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ABSTRACT

Satellite measurements from the Atmospheric Infrared Sounder (AIRS) in the upper troposphere over
4.5 yr are used to assess the covariation of upper-tropospheric humidity and temperature with surface
temperatures, which can be used to constrain the upper-tropospheric moistening due to the water vapor
feedback. Results are compared to simulations from a general circulation model, the NCAR Community
Atmosphere Model (CAM), to see if the model can reproduce the variations. Results indicate that the
upper troposphere maintains nearly constant relative humidity for observed perturbations to ocean surface
temperatures over the observed period, with increases in temperature �1.5 times the changes at the surface,
and corresponding increases in water vapor (specific humidity) of 10%–25% °C�1. Increases in water vapor
are largest at pressures below 400 hPa, but they have a double peak structure. Simulations reproduce these
changes quantitatively and qualitatively. Agreement is best when the model is sorted for satellite sampling
thresholds. This indicates that the model reproduces the moistening associated with the observed upper-
tropospheric water vapor feedback. The results are not qualitatively sensitive to model resolution or model
physics.

1. Introduction

The largest uncertainty in predicting the future state
of the atmosphere lies in properly estimating the in-
ternal changes to the climate system in response to a
radiative perturbation (Cess et al. 1989; Cess 2005). The
impact of these internal changes, commonly called
feedbacks on the climate system, can be as large as the
primary forcing signal. Perhaps the most important
feedback in the earth’s climate system is the climate
feedback due to upper-tropospheric water vapor
(H2O), whereby a change in climate state changes
water vapor, which is the primary greenhouse gas (Held
and Soden 2000). This increase in water vapor then

further changes the climate state by enhancing the
greenhouse effect of water vapor. This is often simply
called the “water vapor feedback.” The water vapor
feedback has generally been thought to be positive,
with most atmospheric models maintaining constant
relative humidity with increasing temperatures
throughout the tropical tropospheric column. This im-
plies increases in specific humidity.

In the last decade or so there has been some debate
on the water vapor feedback, with some authors sug-
gesting that the relationship between increasing tem-
perature at the surface and upper-tropospheric humid-
ity may be negative (Lindzen 1990). However, most
recent studies indicate that the water vapor feedback is
positive (Held and Soden 2000), including recent work
using satellite humidity observations (Minschwaner and
Dessler 2004) and climate models compared to satellite
temperature and humidity observations (Soden et al.
2005).

This study will build upon previous estimates of the
water vapor feedback, by focusing on the observed re-
sponse of upper-tropospheric temperature and humid-
ity (specific and relative humidity) to changes in surface
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temperatures, particularly ocean temperatures. Similar
efforts have been performed before (see below), but
this study will use new high vertical resolution satellite
measurements and compare them to an atmospheric
general circulation model (GCM) at similar resolution.

The water vapor feedback arises largely from the
tropics where there is a nearly moist adiabatic profile. If
the profile stays moist adiabatic in response to surface
temperature changes, and if the relative humidity (RH)
is unchanged because of the supply of moisture from
the oceans and deep convection to the upper tropo-
sphere, then the upper-tropospheric specific humidity
will increase. The tropical atmosphere appears to main-
tain a nearly moist adiabatic profile (Neelin and Zeng
2000), because gravity waves efficiently spread heat
over an almost infinitely large Rossby radius (a result of
the small Coriolis parameter). Waves and mixing main-
tain a horizontally uniform temperature profile over
the entire tropics. This temperature profile is deter-
mined by moist adiabatic lifting of near-surface air over
warm moist parts of the tropics (e.g., Held and Hou
1980; Bretherton and Sobel 2002). Thus the mainte-
nance of this moist adiabatic profile is accomplished by
deep convection along with an efficient dynamic strati-
fied adjustment. We test this hypothesis as part of the
analysis in this work.

If the surface temperature of the tropics were to
change, the hypothesis is that the atmosphere would
relax to a warmer moist adiabat. This is consistent with
a large positive water vapor feedback at upper levels
(constant relative humidity). It implies increases in wa-
ter vapor throughout the profile, increasing the total
atmospheric absorption (the total atmospheric green-
house effect). It may also change clouds and their ra-
diative forcing of climate, so-called cloud feedbacks
(Bony et al. 2006).

