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ABSTRACT

To understand the role of water vapor feedback in unperturbed surface temperature variability, a version of
the Geophysical Fluid Dynamics Laboratory coupled ocean—atmosphere model is integrated for 1000 yr in two
configurations, one with water vapor feedback and one without. For all spatial scales, the model with water
vapor feedback has more low-frequency (timescale = 2 yr) surface temperature variability than the one without.
Thus water vapor feedback is positive in the context of the model’s unperturbed variability. In addition, water
vapor feedback is more effective the longer the timescale of the surface temperature anomaly and the larger its
spatial scae.

To understand the role of water vapor feedback in global warming, two 500-yr integrations were also performed
in which CO, was doubled in both model configurations. The final surface global warming in the model with
water vapor feedback is 3.38°C, while in the one without it is only 1.05°C. However, the model’s water vapor
feedback has a larger impact on surface warming in response to a doubling of CO, than it does on internally
generated, low-frequency, global-mean surface temperature anomalies. Water vapor feedback’s strength therefore
depends on the type of temperature anomaly it affects. The authors found that the degree to which a surface
temperature anomaly penetrates into the troposphere is a critical factor in determining the effectiveness of its
associated water vapor feedback. The more the anomaly penetrates, the stronger the feedback. It is also shown
that the apparent impact of water vapor feedback is atered by other feedback mechanisms, such as albedo and
cloud feedback. The sensitivity of the results to this fact is examined.

Finally, the authors compare the local and global-mean surface temperature time series from both unperturbed
variability experiments to the observed record. The experiment without water vapor feedback does not have
enough global-scale variability to reproduce the magnitude of the variability in the observed global-mean record,
whether or not one removes the warming trend observed over the past century. In contrast, the amount of
variability in the experiment with water vapor feedback is comparable to that of the global-mean record, provided
the observed warming trend is removed. Thus, the authors are unable to simulate the observed levels of variability
without water vapor feedback.
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1. Introduction

The precise amount of warming that would take place
for a given increase in greenhouse gases in the atmo-
sphere remains an unknown quantity. According to the
latest Intergovermental Panel on Climate Change as-
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sessment, the likely equilibrium global-mean tempera-
ture response to a doubling of CO, ranges from 1.5° to
4.5°C (Intergovernmental Panel on Climate Change
1996). The source of this uncertainty is our inability to
quantify the role of feedback mechanismsin the climate
system, including water vapor, cloud, lapse rate, and
albedo feedback. Water vapor feedback, the subject of
this study, has long been thought to be a positive feed-
back mechanism (see, e.g., Manabe and Wetherald
1967). This is due to the dependence of the saturation
water vapor mixing ratio on temperature, as predicted
by the Clausius—Clapeyron equation. Thus a CO,-in-
duced warming of the surface-troposphere system will
lead to a water vapor increase in the atmosphere. Since
water vapor isitself a greenhouse gas, thisincrease will
reduce the longwave radiative damping of the temper-
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ature anomaly, making the warming larger than it would
be otherwise. While there is a consensus that water va-
por feedback is positive in the context of global warm-
ing, it remains unclear exactly how strong the effect is
(Dickinson et al. 1996). Large uncertainties also exist
regarding the magnitude (and sign, in the case of cloud
feedback) of the other feedback mechanisms.

If a particular feedback mechanism is an important
factor in greenhouse-gas-induced climate change, it
ought to play an important role in unperturbed vari-
ability as well. To take the example of water vapor
feedback, suppose an internally generated forcing, such
as a change in net cloud cover associated with atmo-
spheric disturbances, were to induce a warm anomaly
in the surface-troposphere system. A resulting increase
in atmospheric water vapor and hence greenhouse trap-
ping of outgoing radiation would reduce the radiative
damping of the anomaly. This, in turn, will increase its
magnitude. Similarly, since colder air holds less water
vapor, a cold surface-troposphere anomaly ought to be
associated with reduced water vapor mixing ratios. This
would enhance the outgoing longwave radiation, mak-
ing the anomaly cooler than if there were no decrease
in water vapor. Thus while water vapor feedback plays
no role in generating the temperature anomalies them-
selves, whether externally forced or internally gener-
ated, it ought to have a significant impact on their mag-
nitude. In this way, water vapor feedback can be said
to ““enhance” or ‘‘amplify’” temperature anomalies of
the surface—troposphere system.

Despite its importance to the sensitivity and vari-
ahility of climate, a comprehensive picture of water va-
por feedback’s impact on both externally forced and
internally generated climate variations is lacking. For
example, it is completely unknown whether water vapor
feedback amplifies an externally forced climate fluctu-
ation, such as that arising from an increase in green-
house gases, to the same degree that it amplifies inter-
nally generated climate variations. If this were the case,
it would obviously be of enormousimportance, because
water vapor feedback’s contribution to the sensitivity of
the climate to a greenhouse gas increase could be es-
timated from unperturbed variability alone. In addition,
the impact of water vapor feedback on unperturbed tem-
perature variability is itself very poorly characterized:
does water vapor feedback’'s strength depend on the
timescale of an internally generated temperature anom-
aly? On its spatial scale? Addressing these fundamental
issues using a coupled ocean—atmosphere model is the
goal of this study. In so doing, we aim to develop a
comprehensive, albeit qualitative, picture of the basic
operation of water vapor feedback.

These issues have never been directly addressed be-
fore because they are impossible to study using the ob-
served record alone. It has only been within the past
few years that satellite data measuring water vapor con-
tent, outgoing longwave radiation, and surface temper-
ature have become available. Even assuming thisdataset
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is accurate, it is still too short to give reliable statistics
on many aspects of water vapor feedback and is likely
to remain so for quite some time. A numerical model
of the climate, on the other hand, provides long time
series with global coverage that are reliable in a statis-
tical sense. Moreover, a numerical model isavery flex-
ible scientific tool because any physical mechanism it
includes may be removed from the simulation and the
effect of the mechanism may be diagnosed. In thisstudy,
we disable the water vapor feedback of acoupled ocean—
atmosphere model by fixing the water vapor mixing
ratios to their climatological mean values in the long-
wave portion of the model’s radiative transfer subrou-
tine. Thus anomalies in water vapor predicted by the
model’s hydrological component are not taken into ac-
count in the longwave radiative transfer calculation. In
this way, if atmospheric water vapor increases due to a
warm surface temperature anomaly, for example, that
change in water vapor will not result in any increased
greenhouse trapping. In this study, we also employ a
model configuration where water vapor is allowed to
interact with longwave radiation, as the model was orig-
inally designed. By comparing the variability that results
from unperturbed long-term integrations of the two
model configurations with and without water vapor
feedback (referred to hereafter as the control and fixed
H O configurations), we can measure directly theimpact
of water vapor feedback on the model’s unperturbed
variability in away that is not feasible through analysis
of the observed record. Unlike the real world, we can
also manipulate at will the concentrations of greenhouse
gases in a numerical model. Thus we can measure the
warming that results in the control and fixed H,O con-
figurations when CO, is gradually increased and then
held fixed at twiceitsoriginal value. This, inturn, alows
us to compare the role of water vapor feedback in green-
house-gas-induced global warming to its role in unper-
turbed variahility. Since the suppression of unperturbed
variability and the reduction of global warming in the
fixed H,O model are attributable to the same physical
mechanism, our approach is self-consistent.

The presentation of this study is structured asfollows.
First, we give a detailed description of the numerical
model (section 2) and the experimental technique (sec-
tion 3) used in these simulations. In section 4, the anal-
ysis of water vapor feedback’s role in unperturbed var-
iability is presented. The main focus in this section is
the dependence of water vapor feedback’s strength on
the time and spatial scale of the temperature anomaly
it affects. In section 5, the results of the global warming
experiments are given and comparisons are made be-
tween the contributions of water vapor feedback to cli-
mate sensitivity in the unperturbed variability and global
warming contexts. Then, in section 6, we examine the
way in which other feedback mechanisms, such as a-
bedo and cloud feedback, alter the apparent impact of
water vapor feedback in both the unperturbed variability
and global warming contexts. Section 7a outlines the
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main conclusions of the analysis. Finally, in section 7b,
we place the fixed H,O and control simulations in the
context of the real climate. By comparing the unper-
turbed temperature variability of the fixed H,O and con-
trol simulations to the observed temperature record, we
assess whether the model’s water vapor feedback is nec-
essary to simulate the observed levels of variability.

2. Model structure and time integration

The most important features of this model are de-
scribed in some detail in Manabeet al. (1991). It consists
of a general circulation model of the world ocean cou-
pled to an atmospheric general circulation model
through exchange of heat, water, and momentum. The
model includes those features of the earth’s geography
that its resolution permits. It also has a seasonal cycle
of insolation, although the diurnal cycle is not included.

