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ABSTRACT

Estimates are made of the effect of changes in tropospheric water vapor on the climate sensitivity to doubled
carbon dioxide (CO,), using a coarse resolution atmospheric genera circulation model coupled to a slab mixed
layer ocean. The sensitivity of the model to doubled CO, is found as the difference between the equilibrium
responses for control and doubled CO, cases. Clouds are specified to isolate the water vapor feedback. Exper-
iments in which the water vapor distribution is specified rather than internally calculated are used to find the
contribution of water vapor in various layers and latitude belts to the sensitivity.

The contribution of water vapor in layers of equal mass to the climate sensitivity varies by about a factor of
2 with height, with the largest contribution coming from layers between 450 and 750 mb, and the smallest from
layers above 230 mb. The positive feedback on the global mean surface temperature response to doubled CO,
from water vapor above 750 mb is about 2.6 times as large as that from water vapor below 750 mb. The feedback
on global mean surface temperature due to water vapor in the extratropical free troposphere (above 750 mb) is
about 50% larger than the feedback due to the lower-latitude free troposphere water vapor.

Several important sources of nonlinearity of the radiative heating rates were identified in the process of
constructing the specified cloud and water vapor fields. These are (i) the interaction of clouds and solar radiation,
which produces much more reflection of solar radiation for time mean clouds than for the instantaneous clouds;
(ii) the correlation of clouds and water vapor, which produces less downward longwave radiation at the ground
for correlated clouds and water vapor than when these fields are independent; and (iii) the interaction of water
vapor with longwave radiation, which produces less downward longwave radiation at the ground for the average
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over instantaneous water vapor distributions than for the time mean water vapor distribution.

1. Introduction

Experiments were carried out with a GCM coupled
to aslab mixed layer ocean to determinethe contribution
of the feedback from water vapor in various regions of
the atmosphere on the sensitivity of global mean surface
temperature to doubling of carbon dioxide (CO,). While
the boundary layer moisture is closely coupled to the
underlying surface and can be considered, to afirst ap-
proximation, to be near saturation at the local surface
temperature, both advection and condensation play im-
portant roles in maintaining the water vapor distribution
above the boundary layer, referred to in the following
as free tropospheric water vapor (FTWV). It is well
known that GCMs have major numerical difficultiesand
physical uncertainties in representing these processes
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above the boundary layer; hence, it is important to es-
timate the magnitude of the FTWV feedback that may
be affected by these numerical and physical problems.

The results from this study indicate that the water
vapor feedback increases the model sensitivity by about
afactor of 2, and that the contribution of FTWV isabout
2.6 timeslarger than the feedback dueto boundary layer
moisture. The contribution of layers of equal mass to
the sensitivity varies by about a factor of 2 with height,
with the largest contribution per unit mass coming from
layers between 450 and 750 mb, and the smallest from
layers above 450 mb. Also, the contribution to the
FTWYV feedback from the extratropics (poleward of 30°
latitude) is estimated to be 50% larger than the contri-
bution from lower latitudes in our model.

The potential impact of the water vapor feedback on
global warming was studied by Manabe and Strickler
(1964) and Manabe and Wetherald (1967). They used
a one-dimensiona radiative convective equilibrium
model with specified lapse rate and assumed that either
specific humidity remained constant at all heights asthe
CO, concentration was increased, or that relative hu-
midity remained constant. In the fixed relative humidity
case, the specific humidity increases as the atmospheric
temperature increases. The increase in specific humidity
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increases the trapping of longwave radiation, further
increasing the surface temperature, leading to a positive
feedback and increased sensitivity. They found that the
fixed relative humidity case was about afactor of 2 more
sensitive to increased CO, than the case with fixed spe-
cific humidity.

The water vapor feedback in GCM simulations was
studied by Mitchell et al. (1987) and by Mitchell and
Ingram (1992). They used the technique of running the
GCM radiation scheme diagnostically to find the change
in the top of the atmosphere radiative fluxes when one
quantity was changed to the value from a doubled CO,
simulation with all other values held at the control ex-
periment values. The quantities varied in the latter study
were seasonal means, and included CO.,, surface albedo,
water vapor, cloud, and surface and atmospheric tem-
perature. This approach also does not include dynamical
effects, as the sensitivity in each atmospheric column
is found independently, and global mean values are
found by spatial averaging.

The experiments presented here are analogous to
those done by Manabe and Strickler (1964) and Manabe
and Wetherald (1967), extending the previous studies
by employing a GCM, with afull four-dimensional sim-
ulation of the heat fluxes, condensation, and radiation.

