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Abstract. The CLIMAP reconstruction of the Earth’s
climate during the last major glaciation 18 000 years
ago (ybp) found that while average tropical sea surface
temperatures were no more than about 1°C cooler
than at present, snow lines on high peaks had descend-
ed 1km. This suggests a temperature reduction of
about 5°C in the mid-troposphere. Since the tropical
atmosphere (above the tradewind boundary layer)
cannot sustain large horizontal temperature gradients,
this feature is likely to be characteristic — implying the
lapse rate in the lower half of the tropical troposphere
during the last glaciation was about 20% greater than
at present. We note that such a reduction in static
stability requires a reduction of radiative cooling rate
at these levels. Using a radiative-convective model
with a physical parameterization for tropical convec-
tion, we find that only a significant increase of relative
humidity in the middle and upper troposphere (20—
40% greater than at present) can lead to the needed
increase of lapse rate in the low troposphere. It is noted
that the profiles observed in CLIMAP have much
more convective available potential energy (CAPE)
than present profiles, which can lead to enhanced pro-
duction of hydrometeors in the middle and the upper
troposphere whose reevaporation can moisturize the
free troposphere. It is shown that the moisture change
leads to an extremely strong negative feedback which
greatly reduces the response to a doubling of CO,.
Finally, we discuss the apparent contradictions be-
tween the present results and existing studies suggest-
ing a positive water vapor feedback.

1 Introduction

Given present concerns about climate, the historical cli-
mate record assumes special importance. In this connec-
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tion, our ability to understand past climates is an impor-
tant test of our understanding of climate in general.
Moreover, proxy records from the distant past enable us
to consider markedly different climate regimes from the
present, while instrumental records only cover periods
differing modestly from the present. Notable among
paleoclimatic records is the CLIMAP reconstruction of
the Earth’s climate 18 000 years ago (ybp) (CLIMAP,
1976) during the last major glaciation. A remarkable find-
ing of this extensive study was that the average tropical
sea surface temperature was only about 1°C colder than
at present. Equally remarkable was the finding that the
snow line on high mountains descended about 1 km —
even on equatorial peaks (Broecker and Denton, 1989;
Rind and Peteet, 1985). This represents a cooling of about
5°C at about 5 km (Rind, 1990; Rind and Peteet, 1985),
and hence a 20% increase in lapse rate below this level.

The 1 km descent of the mountain snowline was found
over widely dispersed geographic regions and the lower-
ing on the wet side of the mountains was about the same
as on the adjacent dry side (Broecker and Denton, 1989).
This suggests that the descent of the mountain snowline
is unlikely to have been caused by changes in the local
circulations. More importantly, in the equatorial tropics,
the Rossby radius of deformation is extremely large, and
temperatures above the trade wind boundary layer are
virtually horizontally uniform. The dynamics appropri-
ate to the equatorial tropics simply does not permit large
gradients to develop above the trade wind boundary layer
(especially over the large averaging periods pertinent to
the paleoclimatic record). As a result, the temperature
decrease observed on mountains is likely to be character-
istic of the tropics. We do not yet have a detailed analysis
of the instrumental record for the response of the static
stability to the increases in globally averaged surface tem-
perature during the late 1970’s, although Angell (1988)
does suggest some enhanced warming for the 850-300 mb
layer. As concerns the paleoclimatic record, all that can
be said is that the CLIMAP program involved a large
part of the paleoclimatic community, and the data was a
carefully and critically assessed as is currently possible.
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Uncertainties on the order of 1 °C are possible, but confi-
dence in the data is generally high. Our approach in this
paper is to take the data seriously, and see what it implies.
As always, it is possible that the data, itself, is wrong, but
it would seem unreasonable to start with that supposi-
tion. This paper shows that the altered temperature pro-
file of the last major glaciation required increased infrared
opacity in the upper troposphere implying, in turn, in-
creased humidity and, perhaps, cloudiness — at least in the
tropics.

For reasons referred to in the preceding paragraph, we
will concentrate on the tropics in this paper. The horizon-
tal uniformity of the tropical temperatures allows one to
average over the entire Hadley circulation, leaving advec-
tion only by the subsidence compensating the cumulus
mass flux. Thus, following Schneider (1977), one can cal-
culate the vertical thermodynamic structure of the tropi-
cal atmosphere on the basis of a one dimensional radia-
tive-convective model. It should be noted immediately,
that the above behavior of the lapse rate during the last
glaciation is incompatible with simple notions of convec-
tive adjustments using either fixed lapse rates or moist
adiabats. A moist adiabatic profile permits lapse rate
change, but the change is too small to account for the
lapse rate in the last glaciation. For a surface relative
humidity of 80% (a good value for the tropics which is not
sensitive to small temperature differences), a moist adia-
batic profile gives about a 1.5° reduction of temperature
at 5 km for a 1 K surface temperature decrease (say from
300 K to 299 K). It should be emphasized that both the
notions of constants lapse rate and moist-adiabatic ad-
justment are empirical. Though the temperature profile
within clouds is close to moist adiabatic (but not exactly)
and probably remains so when climate changes, there is
no a priori reason to believe this is the temperature of the
mean field in which only a small percentage area is cov-
ered by clouds. The departure of the present tropospheric
temperature from a moist-adiabat may be regarded as
small, but the departure may change somewhat when the
climate regime changes.

