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ABSTRACT

The atmospheric general circulation model of the Laboratoire de Météorologie Dynamique is coupled to a
stab ocean model and is used to investigate the climatic impact of a CO, doubling. Two versions of the model
are used with two different representations of the cloud-radiation interaction. Both of them contain a prognostic
equation for the cloud liquid water content, but they differ in the treatment of the precipitation mechanism.
The annual and global mean of the surface warming is similar in the two experiments in spite of regional
differences. To understand the behavior of the model versions, the total climate change is split into a direct
CO, forcing and different feedback effects (water vapor, cloud, and surface albedo). The results show that, in
the second model version, the cloud feedback decreases significantly, especially at high latitudes, due to an
increase of low-level clouds in the 2 X CO, simulation. The modification of the cloud scheme influences also
the water vapor variation and the associated feedback is reduced, in particular, over the subtropical regions.
The surface albedo feedback is increased. This is due to the fact that the cloudiness is smaller over high latitudes
and the surface snow is more directly exposed to incoming radiation. Although the results are qualitatively
similar to the results obtained with other models, the occurrence of such compensations between different
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Sensitivity of the LMD General Circulation Model to Greenhouse Forcing Associated with

feedback mechanisms leads to a different evaluation of the overall climate sensitivity.

1. Inmtroduction

The sensitivity of the simulated climate to a doubling
of the atmospheric CO; content has become part of
the standard evaluation of a general circulation model
(GCM). One of the reasons for continuing interest in
these experiments, in spite of the emergence of more
realistic transient scenarios using fully coupled ocean-
atmosphere models, is that there is still a large diver-
gence in the appreciation of the climate sensitivity by
the various existing models or by various versions of
the same model (Washington and Meehl 1984; Hansen
et al. 1984; Wilson and Mitchell 1987; Schlesinger and
Zhao 1989; Boer et al. 1992; Senior and Mitchell 1993).
Reviews of these results can be found in the Intergov-
ernmental Panel on Climate Change reports (IPCC
1990). A large part of these discrepancies can be traced
back to different representations of the water vapor,
ground albedo, and cloud feedbacks within the models
(Cess et al. 1990). As will be emphasized in section 4,
the consideration of a climate change from one equi-
librium to another, as possible when considering an
ocean model limited to the shallow surface layer, rep-
resents the most simple conditions to diagnose without
too much ambiguity these internal feedback effects.
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The role of the cloud physics in modulating the re-
sponse of an atmospheric GCM to the CO, increase
has been noted in many publications. In Wetherald
and Manabe (1988), two versions of the Geophysical
Fluid Dynamics Laboratory (GFDL) model were
compared. The results showed that the inclusion of an
interactive cloud cover scheme could enhance the
model sensitivity and the surface warming corre-
sponding to a doubling of the CO, concentration, which
increased from 3.2°C to 4.0°C. They further analyzed
the different feedback mechanisms in the model and
showed that the cloud cover acted as a positive feedback
mechanism in their model. This was due to the increase
of high cloud cover near the tropopause, associated
with the increase of height of the tropopause in the
warming climate. It overshadowed the small negative
feedback effect corresponding to increased low cloud
cover at high latitudes. They also showed that the water
vapor feedback was increased in the variable cloud
model, that the feedback related to the variation of the
temperature lapse rate was decreased, and the surface
albedo feedback was almost unchanged. Mitchell and
Ingram (1992) confirmed this cloud cover variation
mechanism and pointed out that the cloud increase
near the new tropopause and the cloud decrease below
are strongly related to the vertical motions of the at-
mosphere. They argued that the numerical parame-
terization of the vertical transport of water vapor by
convection and large-scale motion is critical in deter-
mining the magnitude of the cloud changes.
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. To take into account, in more detail, the role of