Although the importance of the FTWV feedback to
global warming has been under discussion for sometime
(Lindzen 1990a,b; Betts 1990; Gates et al. 1992; Dick-
inson et al. 1995), there have been few modeling studies
published that attempt to isolate and analyze this effect.
Shine and Sinha (1991) examined the surface temper-
ature response in a one-dimensional radiative/convec-
tive equilibrium model to 10% multiplicative changes
in relative humidity in 50 mb thick atmospheric layers
for various values of the solar constant meant to simulate
the tropical, global average, and higher latitudes. They
found a maximum response in the tropical case when
the 50-mb layer centered at 800 mb is changed, and
identified continuum absorption as an important con-
tributor near the surface. They also found that the sen-
sitivity in the tropical case was significantly larger than
for the average case, and more than twice as large as
for the higher-latitude case. They interpreted their re-
sults as indicating that water vapor near the surface
could be important in providing a positive feedback
even if the FTWV feedback was negative. Lindzen
(1996) noted that the Shine and Sinha (1991) result is
consistent with a strong influence of FTWV on surface
temperature, since in the tropical case the regions above
and below about 600 mb would contribute about equally
to the surface warming for a vertically uniform increase
of relative humidity. Spencer and Braswell (1997) point-
ed out that outgoing longwave radiation (OLR) is more
sensitive to 3% additive changes (i.e., changing RH to
RH + 3%) in upper-tropospheric layers (above 700—
800 mb) than in lower layers of the atmosphere, aresult
that is also consistent with Shine and Sinha (1991) after
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taking the considerations of Lindzen (1996) into ac-
count.

Here we address the question of theinfluence of water
vapor feedback in different atmospheric layers in the
vertical and in different horizontal regions, asin Shine
and Sinha (1991), but in the context of a GCM. Our
response from the different vertical layers resemblesthe
results of Shine and Sinha (1991) but differsin that the
higher-latitude FTWV feedback is more important in
the GCM than the tropical feedback.

The surface temperature response to increased CO,
involves important implicit contributions from the dy-
namics. The basic mechanism underlying the clear-sky
greenhouse effect is that increasing absorber amounts
changes the longwave optical properties of the atmo-
sphere without changing the top of the atmosphere long-
wave or shortwave net radiative fluxes. The increased
absorber amount causes the OLR to originate from a
higher-tropospheric layer. Since the tropospheric tem-
perature decreases with height, raising the emission lev-
el would cause reduced OLR if the temperature did not
change. The temperature of the emitting layer must then
rise to preserve the radiative balance. The reason that
the atmospheric temperature must locally increase near
the emission level when thislevel israised by increasing
the longwave absorber amount can be traced to the de-
crease of temperature with height. If the atmospheric
temperature did not vary in the vertical, changing the
emission level would have no effect on the energy bal-
ance, and no temperature change would be required.
Similarly, if the atmospheric temperature increased with
height near the emission level, then raising the emission
level would result in a local decrease in temperature.
This is the so-called lapse rate feedback. In low lati-
tudes, the emitting layer is above 540 mb, while it de-
scendsto near 600 mb in high latitudes, as demonstrated
by Fig. 1, which shows the effective emission level of
the clear-sky OLR measured by the Earth Radiation
Budget Experiment (Hurrell and Campbell 1992). Here
the effective emission level is defined as the level at
which the climatological annual mean tropospheric tem-
perature is equal to the emission temperature, (OLR/
o)¥4, where o is the Stefan—Boltzmann constant. The
temperature climatology used in this calculation was
taken from the National Centers for Environmental Pre-
diction (NCEP) reanalysis (Kanay et a. 1996).

The effective emission level for the downward long-
wave radiation at the ground is analogously defined as
the level at which the climatological annual mean tro-
pospheric temperature is equal to (DLB/o)Y4, where
DLB is the clear-sky downward longwave radiation at
the bottom. This level was computed using NCEP re-
analysis fluxes and temperatures and is also shown in
Fig. 1. The effective emission level seen looking up
from the surface is close to 800 mb in low latitudes and
is near 600 mb in midlatitudes, similar to the behavior
of the layer of maximum sensitivity found by Shine and
Sinha (1991). In low latitudes, the layer responsible for
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(a) Emission Level for OLR
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FiG. 1. (a) Effective emission level (in mb) for annual mean clear-
sky OLR found using satellite OLR and temperature from the Kalnay
et al. (1996) NCEP reanalysis (contour interval 30 mb). (b) Effective
emission level (in mb) for clear-sky downward longwave radiation
at the bottom of the atmosphere found using NCEP reanalysis (con-
tour interval 100 mb).