In this article, we consider a free troposphere contain-
ing deep convection coupled to a convective boundary
layer. The parameterization for deep convection is based
on Arakawa’s mass flux formulation (Arakawa and Schu-
bert, 1974), but the total net convective mass flux is deter-
mined through the moisture budget of the surface
boundary layer (Lindzen, 1981, 1988). This closure has
been previously used for climate studies (Lindzen et al.,
1982). A related parameterization has been used for fore-
casting (Geleyn et al., 1982). The model is described in
detail in Section 2. It is shown that this model successfully
depicts the main characteristics of the observed vertical
structure of the tropical tropospheric temperature.

The vertical structure of the tropical atmosphere is
determined primarily by a balance between subsidence

heating, Mcg(where s=dry static energy, and M =

cumulus mass flux), and radiative cooling. Since M, aver-
aged over the tropics, is determined approximately by
integrated evaporation divided by surface specific humid-
ity — a quantity not expected to change significantly in a

slightly cooler tropics, changes in % must be balanced by
reduced radiative cooling. Intuitively, this would appear
to call for increased infrared opacity in the middle and
upper troposphere. While one cannot completely reject
the possibility that M, might adjust to compensate for the

reduction in %, this would call for a significant increase

in M, 18 000 ybp.

In order to address the above suggestion, we try, in
Section 3, to simulate the vertical temperature structure
during the last glaciation with various assumptions about
the relative humidity profile in the middle and upper tro-
posphere. It is shown that only a higher relative humidity
than at present in the middle and upper troposphere gives
a greater lapse rate in the low atmosphere than would a
moist-adiabatic profile. The higher the relative humidity,
the greater the lapse rate. Consistent with our original
hypothesis, it is shown that the change in the distribution
of radiative cooling rate accompanying a higher middle
and upper tropospheric relative humidity is indeed char-
acterized by a reduction in the low troposphere. In addi-
tion, there is enhanced cooling in the upper troposphere.

In Section 4 we examine the processes maintaining the
tropical water vapor budget above the convective
boundary layer, in order to see how cooler surface tem-
peratures could lead to a higher relative humidity. This
matter is discussed in greater detail in Sun and Lindzen
(1992). In brief, we note that the troposphere above the
trade wind boundary layer is moisturized largely by the
re-evaporation of hydrometeors in the atmosphere (con-
sistent with Gamache and Houze, 1983; Betts, 1990), and
that the production of these hydrometeors (water and ice
particles or drops) by cumulonimbus towers appears to
increase with increasing CAPE (conditional available po-
tential energy) (consistent with Szoke et al., 1986; Rut-
ledge et al., 1992; Williams, et al., 1992). We show that
temperature profiles with the observed lapse rates do, in
fact, have substantially greater CAPE than the present
tropical atmosphere has.

In Section 5 we examine the implications of the in-
ferred dependence of water vapor on surface temperature
for climate sensitivity. We find that, in contrast with exist-
ing results for the water vapor feedback, the water vapor
feedback is now strongly negative, virtually eliminating
the warming due to a doubling of CO, — at least in the
tropics. By comparing sensitivity studies from the present
model with a model with a constant tropospheric lapse
rate, we show the feedback from the lapse rate change is
also considerable.

In Section 6 we discuss the apparent contradiction
between the present result and existing results in the liter-
ature claiming to demonstrate a positive water vapor
feedback. We note that model results are based on models
which treat upper level water vapor in an unsatisfactory
manner. We also note that existing efforts to use location
and season as surrogates for climate to infer the water
vapor feedback from data suffer from two defects: 1) inso-
far as air is subsiding over most of the globe, the upper
level water vapor is not directly related to surface temper-
ature, and 2) within the tropics, for a given climate, CAPE
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is largely related to local temperature in the boundary
layer where horizontal heterogeneity is permitted, where-
as under conditions of global climate change, tropics-
wide CAPE changes also depend on the horizontally ho-
mogeneous temperature distribution above the boundary
layer.

We finally address the question of what might consti-
tute appropriate data for determining the relation of up-
per level water vapor to global climate.

2 The one-dimensional radiative-convective model

We adopt the simple average approach to the tropical
circulation, first proposed by Schneider (1977) (se¢ also
Sarachik, 1978). This approach is schematically illustrat-
ed in Fig. 1. The vertical structure is characterized by a
convective boundary layer, a free troposphere and the
atmosphere above.

In the troposphere above the convective boundary
layer, the convective heating, averaged over the tropics
(i.e., the Hadley domain), results from cloud-induced sub-
sidence heating. The thermal energy equation for an aver-
aged radiative-convective equilibrium is

ML R -0 (1)
dz

for z,<z<z,. M, is the cloud-induced subsidence, s is the
dry enthalpy (static energy), R, is the radiative cooling
rate, z, is the height of the top of the boundary layer and
z, is the height at which the convective heating ends —
essentially the tropopause.

Since convective heating ends at the tropopause level,
in a radiative-convective equilibrium, the net radiative
flux across the top of the tropopause and the top of the
atmosphere are both zero. The integral form of the ther-
mal energy equation for the free troposphere can be writ-
ten as

j’M = dz=8],—F1,. ©)

“dz
S|, and F 1, are the net solar flux and the net infrared flux
across the top of the convective boundary layer.

Within the convective boundary layer, the dry en-
thalpy is assumed to be well mixed. A finite jump of tem-
perature across the top of the boundary layer is allowed
and it is related to the surface water vapor flux

M, As=a LE,. 3)

L is the latent heat, E_ is the surface water vapor flux and
o is the entrainment ratio (Sarachik, 1985).