The variables of the atmospheric component are rep-
resented in the horizontal by a series of spherical har-
monics and corresponding gridpoint values. Fifteen zon-
al waves and associated L egendre functions areincluded
in the integration (Orszag 1970; Gordon and Stern
1982). When the atmospheric data is transformed from
spectral space to real space for the purposes of analysis,
this resolution results in a grid box size of about 4.5°
lat X 7.5° long. In the vertical, finite differencing is
used at nine unevenly spaced levels. Theradiativetrans-
fer calculation includes the effects of clouds, water va-
por, carbon dioxide, and ozone on both incoming and
outgoing radiation. The sky is overcast whenever the
relative humidity exceeds a critical level; otherwise
clear sky is predicted. While the distribution of water
vapor is predicted by the model, carbon dioxide con-
centration is taken to be constant, except in the global
warming experiments described below. Ozone is spec-
ified as a function of latitude, height, and time of year,
following observations given by Hering and Borden
(1965). At the land surface, the model computes budgets
of snow, water, and heat. Soil moisture is parameterized
using a ‘‘bucket” model: At every land surface grid
point, water is accumulated through precipitation and
depleted through evaporation in a bucket whose surface
area is the same as the grid box. At any given time, if
the water depth in the bucket exceeds 15 cm, runoff is
predicted. Otherwise, soil moisture is given by the depth
of the water in the bucket.

The finite-difference oceanic component, with a hor-
izontal resolution of 4.5° lat X 3.75° long and 12 vertical
levels, uses the modular ocean model (MOM) code de-
scribed in Pacanowski et al. (1991). This particular ver-
sion of MOM is based, in turn, on a model described
by Bryan and Lewis (1979). In addition to horizontal
and vertical background subgrid-scale mixing, the mod-
el has isopycnal mixing as discussed by Redi (1982)
and Tziperman and Bryan (1993). Convection occurs
whenever the vertical stratification becomes unstable.
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Seaiceis predicted using a free drift model developed
by Bryan (1969).

At the beginning of time integration, the model’s at-
mosphere and ocean are both individually in equilibrium
with realistic seasonal and geographical distributions of
sea surface temperature, sea surface salinity, and sea
ice. However, as the integration proceeds, the model’s
climate usualy driftstoward itsown, lessrealistic, equi-
librium state. This distorts the simulated variability that
this study seeks to diagnose. Moreover, it would be
difficult to interpret aglobal warming experiment where
the radiative forcing perturbation is applied to a basic-
state climate that is already diverging significantly from
the present-day equilibrium state. Therefore, to mini-
mize the climate drift, the fluxes of heat and water ob-
tained from the atmospheric component of the coupled
model are modified by given amounts before they are
imposed upon the ocean surface. While these adjust-
ments vary seasonally and geographically, they do not
vary from year to year. Therefore, they arenot correlated
to the transient sea surface temperature and salinity
anomalies that develop over the course of the coupled
integration. Thus flux adjustment is unlikely either to
amplify or damp these anomalies in a systematic way.
Although the adjustments do not eliminate the short-
comings of the model (Marotzke and Stone 1995), they
do prevent rapid drift of the simulated climate from
realistic initial conditions. Using this flux adjustment
technique, only very small trends associated with cli-
mate drift remain. For example, over the entire period
of the 1000-yr integration, the fixed H,O run exhibits
a cooling trend of 0.009°C century~* in global-mean
surface temperature. A trend of a similar magnitude
exists in the 1000-yr control run (0.035°C century—*1).
For the purposes of the analysis of the model’s unper-
turbed variability, all such linear trends were first re-
moved from the data.

3. Experimental design

As noted in section 1, this model was integrated in
two configurations to test the effects of water vapor
feedback. In both cases, water vapor is variable in the
hydrologic component of the model, meaning that sim-
ulated clouds and precipitation are based on humidity
values predicted by the model. In the fixed H,O con-
figuration, however, water vapor mixing ratiosat all grid
points and all nine vertical levels are fixed to their cli-
matological mean, seasonally varying values in the
longwave portion of the radiative transfer subroutine.
In the control configuration, on the other hand, the water
vapor values predicted by the hydrologic component are
passed to the longwave subroutine. The mean water va-
por field used in the fixed H,O experiments was cal-
culated in the following way. First, integrating only the
atmospheric component of the coupled model, and using
seasonally varying, climatological sea surface temper-
atures and sea ice as a lower boundary condition, the
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daily mean values of the entire water vapor field were
saved away for 50 yr. Then the values corresponding to
any given day of the annual cycle were averaged over
al 50 yr of the integration, providing a mean water
vapor field for every day of the year. These mean values
were supplied to the coupled model’slongwaveradiative
transfer subroutine as the coupled integration proceeded
through each day of the year.

It should be emphasized that since water vapor was
fixed only in the longwave radiative transfer subroutine
of the fixed H,O configuration, any feedback effects
due to water vapor’s interaction with solar radiation are
included in both configurations. The aspect of water
vapor feedback relating to solar radiation is therefore
not a subject of this study. However, it also constitutes
a positive feedback mechanism, since water vapor ab-
sorbs solar radiation. For example, a warm surface—
troposphere temperature anomaly will increase the
amount of water vapor in the atmosphere and enhance
the absorption of solar radiation there, thereby ampli-
fying the warm anomaly. If we had fixed water vapor
in the solar radiative transfer subroutine as well as the
long wave, the fixed H,O experiment would have had
even less positive feedback and therefore less unper-
turbed variability and a smaller response to a doubling
of CO,. However, this effect is quite small; the impact
of the shortwave component of water vapor feedback,
though positive, is approximately an order of magnitude
smaller than the longwave component (Ramanathan and
Coakley 1978). For the sake of simplicity, the term
“water vapor feedback’ refers only to the longwave
feedback effects of water vapor throughout this article.

The model was integrated for 1000 yr in each con-
figuration. These integrations will be referred to as the
unperturbed variability experiments. The last 800 yr of
these time series were used to analyze the effects of
water vapor feedback on the model’s internally gener-
ated variability. The global warming experiments were
initialized using the same initial conditions as the two
unperturbed variability experiments. Integrating the
model in both configurations, CO, was then increased
at arate of 1% per year until its concentration doubled,
around year 70. Thereafter it was fixed at the doubled
value (720 ppm) for the remainder of the 500-yr-long
experiments.

4. Spatial and timescale dependence of water
vapor feedback in unperturbed variability

As mentioned in section 1, one goal of this study is
to understand the spatial and timescale dependence of
water vapor feedback in the unperturbed temperature
variability of the surface-troposphere system. Does the
contribution of water vapor feedback depend upon the
geographical extent of the temperature anomaly? Does
it depend on how long the anomaly persists? To simplify
the analysis, we selected asingle variable—surfacetem-
perature—that would be broadly representative of the
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Fic. 1. The ratio control/fixed H,O of the standard deviation of
surface temperature anomalies, indicated by the heights of the bars,
as a function of spatial scale and timescale. The ranges of time- and
spatial scales selected for the analysis are shown in the figure. The
spatial filtering required for the calculation of these ratios was per-
formed in the following way. First, spatial filtering was carried out
on the model’s 48 X 40 grid using a Hamming digital filter in the
zonal direction and a Fourier filter in the meridional direction. To
select the same spatial scales at al latitudes, the digital filter varied
by latitude row, taking into account the reduction in the length of a
latitude circle as higher latitudes are chosen. Applying the filters in
both the zonal and meridional directions to global fields of surface
temperature anomalies, a new time series was produced at each grid
point.

impact of water vapor feedback on these anomalies.
Thus to answer these questions we compare the surface
temperature variability in the fixed H,O 1000-yr run to
the control 1000-yr run on various spatial scales and
timescales. Since water vapor feedback is present in the
control case but absent in thefixed H,O case, differences
in variability may be ascribed to water vapor feedback.
Using the following technique, it was possible to focus
on any given range of spatial scales and timescales.
First, the temperature anomalies of the spatial scales of
interest, from 4000 to 10 000 km, for example, were
selected by applying the appropriate filter in the zonal
and meridional directions to each field of annual-mean
temperature anomalies. Similarly, the variability cor-
responding to a given range of timescales, from 10 to
15 yr, for example, was extracted by bandpass filtering
the resulting time series at each grid point. After ap-
plying this series of filters to both the control and fixed
H.O time series, the variability of the filtered control
time series was compared to its fixed H,O counterpart
by taking the ratio of the control to fixed H,O standard
deviations at each grid point. Figure 1 depicts graphi-
cally how the global mean of this ratio changes as var-
ious spatial scales and timescales are selected. In ad-
dition, to study the role of water vapor feedback on the
largest (i.e., global) spatial scale, global-mean surface
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FiG. 2. The regressions between (a) fractional changesin water vapor mixing ratios and surface
temperature (C°), (b) relative humidity (%) and surface temperature, and (c) troposphere tem-
perature and surface temperature in the seven lowest levels of the model (142—1013 hPa) for

local (solid) and global (dashed) cases.

temperature time series were calculated for both runs.
These two time series were bandpass filtered at various
timescales and the variability in the control run was
compared to the fixed H,O run by taking the ratio of
the two standard deviations. Theseratios are al so plotted
in Fig. 1 for comparison with smaller spatial scales.