most of the surface longwave radiative effect is far be-
low the layer in which the temperature must change to
balance the top of the atmosphere radiative budget. The
direct response of the atmosphere to increased CO, is
an increase in the upper-tropospheric temperature. The
downward link to changes in the near-surface humidity
and surface temperature is indirect, involving the in-
terplay between atmospheric large-scale dynamics,
moist convection, and radiation, and is not as easy to
understand as the direct upper-tropospheric response.
Feedbacks involving FTWV and even upper-tropo-
spheric water vapor can be important in modifying the
surface response to increasing CO,. These feedbacks
directly ater the upper-tropospheric temperature re-
sponse near the emission level and a'so drivethe surface
response in a complex and indirect way. Increases are
found in FTWV in GCM studies of the sensitivity to
doubled CO,, with therelative humidity remaining near-
ly constant, as is commonly specified in one-dimen-
sional studies such as Manabe and Wetherald (1967).
This increase in FTWV increases the longwave optical

SCHNEIDER ET AL.

1651

thickness, further raises the emission level, and causes
a larger warming of upper-tropospheric temperature,
amplifying the direct effect of increasing CO.,.

The manner in which FTWV is maintained in nature
and in models has not been fully documented and un-
derstood. Relevant studies include Salanthé and Hart-
mann (1997), who showed that the observed low-lati-
tude upper-tropospheric humidity distribution is consis-
tent with convective sources and radiatively induced
subsidence along trajectories, and Del Genio et al.
(1994), who analyzed the moisture budget of a GCM.

The simulation of FTWV is subject to purely nu-
merical problems, as is evidenced by the common oc-
currence of unphysical negative values (Rasch and Wil-
liamson 1990), and there are large uncertainties in the
parameterization of convective sources of water vapor
(Lindzen 1990a,b; Betts 1990; Sun and Lindzen 1993).

It is currently believed that, equatorward of 30° lat-
itude, the direct link between FTWV and the local un-
derlying surface is through moist convection. Most of
the air residing in the low-latitude upper troposphere
was previously transported upward in convective clouds
and then eventually sinks to the surface. In the low-
latitude descending regions, air parcels conserve spe-
cific humidity, but relative humidity decreases because
the temperature increases due to compression as the
parcels descend (Sun and Lindzen 1993). Radiative
cooling abates this temperature increase. Since most
deep convection occurs close to the equator, in the in-
tertropical convergence zone (ITCZ) over the ocean and
in contiguous land regions, the last contact the air in
the low-latitude upper troposphere has with the surface
is in the regions of warmest SST. An air parcel may
travel many thousands of kilometers horizontally as it
subsides. The water vapor distribution above the bound-
ary layer in the dry subsidence regions is then not di-
rectly related to underlying local surface conditionsand
is controlled by the large-scale dynamics that connects
these areas to the regions of moist convection. The im-
portance of horizontal transports by atmospheric dy-
namics complicates the simple one-dimensional picture
of the water vapor feedback presented by Manabe and
Strickler (1964) and Manabe and Wetherald (1967), po-
tentially decoupling the near-surface and upper-tropo-
spheric responses.

Apart from the summer season, FTWV in the extra-
tropics is thought to be maintained primarily by the
balance between quasi-horizontal large-scale advection
and large-scale condensation. Both of these processes
occur on the resolved scales of the GCM. Despite the
greater confidence in the ability of the GCM to accu-
rately simulate the important physical processes of the
water budget in the extratropics than in the Tropics,
numerical problems with negative specific humidity are
most common in the Northern Hemisphere extratropics
in association with steep topography. Given that the
GCM simulation in both latitude regimes is uncertain,
but for different reasons, we examine the sensitivity to
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the FTWV feedback separately in the Tropics and ex-
tratropics.

The experimental design uses specified clouds and
eliminates the sea ice albedo feedback in order to better
isolate the water vapor feedback. Some technical choic-
es are also made in order to reduce cloud/shortwave and
water vapor/longwave nonlinearities found when cloud
and water vapor are specified. However, neither acloud/
water vapor/longwave nonlinearity nor snow albedo and
cloud temperature feedbacks are eliminated.

2. Experiments

The model and experimental design are described in
this section. The techniques for specifying the clouds
and water vapor are also explained.

a. The model

Themodel isalow-resolution atmospheric GCM cou-
pled at the lower boundary to a 50 m deep slab mixed
layer ocean and aland model with arealistic distribution
of surface properties. Horizontal ocean heat fluxes are
zero, and there is no specified or parameterized seaice,
so that the sea ice abedo feedback is eliminated. The
slab mixed layer ocean is commonly used in GCM es-
timates of climate sensitivity (Mitchell et a. 1990). The
atmospheric model was developed from the National
Meteorological Center (now the National Centers for
Environmental Prediction) medium-range forecast mod-
el, circa 1986 (Sela 1980). The model is described by
Schneider and Kinter (1994) and was employed by
Lindzen et a. (1995) and Schneider et al. (1997). The
model is spectral with rhomboidal 15 horizontal reso-
lution and nine levels in the vertical and includes a full
suite of physical parameterizations. The distribution of
levels in the vertical is taken to be the same as that of
the Geophysical Fluid Dynamics Laboratory atmospher-
ic GCM (Gordon and Stern 1982), a model that has
been used in many studies of the greenhouse effect.

