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Abstract

Previous studies of water vapor and cloud feedbacks in the tropics usually use
observations over the ERBE period (1985-1989) to estimate these feedbacks. Here we
extend the analysis to two additional periods: 1990-1994 and 1995-1999. The results
show that the values of these feedbacks may depend on which period is chosen for the
estimate. The differences in the feedbacks from the long-wave and short-wave forcing
of clouds (Cl and Cs) estimated from these three periods are particularly significant.
Scatter plots with data from all three periods included indicate a regime behavior in
the area-averaged SST-Clouds relationship over the cold-tongue region. The
responses of the cirrostratus and deep convective clouds to SST changes exhibit
similar behavior as the radiative forcing of clouds. The results suggest that Cloud-SST
relationships during ENSO events are nonlinear and may depend strongly on the

magnitude as well as the spatial distribution of the surface warming.
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1. Introduction

Water vapor and clouds play a vital role in the radiation and heat budget of the
Earth-Atmosphere System. They are two major contributors to the greenhouse effect
of the Earth’s atmosphere. In addition, clouds are a major contributor to Earth’s
albedo [Kiehl and Trenberth, 1997; Ramanathan and Collins, 1991]. In response to a
naturally or anthropologically produced surface warming, water vapor and clouds can
change appreciably to alter radiation fluxes at the top of the atmosphere (TOA), and
thereby act as major climate feedbacks that either enhance or reduce the initial
warming. The sensitivity of the climate to anthropogenic forcing, such as increase in
the CO, content in the atmosphere, depends critically on the feedbacks of water vapor
and clouds in the climate system [Manabe and Wetherald, 1967; Sun and Lindzen,
1993]. According to simulations of global warming by general circulation models
(GCMs), water vapor feedback is the strongest positive feedback that almost doubling
the warming due to the increase in the CO, alone. Despite the different
parameterization schemes used in the different models, water vapor feedback differs
little from one model to another. Feedbacks from clouds, on the other hand, varies
greatly among models and are largely responsible for the large spread (about 3°C)
among different models in their estimated equilibrium climate sensitivity to a
doubling of CO, [Houghton et al. 2001, Colman, 2003]. Thus, understanding the
nature of water vapor and cloud feedbacks still stands a critical issue in the study of

global climate change.
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Many studies have taken advantage of a natural signal in the climate system-El
Nifio and South Oscillation (ENSO)-to gain a quantitative understanding of the
nature of water vapor and clouds feedbacks [Ramanathan and Collins, 1991, Sun and
Trenberth. 1991, and Sun et al 2006, among others]. These studies have fully
exploited the satellite observations of water vapor and cloud forcing during the
ERBE period [Barkstrom et al, 1989]. ERBE only covers the period from 1985 to
1989. Thus, questions about possible nonlinear behavior cannot be addressed as the
length of the data is limited. Senior and Mitchell [2000] has showed that the climate
sensitivity is time-dependent, suggesting feedbacks could depend on the mean
background state or the magnitude of warming. Sun et al. [2007] found that
feedbacks of water vapor and clouds change estimated from the AMIP simulation of
ENSO and those estimated from the corresponding coupled simulations of ENSO
differ significantly. They pointed out the prevalent cold-bias in the model simulated
climatological SST over the equatorial central Pacific may be a factor responsible for
the differences. We here focus on the analysis of observations, but use extended data
that cover two additional periods that include ENSO events: 1990-1994 and
1995-1999. Our purpose is to check whether feedbacks are different during different
El Nifo events, and identify any nonlinear or regime behavior that the clouds-SST

relationship or water vapor-SST relationship may exhibit.

2. Data and Methodology

In our analysis, the main observational radiative fluxes at TOA are obtained from

the NASA World Climate Research Programme/Global Energy and Water-Cycle
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Experiment (WCRP/GEWEX) Surface Radiation Budget (SRB) Project [Stackhouse,
et al., 2000]. From the aggregate data set for all sites and years, mean bias was
determined to be -8.2Wm™, and the root mean square difference is 23.8Wm™. TOA
heat flux from Earth Radiation Budget Experiment (ERBE) [Barkstrom et al., 1989] is
used for comparison. Observations of clouds properties are obtained from the
International Satellite Cloud Climate Project (ISCCP) data [Rossow and Duenas,
2004]. The SST used is the Extended Reconstruction SST (ERSST v2) [Smith and

Reynolds, 2004].