The goal of this work is a better understanding of
specific feedback processes using better statistics and
vertical resolution than has been possible before. We
will compare satellite data over a short (4.5 yr) time
record to a climate model at similar space and time
resolution and examine the robustness of results with
several model simulations. The hypothesis we seek to
test is whether water vapor in the model responds to
changes in surface temperatures in a manner similar to
the observations. This can be viewed as a necessary but
not sufficient condition for the model to reproduce the
upper-tropospheric water vapor feedback caused by ex-
ternal forcings such as anthropogenic greenhouse gas
emissions.

Section 2 describes the methodology. Results are
contained in section 3. Conclusions are in section 4.

2. Methodology

In this work we will use profile data for humidity and
temperature from the Atmospheric Infrared Sounder
(AIRS) to analyze how the atmosphere (mostly the up-
per troposphere) responds to changes in the underlying
surface temperature. We equate this variation with a
measure of the first part of the water vapor feedback:
a change in climate state changes water vapor and its
greenhouse effect. We take the approach that using
high spatiotemporal data can allow us to explore many
different time scales. Most work analyzing feedbacks
has looked at annual or interannual time scales, such
as the impact of volcanic eruptions (Soden et al. 2002),
the El Niño–Southern Oscillation (Blankenship and
Wilheit 2001), or a single month or two of data (Ra-
manathan et al. 1989). Here we will use monthly data
over four annual cycles to try to better understand the
feedback processes.

A fundamental question is over what space and time
scales the feedback operates. If indeed the upper-
tropospheric water vapor feedback is related to the
coupling between the surface and the upper tropo-
sphere through convection, this is a fast process and
the feedback might operate rapidly (on space scales of
100 s of km and time scales of days). If the feedback is
a tropical mean response, this implies a strong coupling
between moist and dry regions through subsidence dry-
ing (Hartmann and Larson 2002) and the general
(Hadley) circulation, then we might assume that
monthly or seasonal averages over the entire tropics
might be more appropriate. Since the adjustment is
relatively rapid in the tropics, the coupling of the mean
response of the upper troposphere to the surface is
likely to be on the order of a month or so. In this work
we will focus on monthly and tropical averaged scales.
We detail the approach below, and then we describe
the data and model used.

a. Approach

We will analyze the water vapor feedback by looking
at the covariability of tropical averaged sea surface
temperatures (SSTs) and upper-tropospheric tempera-
ture and humidity (specific and relative). We define the
tropics here as latitudes within 30° of the equator, to
include the subtropical subsidence regions. For tropical
averages, the transport and adjustment time may be
longer than a month, since the radiative relaxation
time in the upper troposphere approaches 30 days
(Hartmann and Larson 2002). So a 1-month lag will
be applied to upper-tropospheric data in the results
presented here.
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We will examine the sensitivity of the results in par-
ticular to the sampling bias of AIRS (see below). Since
AIRS is a nadir IR sounder, AIRS cannot retrieve pro-
files of temperature and humidity in the presence of
more than 70% cloud cover. So we will sort the model
output by a similar criterion, and use tropical averages
from the simulations that include only those points with
cloud cover (total cloud in a column) of less than 70%.
We will perform this sorting on daily data and monthly
averages to explore differences.

We will also use several different model runs to ex-
plore how sensitive the results are to various factors.
We will use different time periods, attempting first to
match the AIRS period, and then look at a longer pe-
riod. We will also explore the sensitivity of the results to
formulations of the model resolution and moist physics
parameterizations.

b. Observations

The AIRS instrument on Aqua is used for retrievals
of temperature, surface temperature, and specific hu-
midity (Susskind et al. 2003, 2006). The analysis will use
54 months of AIRS data from September 2002 through
February 2007.