The primary effects being investigated here are the
influences of CO, and water vapor on longwave radi-
ation in the context of a GCM. The influence of these
constituents on the longwave radiative transfer is mod-
eled using the scheme of Harshvardhan et al. (1987),
which includes the effects of the water vapor continuum.
Other radiative parameterizations are for shortwave ra-
diative transfer (Lacis and Hansen 1974; Davies 1982)
and cloud amounts for cloud—radiative interactions
(Slingo 1987). Shortwave radiative cal cul ations are per-
formed every 3 simulated hours, and longwave com-
putations are performed at 6-hourly intervals. The solar
forcing varies both annually and diurnally. A climato-
logical ozone distribution is specified. The parameter-
ization of moist convection is based on the scheme pro-
posed by Kuo (1965).
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b. Experimental design

The experiments are designed to isolate the contri-
bution of water vapor to the sensitivity of the GCM to
doubled CO,. The technique adopted is to compare the
model sensitivity when the water vapor seen by the
radiative calculations is unconstrained to that when the
water vapor in various regions is specified.

The sensitivity of the unconstrained model to doubled
CO, is found by taking the difference between equilib-
rium 1 X CO, (345 ppmv) and 2 X CO, (690 ppmv)
simulations. The CO, concentrationsdiffer slightly from
the valuesthat have usually been chosen for such studies
(300 and 600 ppmv). Results from the unconstrained
sensitivity experiments have been reported in Schneider
et al. (1997). The three-dimensional cloud and water
vapor distributions supplied to the radiation routines are
saved every 3 h for separate 1-yr periods of the uncon-
strained 1 X CO, and 2 X CO, simulations.

1) SPECIFICATION OF CLOUDS

Since the object of the study is to evaluate the water
vapor feedback, cloud radiative feedbacks are sup-
pressed by specifying the cloud distribution. An annual
cloud dataset was created by saving the instantaneous
cloud distribution each time the radiative calculations
were performed for a year of the unconstrained simu-
lation. The cloud distribution is retrieved from the da-
taset for the corresponding hour of the year and used
in the calculation of the radiative heating. This rather
cumbersome procedure both reduces the cloud feedback
effects on the model sensitivity and givescloud radiative
interactions similar to those in the unconstrained sim-
ulations.

Experiments were initially made with time mean
specified cloudiness (monthly or daily) saved from the
unconstrained sensitivity simulations. However, the
cloud—shortwave interaction was found to be strongly
nonlinear. When monthly mean clouds were used, the
top of the atmosphere—reflected shortwave radiation was
much larger than for the unconstrained simulations, by
up to 80 W m~2in the zonal mean at summer hemisphere
|atitudes. On the other hand, the longwave radiation was
not affected nearly as much by the use of monthly mean
clouds. The reduction of absorbed solar radiation led to
arapid decrease in global mean surface temperature in
the 1 X CO, case with 1 X CO, monthly clouds pre-
scribed (3°C in the first year). The use of daily mean
clouds also led to an unacceptably large increase in the
reflected solar radiation relative to the unconstrained
simulations. To solve the problem of nonlinear cloud—
shortwave interactions, the local instantaneous cloud
distributions from an arbitrarily chosen year were used,
producing results close to those of the unconstrained
simulations. A similar method for specifying various
fields (clouds, sea ice, water vapor, lapse rate, and
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ground temperature) in climate sensitivity studies with
a GCM was used by Hansen et al. (1997).

In order to model different optical propertiesfor water
and ice, cloud emissivity is taken to be a function of
temperature, with emissivity increasing as temperatures
near 250 K increase. The cloud feedback is not com-
pletely eliminated by specifying cloud amounts, since
the cloud temperature is not specified. This feedback
can be detected and will be mentioned below.

2) SPECIFICATION OF WATER VAPOR

The specification of water vapor for the radiative cal-
culations uses the same approach as is adopted for the
clouds. An annual water vapor dataset was created by
saving the instantaneous water vapor distribution each
time the radiative cal cul ations were performed for ayear
of the unconstrained simulation. The year from which
the water vapor was saved was not the same as the year
from which the clouds were saved, so that the specified
clouds and water vapor are not directly related to each
other. The water vapor is retrieved from the dataset for
the corresponding hour of the year and used instead of
the water vapor determined internally by the model in
the calculation of the shortwave and longwave radiative
heating. Outside of the region of specification, the water
vapor distribution as internally generated by the GCM
is supplied to the radiative calculations.