Two conclusions may be drawn from thisfigure. First,
the ratio is greater than one for al time- and spatial
scales, implying that there is more surface temperature
variability in the control run than in its fixed H,O coun-
terpart on all time and spatial scales. Thus water vapor
feedback is a positive feedback mechanism that en-
hances the internally generated surface temperature var-
iability of this model. Second, the ratio increases as
larger spatial scales and longer timescales are selected.
For example, in the case of the small spatial-scale anom-
alies (spatial scale < 4000 km), the ratio increasesfrom
1.10 for the 2-3-yr timescale to 1.19 for the longest
timescales (>100 yr). More importantly, the ratio gen-
erally increases very dramatically the larger the spatial
scale in question. For example, on the 5-10-yr time-
scale, theratio increasesfrom 1.14 for anomaliessmaller
in spatial scale than 4000 km, to 1.62 for global-mean
anomalies. On the longest timescales (>100 yr) theratio
increases from 1.19 for small-scale anomalies to 1.90
in the global-mean case.

Since water vapor feedback is a positive feedback
mechanism in unperturbed variability, tropospheric ab-
solute humidity must increase (decrease) as surfacetem-
perature increases (decreases). This relationship results
from the fact that the saturation mixing ratio of water
vapor increases exponentially with temperature. Thus a
temperature anomaly in the surface-troposphere system
is associated with an anomaly of the same sign in the
water-vapor-holding capacity of the atmosphere. If con-
densation in the troposphere and evaporation from the
surface act to keep relative humidity approximately con-
stant throughout the troposphere, then absol ute humidity
levels will fluctuate in phase with surface-troposphere

temperature. By testing this reasoning, we aim to ex-
plain, at least in part, the most important result from
Fig. 1: that water vapor feedback is more effective at
large spatial scales than small.

The argument outlined above depends on the rela-
tionships between three tropospheric variables and sur-
face temperature: absolute humidity, relative humidity,
and air temperature. Accordingly, Fig. 2 shows the re-
gressions at every level of the model’s troposphere be-
tween these variables and surface temperature. All cal-
culations are based on annual-mean data from the con-
trol unperturbed variability experiment. To clarify how
each of these quantities responds to large- and small-
scale surface temperature anomalies, the regressions
were calculated for two cases. In al three panels, the
regressions between global-mean atmospheric variables
and global-mean surface temperature are shown with a
dashed line, while the global means of the local re-
gressions, calculated separately at every grid point, are
shown with a solid line. Thus the dashed lines represent
the relationships between surface temperature and ab-
solute humidity, relative humidity, and air temperature,
and on the largest (global) spatial scale. On the other
hand, the solid lines show how, on average, local fluc-
tuations in these quantities relate to changes in local
surface temperature. Of course, local anomaliesinclude
contributions from all spatial scales larger than a grid
box, including the global scale. However, the variability
at a single grid point is overwhelmingly dominated by
fluctuations smaller in spatial scalethan the global scale.
For example, in the control unperturbed variability ex-
periment, the global-mean standard deviation of local
surface temperature is about 0.74°C, whereas the stan-
dard deviation of global-mean surface temperature is
only about 0.13°C. Since the magnitude of a typical
global anomaly is so much smaller than the magnitude
of atypical local anomaly, fluctuations smaller in spatial
scal e than the global scale must be responsible for most
local variability. We may therefore consider the regres-
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sions shown by solid lines to represent relationships
between atmospheric variables and surface temperature
at spatial scales much smaller than the global scale.

We begin the discussion of these results by focusing
on Fig. 2a. Regressions were calculated using fractional
changes in absolute humidity, rather than absolute hu-
midity itself, to focus directly on the impact of water
vapor fluctuations on the radiative properties of the at-
mosphere. Since longwave absorptivity due to water
vapor is approximately proportional to the logarithm of
the water vapor mixing ratio in the troposphere, frac-
tional changes in water vapor are roughly proportional
to changes in atmospheric absorptivity due to water va-
por. Figure 2aillustrates water vapor feedback’s greater
impact on large spatial scalesthan small in terms of this
relationship. In the lower troposphere, the strength of
the global-scale relationship between absorptivity due
to water vapor and surface temperature is not signifi-
cantly different from that of the local anomalies. How-
ever, in the mid- to upper troposphere, the situation is
very different. Here, the global-scale relationship is
much stronger than its local counterpart. Because of the
proximity to the top of the atmosphere, changes in ab-
sorptivity here probably have a larger effect on the at-
mosphere’s greenhouse effect than if a similar change
were to occur in the lower troposphere. In any case,
when the entire troposphere is considered, a given glob-
al-mean temperature anomaly induces alarger fractional
increase in water vapor in the air column above than a
typical local anomaly of the same magnitude.

But why are the fractional changes in water vapor
per degree change in surface temperature larger in the
global than the local case? Figure 2b showsthat relative
humidity changes very little as surface temperaturefluc-
tuates; the regressions are nearly zero throughout the
troposphere for both local and the global cases. This
indicates that neither local nor global surface temper-
ature anomalies are associated in any systematic way
with anomalies in relative humidity in the troposphere.
The differing relationships between absolute humidity
and surface temperature must therefore be explained by
differences in the relationships between tropospheric
temperature and surface temperature, as illustrated in
the right panel. This panel shows that global-scale sur-
face temperature anomalies penetrate much more deeply
into the troposphere than their local counterparts. This
is most apparent in the upper troposphere, where the
regressions between atmospheric temperature and sur-
face temperature in the global case are nearly four times
aslarge asin thelocal case. Given that the same surface
temperature anomalies induce virtually no change in
relative humidity, this implies a larger change in ab-
solute humidity in the global case.

The results presented in Fig. 2 explain how water
vapor feedback’s contribution to the radiative damping
of temperature anomalies depends on their spatial scale.
However, temperature anomalies of the surface-tropo-
sphere system may also be damped by horizontal ex-
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change of sensible heat within the atmosphere itself.
The effectiveness of this process also depends on the
anomalies’ spatial scale. For example, a small-scale
temperature anomaly would be very effectively diffused
into surrounding regions by horizontal advective heat
exchange. Clearly, this diffusive damping of tempera-
ture anomalies is less effective the larger the anomaly’s
spatial scale. At the global scale, of course, it is non-
existent. Since water vapor feedback operates exclu-
sively on the radiative component of the damping, the
impact of water vapor feedback on small spatial scales
may be smaller simply because the relative contribution
of radiative damping to the total damping is smaller.
This constitutes another explanation for the spatial scale
dependence of the ratio plotted in Fig. 1. It should also
be pointed out that advective processes in the atmo-
sphere are aso the main reason why the regressions of
local atmospheric temperature and surface temperature,
shown in Fig. 2c, are smaller than their global-mean
counterparts. This, in turn, isresponsible for the weaker
water vapor feedback in the case of the local anomalies.
Thus advection not only contributes heavily to the
damping of small-scale surface temperature anomalies,
obscuring the effects of water vapor feedback, but it
also weakens water vapor feedback itself.

Temperature anomalies are damped by evaporative
fluxes across the air—surface interface as well. This pro-
cess is aso likely to be more effective at small spatial
scales due to the increasing effects of advection as spa-
tial scales decrease. For example, while a warm global-
scale anomaly may be associated with enhanced evap-
oration at the surface, this latent heat must ultimately
be released in the atmosphere. This would result in an
enhancement of the warm anomaly in the troposphere,
which must in turn warm the surface through enhanced
radiative and sensible heat fluxes, counteracting the
cooling effect of the initial evaporative flux. The net
damping effect of the evaporative flux on the global-
mean surface-troposphere temperature anomaly is
therefore limited. A small-scale warm anomaly would
also result in enhanced evaporation. Although thislatent
heat must be released somewhere in the atmosphere, it
may be released at a different location, resulting in an
export of heat out of the region of the anomaly. In this
case, the effect of the initial evaporative flux at the
surface would be to damp the entire surface-troposphere
anomaly. Thus evaporative damping may also obscure
the effects of water vapor feedback at small scales by
decreasing the relative contribution of radiative pro-
cesses to the total damping.

We have seen how and why water vapor feedback
affects internally generated surface temperature vari-
ability on various spatial scales. We now verify that
water vapor feedback actually alters the top-of-the-at-
mosphere, longwave radiative damping of these anom-
alies in a manner consistent with its impact on their
variability. The first row of the first column of Table 1
shows the regression between global-mean, clear-sky
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TABLE 1. The regressions between global-mean clear-sky outgoing
longwave radiation and global-mean surface temperature (first row)
and the global-mean of the regressions between local clear-sky out-
going longwave and local surface temperature (second row). Thethird
column shows the difference in the regressions between the control
and fixed H,O cases.