The integral form of the heat budget of the boundary
layer is

McAS+F;=(S10"‘FT0)_(S11>_FTI>)- G

F, is the sensible heat flux from the surface; S|, and F1,
are the net solar flux and infrared flux across the surface.
The surface heat budget is

Slo—Flo=LE+F. )
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Fig. 1. A schematic illustration of the model structure. z is the
height, T is the temperature, R, is the net radiative cooling, s is the
dry enthalpy (static energy), M, is the cloud induced subsidence, z,
is the height of tropopause and z, is the height of the convective
boundary layer

From Egs. (2), (4) and (5) we obtain

fMCd—dz+M As=L E,. ©)
Following Lindzen et al. (1982), the tropopause height, z,
is given by the neutral buoyancy level:

s()+rh, Lg*(0)=5(z), ™

where s(0) is the dry enthalpy of surface air, s(z,) the dry
enthalpy at the tropopause level, g* (0) the saturation wa-
ter vapor mixing ratio of surface air, and r h, the relative
humidity of surface air participating in deep convection.
The last quantity may not be the same as, and is likely
larger than, the mean surface relative humidity. Calcula-
tions showed that when rh, is assumed to be 1, there is a
better correlation between the tropopause potential tem-
perature and the left side of Eq. (7) (Chimonas and Rossi,
1987). Here we assume rh, equals 1 for simplicity. Note
that Eq. (7) is only approximate. Such factors as the de-
trained humidity have been neglected since their contri-
bution to buoyancy is negligible. In fact, one can not go
too far in relating the cloud environment to the mean
environment, since there are important differences; for
example, the trade inversion is unlikely to be seen by the
deep clouds.

Budgets studies show that above the convective
boundary layer, M, is roughly constant with height up to
300 mb and then sharply decreases to zero (Ogura and
Cho, 1973; Cheng et al., 1980). For simplicity, we take M,
to be constant with height in the free troposphere. From
Egs. (6) and (7) we have the following equation for M.,

E,
M= he o ®
The air-sea temperature difference is assumed to be 1 K,
close to the climatological mean value. There are good
reasons to believe this difference cannot be large since the
heat capacity of air is very small. Note that no explicit
formula for surface flux is needed after the air-sea temper-
ature difference is specified. When the aerodynamic for-
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mula is employed, the air-sea temperature difference can
be calculated. However, the drag coefficient may have to
be adjusted to give a reasonable air-sea temperature dif-
ference.

The radiative code used, designed by M. D. Chou, is a
band model including water vapor, CO,, O;, CH, and
N, 0. No aerosol is taken into account, and at this point,
we have little basis for realistically considering its vari-
ability with climate. The performance of this code in cal-
culating the cooling and heating rates has been compared
with other radiation codes frequently used in climate sen-
sitivity studies, and also with the most sophisticated line
by line calculation (Chou, 1986; Chou et al., 1991). In
dealing with water vapor, this code is found to give excel-
lent agreement with the results obtained by the line by
line calculations.

Figure 2 presents two equilibrium solutions! with
fixed specific humidity and fixed relative humidity. CO,
and other chemical species are specified at their present
values. In the calculation, no clouds are explicitly includ-
ed. The solar insolation is adjusted to give the surface air
temperature, 300 K; this implicitly accounts for effects of
clouds on albedo and heat flux out of the tropics.

The model profile is very close to the observed as far
as gross features are concerned. The tropopause level de-
termined by the neutral buoyancy assumption is 180 mb
and 160 mb respectively for the two states (160 mb for
fixed relative humidity and 180 mb for fixed specific hu-
midity). This level should be interpreted as the mean level
at which deep clouds detrain when compared to observa-
tions (the observed mean detrainment level of deep clouds
is about 200 mb). The observed tropopause level is some-
what higher because it is determined by the tallest clouds
which originate at the hottest spots in the tropics (note
that dynamics, by smoothing horizontal temperature gra-
dients, establishes the tropopause throughout the trop-
ics).

The temperature around the tropopause level is slight-
ly higher than observed, primarily because the tropo-
pause height is underestimated. Additionally, the profile
of humidity used in the calculations in the upper tropo-
sphere may be inaccurate. The tropopause height and
temperature are found to depend on the humidity in the
upper troposphere and stratosphere, but there are no ad-
equate observations of water vapor there. Further, as-
suming M, is constant with height up to the tropopause
is not very realistic. Finally, the effect of upper level
clouds on the infrared radiative cooling rate is not includ-
ed in the radiative code. By adjusting the water vapor
profile in the upper troposphere and stratosphere or by
choosing a profile for M, in the upper troposphere which
decreases to zero over a finite depth (say from 300 mb to
the tropopause), one can indeed get at better fit with
observations. However, precise tuning of what are, for
present purposes, unessential details is not our purpose.
What is important here is that the model is able to grasp
the main features of the tropical troposphere in an en-

U All our calculations of temperature have used a vertical resolution
of 20 mb up to the level of 20 mb. Above 20 mb, there are only three
additional levels: 10 mb, 1 mb, and 0.1 mb
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Fig. 2. Equilibrium temperature. Solid line: fixed relative humidity.
Dashed line: fixed specific humidity. The relative humidity is speci-
fied as rh(p)=0.8 %
mixing ratio of water vapor is set to be 0.03 g/Kg. The specific
humidity profile is from the standard tropical troposphere (Mc-
Clatchey et al., 1972). +’s indicate the observed temperature aver-
aged over the domain of the Hadley circulation in January. The
data are from Oort (1983)

; p is the pressure. The minimum
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Fig. 3. Equilibrium saturation equivalent potential temperature,
0*. Solid line: fixed relative humidity; dashed line: fixed specific
humidity

ergetically consistent (potentially unstable) way. It also
gives a simple interactive picture of how the tropical tro-
pospheric temperature is maintained. Figure 3 shows the
vertical structure of the saturation equivalent potential
temperature for the two equilibrium states; it shows that
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the equilibrium profile is potentially unstable. Above the
boundary layer, the saturated equivalent potential tem-
perature is almost constant with height, which indicates
the temperature profile is close to moist-adiabatic. The
minimum of #* occurs at the top of the convective
boundary layer. The observed profile of 8 is smoother
than the model profile. In reality, the height of the
boundary layer oscillates and shallow clouds are not
strictly restricted below the climatological mean height
for the convective boundary layer. Nevertheless, it is the
presence of the boundary layer that maintains a poten-
tially buoyant tropical troposphere. The model is de-
signed to reflect this as simply as possible.