cloud physics in these feedback mechanisms, more
comprehensive cloud schemes have been designed,
where, in particular, the cloud liquid (or ice) water
content was estimated by the model. The possible in-
crease of cloud liquid water content in a warming cli-
mate can constitute a negative feedback through
changes in the cloud albedo effect. The -studies of
Somerville and Remer (1984) with a 1D radiative-
convective model and Roeckner et al. (1987) with a
GCM showed the potential importance of cloud liquid
water content variations in regulating the climate sen-
sitivity. The studies of Mitchell et al. (1989) and Senior
and Mitchell (1993 ) showed in addition that the phase
change between ice and water clouds may also produce
a strong negative feedback and reduces the warming
of the surface-troposphere system. Their studies
showed also that the interactive calculation of the cloud
radiative properties, by using the model-produced
cloud liquid water content, causes a further negative
feedback. This feature is due to the fact that the de-
pendence of cloud shortwave albedo on the cloud liquid
water path is different from the dependence of cloud
_infrared emissivity on the cloud liquid water path, as
shown in earlier studies by using simple models (Ste-
~ phens and Webster 1981). However, as noted in Senior
and Mitchell (1993), these additional cloud feedbacks
are uncertain and may be model dependent since our
knowledge of the physical phenomena and their pa-
rameterization in large-scale models is very limited.
Our results using the Laboratoire de Météorologie Dy-
namique (LMD) GCM response to a prescribed change
of sea surface temperature showed the crucial impor-
tance of the level at which the ice/water transition is
prescribed in determining climate sensitivity (Li and
Le Treut 1992).

In this paper, we review the results obtained with
two versions of the atmospheric GCM developed at
the LMD, which differ mainly through their cloud pa-
rameterizations, in response to a CO, doubling. In a
first. version we have used the cloud scheme already

described in Le Treut and Li (1991). This cloud

scheme is intentionally very simple, the idea of its de-
sign being to put orders of magnitude on the few pa-
rameters it contains, through a careful comparison with
observed data. Two prescribed thresholds account for
the ice and water precipitation mechanisms, respec-
tively. We know from the intercomparison experiments
organized within the FANGIO program (Cess et al.
1990) that the model sensitivity using this cloud pa-
rameterization is rather high. As mentioned above we
have repeated the 2 X CO, sensitivity experiments with
a version of the model that contains a different de-
scription -of the cloud precipitation mechanism: for
warm water clouds, it makes use of a simple -formu-
lation designed by Sundqvist (1981) and represents
the precipitation of ice through the terminal velocity
of the crystals. This parameterization of the precipi-
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tation is more reminiscent of the one used by Smith
(1990). It therefore allows a more direct evaluation of
our model results by comparison with other published
results, in particular those of Mitchell et al. (1989) and
Senior and Mitchell (1993), which revealed a dramatic
decrease of the model sensitivity associated with the
introduction of the Smith (1990) cloud scheme.

The description of our model and the design of the
experiments will be presented in section 2. The basic
results of the simulations will be presented in section
3. To get some insight into the model response, and
also to make the first step toward a correct validation
of the model, we have tried to separate the effect of the
various feedback terms. The simple method we have
used, its rationale, and the results obtained are de-
scribed in section 4. It was first employed by Wetherald
and Manabe (1988). It considers the share of the ra-
diative changes at the top of the atmosphere due to the
changes in different model variables.

2. Model description and design of the experiments
a. General features

The model used in this study, the LMD GCM, was
developed in our institute (Sadourny and Laval 1984).
The dynamics is formulated in finite differences. It is
used here in a low-resolution version of 48 points in
the longitude direction, 36 points in the latitude direc-
tion, and 11 vertical layers. The physical package cor-
responds to one of the standard versions of the LMD
GCM referenced as cycle 4. It is described in Le Treut
and Li (1991). The radiation parameterization is the
same as used operationally at the European Centre for

‘Medium-Range Weather Forecasts (ECMWF) (Mor-

crette 1991). The solar transfer scheme was originally
designed by Fouquart and Bonnel (1980). The con-
vection is represented by the combination of a moist

.adiabatic adjustment and a Kuo (1965) scheme. The

nonconvective condensation is treated through a simple
statistical algorithm where a distribution of the water
vapor mixing ratio inside a grid box is considered. The
cloud fraction used for the radiation is diagnosed as
the fraction of the grid where condensation occurs. The
liquid water formed by condensation is retained in the
atmosphere as cloud water: the time evolution of this
new prognostic variable is computed through a mass-
balance equation. The cloud water content is then used
to determine the cloud optical thickness that is needed
to compute the solar fluxes and the cloud emissivity
used in the infrared computation. In spite of its sim-
plicity the model includes a large range of possible
feedback processes in relation with cloud formation,
which affect strongly the model sensitivity. This is not
true for the surface algorithms: in this model version—
in opposition with the following versions of the LMD
GCM—the ground hydrology is treated with a simple
bucket model, without any explicit representation of
the vegetation cover, and no diurnal cycle is considered.
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The surface albedo over land is a function of snow
depth and is prescribed according to climatological data
when there is no snow cover. The surface albedo over
free ocean is a function of the solar height, and the
presence of sea ice is diagnosed when the sea surface
temperature is below —2°C.

