F1G. 7. (left) Mean and (right) ENSO anomaly in stratiform rainfall fraction in DJF 1998 from (a),(d) PR,
(b),(e) T™MI, and (c),(f) the GCM.

The DJF latent heating profiles from shallow convec-
tive, deep convective, and stratiform clouds in the
GCM are shown in Fig. 9. The deep convective heating
peaks near 600 mb but has significant heating down to
800 mb. The latter feature is consistent with the GCM’s
underestimated downdraft mass flux (Xie et al. 2002).
Shallow convection and heating from low-level strati-
form cloud further depress the level of the overall heat-
ing. The upper-level stratiform heating shows the effect
of the absent mesoscale updraft—rather than a strong

upper-troposphere heating peak with evaporative cool-
ing below, the model exhibits only slight net heating
above the 300-mb level and a deep layer of weak evapo-
rative cooling below that.

¢. Other hydrological fields

In this subsection, we explore the atmospheric re-
sponses to El Nifio in several other components of the
tropical water and energy cycle: CWV, OLR (upward
positive), and middle-tropospheric temperature (TT).
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In the subtropical descending branch of the Hadley cell,
CWV is the primary influence on OLR and is also an
indicator of the strength of the descending motion. In
the ITCZ, OLR is controlled by cumulus anvil and thin-
ner cirrus clouds and is thus diagnostic of the ice water
path produced by convection and large-scale ascent.
The warming of tropospheric temperature and its
spread across the entire tropical belt via propagating
Kelvin and Rossby waves has been proposed as an
ENSO teleconnection mechanism for remote tropical
surface warming (Chiang and Lintner 2005).

The GCM CWYV mean field is almost uniformly
lower than that observed by TMI (by ~12%) through-
out the Tropics (not shown). This corresponds to a
GCM OLR mean value larger than the ISCCP mean
(by ~9.5 W m~?). The mean middle-tropospheric tem-
perature at 400 mb is reasonably simulated in the GCM.
Over the Pacific and Indian Oceans, the CWV anomaly
has the same sign and similar patterns as precipitation,
while the OLR anomaly has the opposite sign but simi-
lar patterns (Figs. 10a,b). We are especially interested
in the CWV and OLR ENSO signal over the subtropi-
cal subsidence regions (i.e., 15°-30°S and 15°-30°N).
Figure 11 shows scatterplots of the monthly 500-mb
omega anomaly versus CWV anomaly for December

1997 to June 2005 from the NCEP-NCAR reanalysis
and TMI (top panel) and the GCM (bottom panel). The
response of the model’s subtropical CWV to ENSO
Hadley circulation anomalies is too weak by ~40%.
This may be due to its underestimate of SRF, which
weakens the remote circulation response (Schumacher
et al. 2004) and thus subsidence drying. The model’s
weaker-than-observed negative OLR anomaly in the
central-east equatorial Pacific in Fig. 10b is diagnostic
of an underestimated ENSO increase in cumulus con-
densate detrainment and/or anvil ice production, also
consistent with the model’s SRF problem. Details of
the vertical structure of the response over different re-
gions will be discussed in section 6.

The ENSO-induced anomaly in NCEP-NCAR re-
analysis and GCM TT are compared in Fig. 10c. The
signal is dominated by a TT warming response to El
Niflo through most of the tropical belt both in NCEP-
NCAR and the GCM, consistent with previous studies
(e.g., Yulaeva and Wallace 1994). NCEP-NCAR shows
the classic Gill (1980)-type pattern of response to a
surface heating anomaly. The initial eastern equatorial
Pacific warming generates a Kelvin wave that propa-
gates to the east, while Rossby waves on either side of
the equator propagate the signal to the west Pacific.
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This is proposed by Chiang and Sobel (2002) and
Chiang and Lintner (2005) as a mechanism for ENSO
impacts in the remote Tropics. Although the GISS
GCM produces TT warming across the Pacific, the Gill
pattern is less obvious. The Kelvin wave remote influ-
ence over Africa and the west 10 is weaker. Some fea-
tures of the Rossby wave pattern do not propagate suf-
ficiently far westward—the primary warm anomaly
barely extends past the date line, and cooling anomalies
over east Asia and west Australia—southeast IO are
mostly missing in the GCM.