The prognostic equation for water vapor isnot altered,
nor are the sources and sinks of water vapor due to the
physical parameterizations of condensation, precipita-
tion, evaporation, or diffusion. Calculations involving
water vapor then use a combination of a specified water
vapor distribution for radiative calculations in certain
regions and the prognostic value for all other calcula-
tions.

As with the clouds, the motivation for the use of
instantaneous rather than time mean water vapor was
to eliminate a nonlinearity in the model response. With
specified 1 X CO, clouds, the use of monthly mean
specified water vapor led to an increase of about 0.5°C
in the equilibrium global mean surface temperature rel-
ative to the case with unconstrained water vapor. The
same effect occurred when daily mean specified water
vapor was used. This effect is eliminated by specifying
water vapor snapshots.

3. Results

The results from the sensitivity experiments are sum-
marized in Table 1. In each case, the sensitivity isfound
as the difference between two GCM simulations carried
out to quasi equilibrium. The values given for the sen-
sitivity are estimates from 5-yr averages of global mean
temperature difference after the simulations appear to
have reached a climatic equilibrium. There is significant
interannual variability in the global mean temperatures,
so that the sensitivity estimates are uncertain by =0.1°C.
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TABLE 1. Sensitivity of global mean surface temperature to doubled
CO,. Each sensitivity is the difference between a1 X CO, and a 2
X CO, simulation.

Sensi-
tivity
Experiment (°C)

Unconstrained cloud and water vapor 2.30
Unconstrained water vapora 1.98
Specified water vapor everywhere® 2.05
Specified water vapor everywheres 1.08
Specified water vapor above 750 mb° 1.24
Specified water vapor above 450 mb° 157
Specified water vapor above 230 mb° 177
Specified water vapor above 750 mb, equatorward of 30°¢  1.67
Specified water vapor above 750 mb, poleward of 30° 1.50

a Specified cloud from unconstrained 1 X CO, simulation.

b Specified cloud from unconstrained 1 X CO, simulation; specified
water vapor from the unconstrained 2 X CO, simulationin 2 X CO,
case, and from the 1 X CO, simulation in 1 X CO, case.

¢ Specified cloud and water vapor from unconstrained 1 X CO,
simulation.

a. Unconstrained cloud and water vapor

The sensitivity of the global mean surface tempera-
ture to doubled CO, is 2.3°C for the unconstrained mod-
el. This sensitivity is smaller than that which would be
found if seaice were calculated and the positive feed-
back from the ice albedo effect included. As noted in
Schneider et al. (1997) there is a net global mean top
of the atmosphere radiative imbalance (shortwave ab-
sorbed minus longwave emitted) in equilibrium of 2.5
W m~2, which isbalanced by acorresponding imbalance
in the land surface energy budget. This imbalance does
not vary strongly from simulation to simulation and
does not affect the sensitivity.

The difference in the annual and zonal mean specific
and relative humidity, and the fractional changesin spe-
cific humidity associated with doubling CO,, are shown
in Fig. 2. The specific humidity difference is positive
everywhere below 100 mb, with much larger increases
in the lower troposphere than in the upper troposphere.
The total increase in precipitable water is 4.6 mm, of
which 2.7 mm occurs below 750 mb. The fractional
change in the specific humidity is largest, exceeding
30%, throughout the high-latitude troposphere and in
the tropical upper troposphere, and becomes smaller at
low levelsin the Tropics. The fractional changein rel-
ative humidity is small, and the relative humidity is
nearly the same in the unconstrained 1 X CO, and 2 X
CO, simulations, as is commonly found in GCMs and
assumed in one-dimensional models.

The zonal mean atmospheric temperature near the
equator increases by 3.2°C at 250 mb and by 2.2°C at
the surface, following the change in the moist adiabat
in the warmer climate. This decrease in the lapse rate
indicates a negative feedback, at least in the tropical
troposphere near the emission level, by the lapse rate
feedback mechanism. The global mean temperature
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Fic. 2. Changes in zonal means as a function of latitude and pres-
sure in the unconstrained simulations, 2 X CO, minus 1 X CO,; (a)
specific humidity, contour interval 0.2 g kg=*; (b) percentage change
in specific humidity, contour interval 5% for positive (solid) contours
and 10% for negative (dashed) contours; (c) relative humidity, contour
interval 1%.
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change is more nearly uniform with height, as shown
in Lindzen et al. (1995, Fig. 3).

b. Specified clouds and unconstrained water vapor

The clouds from the unconstrained 1 X CO, simu-
lation were specified and water vapor was uncon-
strained. The sensitivity to doubled CO, in this exper-
iment was 1.98°C. The decrease in sensitivity from the
unconstrained case can be attributed to the elimination
of the cloud feedback. The reduction in the cloud feed-
back results from a 0.7 W m~2 reduction in the global
mean absorbed solar radiationinthe2 X CO, simulation
with fixed clouds, relative to the unconstrained 2 X CO,
simulation.