Control Fixed H,O Difference
Global anomalies
W mz? (°C)~t 197 2.69 0.72
Local anomalies
W mz? (°C)~t 142 1.92 0.50

outgoing longwave radiation and global-mean surface
temperature for the control unperturbed variability ex-
periment. Immediately below is the global-mean of the
regressions between local clear-sky outgoing longwave
and local surface temperature. These two values rep-
resent the change in the clear-sky longwave flux at the
top of the atmosphere per unit change in surface tem-
perature on both the local and the global scale. Thisis
a measure of the strength of the radiative damping of
surface temperature. By examining clear-sky fluxes, we
eliminate the effects of cloud feedback. The second col-
umn presents the results of the same cal culations for the
fixed H,O experiment. Finally, the third column shows
the difference in the regressions between the control
and fixed H,O cases. In both the local and the global
cases, theregressions are larger for the experiment with-
out water vapor feedback; the presence of water vapor
feedback in the control experiment reduces the long-
wave damping of both local and global temperature
anomalies. In the global case, water vapor feedback re-
duces the damping by 0.72 W m-2 °C1, the difference
between the two regressions, whereas in the local case,
the damping is reduced by 0.50 W m-2 °C-%. The re-
duction is larger for the global-mean case, which is
consistent with the observation that water vapor feed-
back is more effective the larger the spatial scale.

5. Water vapor feedback and global warming

We wish to examine the role of water vapor feedback
in global warming as well as unperturbed variability.
As described in section 3, global warming experiments
were performed integrating the model in both config-
urations. Carbon dioxide was increased starting at the
beginning of the two integrations arate of 1% yr-* until
its concentration doubled around year 70. Thereafter it
was fixed at its doubled value (720 ppm). Just asin the
analysis of unperturbed variability presented in section
4, we analyzed surface temperature to diagnose the cli-
mate change in the two experiments. Figure 3 shows
the 500-yr annual-mean time series of the global-mean
surface temperature change in these integrationsrelative
to the unperturbed variability experiments, where CO,
is fixed at 360 ppm. In both the fixed H,O and control
cases, there is a steady warming for the first 70 yr. After
year 70, the warming continues but at a much slower
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Fic. 3. The 500-yr annual-mean time series of the global-mean
surface temperature change in the integrations where CO, is doubled
to 720 ppm relative to the unperturbed variability experiments, where
CO, is fixed at 360 ppm.

rate for the remainder of the experiments. If the inte-
grations were continued beyond year 500, both climates
would likely continue to change slowly for several cen-
turies in response to the new CO, value. However,
enough of the climate change has occurred by this point
that we may consider the climates toward the end of
these integrations to be broadly representative of their
equilibrium response to the increase in CO,. It is clear
from the figure that the magnitude of the warming is
much larger in the model that contains water vapor feed-
back than the model that does not: The warming av-
eraged over the last century of the integrationsis3.38°C
in the control case, while it is only 1.05°C in the fixed
H.,O case.

These results demonstrate that water vapor feedback
is positive in the global warming case just as it is pos-
itive in the context of unperturbed variability. However,
the amount by which water vapor feedback amplifies
global warming is larger than the amount by which it
amplifies the magnitude of atypical internally generated
surface temperature anomaly. Since standard deviation
is ameasure of the magnitude of atypical anomaly, this
may readily be seen by comparing the ratio (control/
fixed H,0) of standard deviation of surface temperature
to the ratio of the warming. If water vapor feedback is
equally effective in both, then the ratios should be iden-
tical. Since CO,-induced warming occurs on a global
scale, and because of the spatial-scale dependence of
water vapor feedback documented in section 4, we com-
pare the warming ratio to the ratio of standard deviation
of global-scale temperature fluctuations. The warming
ratio is 3.38°C/1.05°C = 3.2. However, the ratio of stan-
dard deviation of global-mean, annual-mean surface
temperature is 1.53. Thus water vapor feedback is more
than twice as effective in enhancing global warming as
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Fic. 4. As in Fig. 2, (a) the relationships between fractional changes in water vapor and
surface temperature (°C), (b) the relationships between relative humidity (%) and surface
temperature, and (c) the relationships between tropospheric temperature (°C) and surface tem-
perature. In al three panels, the solid lines indicate the relationships between atmospheric
variables and surface temperature for the global warming case. The dashed lines show the
regressions between global-mean values and global-mean surface temperature from the control
unperturbed variability experiment. Note that Fig. 4 has the same aspect ratio and axes as Fig. 2.

it is in amplifying internally generated, global-mean
temperature anomalies.

In section 4 we explained why the effectiveness of
water vapor feedback depends on spatial scale by ex-
amining the relationships between surface temperature
on the one hand and fractional changes in absolute hu-
midity, relative humidity, and tropospheric temperature
on the other. Using identical methods, we now explain
why water vapor feedback is so much more effective
in global warming than unperturbed variability. In direct
analogy to Fig. 2, Fig. 4 showsthe relationshi psbetween
fractional changes in water vapor and surface temper-
ature, relative humidity and surface temperature, and
tropospheric temperature and surface temperature. All
of the dashed curves indicate regressions between glob-
al-mean, annual-mean values from the control unper-
turbed variability experiment. They are therefore iden-
tical to the dashed curves in Fig. 2. The solid lines,
while not regressions, indicate the analogous relation-
ships between atmospheric variables and surface tem-
perature for the global warming case. In the case of
atmospheric temperature (right panel), thesevalueswere
calculated by subtracting the global-mean tropospheric
temperatures averaged over years 401-500 of the con-
trol unperturbed variability experiment from the global-
mean tropospheric temperatures averaged over years
401-500 of the control global warming experiment. The
differences were then divided by the difference in glob-
al-mean surface temperature averaged over the same
time period. The resulting ratios therefore represent the
warming that takes place in the troposphere per degree
surface temperature warming, just as the regressions
represented by the dashed linesindicate the tropospheric
temperature changes that take place per degree surface
temperature fluctuation. The relationships between rel-
ative humidity and surface temperature (middle panel)

were calculated in a similar fashion. The values indi-
cated by the solid line in the left panel were calculated
by first taking the difference between the global-mean
mixing ratios averaged over years 401-500 of the con-
trol global warming and unperturbed variability exper-
iments and dividing by the average mixing ratios from
the unperturbed variability experiment. Finally, these
fractional changes in water vapor were divided by the
difference in global-mean surface temperature between
the two experiments.

First, we compare the relationships between the frac-
tional changes in water vapor and surface temperature
for global-scale unperturbed variability and the global
warming, shown on the left in Fig. 4. As described in
section 4, this is approximately equivalent to analyzing
the relationship between atmospheric absorptivity due
to water vapor and surface temperature. At all levels of
the troposphere, there is a strong positive relationship
between fractional changes in water vapor and surface
temperature for both the unperturbed variability and
global warming cases. However, for a given change in
surface temperature, a much larger fractional changein
water vapor occurs in the global warming case. Al-
though thisis true at all levels of the troposphere, it is
most apparent in the upper troposphere, where changes
in absorptivity probably have a larger effect on the at-
mosphere’s greenhouse effect than if a similar change
were to occur in the lower troposphere. This evidence
is consistent with the fact that water vapor feedback is
more effective in enhancing global warming than in
amplifying internally generated, global-mean anoma-
lies.

We have already established that, throughout the tro-
posphere, there is no systematic relationship between
internally generated, global-mean relative humidity and
surface temperature anomalies. The middle panel of Fig.
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4 shows that relative humidity also changes very little
as the surface warms in response to increased CO.,.
There is a very small increase of a few tenths of a
percent per degree warming in the lower troposphere,
while in the mid- to upper troposphere, the relationship
falls off nearly to zero. Thus in both the unperturbed
variability and global warming cases, surface temper-
ature anomalies have very little effect on tropospheric
relative humidity.

Given that the relative humidity anomalies associated
with surface temperature anomalies are small in both
unperturbed variability and global warming cases, the
degree to which a surface temperature anomaly pene-
trates the troposphere must be a critical factor in de-
termining the strength of the water vapor feedback. We
now examine both the vertical structures of the warming
in the global warming experiment and temperature
anomalies in the unperturbed variability experiment,
shown in Fig. 4c. In both cases, there is a strong rela-
tionship between temperature anomalies aloft and tem-
perature anomalies at the surface. However, the rela-
tionship is much stronger in the global warming case,
where the warming is nearly uniform throughout the
entire troposphere. In the unperturbed variability case,
on the other hand, the regression between tropospheric
temperature and surface temperature decreases from al-
most 1 near the surface to about 0.3 at 200 hPa. Inter-
nally generated, global-mean temperature anomalies do
not penetrate as effectively into the troposphere as
warming induced by a doubling of CO,. Thus for a
CO,-induced warming and an internally generated warm
anomaly of the same magnitude, the fact that relative
humidity changes very little in both cases implies a
much larger increase in upper-tropospheric water vapor
mixing ratios in the global warming case than the un-
perturbed variability case. Thisimplies a stronger water
vapor feedback to global warming.