6. Summary and discussion

The results of the previous section can be summa-
rized as follows. Although the GCM produces a gener-
ally reasonable precipitation ENSO anomaly pattern
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with decreased rainfall in the west Pacific and increased
rainfall in the central-eastern Pacific during El Nifio,
which agrees with TRMM data, it has difficulty in simu-
lating the remote El Nifio precipitation responses over
the Maritime Continent, the Indian Ocean, and the
southeastern United States. Stratiform rainfall is under-
estimated in the GCM over the tropical oceans both in
the mean and ENSO anomaly fields. This specific fea-
ture of the GISS model may be generally relevant to
climate GCMs: Dai (2006) shows that most of the 18
state-of-the-art coupled atmosphere—ocean GCMs pro-
duce too much convective and too little stratiform rain-
fall over the Tropics. This causes a weak upper-
tropospheric latent heating response. Thus, moist static
energy export from convecting regions is likely to be
too weak, possibly accounting for the GCM’s subtropi-
cal dryness. The GCM also exhibits excessive low-level
convective heating, symptomatic of its weak down-
drafts; this too is a common feature of other models
(Xie et al. 2002). Heating from shallow convection and
low stratiform cloud further enhance the overall lower-
level heating peak. In the ITCZ and SPCZ ascent re-
gions, the GCM’s excess mean precipitation may ex-
plain its underestimate of CWV. The observed stronger
gradient in SRF across the Pacific during El Nifio in PR
data has been suggested by Schumacher et al. (2004) to
affect the large-scale dynamical response to El Nifio,
due to the associated horizontal variability of the dia-
batic heating vertical structure. We have shown, how-
ever, that the GCM’s ENSO-induced SRF behavior is
opposite that of PR. This implies that the GCM’s in-
ability to simulate SRF changes during ENSO may be a
factor in its weaker remote atmospheric responses to
ENSO.

To further investigate the link between ENSO
changes in the tropical hydrological cycle and the Had-
ley and Walker cells, we focus on several regions in the
descending and ascending branches of the tropical cir-
culation: 1) The central-east equatorial Pacific (CEEP)
region (5°-5°N, 180°-260°E), where the positive ENSO
precipitation anomaly is centered; 2) the Maritime
Continent (MC) region (15°S-15°N, 90°~150°E), which
together with the CEEP region captures the shift of the
Walker circulation during El Nifio; and 3) the subtropi-
cal region in the Northern Hemisphere (STNH; 15°-
30°N, 120°-240°E), which covers the descending branch
of the Hadley circulation in boreal winter, when ENSO
peaks. We focus our discussion on DJF 1998, the peak
of the strongest El Nifio in the TRMM record.

Horizontal temperature gradients are weak and tem-
perature tendencies small on monthly time scales in
the Tropics. The thermodynamic equation can thus to
first order be simplified to a balance between diabatic
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heating/cooling (Q) and adiabatic cooling/warming
(w 06/0p, where o is vertical velocity, 6 is potential tem-
perature, p is pressure, and 96/dp is static stability). Per-
turbations in the diabatic heating (Q") can be balanced
by two contributions, assuming that second-order per-
turbation terms are small: one from the change in cir-
culation w'(96/dp), another from the change in stability
w(96'/dp), that is,

0/, 05, Q0 (1)

where overbars indicate the climatological value. We
estimate each term in (1) for the three regions to un-

derstand the GCM’s inability to reproduce the ENSO
response.

a. Walker circulation

We first consider the mean and DJF 1998 anomaly
behavior of the GCM in the MC and CEEP regions,
which constitute the primary upwelling branch of the
equatorial Walker cell during normal and ENSO con-
ditions, respectively. Figures 12 and 13 show observed
and simulated vertical profiles of latent heating, vertical
velocity, static stability, and the two contributions to
the adiabatic heating/cooling anomaly in (1) for each
region, respectively. Tables 1 and 2 summarize the pre-
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cipitation and precipitation-type characteristics of the
model relative to that observed for each region. (Re-
analysis fields in these figures are not totally con-
strained by observations, but we assume their gross fea-
tures on seasonal or greater time scales to have some
information content.)