This control version of the model will be referred to
as LMD4<©_ In the present paper we also consider a
slightly modified version of this model, which differs
mainly through a different representation of the pre-
cipitation process in the cloud liquid water prognostic
equation and a different specification of the cloud op-
tical properties from the knowledge of their water con-
tent. This modified version will be referred to as
LMD4MO,

b. Framework of cloud parameterization

To appreciate the differences in the estimation of
the sensitivity obtained from the two model versions,
it is necessary to describe some features of the cloud
scheme used in the model. It is also described in Le
Treut and Li (1991).

As already stated, the cloud water content evolution
is determined through a budget equation and therefore
through a simplified representation of the balance be-
tween condensation, evaporation, and precipitation.
The condensation is the source of the cloud water. Both
convective and nonconvective sources of condensation
are taken into account here. The nonconvective part
of the condensation is taken into account through a
simple statistical scheme, which uses the assumption
of a uniform distribution of the total water content
(vapor plus condensate ) within a given grid box, char-
acterized by a width Ag,. This approach implies that
the water converged in a grid box is used without dis-
tinction for the cloudy or the clear air and that con-
densation and evaporation are treated simultaneously.
It allows the definition of a cloud fraction, as the part
of the grid surface where there is supersaturation, and,
consistently, the computation of a condensation rate.
The choice of the width Ag, is therefore determinant.
In the present simulations we have chosen Ag, = 0.2q,
where ¢, is the total water content. Water condensed
within convective clouds is also used directly in the
cloud water budget equation.

The main sink term to be parameterized is the pre-
cipitation of the cloud droplets or crystals. In our model
the same precipitation process is used for both con-
vective and nonconvective cloud water, which makes
a difference with other models. This precipitation term
represents the effects of the microphysical processes by
which the small cloud droplets grow to relatively large
raindrops, or the formation and subsequent sedimen-
tation of the ice crystals. The main differences between
LMD4° and LMD4M® lie in the treatment of precip-
itation.
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¢. The treatment of precipitation

Many processes related to the large-scale dynamics
or microphysical aspects affect precipitation. The
growth of cloud droplets by condensation and auto-
conversion, their collection by raindrops, and the ac-
cretion of ice crystals are processes that will be repre-
sented through the parameterization of precipitation.
A description of these processes may be found, for ex-
ample, in Mason (1971), Kessler (1969), or Ludlam
(1980, chapter 5). They are taken into account here
in a crude statistical manner.

In LMD4¢©, a threshold method is used and the
cloud water in excess of the threshold C; is precipitated.
We distinguish, through the cloud top temperature,

two regimes of precipitation: warm water clouds and

cold ice clouds. Different threshold values are chosen
for the two regimes. When the cloud top temperature
is warmer than —10°C, then the cloud precipitation
regime is supposed to be that of water cloud with a
threshold C; = 1 X 107% kg kg™'. In the contrary, if
the temperature is colder than —10°C, the cloud pre-
cipitation regime is supposed to be that of an ice cloud,
and we chose a smaller threshold

C;=min(1 X 1073, 0.05¢a), (1)
where ¢, is the corresponding saturated water vapor
mixing ratio.

In LMD4MO the precipitation mechanisms are
taken into account in a different manner. A more con-
tinuous set of laws is used. For warm clouds the pre-
cipitation is parameterized using the relationship pro-
posed by Sundqvist (1981),

oo

where / is the cloud liquid water mixing ratio, C, is a
timescale characteristic of the precipitation process, and
C,is a threshold similar to that used in LMD4<°, except
that the sharp transition between nonprecipitating and
precipitating regimes is changed into a smoother re-
lation. We take C; =2 X 10™* kgkg™' and C, = 5.5
X 10™*s™!. Note also that /is the in-cloud liquid water
content or, equivalently, the liquid water content cor-
responding to the total grid box divided by the cloud
fraction.