Specification of the cloud amounts allows some other
shortwave radiative feedbacks to be easily seen. Thisis
illustrated by the annual mean difference in absorbed
shortwave between the 1 X CO, and 2 X CO, simu-
lations with specified clouds, shown in Fig. 3. The in-
crease in shortwave absorption in higher latitudes when
CO, is doubled is due to a snow abedo feedback, with
snow accumulating later and melting sooner in the ex-
tratropics in the warmer climate. The annual and zonal
mean increase in solar radiation absorbed accounted for
by the snow albedo feedbacks reaches about 0.5 W m~—2
in some extratropical latitude bands.

In the global mean, the increase in solar radiation
absorption due to the snow abedo feedback is very
nearly compensated for by a reduction due to increased
reflection by clouds, noticeablein Fig. 3inlow latitudes.
Thisincreased reflection with fixed cloud amount is due
to the assumed temperature dependence of the cloud
emissivity. Cloud amount isfixed, but cloud temperature
changes in the sensitivity experiments. The effect is

120E

180 60w 0

Fic. 3. Change in annual mean solar radiation absorbed by the atmosphere and surface in the
simulations with specified cloud and unconstrained water vapor, 2 X CO, minus 1 X CO,; contour
interval 1 W m—2, with an additional contour at —0.5 W m=2.
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largest in the subtropics rather than the ITCZ, because
the high clouds in the ITCZ remain below the transition
temperature. Due to coincidental compensation between
the snow abedo feedback and the cloud temperature
feedback, the global mean change in the absorbed solar
radiation is less than 0.1 W m~2 in the sensitivity ex-
periments when clouds are specified, and the snow and
cloud effects will be not be considered in the feedback
analysis of section 4.

The global mean surface temperature of the 1 X CO,
simulation with specified clouds is 0.4°C higher than
the global mean surface temperature of the correspond-
ing simulation with unconstrained clouds. This surface
warming occurs despite the fact that the specified and
unconstrained clouds have nearly the same effects on
the top of the atmosphere and surface shortwave fluxes.
Examination of the surface energy budget indicates that
the warming is due to a nonlinear longwave interaction
between the clouds and the water vapor. In the uncon-
strained simulation, clouds and water vapor are strongly
positively correlated by assumption. However, in the
simulation with fixed clouds, this correlation isreduced,
since the clouds are no longer directly determined from
the water vapor. Therefore, longwave opacity is in-
creased in clear areas in the specified cloud simulation,
by increased water vapor. However, the longwave opac-
ity is aready large in the cloudy areas, and reducing
the water vapor in these regions has little effect. The
net effect of the decorrelation of the clouds and water
vapor is then a surface warming.

c. Soecified clouds and water vapor

The prescribed specific humidity is calculated from
the unconstrained simulation with 2 X CO, in the 2 X
CO, simulation. Similarly, the prescribed specific hu-
midity in the 1 X CO, simulation is calculated from
the unconstrained simulation with 1 X CO,. Both sim-
ulations use the 1 X CO,-specified clouds. The sensi-
tivity in this experiment is found to be 2.05°C. The
feedback analysis in section 4 will use this as the value
for the sensitivity to doubled CO, with the full water
vapor feedback.

Preliminary experiments used the monthly mean of
the specific humidity from the unconstrained simulation,
and specified clouds. The 1 X CO, global mean surface
temperature was 0.5°C warmer than the simulation with
unconstrained water vapor. A similar relative warming
was also found when the specific humidity was inter-
polated from daily mean values of the unconstrained
control. Specifying instantaneous values, as done with
the clouds, eliminates this nonlinear warming effect, and
the effect is analogous to the cloud/water vapor/long-
wave radiation nonlinearity described above. When wa-
ter vapor is unconstrained, the instantaneous specific
humidity varies strongly horizontally, but has relatively
high vertical correlation. When time mean values are

SCHNEIDER ET AL.

1655

used, the radiative balance is affected less in moist than
in dry regions and leads to surface warming.

d. Specified water vapor in the free troposphere and
upper troposphere

When the 1 X CO, water vapor is specified every-
where, the sensitivity is found to be 1.08°C. Sensitivity
of 1.24°C isfound for water vapor specified in the free
troposphere (pressure <750 mb) and unconstrained be-
low that level. The sensitivity isalso found for two cases
of water vapor specified in the upper troposphere. When
the region of specified water vapor is taken to be pres-
sure <450 mb, the sensitivity is 1.57°C. The sensitivity
is 1.77°C when the region of specified water vapor is
taken to be pressure <230 mb.