Since the degree to which a surface temperature
anomaly penetrates the troposphere is such a critical
factor in determining the strength of its associated water
vapor feedback, it is desirable to gain an understanding
of why internally generated, global-mean temperature
anomalies do not penetrate as effectively into the tro-
posphere as the warming induced by a doubling of CO.,.
To shed light on this issue, we examined the charac-
teristic horizontal structure of both global-scale unper-
turbed temperature variability and global warming at
every level of the model’s troposphere. To see how the
characteristic horizontal structure of internally gener-
ated, global-mean temperature anomalies changes with
height, we calculated regressions between local and
global-mean temperature at each level of the tropo-
sphere using annual-mean data from the control unper-
turbed variability experiment. To simplify the presen-
tation of these results, we then computed the mass-
weighted average of these regressions over two layers
of the troposphere, one corresponding to the lower tro-
posphere (770-1013 hPa), and the other corresponding
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to the mid- and upper troposphere (273—770 hPa). The
geographical distribution of these regressions for both
layers is shown in Fig. 5. The patterns for both layers
are very similar to the patterns for their constituent lev-
els and are therefore broadly representative of the
change with height in the horizontal structure of global-
mean temperature anomalies. We also performed an
analogous calculation for the global warming case. We
first computed the warming due to a doubling of CO,
at each grid point and each vertical level of the tropo-
sphere by taking the difference in temperature between
the control global warming and unperturbed variability
experiments averaged over the fifth century of both in-
tegrations. Then, at each vertical level, we divided these
values by the global-mean warming at that level. Finally,
we calculated the mass-weighted average of these ratios
over the lower (770-1013 hPa) and mid- to upper (273—
770 hPa) troposphere, as before. The geographical dis-
tribution of these values is shown in Fig. 6.

We begin the discussion of these calculations by ex-
amining the unperturbed variability case. Figure 5b re-
veals that global-mean temperatures in the lower tro-
posphere are dominated by contributions from midlat-
itude land locations, the high latitudes of the Southern
Hemisphere, and aregion stretching from the equatorial
to the southeastern tropical Pacific. Thus when global-
mean |lower-tropospheric temperature is anomalously
warm, these regions also tend to be warm. The regres-
sion pattern for surface temperature (not shown) isvery
similar. At the sametime, Fig. 5a shows that when glob-
al-mean temperatures in the upper troposphere are
warm, temperatures in other regions—mainly a wide
band stretching across nearly the entire world from 30°N
to 30°S—tend to be warm. Thusthe regions contributing
most to global-mean variability shift markedly as one
goes from the surface and lower troposphere to the mid-
and upper troposphere. Temperature variability in the
regions that dominate the mid- and upper-tropospheric
global-mean variability is most likely only weakly re-
lated to the variability in the distant regions that dom-
inate the global-mean variability at the surface and in
the lower troposphere. This explains the substantial de-
crease with height in the regression between global-
mean tropospheric temperature and surface temperature
seen in the dashed line of Fig. 4c.

A very different picture emerges from the global
warming case. Figure 6b shows that, in the lower tro-
posphere, warming is larger than the global-mean value
in the mid- to high latitudes of both hemispheres, while
it is less than the global-mean value in much of the
midlatitudes and Tropics. The ratio pattern at the surface
(not shown) is very similar. Figure 6a also reveals a
similar pattern for the mid- and upper troposphere, al-
though the equator-to-pole contrast in the ratio is some-
what smaller. Thuswherewarming islarge at the surface
and in the lower troposphere, it is also large in the mid-
and upper troposphere. This confirms that the uniform
global-mean tropospheric warming seen in the solid line
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Fic. 5. The geographica distribution of the mass-weighted, vertically averaged regressions
between local and global-mean temperature from the control unperturbed variability experiment
for two cases. (a) Averaged over the mid- to upper troposphere (273-770 hPa). (b) Averaged over
the lower troposphere (770-1013 hPa). Regions where the regressions exceed 1 are shaded.

of Fig. 4c aso has a horizontal structure that is uniform
with height. A warming at agiven location is associated
with avery similar warming aloft and therefore induces
a large water vapor feedback. This is because global
warming is the climate response to a steady, globally
uniform forcing. Conversely, internally generated, glob-
al-mean temperature anomalies are a superposition of
many modes of variability, whose individual impact is
not geographically uniform, and that may not affect all
parts of the troposphere equally. Thus the horizontal
structure of an internally generated, global-mean anom-
aly does not persist as height increases and the water
vapor feedback to such an anomaly isaccordingly weak-
er.

6. Interaction between water vapor and other
feedbacks

In section 5, we showed that water vapor feedback
amplifies the model’s global warming response to a

doubling of CO, by afactor of 3.2. Thisissubstantially
greater than previous estimates of the impact of water
vapor feedback. For example, Manabe and Wetherald
(1967) showed that a radiative-convective model
where relative humidity isfixed (analogous to our con-
trol model) was about twice as sensitive to an external
forcing as a fixed absolute humidity model (analogous
to our fixed H,O model). Using nearly identical tech-
nigues, other modeling studies have arrived at similar
results (see Ramanathan and Coakley 1978): water va-
por feedback amplifies the climate response to an ex-
ternal forcing by approximately a factor of 2. Extrap-
olating from Raval and Ramanathan’s (1989) obser-
vational estimate of the strength of water vapor feed-
back, Cess (1989) calculated that water vapor feedback
would amplify CO,-induced global warming by a fac-
tor of about 1.6. Although this calculation may not be
perfectly accurate, since Raval and Ramanathan’s es-
timate is based on the geographical variation of water
vapor and surface temperature during only one month,
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Fic. 6. The geographical distribution of the mass-weighted, vertically averaged ratio between
local and global-mean warming due to CO, doubling for two cases. (a) Averaged over the mid-
to upper troposphere (273770 hPa). (b) Averaged over the lower troposphere (770-1013 hPa).

Regions where the ratio exceeds 1 are shaded.

it is nevertheless much lower than 3.2. In this section,
we explain the discrepancy between our estimate of
water vapor feedback’s impact and those of previous
studies.

The interaction between water vapor feedback and
other feedback mechanisms is not taken into account in
any of the above-mentioned studies. However, the model
considered here does contain other feedback mecha-
nisms, such as albedo and cloud feedback, that alter the
impact of water vapor feedback. We may illustrate this
point mathematically. Let T, be the equilibrium global
warming response of the control model to a thermal
forcing Q. Response T.. can be related to Q through the
sensitivity parameter of the control climate, A.:

T, =% 1)

An identical relationship exists among the equilibri-
um global warming response in the fixed H,O model

(T{), the same thermal forcing Q, and the sensitivity
parameter of the fixed H,O climate, A;:

T == @

Thus the ratio of the warming in the two climates
equals the inverse ratio of the sensitivities:
T, A
A ©
f c
We may rewrite Eq. (3) by expanding the sensitivity
parameters in terms of contributions from various feed-
back mechanisms:
Ay — A
noa M3

== : 4
T Ac A= Ay — 2 A @

Here A, represents the climate sensitivity parameter
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that would result if no feedback mechanisms were in
effect. This value is the change in outgoing longwave
per degree centigrade that results from the temperature
increase alone, as given by the Stefan—Bolzmann law.
The mean climate for the two experiments prior to CO,
doubling is nearly identical, so A, may be taken to be
the same for both experiments. Thevariable A,,,,,, which
applies only to the control model, is the change to A,
owing to the longwave effects of water vapor feedback.
Here, 3. A and 2, A arethe modificationsto A, that arise
from the other feedback mechanisms in the control and
fixed H,O models, respectively. They each include con-
tributions from albedo, cloud, and lapse rate feedbacks,
which may not have the same strength in the two mod-
els.

We now divide both the numerator and the denomi-
nator of equation 4 by A,, which gives the contributions
of feedback mechanismsto the two climate sensitivities
in terms of nondimensional gain factors:

T 1_29

= 5
Tf, 1_9w,|w_29 ()

Itis clear from Eq. (5) that impact of water vapor feed-
back, as measured by the ratio of the warmings, is af-
fected not only by g, the nondimensional longwave
water vapor feedback parameter, but also by the con-
tributions of other feedback mechanisms, as given by
3.9 and 3, g. For this reason, it is desirable to under-
stand how all feedback mechanisms contribute to the
sensitivities of the control and fixed H,O climates. In
so doing, we aim to explain why our estimate of water
vapor feedback’simpact is so much larger than previous
estimates.

To carry out this quantitative evaluation of all feed-
back mechanisms, we calculated the radiative effects of
the simulated changes in lapse rate, water vapor, cloud-
iness, and surface albedo upon CO,, doubling using an
off-line version of the model’s radiative transfer sub-
routine. Starting with the temperature, water vapor,
cloudiness, and surface albedo distributions averaged
over years 401-500 of the unperturbed variability ex-
periments, we calculated the global-mean net incoming
solar and outgoing longwave radiation at the top of the
atmosphere. Then, to focus on a particular feedback
mechanism, we performed a second off-line cal culation.
For example, to assess the control model’s albedo feed-
back, we imposed the mean surface albedo averaged
over years 401-500 of the control global warming ex-
periment and recal culated the net incoming global-mean
solar radiation at the top of the atmosphere. We then
divided the change in net incoming solar radiation re-
sulting from the surface albedo decrease by the global-
mean surface temperature change due to CO, doubling
(3.38°C). This gave A, the contribution of albedo feed-
back to the X, A terms shown in Eq. (4). Finally, we
divided A, by A,, calculated based on the global-mean
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TABLE 2. The gain factors for lapse rate, water vapor, cloud, and
surface albedo feedbacks as calculated using the off-line radiation
code.