It should be emphasized that for present calculations,
the calculated profile is close to the moist-adiabat as is
evident in Figs. 2 and 3. This is hardly surprising given
that the surface air temperature, T (0), and the tropopause
temperature lie on the same moist-adiabat (Eq. (7)). How-
ever, local (in height) deviations are allowed in our model.
The deviations are dependent on the radiative cooling
rate and the magnitude of M,. This feature is crucial for
dealing with implications of the depressed snowline dur-
ing the last glaciation.

3 Numerical experiments

The model presented in the preceding section shows how
the vertical structure of tropospheric temperature is cal-
culably related to the distribution of radiative cooling
rate. This allows us to infer, from the observed tempera-
ture change, the tropical water vapor distribution during
the last glaciation.

In many past climate sensitivity studies, relative hu-
midity throughout the troposphere is assumed to be inde-
pendent of climate change. As pointed out by Lindzen
(1990) and Betts (1990), little is concretely known about
the maintenance of the moisture budget in the free tropo-
sphere (i.e., the troposphere above the boundary layer)
and its sensitivity to radiative perturbation. In attempting
to simulate the tropospheric temperature profile during
the last glaciation, we adjust the relative humidity in the
free troposphere in order to obtain a vertical temperature
structure which resembles the one indicated by the moun-
tain snowline record. Since observations show that the
relative humidity within the convective boundary layer
(up to about 700 mb) is relatively insensitive to surface
temperature change, we fix the relative humidity below
700 mb in the following calculations. It should be empha-
sized that the moisture budget below 700 mb is largely
determined by turbulence driven by surface fluxes (Sun,
1992). Model results indicate that relative humidity in the
boundary layer does not depend significantly on temper-
ature changes of a few degrees (Betts and Ridgway, 1989),
and this is consistent with observations (Oort, 1973). On
the other hand, the dependence of the relative humidity in
the free troposphere cannot be related to the local sea
surface temperature. Over much of tropical ocean, the
influence of local sea surface temperature is restricted to
below the trade inversion; away from active cumulus tow-
ers (which occupy only about 0.1% of the tropical area),
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Fig. 4. Temperature change as a function of height when the surface
temperature is decreased by 1 K. Long-dashed line: Relative humid-
ity is fixed and is assumed not to change when the surface temper-
ature is decreased by 1 K. Solid line: Relative humidity between
300 mb and 700 mb is assumed to increase by 0.2 when the surface
temperature is decreased by 1 K. Short-dashed line: Relative humid-
ity between 300 mb and 700 mb is assumed to be 80% of the present
value

air above the trade inversion is subsiding, and the temper-
ature and moisture fields are largely related to the tem-
perature and moisture fields over the hottest points where
deep convection occurs. We will return to this point in our
final section where we discuss claims of a positive feed-
back due to water vapor.

As already noted, we use “solar flux” as a surrogate for
the effects of cloud albedo and heat export from the trop-
ics. We adjust this flux to produce equilibrium profiles
with both the present surface temperature and a surface
temperature 1 K colder than at present. Different relative
humidity profiles in the middle and upper troposphere
are assumed to accompany the colder climate. Figure 4
shows three cases of the temperature departure from the
present climate as a function of height. The long-dashed
line is the case in which the relative humidity is assumed
to be the same as the present. The short-dashed line rep-
resents the case in which the relative humidity between
300 mb and 700 mb is only 80% of the present value. The
solid line represents a case in which the relative humidity
between 300 mb and 700 mb is 20% larger than the pres-
ent profile (i.e. present relative humidity plus 20%)2.

From Fig. 4, we see that when the relative humidity is
assumed not to have changed when the surface tempera-
ture is decreased by 1 K, the temperature reduction in the
middle troposphere is about 2 K — basically the behavior

2 160 mb, the cloud detrainment level can be used instead of
300 mb. There is no substantial difference in the results. On physical
grounds, we expect little change of relative humidity at the detrain-
ment level. See Section 4 for further discussion
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Fig. 5. Temperature change as a function of height when the surface
temperature is decreased by 1 K. Relative humidity between 300 mb
and 700 mb is assumed to increase to a specified value when the
surface temperature is decreased. Short dashed line: the relative
humidity is assumed to increase by 0.2. Solid line: the relative hu-
midity is assumed to increase by 0.3. Long dashed line: the relative
humidity is assumed to increase by 0.4