The 2378 independent channels on AIRS permit re-
trieval of an entire profile in the presence of up to 70%
cloud fraction over the AIRS footprint. We use AIRS
level 2 data retrievals (version 4.0). AIRS data are pro-
cessed into a daily gridded product as described by
Gettelman et al. (2006a). We use standard version 4
retrieved profiles (level 2) obtained from the National
Aeronautics and Space Administration (NASA) God-
dard Space Flight Center (GSFC) Distributed Active
Archive Center (DAAC) and bin them to a 1° � 1°
horizontal grid. Relative humidity is constructed as de-
scribed by Gettelman et al. (2006a,b) from the indi-
vidual profile temperature and water vapor mixing
ratios. AIRS data have been validated in the upper
troposphere by Gettelman et al. (2004) against aircraft
data, and by Divakarla et al. (2006) against radiosonde
data globally. In all cases, single profile uncertainties in
temperature are generally around 1 K, and uncertainty
in specific humidity is around 20%, with no significant
bias. In summary, AIRS data well represent upper-
tropospheric temperature and humidity when com-
pared to radiosondes or aircraft instruments.

c. CAM description

For comparison to observations we will use simula-
tions of the National Center for Atmospheric Research
(NCAR) Community Atmosphere Model version 3

(CAM), described by Collins et al. (2006). The model is
run using 1° � 1.25° horizontal resolution and 26 levels
in the vertical. Gettelman et al. (2006a) show that CAM
can reproduce the climatology of relative humidity in
the troposphere, with a slight moist bias relative to the
observations, which yields differences in the global en-
ergy balance of �1 W m�2. Intraseasonal variability of
humidity in the tropical upper troposphere is not as
well reproduced, likely due to problems in simulating
deep convection. Thus it is an open question of whether
the model can reproduce some of the feedback mecha-
nisms that depend on convective coupling of the surface
to the upper troposphere.

We use several different runs to try to understand the
sensitivity of the model results to time period or model
configuration. For the most detailed comparison with
observations, we run the model with surface tempera-
tures taken from observations during 2001–04 (36
months). Model SSTs may be slightly different from the
data, but represent a partially overlapping period. We
expect some scatter, but the entire 2001–07 period does
not feature strong expressions of tropical modes [such
as the El Niño–Southern Oscillation (ENSO)] so we do
not expect this to affect the results. Daily average
model output is used for comparison to the satellite
observations (binned for all overpasses within 24 h).
This model output is then filtered for locations where
the average daily or monthly cloud fraction is less than
0.7, the threshold for successful AIRS retrievals. We
compare the effect of averaging and sorting the model
output on the results below.

In addition, we examine several different simulations
with different versions of CAM to see if these results
are robust for different configurations and formulations
of the model. These runs also use different sea surface
temperatures, so we will be comparing against a com-
pletely different time period than the observations. We
will test four additional model runs. First is the base
case model presented above, but run for a longer time
period, denoted “CAM.” Second, we evaluate a run at
lower horizontal resolution (2° � 2.5° latitude and lon-
gitude) denoted “2x.” Third is a run with supersatura-
tion permitted in the ice phase as described by Gettel-
man and Kinnison (2007), denoted “SSAT,” and fourth
is a simulation with a more detailed microphysics pa-
rameterization for stratiform precipitation described by
Morrison and Gettelman (2008) and Gettelman et al.
(2008), denoted “MICROP.” This suite of runs allows
us some insight into whether the covariability is
strongly sensitive to surface boundary conditions, reso-
lution, or different representations of the model moist
physics important for the upper troposphere.
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3. Results

We focus the results on the covariation of tropically
averaged upper-tropospheric humidity and tempera-
ture with underlying surface temperatures. We con-
struct tropical means and anomalies by removing the
mean annual cycle.

The basic covariation of RH and H2O is illustrated in
Fig. 1. Figure 1 shows 54 months of deseasonalized,
monthly anomalies of RH (Fig. 1a) and specific humid-
ity (Fig. 1b) from both AIRS data (black asterisks) and
36 months of CAM simulation (gray diamonds). Only
CAM points with a cloud fraction less than 70% (sorted
daily) are included in the average to approximate the
locations the satellite would see. Each point represents
a tropical average of temperatures above the ocean sur-
face and relative humidity (Fig. 1a) or specific humidity
(water vapor) (Fig. 1b) at 250 hPa in the upper tropo-
sphere. A 1-month lag has been applied to the water
fields in the upper troposphere. This lag allows the dis-
tribution of a response in one region due to convection
to propagate throughout the tropics, and is approxi-
mately the time scale for radiative relaxation in the
upper troposphere. Such a lag has also been used by
Minschwaner and Dessler (2004). The lag reduces scat-
ter in the analysis, but the significance of the conclu-
sions is not changed if no lag is used.

