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Abstract

To diagnose the causes of an excessive response of the clear-sky greenhouse effect to
El Nifio warming in the NCAR models, the response of both water vapor and temperature
to El Nifio warming in the models is examined as a function of height. The percentage
response of water vapor to El Nifio warming in the models is considerably stronger than
the response in the NCEP reanalysis in the middle and upper troposphere
(700mb-300mb). The maximum discrepancy with NCEP data at 500 mb reaches 18%/K
in CAM3 at T42 and T85 resolution. The discrepancy in the temperature response
between the models and NCEP data at all tropospheric levels is within 0.3 K/K, with the

maximum discrepancy occurring in the immediate neighborhood of 600 mb.

Employing a radiative model, we have calculated the contributions of the excessive
water vapor response in the middle and upper troposphere as well as the contributions
from the differences in the lapse rate response to the discrepancies seen in the clear-sky
greenhouse effect. The results confirm that the main cause of the excessive response of
the clear-sky greenhouse effect is an excessive response of water vapor in the middle and

upper troposphere.



1. Introduction

Water vapor is the major contributor to Earth's greenhouse effect (Kiehl and Trenberth
1997). The response of the climate system to an increase in the greenhouse gases depends
on the feedback of water vapor (Houghton et al. 2001). As we increasingly rely on
climate models to assess and predict climate change, we need to know how well our

models simulate the water vapor feedback (Stocker et al. 2001, Sun et al. 2001).

The response of water vapor to El Niflo warming stands as a useful test bed to isolate
and fix potential errors in our simulations of water vapor feedback. This is because the
signal is strong, planetary in spatial scale, and has a time scale on which we have good
observations. Earlier studies have stressed that El Nifio warming is not a good surrogate
for global warming because the latter may have a different spatial pattern of warming
(Sun and Held 1996 and others). This argument has given back some ground recently as
more and more climate models predict El Nifio-like warming in response to increases in
the greenhouse gases (Meehl and Washington 1996; Timmerman et al. 1999; Cai and
Whetton 2000; Boer et al. 2004). Exactly how the climate system responds to
anthropogenic forcing may take some time to answer. Fortunately, the need to document
carefully and understand the discrepancies between model simulated response of the
greenhouse effect of water vapor and that indicated in available observations does not

depend much on the answer to this question.



In an earlier study of water vapor feedback in the NCAR CCM3, Sun et al. (2003)
found that the response of the clear-sky greenhouse effect to El Nifio warming in the
model is considerably larger than that indicated in the ERBE observations. In an extended
study by Sun et al. (2006), they found that three recent versions of the NCAR
Community Atmosphere Model (CAM) continue to overestimate the response of

clear-sky greenhouse effect to El Nifio warming.

The clear-sky greenhouse effect depends on the water vapor (Zhang and Sun 2006) as
well as on the lapse rate (Sun and Lindzen 1993; Held and Soden 2000). Therefore there
are two possible causes of the excessive response in the clear-sky greenhouse effect. One
is that the response of the water vapor concentration in the troposphere is too strong in
the model. The other possibility is that the lapse rate response in the models is not the
same as in the observations. We would like to know the relative contributions from these
two processes to the excessive response in the clear-sky greenhouse effect noted in the
NCAR models. Therefore we examine in this paper the vertical structure of both the
water vapor and temperature response to El Nifio warming, and we will quantify the
contributions from these two factors to the discrepancies seen in the response of the

clear-sky greenhouse effect.

2. Methodology, data and model



We employ the same regression analysis of Zhang and Sun (2006) in this study. As we
attempt to understand the discrepancy in the clear-sky greenhouse effect between those in

the models and that from ERBE (Barkstrom 1984), we again focus on the ERBE period.

The specific humidity and air temperature data from the National Centers for
Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
reanalysis (Kalnay et al. 1996) are used to examine the model simulations in the present
study. The four NCAR models analyzed here are NCAR CCM3, NCAR CAM2, NCAR
CAM3 at standard resolution, and NCAR CAM3 at T85. The model data are from the
AMIP (Atmospheric Model Intercomparison Project) runs of the four models (Gates

1992).

3. Results

Figure 1 shows the spatial pattern of the response of clear-sky greenhouse effect (Ga)
in ERBE observations and in the models. All the models can simulate the observed
positive response from the greenhouse effect of water vapor including the location of the
maximum response over the central Pacific, but somewhat overestimate the magnitude of
the response. Averaged over the immediate region of El Nifio warming (160°E-290°E,
5°S-5°N), the response of greenhouse effect is 6.37 Wm™ K" in ERBE observations while

the response of Ga in four models is respectively 8.26 Wm~K™' (CAM1), 8.17 Wm>K



(CAM2), 8.33 Wm™ K™ (T42 CAM3) and 8.65 Wm™ K (T85 CAM3). So all the models
have an excessive response in Ga over the immediate region of El Nifilo warming and this

excessive response is more severe in the T85 CAM3.