The vertical structure of the global mean atmospheric
temperature sensitivity for the cases of different vertical
regions of water vapor specification is shown in Fig.
4a. In al cases, the temperature increases almost uni-
formly with height for pressure greater than 300 mb.
The mean tropospheric lapse rate below 300 mb is not
affected by the details of the water vapor feedback in
thevertical. The stratospheric cooling found for pressure
less than 100 mb is also independent of the water vapor
feedback.

The horizontal structure of the zonal mean surface
temperature sensitivity for the cases of different vertical
regions of water vapor specification is shown in Fig.
5a. As the water vapor feedback is allowed in deeper
layers, the sensitivity increases at all latitudes, with
some exceptions near the poles. Also, the sensitivity at
the higher latitudes increases by a larger amount than
the sensitivity near the equator.

e. Latitudinally specified water vapor

When water vapor is specified in the low-latitude free
troposphere between 30°S and 30°N, the sensitivity is
found to be 1.67°C. The sensitivity decreases to 1.5°C
when FTWV is specified in the latitudes more than 30°
from the equator.

Thevertical structure of the sensitivity for these cases,
relative to the sensitivity with unconstrained water va-
por, is shown in Fig. 4b. The sensitivity to the low-
latitude water vapor feedback is comparatively more
important than the higher-latitude feedback in the upper
layers, while the water vapor feedback in the extratrop-
ics is more important than the low-latitude water vapor
feedback near the surface. This behavior contrasts with
that shown in Fig. 4a where the curves do not cross
below 100 mb. Following the discussion in the intro-
duction, the lapse rate feedback is then reduced by low-
latitude FTWV feedback and increased by higher-lati-
tude FTWV feedback.

The horizontal structure of the sensitivity for the me-
ridional specification experiments is shown in Fig. 5b.
The sensitivity in the Tropics is larger, and the higher-
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FiG. 4. Global mean atmospheric temperature sensitivity to doubled CO, as afunction of pressure
with specified clouds. (a) The 1 X CO, water vapor specified in different regions in the vertical:
nowhere (dark solid with open circles), everywhere (thin solid), above 750 mb (long dashed),
above 450 mb (dotted), above 230 mb (dash—dot). (b) The 1 X CO, water vapor specified in
different regions in the horizontal above 750 mb: latitudes more than 30° from the equator (solid);
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within 30° latitude of the equator (dashed).

latitude sensitivity is smaller, in the experiment where
water vapor is specified poleward of 30° than when it
is specified equatorward of 30°. The effect of the hor-
izontal heat transports can be evaluated by taking the
difference of the sensitivity from the cases with merid-
ionally restricted feedback from the sensitivity with the
FTWV feedback eliminated globally. When the water
vapor is specified equatorward of 30°, the horizontal
heat transports warm the tropical surface temperature
by about 0.2°C. When the water vapor is specified pole-
ward of 30°, the effect of the horizontal heat transports
on the midlatitude sensitivity issmall but leadsto similar
sensitivity near the poles asin the case when water vapor
is specified equatorward of 30°.

4. Feedback analysis

The sensitivities obtained in the experiments reported
in Table 1 are used to infer feedback factors. These
feedback factors can then be compared to determine the
relative importance of the water vapor feedbacksin dif-
ferent regions, and to predict the behavior of the model
in the presence of other feedbacks. The feedback anal-
ysis follows Hansen et al. (1984) and Schlesinger and
Mitchell (1987). The response equation, which is ob-
tained by linearizing the top of the atmosphere energy
balance, is

AT = —— &)

where AT, is the global mean surface temperature sen-
sitivity, g is the response to ACO, in the absence of
other feedbacks, and f; are the feedback factors. Al-
though the feedback factors add together to determine
the total feedback, the sensitivitiesto the different feed-
backs are not additive due to the nonlinearity of (1),
when any one of, or the sum of, the feedback factors
in the denominator of (1) is not small compared to one.

The feedback factors are estimated from the responses
in the various sensitivity experiments, using (1) and the
results given in Table 1. The value used for the gain is
g = 1.08°C from the experiment with specified 1 X
CO, water vapor everywhere. The additive property is
used to find the feedback factors for the various layers,
regions, and for the clouds. The resulting feedback fac-
tors are shown in Table 2. The feedback factors for
various combinations of these regions may be found by
addition. The feedback factor for water vapor in the
whole atmosphere is 0.47, of which the free troposphere
contributes 0.34. The feedback factor from the higher-
latitude FTWV feedback is somewhat larger than that
for the low-latitude FTWV feedback.