Thick lines illustrate bootstrap fits (Efron and Tib-
shirani 1993), and thin lines are �two standard devia-
tions (2�) from the linear fit for AIRS (black lines) and
CAM (gray lines). Where the thin lines straddle the
zero line, the slope is not statistically different from
zero (at the 2� or �95% level). The thin dashed lines
represent lines of constant relative and specific humid-
ity for a given change in upper-tropospheric tempera-

ture. Constant relative humidity as a function of local
temperature is identically a horizontal line at zero (thin
dashed gray line in Fig. 1a), but a change in tempera-
ture for constant specific humidity will change RH
dramatically (increasing RH as temperature cools and
decreasing it as temperature warms), shown as a slop-
ing thin dashed line in Fig. 1a.

Figure 1a has considerable scatter, but in general,
there is little significant change of 250-hPa relative hu-
midity anomalies with anomalies in the previous
month’s surface temperature. The slope is not sig-
nificantly different than zero in either AIRS observa-
tions (1.9 � 1.9% RH °C�1) or CAM (1.4 � 2.8%
RH °C�1).

The situation for specific humidity in Fig. 1b indi-
cates less scatter, and is a more fundamental measure-
ment from AIRS (which retrieves specific humidity and
temperature separately). In Fig. 1b, it is clear that 250-
hPa specific humidity increases with increasing aver-
aged surface temperature in both AIRS observations
and CAM simulations. At 250 hPa this slope is 20 � 8
ppmv °C�1 for AIRS and 26 � 11 ppmv °C�1 for CAM.
This is nearly 20% of background specific humidity per
degree Celsius at 250 hPa.

The observations and simulations indicate that spe-
cific humidity increases with surface temperatures (Fig.
1b). The increase is nearly identical to that required to
maintain constant relative humidity (the sloping dashed
line in Fig. 1b) for changes in upper-tropospheric tem-
perature. There is some uncertainty in this constant RH
line, since it depends on calculations of saturation va-
por mixing ratio that are nonlinear, and the tempera-
ture used is a layer (200–250 hPa) average.

An examination of similar relationships between the
temperature anomalies in the upper troposphere and

FIG. 1. (a) RH and (b) specific humidity (Q) from both AIRS data (black asterisks) and CAM simulation (gray
diamonds). Thick lines illustrate bootstrap fits from AIRS (black) and CAM (gray), and thin lines are �two std dev
(2�) from the linear fit for AIRS and CAM. The thin dashed lines represent constant relative and specific humidity
as a function of surface temperature as described in the text.
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the surface temperature is illustrated in Fig. 2. CAM
temperatures have also been filtered for those points
with cloud fraction less than 70% to mimic the AIRS
sampling. Figure 2 indicates that for both AIRS obser-
vations and the CAM simulations, 250-hPa tempera-
tures increase with increasing average surface tempera-
tures, with a slope of 1.7 � 0.7°C °C�1 for AIRS (up-
per-tropospheric temperatures increase more than
surface temperatures). CAM is very similar at 1.7 �
0.6°C °C�1. This value is similar to the temperature
slope expected from moist adiabatic adjustment in the
tropics. The slope is similar to results from Sun and
Oort (1995) and Santer et al. (2005).

As noted above, one of the real benefits of AIRS
data over previous sensors is the vertical resolution.

Figure 3 exploits this resolution by plotting the slope of
the line and the confidence interval from Fig. 1 for
water vapor and Fig. 2 for temperature at each level.
The sort by cloud fraction each day as performed in
Figs. 1 and 2 is illustrated in green. The 250-hPa level in
Figs. 1 and 2 is noted as a dashed line. All lines are from
the same model run. As in Fig. 1 at 250 hPa, there is
little significant change in relative humidity for changes
in SST at most levels, and RH appears to be generally
constant with changes to SST. There is more vertical
structure to the simulations than observations. This
might be due to the 2–3-km vertical resolution of AIRS
in the upper troposphere.

Both AIRS and CAM show increasing temperature
change with height (Fig. 3b), broadly consistent with a
moist adiabatic assumption, and similar to the vertical
structure of temperature changes noted by Santer et al.
(2005) in radiosonde temperature soundings and model
simulations. The changes are significant at all levels,
and the model is not significantly different from the
AIRS data, at 1°–2°C °C�1.