As in Sun et al. [2003, 2006], we perform linear regression analysis to calculate
feedbacks. In our study, we take the area averaged inter-annual SST anomaly over the
entire Pacific cold-tongue region (150°E~110°W, 5°S~5°N) as the forcing (ENSO)
signal, and then check how corresponding radiative fluxes at TOA response to the
underlying SST anomaly. The reader is referred to Sun et al. [2003, 2006] for details
of this method. In addition, the greenhouse effect of water vapor (Ga) at TOA are
quantified as Raval and Ramanathan [1989], the longwave (Cl) and shortwave (Cs)

cloud forcing at TOA are defined following Charlock and Ramanathan [1985].
3. Result

The SST anomalies (SSTAs) over the entire Pacific cold-tongue region of three
El Nifo events periods are shown in Fig 1. These three El Nifio events periods are
defined as the periods from 1985 to 1989, from 1990 to 1994 and from 1995 to 1999,

which contains the 1986/87, 1991/92 and 1997/98 El Nifio events respectively. We
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choose the average over the period from 1985 to 1999 as the climatology, and the
monthly SST anomalies were calculated by subtracting the 15-year-mean annual cycle
from the original data. As shown in Fig. 1, the 1997/98 El Niio is the strongest El
Nifio event, the SSTA over the entire Pacific cold-tongue region exceeds about 1.5°C
at the end of 1997 and at the beginning of 1998. Compared to the 1997/98 El Niilo
event, the 1986/87 and 1991/92 El Nino events are much weaker, their SST anomalies
did not exceed 1.0°C. Additionally, during 1985/87 EI Nifio and 1991/92 EI Nifio, the
positive SST anomalies located in the central-eastern equatorial Pacific, but during
1997/98 El Nifo the SST anomalies located in the eastern pacific. Another feature of
these three periods is that there was a La Nifia event followed the El Nifio event
during the period of 1985-1989 and 199-1999; for the period of 1990-1994, however,
there was no La Nifia following El Nifio. The 1991/92 El Nifio was followed by

another warm event.

The feedbacks averaged over Pacific cold-tongue region during three periods
are quantified and tabulated in Table 1. Besides the results from SRB, that from
ERBE over the ERBE period is also listed for comparison. The comparison between
ERBE and SRB over the ERBE period shows that feedbacks estimated from these two
date sets matched reasonably well. The differences of feedbacks from Cs and CI
between ERBE and SRB are both within the error bar. The difference of Ga is larger,
which may be due to the fact that ERBE underestimates the changes of Ga from La
Nifia to El Nifio [Sun et al., 2006]. In general, the consistency between SRB and

ERBE gives us confidence to extend this analysis to other periods. The feedbacks



87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

estimated for 1990-1994 differ from that of 1985-1989 significantly. The feedbacks
from Ga, Cl and Cs all are about 5 Wm™ K" larger than that for 1985-1989, which all
exceed the error bar of estimations. The estimates of 1995-1999 are much similar to

that of 1985-1989, and are different from that of 1990-1994.

Grouping the data from all these three periods, we have produced scatter
diagrams showing the RF-SSTA relationship (Fig. 2). Plotted are interannual
anomalies averaged over the entire equatorial cold-tongue region. The variability in
Ga apparently is more tightly controlled by variability in SSTA than the variability in
Cl and Cs. Within the entire range of the SST variability showed here, a SST increase
results in a significant increase in Ga. In contrast, the responses of Cl and Cs to SST
appear to be divided into three regimes. When SSTA is below -0.5°C, both CI and Cs
are not sensitive to SSTA (regime I). When SSTA is within -0.5°C to 2.0°C, both CI
and Cs increase with SSTA dramatically (regime II). However, when SST anomaly
exceeds 2.0°C, both CI and Cs decrease with SSTA (regime III). Fig. 2 explains why
the feedbacks of Cl and Cs from period of 1990-1994 are much stronger than that of
other two periods. During 1990-1994, there is no La Nifia event and also the El Nifio
event is much weaker than 1997/98 El Nifio, so SSTA is within the range from -0.5°C
to 2.0°C, a range when both Cl and Cs are sensitive to SSTA. However, the period
from 1985 to 1989 covers SST anomaly bellow -0.5°C, and the period from 1995 to

1999 covers the whole range of the SST anomaly.