For cold clouds we use a relationship that takes into
account the terminal falling speed (v) of the crystals
(Starr and Cox 1985). Therefore,

(2)

/
P=-, 3
; (3)
where the timescale ¢ is given by
A
t=== (4)

v
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with Az the depth of the model layer and (Heymsfield

and Donner 1990)
v =3.29(p))"', (5)

where p is the air density (kg m™3).

d. Cloud radiative properties

In both LMD4° and LMD4M®, the cloud water
content and the cloud fraction are interactively used
in the radiation code through the calculation of cloud
optical thickness (7) and the cloud emissivity (¢):

3w
=3 (6)
e=1—exp(—«W), (7)

where W is the cloud water path (g m™2), r, is the ef-
fective radius of cloud droplets (in um), and « is the
absorption coefficient (m? g™'). Here « is chosen as
constant (0.13) in LMD4C, but in LMD4M° it is
0.13 for warm clouds and 0.07 for cold clouds. In
LMD4%© r, is calculated by an empirical formula:

re=1lp; + 2, (8)

where r, is in um and p, is cloud liquid water density
(in g m™3) (Fouquart et al. 1990). In LMD4M°, v, is
prescribed and takes values of 10 and 30 um for warm
and cold clouds, respectively.

200-K_ o s

-3

JOURNAL OF CLIMATE

PN o0

el )
Lfg//

altitude (mb)

P

=
<~

N

J-o
10
0

. h»a//\\\

0= -
NS Nt B
\fe"\;’\s"//c/w = \0—://@/\
&5 —

>
>
\e

A
(N
(N "

—

X

=20

LMD4Me
7_

5
30 < 10
200—\20 XZO\% <5,>o feo\

y S0 e, =¥
. A/\ﬁ\ A

400

altitude (mb)

soo—._.\g [ I @ ’o\
Kl L } 0
g 10 *\5 o 5 10—/_/
000 1] 1 T
50 -60 -30 [ 30 60 90

latitude

FiG. 1. Latitude-height diagram of the zonally averaged annual
mean cloud cover (in percents) for LMD4<© (top) and LMD4M°
(bottom).
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FIG. 2. Same as in Fig. 1 but for the cloud
liquid water content (0.001 g kg™").

e. Evaluation of the two model versions

The changes of the cloud parameterization from
LMD4© to LMD4M© have a large influence on the
simulation of the present climate. Figure 1 shows the
latitude-height diagram of the zonal mean cloud cover.
At low latitudes, the cloud cover is larger in LM D4 M°©
than in LMD4<©_ But for high latitudes, LMD4M© has
less cloud. Figure 2 shows the same diagram but for
cloud liquid (or ice) water content. We can see that
this quantity is sensibly increased in LMD4M®© | because
it is sensitive to the precipitation process. This seems
more realistic compared to retrievals from SSM /I sat-
ellite observations (Wentz 1989). This indication from
satellite observations is mostly qualitative but it is the
only one available at the global scale. In fact the
LMD4M% model was tuned to increase the too low
water content obtained for warm clouds in the
LMD4<° model. For ice clouds, the parameterization
in LMD4MO takes into account explicitly the falling
velocity of ice crystals and tends to diminish the cloud
water content.

Figure 3 gives the zonal means of the cloud radiative
forcing at the top of the atmosphere in LMD4 % and
LMD4M© . Satellite observations from ERBE (Ra-

-manathan 1989) are also plotted in the figure for com-

parison [see Bony et al. (1992) for a more detailed and
rigorous comparison with a higher-resolution version
of the model LMD4°]. We note a clear improvement
in LMD4M®© concerning the infrared radiation (upper -
panel), which probably reflects a better handling of the
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FIG. 3. Zonally averaged annual mean of the cloud radiative forcing
(W m™2) for the infrared radiation (top) and the shortwave radiation
(bottom). The curves correspond, respectively, to LMD4%C, LMD4MO,
and ERBE data for the year 1986.

ice physics. In particular we may note the much better
agreement obtained at high latitudes, where the cloud
forcing was much reduced in LMD4M° as compared
to LMD4°, However, for the solar radiation com-
ponent, although the global mean is close to the ob-
servation, the latitudinal variation is not sensibly im-
proved. This is certainly related to the bad performance
of our model in producing the low-level marine clouds,
as mentioned in Le Treut and Li (1991). Furthermore,
we know that the effective radius of cloud droplets, a
very important parameter in determining the cloud
shortwave properties, is prescribed to a simple global
value. At high latitudes, the lower absolute values in
LMD4MO which are responsible for an increased im-
portance of the surface albedo, are in agreement with
the observation. The too large shortwave cloud forcing
in the ITCZ is a common feature to many models.
The atmospheric moisture is also modified by the
changes of cloud scheme. Figure 4a shows the latitude—
height diagram of the changes of specific humidity
(LMD4MO — 1 MD4 ). The atmospheric humidity
increases near the equator, because more cloud liquid
water is retained in the atmosphere. On the contrary,
a drying occurs in the subtropical regions, especially
in the Southern Hemisphere where the drying is very
strong and extends to relatively high latitudes. In the
high latitudes of both hemispheres, the atmospheric
humidity increases again, also due to the large amount
of cloud liquid water being retained in the atmosphere.