The differences in the response of greenhouse effect between the model simulations
and ERBE observations could be in part due to the sampling differences between ERBE
and the model data (Sun et al. 2006), but the bias due to the inadequate sampling does not
explain the large range in the discrepancy as argued by Sun et al. (2006). Note that these
values presented here are the results of regional response. An early study of Soden (1997)
concluded that the response of the tropical mean greenhouse effect of water vapor to El
Nino warming in the GFDL model has a close match with that from ERBE observations.
We have to note, however, that the tropical mean signal of Ga associated with ENSO is
much weaker than the signal averaged over the equatorial cold-tongue region of concern
due to cancellations between different regions. The mean response of Ga averaged over
the entire domain (120°E-290°E, 30°S-30°N) is respectively 0.79 Wm?K™' for
observations, 1.04 Wm2K' for CAM1, 0.77 Wm2K! for CAM2, 1.00 WmZK! for
CAM3 at T42, and 1.17 Wm™ K" for CAM3 at T85 resolution. So only over the region of
immediate warming, all the models overestimate the response of Ga, and the cause of this
overestimate is our concern here. The differences in the drying region will be investigated

in a separate paper.



Figure 2 shows the percentage water vapor response at different levels of the
troposphere, averaged over the immediate region of El Nifio warming (160°E-290°E,
5°S-5°N). In both models and observations, the response increases with height to about
500-400 mb, then decreases with height further up. (Note that NCEP has no data above
300 mb, so only the response below this level is plotted). The model-data discrepancy in
the response of water vapor is small in the low troposphere, but large differences occur in

the middle and upper troposphere.

Figure 3 further shows a comparison of the vertical profile of the temperature
response between the NCEP reanalysis and the models. The discrepancy in the
temperature response between models and NCEP data at all tropospheric levels is within
0.3 K/K. The maximum discrepancy in the temperature response occurs in the immediate
neighborhood of 600 mb. The response of temperature in the middle troposphere is
weaker in the models than that from NCEP reanalysis. The cause for this underestimate
in the middle troposphere is that the cold phase is generally warmer in the models than in

the observations (not shown here).

To obtain a quantitative measure of the relative contributions to the errors in the
clear-sky greenhouse effect from the bias in the response of temperature and the bias in
the response of water vapor, we have employed a radiation model (Chou 1986), the same
radiation routine used in Sun and Lindzen (1993) to calculate the differences in the

greenhouse effect due to different temperature or water vapor profiles. To estimate the



contributions from the differences in the lapse rate response to the differences in the
clear-sky greenhouse effect response, we first use the annual mean vertical profile of
water vapor and temperature from NCEP reanalysis to calculate the mean clear-sky
greenhouse effect as a reference value of Ga. We then add to the reference profiles of
temperature the temperature response from NCEP data and models shown in Fig.3, for a
1 K increase in the SST. We keep the water vapor profile fixed unchanged in the
calculation of Ga. We then contrast the differences between Ga from the changed
temperature profile and Ga from the case with the reference temperature profile.
Similarly, to estimate the contributions from the differences in the water vapor response
to the differences in the clear-sky greenhouse effect, we keep the temperature profile
fixed to the reference profile, but add to the reference profile for water vapor the response
of water vapor for a 1 K increase in the SST (Fig.2). To quantify the combined
contributions from the differences in the water vapor response and the differences in the
temperature response to the differences in the response of Ga, we add to both profiles of
water vapor and temperature their corresponding changes for a 1 K increase in the SST as
shown in Fig. 2 and Fig. 3. The results from these calculations are summarized in Table 1.
Clearly, the differences in the water vapor response explain the bulk of the differences in
the response of Ga. The contribution from the differences in the temperature response is
secondary. Note that the discrepancies in Ga do not exactly match the contributions due
to the combined effect. This is expected because in our calculation, we have fixed the

humidity above 300 mb constant—we do not have data from NCEP above this level.



4. Summary

To understand the causes of the overestimate in the response of clear-sky greenhouse
effect to El Nifio warming over the region of warming in four NCAR models, the
response of water vapor and temperature to El Nifio warming is examined as a function
of height. Consistent with the results from the NCEP reanalysis, all the NCAR models
have a stronger water vapor response to the surface ocean warming in the middle to upper
troposphere than in the lower troposphere. However, the water vapor response in the
middle to upper troposphere in the models is considerably stronger than in the NCEP
reanalysis. The temperature response, in contrast is weaker in the models in the middle
troposphere (the level around 600 mb).

Utilizing a radiation model, the data-model discrepancy in the temperature response is
found to play a secondary role in giving rise to the bias of greenhouse effect. The
difference in the temperature response only accounts for about 10% of the bias in the
response of greenhouse effect. The overestimate in the response of greenhouse effect is
mostly due to an overestimate of the response in the middle to upper tropospheric water
vapor.