Control Fixed H,O
Lapse rate (g,) 0.17 0.24
Water vapor (g,,) 0.39 0.07
Cloud (g.) 0.14 0.10
Sfc. abedo (g.) 0.12 0.11
Correction 0.01 —0.00

emission temperature of the model climate. This gave
the gain factor g, for albedo feedback. An analogous
calculation was carried out for cloud and water vapor
feedback. To quantify lapse rate feedback, the increase
in global-mean outgoing longwave radiation at the top
of the atmosphere due to the CO,-induced temperature
change was divided by the temperature increase itself.
This value was then subtracted from A,, the change in
outgoing longwave radiation per degree Kelvin ex-
pected from the Stefan—Bolzmann law, thereby isolating
the effects of CO,-induced changes in the vertical tem-
perature structure. The entire procedure was repeated
for the fixed H,O case for all feedbacks, except that the
change in water vapor upon CO, doubling was not al-
lowed to affect longwave radiation in the assessment of
water vapor feedback.

The resulting values for the gain factors are shown
in Table 2. The gain factors for lapse rate feedback are
quite large in both models due to the large stratospheric
cooling that occurs when CO, doubles. This reduces
outgoing longwave radiation at the top of the atmo-
sphere, thereby making lapse rate feedback positive. The
gain factor is somewhat larger in the fixed H,O case
because the stratospheric cooling is nearly identical in
both models, so that the reduction in outgoing longwave
radiation on a per degree centigrade basis is larger in
the experiment with less warming. The fact that lapse
rate feedback is positive and has a stronger effect in the
model without water vapor feedback is a consequence
of our choice to analyze the changes in radiative fluxes
due to feedback mechanisms at the top of the atmo-
sphere, rather than at the tropopause, as is often done.
This unfortunately combines the effects of CO,-induced
stratospheric cooling, which is not normally thought of
as contributing to lapse rate feedback, and tropospheric
lapse rate changes, which are. However, we were com-
pelled to choose the top of the atmosphere as our ref-
erence level because of the difficulty of calculating ra-
diative fluxes at the tropopause, which is often ill de-
fined at high latitudes (Wetherald and Manabe 1988).
The gain factor for water vapor feedback is slightly
positive in the fixed H,O case because of the shortwave
effect of water vapor feedback discussed in section 3.
Thiseffect also existsin the control caseand isof similar
magnitude (0.06). The remainder of the control gain
factor is due to the longwave effects of water vapor.
The gain factor for cloud feedback is positive in both
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models. Thisis consistent with the results of Wetherald
and Manabe (1988), who showed that the cloud feed-
back related to CO,, doubling in an atmosphere-mixed
layer model whose atmospheric component isvery sim-
ilar to the present model is positive. In fact, the gain
factor they calculate is very close to ours (0.11). Al-
though the cloud feedback is slightly stronger in the
control model, it is encouraging that the control and
fixed H,O gain factors agree as well as they do. This
demonstrates that eliminating water vapor feedback has
only asmall effect on the magnitude of cloud feedback.
The gain factors for albedo feedback are also very sim-
ilar between the two models, although this is not sur-
prising, since the models have approximately the same
mean climate and therefore approximately the same
mean sea ice and snow distributions.

In addition to the calculations discussed above, the
temperature, water vapor, cloud, and surface albedo
changes from the global warming experiments wereim-
posed simultaneously and the global-mean, top-of-the-
atmosphere solar and longwave radiative effects of these
combined changes were computed using the off-linera-
diation code. These were then compared to the sum of
the radiative effects of the temperature, water vapor,
cloud, and surface albedo changes cal cul ated separately.
The difference between these two quantities, when di-
vided by the global warming in the two experiments,
provided corrections to A, and A, that arise from the
radiative interaction of the feedback mechanisms. These
corrections were in turn converted to gain factor cor-
rections through division by A,. These values are listed
in the last row of Table 2. The fact that these corrections
are very small relative to the other gain factors is evi-
dence that the feedback mechanisms can be measured
separately through their effect on the atmosphere’s ra-
diative balance and then combined in a linear fashion
without large error.

The radiative interaction of feedback mechanismsis
small enough that their associated gain factors may be
combined linearly to afairly good approximation; how-
ever, the impacts of feedback mechanisms on the cli-
mate’'s temperature response to an external radiative
forcing do not add up linearly, as predicted by Eqg. (5).
This point may be made more concrete by examining
the ratio of the warmings predicted by the gain factors
in Table 2. If the gain factors are inserted into Eq. (5),
the ratio of the warmings is about 2.8, quite close to
the actual ratio of 3.2. However, if the effects of cloud
and albedo feedback, both of which are positive feed-
back mechanisms in this model, are removed from the
calculation, the ratio falls to 1.6. Thus the presence of
other positive feedback mechanisms enhances the im-
pact of water vapor feedback on the warming. This is
why our estimate of the effect of water vapor feedback
on global warming is so much larger than previous es-
timates. This effect may also be seen by examining the
geographical dependence of the CO,-induced warming
in the present models. Figure 7a shows the geographical
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distribution of the ratio (control/fixed H,O) of the local
surface warming that occurs by the final century of the
global warming experiments. This plot represents the
geographical dependence of water vapor feedback’sim-
pact on global warming. It is clear from the figure that
water vapor feedback has its largest impact at high lat-
itudes. In fact, the ratio of the warmings exceeds 4 over
a significant portion of the globe poleward of 50°, es-
pecially in the Southern Hemisphere. This is precisely
the part of the model world where snow and seaice are
present, especially in the winter. The reason why water
vapor feedback has such a strong effect in these regions
is because another important positive feedback mech-
anism, albedo feedback, is present here but not else-
where.

Although it is not known whether the greenhouse-
gas-induced change in cloudiness is a positive or neg-
ative feedback to surface temperaturein thereal climate,
we have already noted that cloud feedback is positive
the context of the global warming simulated by both
models. This result is consistent with the fact that the
ratio of the warmings shown in Fig. 7a is somewhat
larger than 2 even over most midlatitude and tropical
locations, whereas the ratio predicted by the off-line
version when both cloud and albedo feedback are absent
was significantly less than 2 (1.6). Thus both cloud and
albedo feedback enhance the impact of water vapor
feedback in the global warming simulations. Our esti-
mate of water vapor feedback’s effect on global warm-
ing must therefore be viewed only in the context of the
model’s other feedback mechanisms. If the albedo or
cloud feedbacks had been different in our model, the
ratio of the warmings would also have been different.

Other feedback mechanisms affect the apparent im-
pact of water vapor feedback in the unperturbed vari-
ability experiments as well. Our estimate of the strength
of water vapor feedback in unperturbed variability,
based on the control/fixed H,O ratio of standard devi-
ation of surface temperature, must therefore also be
viewed in the context of the model’s other feedback
mechanisms. For example, the enhancement of water
vapor feedback by albedo feedback may be seen by
comparing the internally generated local variability of
the two models. Figure 7b shows the geographical dis-
tribution of the ratio (control/fixed H,O) of the standard
deviation of annual-mean surface temperature. Much of
the high latitudes are covered by shaded regions, where
the ratio exceeds 1.3. Water vapor feedback has alarger
impact on the variability at these locations because al-
bedo feedback comes into play. An analysis of the rea-
son behind the large maximum in the ratio of the var-
iability in the equatorial Pacific is beyond the scope of
this paper. However, amodel very similar to the control
model is known to simulate a phenomenon resembling
ENSO (see Knutson et al. 1997). Preliminary analysis,
to be presented in a future paper, indicates that fixing
water vapor in the radiative transfer subroutine sup-
presses significantly the model’s ENSO-like phenome-
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FiG. 7. (8) The geographical distribution of the ratio (control/fixed H,O) of the local surface
warming that took place in the global warming experiments. The ratio was calculated in the
following way. First, the average temperature over years 401-500 was cal cul ated at each grid point
for both the global warming and unperturbed variability experiments. Then the CO, induced warm-
ing was calculated at each grid point by taking the difference between these time-averaged values.
This procedure was carried out for both control and fixed H,O cases and a ratio was taken at each
grid point. Regions where the ratio exceeds 4 are shaded. In the fixed H,O global warming ex-
periment, cooling actually occurred in a small region of the circumpolar ocean near 120°W. For
the purposes of this contour plot, the ratio of the warming in this region was assumed to be greater
than 6. (b) The geographical distribution of the ratio (control/fixed H,O) of the standard deviation

of annual-mean surface temperature. Regions where the ratio exceeds 1.3 are shaded.

non. This drastically reduces surface temperature vari-
ability in this region.