Although the GCM overestimates climatological pre-
cipitation in the MC relative to both TRMM products
(Table 1), its latent heating peaks at lower levels (Fig.
12a) due to its small SRF (23%, versus 43% in PR;
Table 1), weak downdraft, and low-level shallow con-
vective and stratiform cloud. As a result, the model’s
mean vertical velocity is slightly greater than that in the
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NCEP-NCAR reanalysis at low levels but considerably
weaker in the middle and upper troposphere (Fig. 12b).
For the same reason, the temperature profile is too
unstable in the middle and upper troposphere through-
out the equatorial region (Figs. 12c and 13c). In the
CEEP, mean subsidence in the model is too weak at all
levels (Fig. 13b). These results are broadly consistent
with those of Schumacher et al. (2004, their Fig. 6). The
GCM ENSO latent heating anomaly in the CEEP is
also centered at low levels, while the TRMM heating
anomaly is concentrated at upper levels (Fig. 13a). In
fact the GCM SRF anomaly is negative while that ob-
served by PR is positive (Table 2). The remote ENSO
subsidence response in the MC is too weak (Fig. 12b) in
the model. The vertical velocity anomaly is the primary
balance for the diabatic heating anomaly in the Pacific
both in the model and observations (Figs. 12d and 13d).
Thus, the deficiencies in the model’s remote tropo-
spheric temperature response (Fig. 10c) can be traced
to the weakness of its remote subsidence response to
ENSO SST perturbations.

This may be understood in the framework of the Gill
(1980) model. The remote response depends on the
propagation of Kelvin and Rossby waves away from the
anomalous heat source. The propagation speed in-
creases with increasing static stability. Since the GCM’s
troposphere is too unstable due to weak stratiform
heating at upper levels and weak downdraft cooling at
lower levels, its wave responses propagate too slowly
and thus weaken by dissipation over shorter distances.
The resulting weakness of the GCM’s Walker circula-
tion may also explain the overly zonal orientation of its
mean and anomalous precipitation fields in the MC and
the presence of a primarily north-south rather than
west—east dipole ENSO pattern in the 10 (Fig. 4).

Another possibility is that the model dissipation is
too strong, especially given its use of a cumulus mo-
mentum mixing parameterization that neglects cloud-
scale pressure gradients. Clarke and Kim (2005) em-
phasize the role of weak damping in producing a zon-
ally symmetric TT response to ENSO. We performed a
sensitivity test in which momentum mixing was sup-
pressed in the convection scheme. The resulting ENSO
anomalies are shown in Fig. 14. Eliminating momentum
mixing has a beneficial effect on several fields: Spurious
positive (negative) ENSO CWV anomalies over the
MC (western 10) present in the control simulation are
now eliminated. The TT field now shows more of the
Gill-like pattern seen in the reanalysis, and cold anoma-
lies are now present over east Asia and Australia. How-
ever, negative MC precipitation anomalies are still not
produced, and the magnitude of the CEEP ENSO re-
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F1G. 12. Vertical profiles of each element in (1) for climatology and for the DJF 1998
difference with respect to climatology for the Maritime Continent region (15°S-15°N, 90°—
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dotted (perturbation) lines are for NCEP-NCAR except for the diabatic heating term, which
is from TRMM CSH. In (d), all curves are for the perturbation, with the solid and dotted lines
indicating term 1 and the dashed and dashed—dotted lines indicating term 2.

sponse is still too weak; these features are more likely
tied to the deficient upper-level heating.

b. Hadley circulation

The STNH over the Pacific Ocean is the location of
the descending branch of the Hadley cell in boreal win-
ter. The excess mean precipitation in the GCM
throughout the equatorial region (Tables 1 and 2) im-
plies a meridional gradient of diabatic heating that is
too large, and thus a Hadley cell that is too strong,
resulting in excess subtropical subsidence (Fig. 15;
Table 3). This explains why the GCM underestimates
the mean CWV and overestimates the mean OLR in
this region (Table 3). On the other hand, the GCM’s
lack of stratiform heating and negative SRF ENSO
anomaly in the CEEP create a weak subtropical Hadley
cell response (Fig. 15), especially in the middle and
upper troposphere, so it is no surprise that the model’s
CWYV and OLR ENSO anomalies are both weaker than
observed (Table 3).