Figure 3c illustrates the percent change in water va-
por with increasing surface temperature. As with tem-
perature, there are increases in specific humidity at all
heights in both the AIRS observations and the CAM
simulations. The combination of increases in tempera-
ture and humidity need not keep relative humidity ex-
actly constant as seen in Figs. 1 and 3a. Also, CAM
shows slightly larger sensitivity, though at most levels
the slopes are not statistically different from AIRS. De-
spite large scatter seen in Fig. 1, the changes in specific
humidity in Fig. 3c are significantly different than zero
when sorted by cloud fraction daily at all levels. The
slope of nearly 25% H2O °C�1 is large. Observed sur-

FIG. 3. The (a) dRH(z)/dTs, (b) dT(z)/dTs, and (c) dH2O(z)/dTs (dH2O in percent for specific humidity) as
a function of height for AIRS (black lines) and CAM (colored lines). CAM sorted for cloud fraction daily (green),
monthly (red), and no sorting (blue). The horizontal line shows the 250-hPa level, and the vertical line is the zero
line. Thick lines are the mean, and thin lines are �2� from the mean.

FIG. 2. Same as Fig. 1, but for surface temperature vs 250-hPa
monthly mean deseasonalized temperature anomalies over �30°
latitude.
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face temperature anomalies are �0.1 K, so H2O
changes over this record are typically 5%.

Figure 3 also illustrates the effect of sorting the
model results for cloud fraction. In general, if the simu-
lation is not sorted by locations where cloud fraction
is less than 70% (NoSort), the temperature and water
vapor changes are larger than observed (Figs. 3b and
3c), leaving RH (Fig. 3a) the same. In general, the
results produced by sorting for cloud fraction by
monthly averages of cloud, temperature, and humidity
(monthly) produce results similar to the sort by daily
average values (daily). The difference from the NoSort
case makes sense since sorting for regions with signifi-
cant cloudiness filters out the wettest and warmest re-
gions (since deep convection supplies latent heat and
water vapor).

Interestingly, both observations and simulations
show a complex structure in the troposphere, with
larger increases at 600 hPa (AIRS) or 500 hPa (CAM),
or a minimum in changes at 400 hPa and larger in-
creases above at 250 or 200 hPa. This may be related to
the structure of tropical convection, with shallow con-
vection detraining at 600–500 hPa, and deep convection
detraining at 250–200 hPa. The increase in convection
causes a peaked structure in the moistening. The struc-
ture is also seen less distinctly in the AIRS observations
(perhaps due to 2–3-km vertical resolution as noted).
Note that Fig. 3c is in percent water vapor terms, so at
upper levels the increase in mass or mixing ratio is
small, but large in percent terms. The change is still
important for radiation in this region, since by mass
OLR is more sensitive to changes in upper-tropo-
spheric water vapor.

Finally, we examine several different simulations
with different versions of the CAM model to see if
these results are robust for different configurations and

formulations of the model. These runs also use differ-
ent sea surface temperatures, so we will be comparing
against a completely different time period than the ob-
servations. We will test four additional model runs de-
scribed in section 2: (i) the base case model run for a
longer time period (CAM), (ii) a run at lower (2° �
2.5°) horizontal resolution (2x), (iii) a run with super-
saturation permitted in the ice phase (SSAT), and
(iv) a simulation with a different microphysics param-
eterization for stratiform precipitation (MICROP). The
CAM, MICROP, and SSAT runs use SSTs from 1978 to
1986 (9 yr), and the 2x run uses SSTs from 1978 to 2003
(26 yr).

The vertical structure of the covariability of RH, tem-
perature, and specific humidity in these simulations and
AIRS observations is illustrated in Fig. 4. The AIRS
observations (black line) are the same as in Fig. 3. All
runs are sorted monthly for locations where cloud frac-
tion is less than 70%, which yields results similar to
sorting daily (Fig. 3). For relative humidity (Fig. 4a),
the model simulations show a tendency toward reduced
RH at upper levels with warmer SSTs, and this is sig-
nificantly different from zero in all but the MICROP
(different stratiform microphysics) case. The response
is larger than the response of the model over the
shorter period noted in Fig. 3a.

For temperature, Fig. 4b, all runs show a similar
structure, with larger increases seen for the base case
(CAM) and supersaturation runs. The longer low-
resolution run (2x) shows results very similar to AIRS
observations, consistent with larger temperature in-
creases with height than at the surface (consistent with
a moist adiabatic profile).