In section 5, we compared the impact of water vapor
feedback on internally generated anomalies and global
warming by comparing the ratio of standard deviation
of surface temperature to the ratio of global warming.
However, the results of this section make it clear that
both of these ratios are affected by other feedback mech-
anisms. Moreover, the magnitude and sign of the other
feedbacks may not be the same in the unperturbed var-
iability and global warming contexts. Thus the ratio of
the warmings could be larger than the ratio of the stan-
dard deviations because the net strength of the other
feedbacks is more positive in the global warming con-

text. Although this is unlikely to account for the large
difference in the ratios, it is nevertheless desirable to
verify that the difference in the strength of water vapor
feedback is mainly responsible for the disparity in the
ratios, and that our explanation for the larger impact of
water vapor feedback on greenhouse-gas-induced cli-
mate change presented in section 5 is therefore robust.
A detailed analysis of al feedback mechanisms in the
unperturbed variability experimentsis acomplicated is-
sue that is beyond the scope of this paper. However, it
is simple to estimate the radiative strength of water va-
por feedback in unperturbed variability using the off-
line version of the radiative transfer code. Such a cal-
culation facilitates a quantitative comparison of the ra-
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diative impact of water vapor feedback in natural var-
iability and global warming contexts isolated from the
effects of the other feedbacks. To perform this task, we
first regressed annual-mean water vapor time series of
the control unperturbed variability experiment at every
grid point and vertical level with annual-mean, global-
mean surface temperature. These regressions provide a
measure of the changes in water vapor that occur
throughout the model atmosphere for a global-mean sur-
face temperature anomaly of 1°C. These water vapor
anomalies were then imposed on the off-line radiative
transfer code and the resulting global-mean decreasein
outgoing longwave radiation was calculated. This de-
crease, when divided by A,, gives the gain factor as-
sociated with water vapor feedback in natural variabil-
ity. Using this method, we calculated a gain factor of
0.18 for the longwave effects of water vapor feedback.
The global warming counterpart to this gain factor has
a value of 0.33 (gain factor listed in Table 2 for water
vapor minus the gain factor associated with the short-
wave effects of water vapor). This calculation confirms
that water vapor feedback is nearly twice as effective
in the global warming context, whatever the magnitude
and sign of the other feedbacks may be.

7. Conclusions
a. Summary

Here we summarize the picture of water vapor feed-
back that emerges from our experiments. In section 4,
we showed that the control model has more internally
generated surface temperature variability on all spatial
scales and timescales than its fixed H,O counterpart.
Thus water vapor feedback is positive in the context of
the model’s unperturbed variability. However, the con-
trol/fixed H,O ratio of standard deviation of surface
temperature increases as spatial scales increase. This
implies that water vapor feedback is more effective the
larger the spatial scale. The degree to which a surface
temperature anomaly of a given spatial scale penetrates
the troposphere is a critical factor in explaining the spa-
tial-scal e dependence of its associated water vapor feed-
back: global-mean anomalies penetrate more deeply into
the troposphere than local ones. Since relative humidity
does not change very much as surface temperature fluc-
tuates, this implies a stronger relationship between tro-
pospheric absolute humidity and surface temperature on
large scales than small. Water vapor feedback may also
become less important at smaller scales because much
of the damping of surface—troposphere anomaliesis ac-
complished by horizontal advection of sensible and la-
tent heat, rather than radiative processes, diluting the
effects of water vapor feedback.

In section 5, we confirmed that the model’s water
vapor feedback is also positive in the context of global
warming. The equilibrium global warming at the surface
due to a doubling of CO, in the control experiment was
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3.38°C, while for the fixed H,O case the warming was
only 1.05°C. Thus the suppression of internally gener-
ated variability by removing a positive feedback also
has the effect of reducing the climate sensitivity to an
increase in greenhouse gases. However, we also noted
that the ratio of equilibrium global warming (control/
fixed H,0O) is significantly larger than the ratio of stan-
dard deviation of surface temperaturein the unperturbed
variability experiments at the global spatial scale. Thus
the model’s water vapor feedback is more effective in
global warming than unperturbed variability. Like the
explanation for the dependence of water vapor feedback
on spatial scale, this difference is rooted in the dis-
crepancy between the tropospheric distribution of the
warming in the global warming experiment and the
characteristic tropospheric structure of temperature
anomalies in the unperturbed variability experiment. In
the global warming case, the temperature increase ex-
tends throughout the troposphere, whereas in the un-
perturbed variability case, atypical surface temperature
anomaly tends to decrease in amplitude with height. At
the same time, simulated surface temperature changes
tend to induce very little change in tropospheric relative
humidity in both unperturbed variability and global
warming cases. For global warming and internally gen-
erated temperature anomalies of identical magnitude,
there is therefore a smaller change in atmospheric hu-
midity, and hence absorptivity, associated with the in-
ternally generated anomaly.

In this section, we also shed light on the reason why
internally generated, global-mean temperature anoma-
lies do not penetrate as effectively into the troposphere
as the warming induced by a doubling of CO,. We
showed that when CO,, increases, thelower-tropospheric
warming at a given location is associated with a very
similar warming aloft. Thus the global-mean warming
is uniform throughout the troposphere as well. Con-
versely, the regions contributing most to internally gen-
erated, global-mean variability in the lower troposphere
do not correspond to the regions that contribute most
to internally generated, global-mean variability in the
mid- to upper troposphere. Temperature fluctuations in
the regions that dominate the mid- and upper-tropo-
spheric global-mean variability are most likely only
weakly related to temperature fluctuations in the distant
regions that dominate the global-mean variability in the
lower troposphere. The regression between global-mean
tropospheric temperature and surface temperature there-
fore decreases with height. This pointsto a difference—
of fundamental importance for water vapor feedback—
between internally generated, global-mean temperature
variability and the global-scale temperature anomaly
that results from an increase in CO,; internally gener-
ated, global-mean temperature anomalies at any level
of the troposphere are a superposition of many modes
of variability, whose individual impact is not geograph-
ically uniform, and that may not affect all parts of the
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troposphere equally. Global warming, on the other hand,
is the response to a steady, globally uniform forcing.

Since water vapor feedback has a different impact on
internally generated and greenhouse-gas-forced tem-
perature anomalies, it is not straightforward to estimate
the climate sensitivity to a doubling of CO, based on
an analysis of internally generated variability aone.
This fact has implications for previous studies. For ex-
ample, Wigley and Raper (1990) examined low-fre-
quency variability in stochastically forced energy bal-
ance models of various sensitivities to assess the prob-
ability that the warming trend in global-mean temper-
ature observed over the past 100 yr is internally
generated. However, their energy-balance model hasthe
same sensitivity to an increase in greenhouse gases as
it does to the low-frequency stochastic forcings they
imposed to mimic internally generated, global-mean
temperature fluctuations. Our study indicates that this
assumption does not apply to the real climate.

The results of sections 4 and 5 are consistent with
the original hypothesis that, for the purposes of quan-
tifying the effects of water vapor feedback on surface
temperature, water vapor in the model atmosphere is
essentially controlled by the Clausius—Clapeyron equa-
tion. Whether the context is unperturbed variability or
global warming, a surface temperature change is asso-
ciated with very little change in relative humidity aloft
and the atmospheric water vapor content tendsto remain
proportional to the water vapor storage capacity of the
atmosphere. Given this observation, what controls the
strength of water vapor feedback is the degree to which
a surface temperature anomaly penetrates the tropo-
sphere. The more it penetrates, the stronger the water
vapor feedback. In the real climate, relative humidity
may deviate from constant values to a greater degree
than in the model as surface temperature fluctuates (Sun
and Held 1996). The vertica structure of a surface—
troposphere temperature anomaly is nevertheless a use-
ful starting point from which to gauge the expected
strength of its associated water vapor feedback, whether
the context is a numerical model or the real climate.
This conclusion is consistent with the work of Bony et
al. (1995), who analyzed the relationships between tro-
pospheric water vapor, outgoing longwave radiation,
and surface temperaturein satellite data and output from
model experiments in which CO, was doubled and the
solar constant was increased by 2%. They found that
the relationships among these three variables were dif-
ferent depending on whether the type of climate vari-
ation under consideration was seasonal and interannual
variability, or climate change due to some external forc-
ing. They attributed these differences to the fact that the
tropospheric lapse rate behaves differently in thevarious
cases.