In summary, the GISS GCM’s inability to simulate
the ENSO remote atmospheric response is mainly a
consequence of its underestimates of stratiform rain
fraction and downdraft mass flux, and its excessive
heating from shallow convective and low stratiform
clouds, which result in diabatic heating concentrated in
the lower troposphere and a weak upper-tropospheric
gradient of anomalous heating. This has potential con-
sequences for the GCM’s estimates of cloud and water
vapor feedback in a long-term climate change. Tropical
convective cloud feedback depends on changes in the
balance between vertical motions, ice production, and
sedimentation; the results of this study call into ques-
tion the model’s ability to simulate these balances. Fur-
thermore, water vapor feedback depends on changes in
subtropical Hadley cell subsidence, since it is in these
dry regions that OLR is most sensitive to changes in
water vapor. The GCM’s weak subtropical ENSO dry-
ing anomaly does not necessarily imply that its water
vapor feedback is overestimated, since the sense of the
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F1G. 13. Same as in Fig. 12, but for the central-eastern equatorial Pacific region (5°S-5°N,
180°-260°E).

Hadley cell change may differ in response to external
forcing; it does, however, suggest that the magnitude of
water vapor feedback should be considered somewhat
more uncertain than might be concluded from the good
agreement among current climate models, since most
models underestimate SRF.

Together with evidence from the differences in other
related fields, we are led to speculate that the lack of a
mesoscale updraft, which causes the underestimate of
SRF, the weakness of the convective downdraft in the
GCM, and the lower-level heating from shallow con-
vection and stratiform cloud, are mainly responsible for
its weaker ENSO atmospheric response. For example,
the differences between simulated and observed ENSO
SRF and ALPH anomalies indicate that lack of a meso-
scale updraft limits the GCM’s ability to have anvils
respond to ENSO independently of the parent convec-

TaBLE 1. PREC and SRF means and DJF 1998 anomalies over
the Maritime Continent.

tion. Mesoscale updraft parameterizations are still rare
in GCMs (see Donner et al. 2001 for an exception), so
this might be a fruitful area for model improvement
across the full spectrum of GCMs. No GCM yet pro-
duces a reasonable downdraft mass flux (Xie et al.
2002), and some GCMs still have no downdraft param-
eterization at all; this should also be a priority for model
development. In our GCM these weaknesses combine
to give an unrealistic heating profile. In fact, it is pos-
sible to get a reasonable heating profile without one or
both of these parameterization features (Tiedtke 1989;
Gregory and Rowntree 1990; Hack 1994; Donner et al.
2001). However, this must be the result of unrealistic
updraft mass fluxes or cumulus microphysics, or com-
pensations in other parts of the model, as evidenced by
the difficulty these models have in simultaneously get-
ting the cumulus heating and moistening-drying pro-

TABLE 2. Same as in Table 1, but for the central-eastern
equatorial Pacific region.

GISS GCM TMI PR GISS GCM TMI PR
PREC (mm day™')  Mean 6.2 5.5 53 PREC (mmday')  Mean 4.1 2.8 23
ENSO —-0.4 —-1.7 -1.8 ENSO 3.4 4.5 3.8
SRF (%) Mean 23 35 43 SRF (%) Mean 29 4335
ENSO 1 -1 -6 ENSO -13 -3 17
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FiG. 14. GCM ENSO anomalies in (a) precipitation, (b) CWV, (c), OLR, and (d) TT for the simulation
without cumulus momentum mixing.

files correct. The excess low cloud in the GCM is prob-
ably symptomatic of deficiencies in a boundary layer
scheme based on dry conserved variables. We also
showed that weakening the dissipation associated with
cumulus momentum mixing improves some aspects of
the remote ENSO response in the simulation. Param-
eterizations that include the effect of cloud-scale pres-
sure gradients on cumulus momentum transport are
available (e.g., Gregory et al. 1997) and should be
tested as well. Some of the problems seen in the GISS
GCM, for example, its overly zonal response to ENSO
(Fig. 4), appear to be a feature of many current GCMs
(Dai 2006).

Finally, our comparisons of the various satellite pre-
cipitation products have implications both for the use of
current products and planning for future missions. Our
study makes clear that convective-stratiform partition-
ing algorithms based on passive microwave observa-
tions, while capable of producing reasonable mean geo-
graphical distributions, are not yet reliable for studying
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F1G. 15. Omega profiles as in Fig. 12b, but for the subtropical
region in the Northern Hemisphere (15°-30°N, 120°-240°E).