Further analysis of the corresponding total SST in the central equatorial Pacific

during the three regimes suggest that the lack of sensitivity in regime I is linked to the
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fact that the equatorial central Pacific has to be warm enough to support deep
convection. Regime I corresponds to a La Nifia situation and the equatorial central
Pacific is too cold to support deep convection. Regime II corresponds to an equatorial
central Pacific that supports deep convection. The marked increase in the sensitivity in
stage II reflects the sensitivity of deep convection in the equatorial central Pacific to
changes in the SST in that region. Regime III corresponds to an exceptionally strong
warm event that has a maximum of SST warming in the far eastern Pacific. The
warming in the coastal region may reduce the moisture convergence to the equatorial
central Pacific where deep convection takes place. Composite analysis shows that
large positive SSTA during 1985-1989 and 1990-1994 are located in the
central-eastern Pacific, but the positive SSTA is located in the eastern Pacific during
the period of 1995-1999. During 1995-1999, even most of the basic SST exceeds the
convective threshold temperature (~27°C), deep convection averaged over the entire
equatorial cold-tongue region is still suppressed. It further shows that the responses of
RFs to SST are linked to the total SST in the equatorial central Pacific as well as the
magnitude of warming in the far eastern Pacific. The latter determines changes in the
SST gradients over that region and therefore large-scale circulation. Bony et al. [1997]
also underscored the role of large-scale circulation in determining response of cloud

forcing to SST changes.

To understand how this response of CI and Cs to SSTA is linked to the response
of the vertical structures of clouds to SSTA over Pacific cold-tongue region, we

further employed data from ISCCP D2 [Rossow and Duerias, 2004] and quantified the
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climatology of clouds properties and their response to SST anomalies. Cess et al.
[2001a, b] showed the influence of 1998 El Nifio on the RF and cloud structure over
the west Pacific warm pool region. How does the El Nifio events affect the radiative
forcing and cloud structure over Pacific cold-tongue region is not yet known. On
average, low level cloud is dominant over Pacific cold-tongue region, with a value
about 26.1%. The high level cloud is slightly less, with a value of 23.4%. The high
level clouds can divided into cirrus, cirrostratus and deep convective could, the
amount of cirrus is largest (17.8%), and the sum of cirrostratus and deep convective
could is 8.1%. The amount of middle level cloud is 11.53%. Radiative forcing of
clouds is a function of cloud types. To further understand the regime behavior shown
in Fig. 2, we further plotted scatter diagrams of cloud optical thickness versus SSTA,
cloud-top temperatures versus SSTA, cirrus cloud versus SSTA, cirrostratus and deep
convective clouds versus SSTA, middle level clouds versus SSTA, and the low level
clouds versus SSTA. The response difference in cloud radiative forcing in different
ranges of SSTA may be explained by the changes of optical thickness and cloud top
temperature in different ranges of SSTA (fig 3a, 3b). Both optical thickness and cloud
top temperature have two significant changes in their slopes with respect to SSTA.
Two significant changes in the slope are also found the scatter plot of cirrostratus and
deep convection clouds versus SSTA. The cirrus-formed mostly from the detrainment
of deep convective clouds, and the total middle level cloud amount are found to
increase with SSTA in a more or less monotonically. The slope between the low level

clouds and SSTA remains almost unchanged until the SSTA exceeds 2.0°C. So Fig.
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3c, 3e, and 3f suggest that contributions from the low and middle level clouds and

cirrus to the regime behavior in Fig. 2 may be small.