For specific humidity, Fig. 4c, a similar structure is
seen to that in Fig. 3c. All the models show increases in
H2O in the upper troposphere, with the supersaturation

FIG. 4. Same as Fig. 3, but for different simulations, sorted monthly by clouds. Simulations are base case (red:
CAM). Base case 1.9° � 2.5° horizontal resolution (green: 2x), supersaturation for ice (light blue: SSAT), and new
stratiform microphysics (dark blue: MICROP). AIRS observations are in black.
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case having slightly larger increases, particularly at
pressures below 250 hPa. This is not surprising, given
the enhancement in water vapor permitted by super-
saturation. At upper levels, 300–200 hPa, the increase
in specific humidity occurs despite decreases in RH. All
the simulations also show a local minimum in the struc-
ture at 300–400 hPa, and maximum near 500 hPa. AIRS
observations have a minimum at 400 hPa, and maxi-
mum from 600 to 700 hPa, which is not as clear. Thus
the covariation of upper-level temperature and humid-
ity with surface temperature is robust over various time
periods, resolutions, and changes to model moist physi-
cal parameterizations.

4. Conclusions

In general, CAM simulations have similar variability
of RH, temperature, and H2O as AIRS observations in
the upper troposphere. The covariation of upper-
tropospheric moisture and temperature with surface
temperatures agrees better with AIRS observations
when sorted by similar sampling criteria to AIRS. The
simulations show some tendency for decreases in RH as
surface temperature increases, largely due to larger in-
creases in temperature than observed. This might sim-
ply be a function of the threshold value assumed for
AIRS cloudiness: if AIRS is only able to retrieve when
there is 60% cloudiness or less, for example, this would
remove some of the wettest and warmest scenes from
CAM and perhaps reduce the difference.

These results from AIRS and CAM simulations in-
dicate that as surface temperatures increase, water va-
por in the upper troposphere increases in observations
to maintain nearly constant relative humidity. Thus the
water vapor feedback is positive, and yields near con-
stant upper-tropospheric RH. Note that RH can de-
crease even if specific humidity increases as a result of
the nonlinear change of saturation vapor mixing ratio
with temperature. The result is consistent with analysis
by Soden et al. (2005) using a different model and sat-
ellite observations of humidity (from the Special Sensor
Microwave Imager) and temperature (from the Micro-
wave Sounding Unit and the High Resolution Infrared
Radiometer Sensor), indicating that simulated upper-
tropospheric temperature response over the observed
record was similar to observations and to a constant
RH assumption. The result is also consistent with the
results of Minschwaner and Dessler (2004). The in-
crease in temperature scales is like a moist adiabat, with
increases larger at higher altitudes, similar to Santer et
al. (2005).

Results suggest a structure to the changes, with larger
increases at higher altitudes (lower pressures) and a

local peak in moistening at 400–600 hPa in CAM and
700 hPa in AIRS, or a relative minimum in moistening
between these levels. This hints that perhaps the struc-
ture of convection in the tropics is changing, either
through enhanced moistening at upper levels (200 hPa)
and enhanced subsidence below (300–400 hPa) or pos-
sibly through changes to midlevel convection (500 hPa).
This structure is an interesting subject for future study.

On balance, CAM simulated upper-tropospheric hu-
midity and temperature appears to respond on monthly
time scales similarly to observations from AIRS. If the
coupling of the upper troposphere and the surface is
occurring on these relatively fast time scales of a month
or so, then these results enhance confidence that model
water vapor responses to changes in the climate state
are similar to observations and imply near-constant
RH for small changes to mean ocean temperatures.
This implies that the first part of the water vapor feed-
back, the change in upper-tropospheric humidity in re-
sponse to changes in surface temperatures, is simulated
correctly in CAM. These results provide enhanced con-
fidence in the range of climate sensitivity in climate
simulations, which are based on a positive upper-
tropospheric water vapor feedback. This is a necessary
but not sufficient condition for trusting future climate
projections from GCMs. Furthermore, the results hint
at a vertical structure to the variations, which may help
reveal the processes responsible. Further process-
oriented studies will be valuable in verifying that moist-
ening affects climate and in understanding how clouds
at various levels may change with changes to surface
temperatures.
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