Consistent with earlier analysis (Sun et al. 2001), the correlation between the upper
tropospheric humidity variations and those at the surface level is found to be higher in the
NCAR models than in the observations. Therefore a possible excessive background

diffusion in the models continues to be a concern. Another possible cause of the



overestimate of the water vapor response is the excessive response in the cloud cover. We
have noted that all the models also overestimate the upper cloud cover response. The
overestimate of water vapor response in the upper troposphere is about 8%/K ~10%/K,
and the associated upper cloud cover response is overestimated by about 5%/K in CCM3
and about 3%/K in three latest versions (see Table 2 of Zhang and Sun (2006)). In the
middle troposphere, two CAM3 models have a comparable cloud response to El Nifo
warming but they have an excessive water vapor response (the overestimate is about
20%/K). Interestingly, for other two models, the water vapor response is also
considerably larger in the middle troposphere but the middle cloud response is apparently
underestimated. This again highlights the fact that we do not yet know well the
relationship between clouds and humidity, and more generally the precipitation efficiency
of tropical convection. With new satellite data from "A Train" (Stephens et al. 2002), we

may be in a better position to address these critical climate issues.
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Table captions

Table 1: The discrepancy with ERBE observations in the response of clear-sky
greenhouse effect (Ga) and the contributions to this discrepancy due to the errors in
temperature and humidity response in NCAR models over the region of El Nifio warming
(160°E-290°E, 5°S-5°N). The contributions to Ga discrepancy are calculated as the
differences in the response of Ga to 1K SST increase between models and the same

NCEP reference value for each case (see text for details).

Figure captions

Figure 1: Response of the greenhouse effect of water vapor (Ga) to El Nifio warming
from (a) ERBE observations, (b) CAMI1, (¢c) CAM2, (d) T42 CAM3, and (¢) T85 CAM3.
Shown are regression coefficients obtained by linearly regressing the greenhouse effect
of water vapor at each grid point against the underlying SST averaged over the region of
El Nifio warming (160°E-290°E, 5°S-5°N). The interannual variations of Ga over the

ERBE period are used for the calculations.

Figure 2: Percentage response of specific humidity to El Nifio warming as a function of

height from the NCEP-NCAR reanalysis and four NCAR models averaged over the
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equatorial Pacific (160°E-290°E, 5°S-5°N). Shown are regression coefficients divided by
the respective climatology. In every vertical level, the regression coefficients are obtained
by linearly regressing specific humidity at the corresponding level against the underlying
SST (as in Figure 19 of Zhang and Sun [2006]) averaged over the region of El Nifio
warming (160°E-290°E, 5°S-5°N). The interannual variations of specific humidity over

the ERBE period are used for the regression calculations.

Figure 3: Response of air temperature to El Nifio warming as a function of height from
the NCEP-NCAR reanalysis and four NCAR models averaged over the equatorial Pacific
(160°E-290°E, 5°S-5°N). Shown in every vertical level are regression coefficients
obtained by linearly regressing the air temperature at the corresponding level against the
underlying SST averaged over the region of El Nifio warming (160°E-290°E, 5°S-5°N).
The interannual variations of air temperature over the ERBE period are used for the

regression calculations.
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Model

Ga discrepancy with ERBE

contribution to the discrepancy (Wm’K™")

Names |observations Wi’k [Lapse rate effect | Humidity effect | combined effect
CAMI 1.89 0.053 1.65 1.7
CAM2 1.80 0.31 0.87 1.21
CAM3 1.96 0.23 1.12 1.39
CAM3 (185)|  2.28 0.020 1.66 1.70

Table 1: The discrepancy with ERBE observations in the response of
clear-sky greenhouse effect (Ga) and the contributions to this discrepancy
due to the errors in temperature and humidity response in NCAR models
over the region of El Nifio warming (160°E-290°E, 5°S-5°N). The
contributions to Ga discrepancy are calculated as the differences in the
response of Ga to 1K SST increase between models and the same NCEP

reference value for each case (see text for details).
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Figure 1: Response of the greenhouse effect of water vapor (Ga) to El
Nifio warming from (a) ERBE observations, (b) CAMI1, (c) CAM2,
(d) T42 CAM3, and (e) T85 CAM3. Shown are regression
coefficients obtained by linearly regressing the greenhouse effect of
water vapor at each grid point against the underlying SST averaged
over the region of El Nifio warming (160°E-290°E, 5°S-5°N). The
interannual variations of Ga over the ERBE period are used for the
calculations.
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Figure 2: Percentage response of specific humidity to El Nifilo warming as a
function of height from the NCEP-NCAR reanalysis and four NCAR models
averaged over the equatorial Pacific (160°E-290°E, 5°S-5°N). Shown are
regression coefficients divided by the respective climatology. In every
vertical level, the regression coefficients are obtained by linearly regressing
specific humidity at the corresponding level against the underlying SST (as
in Figure 19 of Zhang and Sun [2006]) averaged over the region of El Nifio
warming (160°E-290°E, 5°S-5°N). The interannual variations of specific

humidity over the ERBE period are used for the regression calculations.
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Figure 3: Response of air temperature to El Nifio warming as a function of
height from the NCEP-NCAR reanalysis and four NCAR models averaged
over the equatorial Pacific (160°E-290°E, 5°S-5°N). Shown in every
vertical level are regression coefficients obtained by linearly regressing the
air temperature at the corresponding level against the underlying SST
averaged over the region of El Nifio warming (160°E-290°E, 5°S-5°N). The
interannual variations of air temperature over the ERBE period are used for
the regression calculations.