4. Summary

Using radiative fluxes at TOA from SRB, we estimate feedbacks from water
vapor greenhouse effect (Ga), long wave cloud radiative forcing (Cl) and short wave
cloud radiative forcing (Cs) over 1990-1994 and 1995-1999 and compared with the
results from the more commonly used ERBE period (1985-1989). We have found
significant differences in the estimates from these different periods, particularly in the
estimates of the cloud feedbacks. These differences are explained by the differences in
the magnitude as well as the distribution of the SST anomalies in these three different
periods. Averaged over the entire cold-tongue region, the cloud forcing and SST
relationship exhibit a regime behavior--three different relationships are observed as
the SST anomaly over the cold-tongue changes from strongly negative to strongly
positive. Similar regime behavior is also noted in the corresponding scatter diagrams
of cirrostratus and deep convection cloud versus SST. In the near future, we plan to
expand the study of Sun et al. [2006] which focused on the ERBE period only, to
these two additional periods that also have ENSO events, to check whether the models
could produce any regime behavior in the cloud forcing and SST relationships. With
the present results, we also believe that assuming a linear relationship between cloud
forcing and SST in quantifying cloud feedbacks, either in observations, or in model

simulations, may be an oversimplification.
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Table. 1. The estimations of feedbacks over the equatorial central Pacific
(5°S~5°N,150°E~110°W) from water vapor greenhouse effect (Ga), long wave cloud
radiative forcing (Cl) and short wave cloud forcing(Cs). The values of these feedbacks

are obtained through a linear regression using the inter-annual variations of the SST

and corresponding fluxes over the equatorial central Pacific.

Feedbacks (Wm*/K)

Name 85 to 89 90 to 94 95 to 99
Of
ERBE SRB SRB SRB
Processes
0 Ga
6.75+0.27 7.50+0.29 12.03+0.93 9.63+0.46
oT
oCl
11.824+0.97 10.97+ 0.81 15.85+2.05 12.44+ 0.61
oT
oCs
-10.57+1.21 -10.40+ 0.92 -16.89+ 2.67 -13.26+ 0.89
oT
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Figure captions

Fig. 1. (a) Time series of SST anomalies for the period 1985-1989 (solid line),
1990-1994 (dotted line), and 1995-1999 (long-dashed line) over Pacific cold-tongue
region (5°S-5°N, 150°E-110°W). The SST used is from ERSST V2 (Smith and
Reynolds, 2004) (b) Spatial pattern of composite positive SST anomalies for these

three different periods.

Fig. 2. Scatter diagrams showing the relationship between a) water vapor greenhouse
effect, b) longwave cloud radiative forcing, c) shortwave cloud radiative forcing and d)
net cloud radiative forcing anomaly and SST anomaly on the inter-annual time scale
for three period: period from 1985 to 1989 (blue dots), period from 1990 to 1994 (red
dots) and period from 1995 to 1999 (green dots). Each dot corresponds to one grid

within the domain (5°S-5°N, 150°E-110°W) at T42 resolution.

Fig. 3. Scatter diagrams showing the relationship between a) cloud optical thickness, b)
cloud-top temperature, c¢) cirrus cloud, d) sum of cirrostratus and deep convection
cloud, e) sum of middle level clouds and f) sum of low level clouds and SST anomaly.
The cloud properties are derived from ISCCP D2 data and based on T42 monthly

means data during 1985 to 1999 over Pacific cold-tongue region.
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Fig. 1. Time series of SST anomalies for the period 1985-1989 (solid line), 1990-1994
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(5°S-5°N, 150°E-110°W). The SST used is from ERSST V2 (Smith and Reynolds,

2004)
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Fig. 2. Scatter diagrams showing the relationship between a) water vapor greenhouse
effect, b) longwave cloud radiative forcing, c) shortwave cloud radiative forcing and d)
net cloud radiative forcing anomaly and SST anomaly on the inter-annual time scale
for three period: period from 1985 to 1989 (blue dots), period from 1990 to 1994 (red
dots) and period from 1995 to 1999 (green dots). Each dot corresponds to one grid

within the domain (5°S-5°N, 150°E-110°W) at T42 resolution.
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Fig. 3. Scatter diagrams showing the relationship between a) cloud optical thickness, b)
cloud-top temperature, c¢) cirrus cloud, d) sum of cirrostratus and deep convection
cloud, e) sum of middle level clouds and f) sum of low level clouds and SST anomaly.
The cloud properties are derived from ISCCP D2 data and based on T42 monthly

means data during 1985 to 1999 over Pacific cold-tongue region.