is the same as that obtained by assuming a moist-adiabat.
When a smaller relative humidity in the free troposphere
is assumed to accompany the colder climate, the reduc-
tion of temperature in the middle troposphere is actually
less than the surface temperature decrease. When the rel-
ative humidity in the free troposphere is assumed to be
20% higher than at present, the reduction at the middle
troposphere is about 3.5 K, which is about the 70% of the
reduction indicated by the mountain snowline record.
From the three cases, it is clear that only an increase
of relative humidity in the free troposphere can lead to a
greater reduction of temperature in the middle tropo-
sphere than what a moist-adiabatic profile predicts. It is
further found that the steepening of the lapse rate in the
free troposphere is proportional to the increase of relative
humidity in the free troposphere, though not in a linear
fashion. Figure 5 shows the departure of temperature
from the present as a function of height when even higher
relative humidity is assumed to accompany the colder
climate. To obtain a 5 K temperature reduction at the
mid-troposphere, the increase of relative humidity needs
to be about 40%. There may, however, be reasons for this
estimate being excessive, which will be discussed shortly.
Physically, the changing lapse rates are associated
with changes in radiative cooling below about 6 km (viz.
Eq. (1)). Increasing humidity decreases local cooling rates
by increasing the infrared opacity above, and decreasing
cooling rates are associated with decreasing ds/dz or,
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Fig. 6. Relative change of tropospheric radiative cooling as a func-
tion of height when the surface temperature is decreased by 1 K.
Different assumptions about the change of the relative humidity
between 700 mb and 300 mb are made. Solid line: the relative hu-
midity is assumed to increase by 0.2 Long dashed line: the relative
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equivalently, increasing lapse rate. Figures 6 and 7 show
the change in the distribution of radiative cooling rate for
various choices of humidity distribution. M, and the tro-
popause height determined by the neutral buoyancy level
are both found to be almost the same in both the present
climate and the colder climate for all cases. When there is
more water vapor in the middle and upper troposphere,
the radiative cooling rate change is characterized by an
increase in the upper troposphere (due to enhanced emis-
sivity) and a reduction in the lower troposphere (due to
increased opacity above). The temperature reduction
maximizes in the middle troposphere. These results are
not sensitive to the assumption of fixed rh, in the surface
boundary layer (Sun, 1992).

Increased upper level cloud coverage can also con-
tribute to the change in the distribution of radiative cool-
ing rate. Indeed, considerable increase in the upper cloud
amount, either in the form of increased thickness or wider
horizontal coverage, is expected to accompany an in-
crease of relative humidity in the free troposphere. It has
been found that the free troposphere is largely moistur-
ized by evaporation of hydrometeors falling from the up-
per level clouds (Sun and Lindzen, 1992). In this sense, the
increase of relative humidity may be somewhat smaller
than 40%. However, due to the uncertainties in the radia-
tive properties of clouds, it is premature to quantify the
effects with confidence. All that can be said at this point
is that upper level cloud amount is not expected to in-
crease without an increase of relative humidity in the free
troposphere. Increased upper level cloudiness will also be
associated with increased albedo. This may prove very
important. As we have already noted, we have adjusted
the solar constant in order to produce the observed trop-
ical sea surface temperature. The necessary reduction was
4.6% when the relative humidity was taken to be 40%
greater, and 3.1% when the relative humidity was taken
to be 20% greater. The intimate coupling of cloud cover
and humidity and the fact that they tend to influence
climate in both complementary and opposite ways indi-
cates the complexity of the situation.

Another reason that the actual increase of water vapor
may be less than 0.4 is that a more moist atmosphere
would facilitate the descending of the snowline (Rind,
1990). Though the controlling factor for the position is the
temperature, relative humidity may also matter. Thus,
once the relative humidity in the middle and upper tropo-
sphere is considerably higher than at present, the temper-
ature reduction corresponding to 1 km descent may be
less than 5 K.

The non-uniform temperature change leads to an in-
teresting feature of the colder states: namely, the air par-
ticipating in deep convection will experience enhanced
buoyancy. In other words, the environmental profile has
more convective available potential energy (CAPE).
CAPE is simply the work done by buoyancy on a parcel
of surface air rising in a cloud. This is proportional to the
integral over the cloud of the difference between the
equivalent potential temperature of cloud and ambient
air. Our calculations of equivalent potential temperature
follow Bolton (1980). Table 1 summarizes the CAPE of
the different profiles discussed above. The steeper the

Table 1. Conditional Available Potential Energy (CAPE) associat-
ed with various assumed distributions of relative humidity

T, (K) AR CAPE (joules) CAPE (joules)
rhy=0.8 rhy=1.0

300 0 670.5 2200.3

299 +0.2 1047.2 2610.9

299 +0.3 1156.8 2749.7

299 +0.4 1255.9 2841.0

lapse rate, the larger the CAPE. The increase of CAPE
during the last glaciation is 40% to 100%, and suggests
why the relative humidity in a colder climate could have
been higher than at present. We will explore this point in
the following section.

4 A one-dimensional model
for the tropospheric relative humidity

Consistent with the one-dimensional, meridionally-aver-
aged model for the temperature structure, the budget of
tropospheric water vapor above the convective boundary
layer can be written as

M8 40 E,=0 ©)

dz

for an equilibrium state. q is the water vapor mixing ratio.
M, %g is the downward moisture advection due to deep-
cloud induced subsidence. g is the air density and ¢ E, is
the moisturization from deep convection. The moistur-
ization from deep convection is largely from evaporation
of hydrometeors (Sun and Lindzen, 1992). Hydrometeors
here refers to ice or liquid water existing outside of satu-
rated cumulus updrafts. That the source of water vapor
above the boundary layer is the evaporation of water
droplets and ice crystals falling outside of cumulus tow-
ers, but originating in the ice and water detrained from
these clouds, is increasingly recognized (Gamache and
Houze, 1983; Betts, 1990). This result is readily understood
by the following considerations. First, it is virtually impos-
sible to account for mid-tropospheric humidity simply
through the subsidence of saturated air detrained from
the tops of deep clouds. Due to adiabatic heating, the
relative humidity of such air will decrease to below 5% by
the time the air has descended a few kilometers — contrary
to observations. Second, if one attempts to transport wa-
ter vapor upward by large-scale turbulent or laminar flow
one encounters the fact that such air will, within a kilome-
ter or so of its origin, saturate because of adiabatic cool-
ing, and that such a process cannot transport water vapor
deep into the troposphere without producing an exten-
sive and deep saturated layer — something also not ob-
served on earth. Moisturization via evaporation of falling
condensate is free of these problems.