In section 6, we examined the interaction between
water vapor feedback and other feedback mechanisms.
We showed that other feedbacks alter the impact of wa-
ter vapor feedback. To quantify thiseffect, we calculated
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the radiative impacts of al feedbacks in the CO,-in-
duced warming of both models using an off-line version
of the model’s radiative transfer code. We showed that
the surface albedo and cloud feedbacks are positive in
both the control and fixed H,O cases. They therefore
act to enhance the apparent impact of water vapor feed-
back. This interaction among feedback mechanisms ex-
plainswhy our rather large estimate of water vapor feed-
back’s impact on global warming is not in contradiction
to previous estimates, which are based on the assump-
tion that water vapor feedback is the only feedback op-
erating and are therefore smaller. Our estimates of the
impact of water vapor feedback on unperturbed tem-
perature variability are also affected by the other feed-
backs. We therefore verified that it is the difference in
water vapor feedback, rather than the other feedbacks,
that is the main reason why the control/fixed H,O ratio
of the warming is so much larger than the control/fixed
H,O ratio of unperturbed variability. Using the off-line
radiation code, we demonstrated that the changes in
water vapor associated with a global mean surface tem-
perature anomaly reduce the radiative damping of sur-
face temperature about half as much as the increase in
water vapor associated with a CO,-induced global
warming anomaly of the same magnitude. This was ad-
ditional confirmation that water vapor feedback is much
stronger in the global warming context. Since the other
feedbacks affect the apparent impact of water vapor
feedback and may not be perfectly simulated by this
model, our estimates of the effect of water vapor feed-
back should not be taken too literally. Our main con-
clusions regarding the spatial-scal e dependence of water
vapor feedback and its differing impact on unperturbed
variability and global warming are meant to be robust
in a qualitative sense.

b. Discussion: Comparison of observed and modeled
variability

In thisfinal section, we place the model’s water vapor
feedback in the context of the real climate. We assess
the realism of the model’swater vapor feedback by com-
paring the surface air temperature variability in the sim-
ulations with and without water vapor feedback to the
observed surface temperature record. This comparison
will alow us to address the following question: Is the
model’s water vapor feedback necessary to simulate the
observed levels of variability?

Figure 8 shows the geographical distribution of stan-
dard deviation of annual-mean surface air temperature
(°C) for three cases: the control unperturbed variability
experiment, the observed, and the fixed H,O unper-
turbed variability experiment. Although the calculations
shown in this figure are based on surface air tempera-
ture, rather than surface temperature itself, as elsewhere
in this study, the two variables are very tightly linked
everywhere on the globe on timescales longer than a
few years. For example, analyzing avery similar model,
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FiG. 8. The geographical distribution of standard deviation of annual-mean surface air temperature
(°C) for three cases. (a) The control unperturbed variability experiment. (b) The observed standard
deviation, as calculated from a 110-yr time series compiled by Jones and Wigley (1991). The standard
deviations were calculated by Stouffer et al. (1994), who used the following method. They obtained
annual-mean temperature values at those grid points, spaced 5° apart, where at least 10 monthly
mean values are available. Standard deviations were then calculated at those grid points where at
least 33 annual-mean values are available. (c) The fixed H,O unperturbed variability experiment.

Manabe and Stouffer (1996) showed that the average
spectrum of local sea surfacetemperatureisnearly iden-
tical to the average spectrum of local surface air tem-
perature at timescales longer than about two years. The

same would be true at land points at even shorter time-
scales since the model’s land surface has no heat ca-
pacity. Thus for the purposes of measuring the low-
frequency variability at or near the surface, the two
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variables may be used as surrogates for one another.
The use of surface air temperature here was dictated by
the lack of availability of surface temperature data, par-
ticularly over land, where surface air temperature is
more commonly measured.

In the mid- to high latitudes of the Northern Hemi-
sphere, both the fixed H,O and control integrations do
areasonable job of simulating the observed variahility.
For example, in Fig. 8, the 0.8°C contours of the fixed
H.,O and control cases over the North American and
Eurasian continents agree equally well with the ob-
served, although they differ somewhat from one another.
At the same time, the 0.4°C contours in the North At-
lantic agree very well among all three cases. The control
experiment shows much more variability in the high
|atitudes of the Southern Hemisphere than its fixed H,O
counterpart; unfortunately, the observed data necessary
to identify the more realistic simulation do not exist in
this region. In the Tropics, the standard deviations over
land from both experiments agree reasonably well with
the corresponding observed standard deviations, so that
both models do a respectable job of simulating the ob-
served variability in these regions. In the equatorial Pa-
cific, the standard deviation of surface air temperature
in both model configurations is noticeably less than the
observed. This is because the model’s ENSO-like phe-
nomenon isweaker than observed (Knutson and Manabe
1997). However, this disagreement with observationsis
much more apparent in the fixed H,O case, which ac-
tually shows a minimum in standard deviation in this
region. In addition, the standard deviation in the fixed
H,O case is less than 0.2°C in more areas than either
the observed or the control case in the other tropical
zones, athough the difference is not large.

With the exception of the equatorial Pacific and to a
lesser extent the other tropical ocean regions, it cannot
be claimed that the control experiment is more realistic
than the fixed H,O; water vapor feedback simply does
not have enough impact on local temperature variability
to identify one of the two experiments as the more re-
alistic simulation. This leaves open the question of
whether water vapor feedback is necessary to reproduce
observed levels of variability. However, the picture
should be different if global-mean temperature vari-
ability is considered. In section 4, we established that
water vapor feedback is more effective on larger spatia
scales than small. Therefore, an examination of global-
rather than local-scale anomalies ought to result in a
larger difference between the two unperturbed vari-
ability experiments, which will hopefully establish one
of the models as the more realistic one. In Fig. 9, we
plot the time series of global-mean, annual-mean surface
air temperature for four cases. Figure 9a shows the ob-
served time series over the past 110 yr. Thistime series
may be regarded as the observed unperturbed variabil-
ity, assuming that the warming trend it contains is an
internally generated fluctuation of the climate system.
Figure 9b shows the same time series with the warming
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trend removed. This time series may be regarded as the
observed unperturbed variability, assuming that the
warming trend of the top panel isentirely dueto external
forcing. Figures 9¢c and 9d show the last 400 yr of the
control and fixed H,O time series.

The standard deviations for each time series are
shown in their respective panels. With a standard de-
viation of 0.211°C, the undetrended observed time series
exhibits by far the most variability. The large standard
deviation is almost entirely due to the warming trend.
The detrended observed time series has less variahility,
with a standard deviation of 0.128°C. The control time
series has approximately the same standard deviation as
the detrended observed time series (0.127°C), while the
fixed H,O time series has the least variability of all,
with a standard deviation of 0.083°C. The relative mag-
nitude of the standard deviations of the two time series
from the unperturbed variability experiments is consis-
tent with the results presented in section 4: The presence
of water vapor feedback enhances significantly global-
scale surface air temperature variability.

We begin the discussion of these results by assuming
that the observed warming trend is an internally generated
fluctuation and that the topmost panel therefore represents
unperturbed variability of surface temperature. Given this
assumption, it is clear from both visual inspection of the
fixed H,O and undetrended observed time series and a
comparison of their standard deviations that the model
without water vapor feedback does not have enough in-
ternally generated variability to reproduce the sort of tem-
perature fluctuation seen in the observed undetrended time
series. At the same time, the standard deviation of the
fixed H,O time series is aso substantially less than that
of observed time series with the warming trend removed.
Even after minimizing the standard deviation of the ob-
served time series by making the opposite assumption that
thewarming trend is externally forced, thefixed H,O mod-
d dill fails to reproduce the observed unperturbed vari-
ability. Therefore, no matter whether we assume the ob-
served trend is internally generated or externally forced,
we are unable to simulate the observed global-mean var-
iability without water vapor feedback.

We may make a similar comparison between the ob-
served variability and the control time series. Assuming,
again, that the observed warming trend of Fig. 9ais an
internally generated fluctuation, the control run alsofails
to reproduce the observed variability. Not only is the
standard deviation of the observed, undetrended time
series nearly 70% greater than that of the control case,
but nowhere in the control time series is there such a
large and sustained trend as is seen in Fig. 9a. This
result is consistent with the work of Stouffer et al.
(1994), who assessed the probability that a very similar
model could reproduce the observed century-scale
warming trend without any external forcing. They found
that for intervals longer than about 60 yr, no trends as
large as the observed trend (0.5°C century—*) can be
found in a1000-yr time series of surfaceair temperature.
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FiG. 9. The time series of global-mean, annual-mean, surface air temperature for four cases. (a)
The observed time series over the past 110 yr. (b) The same time series asin (a) with the warming
trend removed. The trend was assumed to be linear. (c), (d) The last 400 yr of the control and
fixed H,O time series. The standard deviations for each time series are shown in their respective

panels.

Therefore, even with water vapor feedback included,
the model still cannot reproduce afluctuation of the type
shown in the topmost panel. The other alternative is to
assume the warming is externally forced. In this case,
the standard deviations of the control and observed de-
trended time series agree quite well (although their near-
perfect agreement is certainly fortuitous). While a com-
parison with the observed record reveals definitively
that we are unable to simulate the observed levels of
variability without water vapor feedback, the model
with water vapor feedback has about the right amount
of global-scalevariability if the observed warming trend
is assumed to arise from external forcing.
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