Estimates of the feedback factors per 100 mb are also
shown in Table 2 for the various layers. The largest
contribution to the water vapor feedback per unit mass
is found to come from the lower free troposphere, 750
mb < p < 450 mb, with contributions from the surface
layer about 80% as strong, and contributions about 60%
as strong from p < 450 mb.
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Fic. 5. Zonal mean surface temperature sensitivity to doubled CO,
as afunction of latitude with specified clouds. (a) The 1 X CO, water
vapor specified in different regions in the vertical: nowhere (dark
solid), everywhere (thin solid), above 750 mb (long dashed), above
450 mb (dotted), above 230 mb (dash—dot). (b) The 1 X CO, water
vapor specified in different regions in the horizontal above 750 mb:
latitudes more than 30° from the equator (dashed—dot); within 30°
latitude of the equator (dotted). For comparison, the results with
unconstrained water vapor (dark solid) and water vapor specified
globally above 750 mb (long dashed) are also shown.

5. Summary

Numerical experiments were conducted to estimate
the magnitude of the feedback due to tropospheric water
vapor on the sensitivity of global mean surface tem-
perature to doubled CO,. An atmospheric GCM coupled
to a 50-m slab mixed layer ocean, with no horizontal
ocean heat flux and no sea ice, was used. The model
had realistic distributions of land, sea, and orography.
The forcing was provided by annualy and diurnally
varying incident solar radiation. The relative humidity
in the GCM remained approximately constant in the
unconstrained sensitivity to doubled CO.,.

In order to concentrate on the water vapor feedback,
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TABLE 2. Feedback factor contributions from water vapor in
various regions and from clouds.

Feedback
Feedback  factor
Parameter factor (100 mb)—*
Boundary layer water vapor
(1014 mb < p < 750 mb) 0.13 0.049
Lower free tropospheric water vapor
(750 mb < p < 450 mb) 0.18 0.06
Middle free tropospheric water vapor
(450 mb < p < 230 mb) 0.08 0.036
Upper free tropospheric water vapor
(p > 230 mb) 0.08 0.034
Free tropospheric water vapor, latitudes
within 30° of equator 0.15 —
Free tropospheric water vapor, latitudes
outside of 30° from equator 0.22 —
Clouds 0.06 —

cloud feedbacks were reduced by specifying cloud
amounts. This procedure did not eliminate a small neg-
ative cloud shortwave feedback due to temperature de-
pendence of cloud properties, but that feedback was
almost entirely compensated for in the global and annual
mean by a positive snow albedo feedback. The specified
cloud amounts were chosen to be annually repeating
instantaneous values from a year of an unconstrained 1
X CO, simulation. This procedure was used to eliminate
a nonlinear feedback where specifying the monthly or
daily means of the clouds from the unconstrained sim-
ulation led to a much larger reflection of solar radiation
than the time mean of the reflection from the instan-
taneous clouds.

A similar procedure of specification of annually re-
peating instantaneous val ues from the unconstrained in-
tegration was used for the water vapor, in order to elim-
inate the water vapor feedback. The use of instantaneous
values eliminated another nonlinear feedback, in which
specification of monthly mean water vapor ledtoa0.5°C
increase in the global mean surface temperature. This
nonlinearity results from decorrelation of water vapor
in the vertical due to time averaging, leading to en-
hanced longwave blocking.

A third nonlinear feedback that was found, due to
specifying cloud and water from different years of the
unconstrained integration, was not eliminated. Thisnon-
linearity raised the surface temperature by 0.4°C due to
decorrelation of water vapor and clouds, leading to in-
creased blocking of longwave radiation. It is expected
that the procedure of comparing the 1 X CO, and 2 X
CO, simulations, both with the same regions of specified
water vapor, suppresses the effect of the radiative non-
linearities on the sensitivity estimates.

Thetotal water vapor feedback factor was 0.47, which
is similar to the estimate of the water vapor feedback
by Manabe and Strickler (1964) and Manabe and Weth-
erald (1967). The water vapor feedback from the free
troposphere was found to be 2.6 times as large as that
from the near-surface layer. Almost half of the FTWV
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feedback is due to water vapor above 450 mb. The re-
sults on the contributions from the vertical layers appear
to be consistent with those of Shine and Sinha (1991),
when the layer depths are taken into account.

The feedback due to FTWV from latitudes greater
than 30° from the equator was found to be 1.5 times as
large as the feedback due to FTWV from within 30°
latitude of the equator. The higher latitudes were also
the regions of largest percentage change in the specific
humidity. The results of Shine and Sinha (1991) appear
to give a different picture, with the low-latitude feed-
back larger than the higher-latitude feedback. However,
asthe relative increase in FTWV was about three times
larger in the GCM than taken in the one-dimensional
model, it is possible that with suitable scaling the results
of both studies are consistent.
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