The moisturization from evaporation of hydrometeors
may be parameterized as E,=oa(q* — q), in which g* is the
saturation water vapor mixing ratio and « is a coefficient
which is related to hydrometeor water content (total mass
of hydrometeors per unit volume) and the spectrum of
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Fig. 8. Vertical distribution of relative humidity with different
choices of 4, . The cloud top is at 13 km and relative humidity there
is assumed to be 1. k, for the three curves is: 0.20 km (long dashed
line), 2.0 km (solid line) and 20.0 km (short dashed line). +’s corre-
spond to the data averaged over the domain of Hadley circulation
in January (Oort, 1983). h5 is chosen as 3 km

hydrometeors 3. The moisture budget equation for the
free troposphere can be rewritten as

d
M 32 +ae(q*—)=0. (10)

The above equation for the specific humidity can be
rewritten as an equation for the relative humidity, R=
a/q* s

dR R 1

———+— —z/hy)=0. 11
dZ hl + hz exp( Z/ 0) ( )
h, and h, are two parameters with dimensions of height,
defined as:

1 ag,

2% 12
oM, (12)
1 1 1

—=—+ —exp(—z/hy) (13)
by by P

1 dIng* (14)
hy dz

h, is the density scale-height of the air and g, is the den-
sity of surface air.

To a good degree of approximation, g* decreases expo-
nentially with height; therefore, h; is a constant. Now we

3 « has been used earlier (Equation 3) to represent the entrainment
ratio at the top of the tradewind boundary layer. There should be
no confusion since the usage is invariably clear from the context
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Fig. 9. Same as Fig. 8, but the relative humidity at the cloud top
level is assumed to be 0.5

see that R is not explicitly dependent on temperature.
However, this does not mean the relative humidity in a
warmer or colder climate should be the same. The param-
eter h, and thus h, may be very different in cold and warm
climates because they are related to microphysical pro-
cesses in deep clouds. By definition, we know that h, is a
parameter measuring the relative strength of the two
physical processes: the removal of water vapor by cloud
induced subsidence, and the deposition of water vapor
through the moistening processes.

Figures 8,9 and 10 show the vertical distribution of
the relative humidity with different choices of h, and dif-
ferent choices of relative humidity at the detrainment lev-
el*. If there is no lateral transport and no exchange of
water vapor with the stratosphere, the relative humidity
at the detrainment level should be 1. In reality, both later-
al transport and exchange with the stratosphere occur;
the relative humidity at the detrainment level can thus be
less than 1. In the absence of adequate observations of
water vapor in the upper-troposphere, there is little em-
pirical basis for any choice. We therefore consider various
values of relative humidity at the detrainment level. For-
tunately, we find that this uncertainty does not affect the
present analysis. In Fig. 8, the relative humidity at the
detrainment level is fixed at 1, while in Figs. 9 and 10, the
relative humidity at the detrainment level is fixed at 0.5
and 0.2 respectively. Three curves are presented in each
figure, corresponding to different choices of h,. There are
two remarkable features in these figures. First, away from
the vicinity of the cloud top, the vertical structure of the
relative humidity is not sensitive to the relative humidity

4 All calculations of humidity used a vertical resolution of
100 meters
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Fig. 10. Same as Fig. 8, but the relative humidity at the cloud top
level is assumed to be 0.2

at the level of the cloud top. Second, between 700 mb and
the height (roughly 400 mb) below which we have data,
the vertical structure corresponding to the solid curve
closely resembles the observed vertical distribution of rel-
ative humidity.

In the context of this model, we see that the relative
humidity is indeed strongly controlled by h, . Significant-
ly decreasing h, leads to increases in relative humidity
comparable to the magnitude inferred from the mountain
snowline record.

As shown in the radiative-convective equilibrium cal-
culations, M, changes little (viz. Eq. (8)). Therefore, the
change of h, has to arise from the change of a, which is
related to the hydrometeor water content and also the
spectrum of hydrometeors. To be more specific, we con-
sider an idealized case here. For hydrometeors with a
uniform spectrum and a spherical shape, « may be written
as

2=3DC,% 2, (15)
oL

where D is the diffusion coefficient for water vapor in the

air, C, is the ventilation coefficient, g, is the hydrometeor

water content, ¢, is the density of hydrometeors and r is

the radius of hydrometeors (Betts and Silva Dias, 1979).

It follows that h, is given by

M 2
hy=SL el (16)
QO 3 D Cv Qr
so that a smaller h, requires a larger amount of smaller
hydrometeors.