15 JuLy 2007

CHEN ET AL.

3599

TABLE 3. Mean and DJF 1998 anomaly for the subtropical Pacific region in the Northern Hemisphere in omega at 500 mb, OLR,

and CWV.
GISS GCM ISCCP RSS-TMI NCEP-NCAR

OMEGA 500 mb (mPa s™ ") Mean 282 20.2

ENSO 59 10.5
OLR (W m™?) Mean 267.0 262.4

ENSO 34 5.8
CWV (mm) Mean 253 27.8

ENSO —-1.1 -1.9

variability. The planned Global Precipitation Mission
(GPM) will rely on a constellation of satellites to pro-
vide global coverage on synoptic time scales, but only
the core satellite will carry a radar. If GPM is to realize
its potential for monitoring convective systems over
their life cycle, as the mix of convective and stratiform
rainfall changes, further development of passive micro-
wave algorithms, using the TRMM PR as a training
device, will be necessary.
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APPENDIX

ENSO Extraction Procedure

We first calculate the extreme correlation (of either
sign) at the least lag (ECLL) between the Nifio-3.4 in-
dex (N34) and the anomalies of a given climate variable
X at each grid box. The choice of N34 is based on the
study of Trenberth et al. (2002), which suggested that
N34 is best suited to characterize ENSO lag-lead rela-
tionships. The N34 used in this study is derived from
the same HadISST1 dataset that is used to force the
GCM simulation (available online at http:/www.cdc.
noaa.gov/Pressure/Timeseries/Nino34/). Chen (2005)

shows that at equatorial and subtropical latitudes in
both hemispheres, the N34-SST correlation pattern as
a function of lag at most longitudes has a single well-
defined peak. This makes ECLL useful for defining a
remote ENSO signal that accounts for the fact that the
lag can vary geographically depending on the sequence
of processes that remotely influence the SST (Klein et
al. 1999).

The next step is to calculate the standard deviations
of N34 (ow34) and of X (o) at each grid box. Then the
ENSO component of variability X' is given as

Oy,

X’I-m=N34m+j><ECLL,->< s
’ ON34

(A1)

where index i refers to the grid box, m the time, and j
the lag in months. According to (Al) the ENSO com-
ponent of the variability in parameter X at a given lag
relative to N34 simply depends on the magnitude of
variability of X relative to N34 and the extent to which
these variabilities are correlated. The biggest limitation
of the method is its dependence on a linear cross-
correlation between N34 and ENSO variations in other
climate fields. Thus it captures only the stable, linear,
and symmetric aspects of the ENSO-induced signal.

Chen (2005) tests the ENSO extraction procedure in
two ways. First, he performs empirical orthogonal func-
tion (EOF) analysis of several independent multide-
cadal global surface temperature datasets and corre-
lates the resulting principal components with N34 at
lags from —12 to +12 months to define the leading
modes that capture the ENSO signal. The extraction
method defined by (A1) is then applied and the result
subtracted from the original time series. The EOF
analysis is repeated on the resulting modified datasets
and N34 correlated with the six leading principal com-
ponents at the same set of lags. He finds that none of
the six leading modes is now correlated with N34 at any
lag at the 99% confidence level. The leading modes in
the adjusted time series instead portray a century-long
upward temperature trend and a decadal variability
mode that resembles the Pacific decadal oscillation
(Trenberth and Hurrell 1994).
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Second, Chen compares the EOFs associated with
ENSO and the decadal variability mode that emerges
when ENSO is removed in the surface temperature
field and a variety of NCEP-NCAR reanalysis fields
(horizontal and vertical velocity, Walker cell overturn-
ing, air temperature, and specific humidity). The ENSO
anomaly fields are found to have characteristic, well-
documented spatial patterns and differ noticeably from
the decadal patterns. The ENSO signal, for example,
being of opposite sign to the decadal mode over the
Maritime Continent and much of eastern North
Anmerica, is considerably stronger and somewhat east-
shifted relative to the decadal mode in the equatorial
east-central Pacific, stronger also over South America,
the tropical Atlantic, and southeastern United States,
but weaker in the subtropical and north extratropical
Pacific.
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