Accompanying the deepening of the lapse rate, there
was much more CAPE in the last glaciation (about a
doubling relative to the profile representing the present

climate). Deep convection, associated with larger CAPE
is observed to generate more hydrometeors in the middle
troposphere and upper troposphere (Williams et al.,
1992). Sage II measurements also show that cirrus occur
much more frequently over the tropical land than over
the tropical ocean (Chiou et al., 1990). It is known that
deep convection over the land is associated with more
CAPE than over the ocean. That the amount of hydrom-
eteors present in the middle and upper troposphere in-
creases with increasing CAPE is also expected on the
basis of results from comprehensive numerical cloud
models (M. K. Yau, personal communication, 1991).
While the quantitative relationship between the amount
of hydrometeors and the environmental CAPE has not
yet been firmly established, the sign is not in serious
doubt. That detrained water and ice should be propor-
tional to CAPE is entirely reasonable. For small CAPE,
cloud air will rise slowly, allowing warm rain processes to
operate so that a large part of the water condensing with-
in the cloud to fall out within the cloud in the form of rain.
However, with larger CAPE, cloud updrafts will be
larger, allowing less time for warm rain processes. Thus,
the updrafts will carry more condensed water aloft, lead-
ing to more detrained water and ice (since much of the
detrainment occurs above the freezing level).

Besides the change in the amount of hydrometeors, the
spectrum of hydrometeors is also expected to change.
When the environment has more CAPE, convective up-
drafts will be stronger. The hydrometeors carried into the
middle and upper troposphere will have smaller sizes be-
cause they will have less time to grow before they reach
the middle and upper troposphere.

5 Estimating the feedback factor of water vapor
and lapse rate in doubling CO,

We have, thus far, estimated the change in humidity in the
tropical free troposphere accompanying a 1 K decrease in
tropical surface temperature. Since our calculations are
specific to the tropics, we cannot readily use these results
to infer the sensitivity of global climate. However, our
results do enable us to estimate how much the sensitivity
of tropical surface temperature to a doubling of CO, is
affected by the inferred changes in relative humidity.

Noting that a 1 K cooling of the tropical surface lead
to an increase in relative humidity of as much as 0.4, we
will assume that other tropically averaged surface tem-
perature changes result in proportional changes in rela-
tive humidity. For reasons already discussed, a 40%
change in tropical relative humidity for a 1 K change in
average tropical surface temperature is probably an up-
per limit. Thus, in calculating the response of tropical
surface temperature to a doubling of CO,, we consider a
range of values for the expected increase of relative hu-
midity per 1 K decrease of surface temperature (4R _)).
The formula used is simply

AR (300 mb—700 mb)= —AR_, x(T,—300K).  (17)

Equation (17) tells us that when a doubling of CO, in our
radiative code leads to a surface warming, the resulting
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increase in surface temperature will lead to a reduction of
upper level relative humidity. Of course, a more appropri-
ate approach would involve using something like Eq. (11)
to explicitly calculate relative humidity. This would, how-
ever, require fairly sophisticated cloud modeling. Similar-
ly, it will eventually be necessary to consider associated
changes in albedo. Although we are engaged in such ef-
forts, they go beyond the scope of the present paper. For
the moment, Eq. (17) can be viewed as a linearization. To
be sure, if (T,—300 K) proves large, this linearization
would break down. However, as we see in the results
summarized in Table 2, (T,— 300 K) remains small for a
doubling of CO, . We see that for fixed specific humidity,
we would expect an increase in tropical surface tempera-
ture of 0.66 K. However, for a 40% increase in R per 1 K
decrease of average surface temperature the response de-
creases to 0.09 K, and even for a 10% increase of R per
1 K decrease of surface temperature, the response is still
only 0.23 K. These values may be contrasted with results
from models wherein a doubling of CO, produces a 4 K
increase in global mean temperature. In these models,
tropical temperatures increase by 2 K or more.

In Table 2 we also show feedback factors, f, defined by
the relation

response for fixed specific humidity
1—f

These feedback factors, while germane to the tropical half
of the earth, may not be applicable to the whole globe.
For example, during the last glaciation, global mean tem-
peratures were several degrees lower than at present even
though tropical temperatures were only 1 K lower. On
the other hand, glacial climate changes were almost cer-
tainly not associated with changes in the global radiative
forcing, but rather with changes in the meridional heat
flux and regional inhomogeneities in radiative forcing. In
such a case, the change in global mean temperature is
likely to be a peripheral consequence of the increase in
equator-to-pole temperature gradient, and the relevance
of simple feedback factors is dubious. However, for sensi-
tivity to a globally homogeneous forcing such as doubling
of CO,, these factors could very well have a more general
relevance, and the numbers in Table 2 may be indicative
of global as well as tropical feedbacks.

It should be further noted that associated with a
change in the relative humidity profile, there is a change
in the lapse rate. As emphasized by Cess et al. (1990) and
Cess (1991), the feedback from the lapse rate is potentially
as important as the water vapor feedback, though the two
always go together. To isolate the role of lapse rate change
from the change of relative humidity in the free tropo-
sphere, we employ a radiative-convective model with con-
stant lapse rate adjustment to investigate the role of water
vapor feedback in double CO, experiments. The results
are summarized in Table 3.

By comparing Tables 2 and 3, we see that the feedback
factor from the lapse rate change is as large as that from
the change of water vapor, and that both add. However,
it should be emphasized that the two are dynamically
coupled, though their roles in affecting radiative transfer
in the atmosphere are physically different. Indeed,

response = (18)

Table 2. Tropical surface temperature change, AT, for a doubling of
CO, and associated feedback factor, f, for different assumed
changes in relative humidity (between 300 mb and 700 mb) fora 1 K
decrease in sea surface temperature (AR _ ). Lapse rate permitted to
vary

AR_, (%) AT (K) f
Fixed ¢ 0.66 0
10 0.23 -1.9
20 0.15 -35
30 0.12 —4.6
40 0.09 —6.4

Table 3. Tropical surface temperature change, A7, for a doubling of
CO, and associated feedback factor, f, for different assumed
changes in relative humidity (between 300 mb and 700 mb) fora 1 K
decrease in sea surface temperature (AR _,). Lapse rate held con-
stant at 6.5 K/km

AR_ (%) AT (K) f
Fixed ¢ 1.1 0
10 0.74 —0.5
20 0.44 —1.4
30 0.32 —-24
40 0.24 —-3.6

Lindzen et al., (1982) found a similar effect, noting that it
was related to the fact that the physical parameterization
of cumulus heating lead to a higher deposition of heat
than is implicit in simple convective adjustment. It may
be argued that the diminished response in Table 2 for a
fixed g (relative to the results in Table 3 for a fixed lapse
rate) represents a negative lapse rate feedback. We prefer
to consider this a base case from which feedbacks due to
changing water vapor are calculated. Considering the
lapse rate changes as feedbacks would further increase the
negative feedback estimates.

6 Summary and discussion

We used a radiative-convective model to investigate what
changes of water vapor above the convective boundary
layer can lead to a picture consistent with the vertical
structure of the tropical tropospheric temperature indi-
cated by the mountain snowline record, ie., a steeper
lapse rate in the low atmosphere (or equivalently a reduc-
tion in static stability) requiring a concomitant reduction
in radiative cooling rate. We found that only an increase
of relative humidity in the middle and upper-troposphere
during the last glacial period can explain this change in
cooling rate. We also investigated what physical mecha-
nism would lead to an increased relative humidity above
the convective boundary layer in the context of our me-
ridionally averaged one dimensional water vapor model.
We noted that the profile during the last glaciation, in-
deed had more CAPE, which would have lead to the
production of more and smaller hydrometeors in the mid-
dle and upper troposphere — both of these factors would
lead to the enhanced moisturization of the free tropo-
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sphere, consistent with the humidity changes required to
produce the steeper lapse rate in the low troposphere
which, in turn, produced the enhanced CAPE.

We also investigated the implication of the increase of
relative humidity in the free troposphere for a decrease in
surface temperature for the atmospheric response to a
doubling of CO,. We found that for the plausible values
of relative humidity change inferred from the snowline
record, the feedback of water vapor severely reduces the
warming induced by the increase of CO,. It is further
noted that the large negative feedback factor is partially
due to the lapse rate change associated with the change of
water vapor distribution.

The nature of water vapor feedback suggested by this
study is contrary to what GCMs have predicted. The
problems of GCMs in dealing with convective transport
of water vapor was discussed in Sun and Lindzen (1992).
In brief, the parameterization schemes used in GCMs for
calculating convective transport were not originally de-
signed to address the issue of water vapor and have not
been significantly improved in this regard. In particular,
they lack adequate treatments of microphysical processes
in precipitation formation and dissipation (see also
Emanuel, 1991). In addition, there are numerical prob-
lems (Rasch and Williamson, 1990).

There are some observational studies which have
claimed a positive dependence between sea surface tem-
perature and relative humidity in the free troposphere
(Rind et al., 1991; Raval and Ramanathan, 1989). These
results were obtained by comparing observed values of
relative humidity or other related physical quantities over
different places in the present tropics. In order for such
observations to be interpreted as climate feedbacks, it is
essential that upper level humidity be directly related to
surface temperature. However, above the convective
boundary layer, air is subsiding and the physical proper-
ties of air including water vapor and temperature are
strongly correlated over large distances through dynamic
transport. Thus location (or season) cannot be used as
surrogates for global climate change.

Further, the properties of the vertical profiles which
determine CAPE locally differ from those which deter-
mine changes of CAPE for a differing climate regime.
Locally, within a climate regime, CAPE depends primar-
ily on surface temperature (which varies horizontally to a
much greater extent than does tropospheric temperature
above the boundary layer). On the other hand, changes in
CAPE between climate regimes depends also on the
midtropospheric temperature changes described in the
present paper. Moreover, since such changes apply to the
whole tropics, they affect the overall and not just the local
CAPE. ‘

Alternate attempts to explain the mountain snowline
record exist (Betts, 1991). These generally assume a moist
adiabatic temperature profile, require major changes in
quantities like the surface wind, and, most important,
require that the decrease in tropical SST 18,000 ybp was
2°C or more. Whether changes in equatorial tempera-
tures this large are possible has been contested (Fair-
bridge, 1991), but the possibility remains. Caution is also
required in inferring negative feedbacks from the paleocli-

mate record, given that we still are unable to satisfactorily
account for the ice ages themselves. Undoubtedly, changes
in the heat flux from the tropics to higher latitudes are
involved. However, other factors involving currently un-
known matters like aerosol changes may also play a role.

Finally, we briefly discuss observations which might
test the applicability and correctness of the present re-
sults. It should be clear that local correlations of humidity
and temperature do not properly indicate a climate feed-
back. However, comparisons of globally (or tropically)
averaged distributions of temperature and specific hu-
midity should. In this connection, it might be useful to
consider the period in the late 70’s and early 80’s when the
globally averaged temperature increased by about 0.25°C
(Houghton et al., 1990). If the results of the present paper
are applicable to the issue of global climate change, then
one might expect measurable reductions in globally aver-
aged specific humidity to accompany the observed warm-
ing. In addition, one should see enhanced warming (com-
pared to what might be expected from the moist adiabat)
at 500 mb relative to the surface — at least in the tropics.
Itis interesting in this regard that Oort (personal commu-
nication, 1992) is currently conducting exactly such a
study using conventional radiosonde data. The impor-
tance of the water vapor feedback to estimates of global
change certainly warrants the most intensive study of
these issues.
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