LE TREUT ET AL.

1831

Figure 4b shows the latitudinal variation of the
vertically integrated water vapor in LMD4° and
LMD4M®_ Compared to the observations (Oort 1983),
both versions of the model are too dry in the Tropics.
Near the equator the higher values in LMD4™M° appear
as an improvement. In the subtropics conversely the
model LMD4<© js closer to the observations.

. Design of the sensitivity experiments

The perturbation of the climate due to a doubling
of the CO, is computed using a simple description of
the ocean as a slab layer. The technique is the same as
used by several other groups (Hansen et al. 1984; Wil-
son and Mitchell 1987; Boer et al. 1992). The evolution
of the sea surface temperature (SST or noted as T,)
is governed by the following equation:

d Tsst _

C
at

F+T, )]

where C is the heat capacity of the ocean, which de-
pends on the depth of the slab layer, and T the transport
of energy by the ocean. We first realize a control sim-
ulation with prescribed SSTs as given by observations
and we diagnose the associated surface fluxes (F),
which yields an estimation of the oceanic heat transport
(T). For a perturbed climate we assume that the trans-
port T is unchanged: this is an unrealistic but necessary

.
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FIG. 4. (a) Latitude-height diagram of the zonally averaged annual
mean of the changes of atmospheric humidity (g kg™') (LMD4M°
— LMD4%0), (b) Vertically integrated water vapor content (kg m~2)
as a function of latitude for, respectively, LMD4%°, LMD4M°, and
observation (solid line) (Oort 1983).
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assumption in the absence of any representation of the
ocean dynamics. Therefore the evolution equation for
the SST in the-perturbed experiment is

ci%th—s')= AF, (10)

where the increment AF refers to the difference in fluxes
between the perturbed experiment and the control ex-
periment (realized using climatological SSTs),.and
AT, is the difference between the SSTs of the perturbed
‘climate and the prescribed climatological SSTs.

This simple representation of the ocean therefore
consists of calculating the perturbation of the SSTs. It
allows us to evaluate the climate sensitivity to a given
perturbation by providing a simple closure for the var-
ious feedback mechanisms including surface temper-
ature. But it is important to note that if we now try to
use this approach to simulate again the present climate,
the results are affected by a systematic bias, when com-
pared to the simulation using prescribed SSTs. This
may come as a surprise because setting AF = 0 in Eqgs.
(10) implies that AT, = 0 and the two simulations
with prescribed and computed SSTs should then give

~exactly the same results. This behavior appears in fact
because Eq. (10) is not applied at each model time
step, but every day. This is done because AF represents
the ocean transport, not a correction term, and is eval-
uvated using a reference that is filtered in time. This
leads to a decorrelation between the two atmospheric
simulations with calculated and prescribed SSTs. The

F1G. 5. Annual mean surface temperature changes (°C)
(1 X CO, — 1 X CO,p) in LMDA4° (top) and LMD4M® (bottom).
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FIG.'6. Temporal evolution (as a function of the simulated year)
of the global mean surface temperatures (°C): LMD4° (top);
LMD4MO (bottom).

fact that this very simple coupled model can drift away
from its reference climate is not particular to our model
but is worth being stressed because it indicates some
intrinsic instability of the ocean—-atmosphere coupling.
Figure 5 shows the geographical distributions of the
surface temperature changes between the two simula-
tions for both the LMD4© and LMD4™M° models. We
can see that an oscillation structure is clearly present,
especially at high latitudes of the Southern Hemisphere
(three maxima and minima).

We have integrated twice the model with Eq. (10),
for present conditions (CO, level is 320 ppm) and dou-
ble CO; conditions (CO, level is 640 ppm). We have
therefore run three experiments: (a) a control experi-
ment with prescribed SSTs (we will refer to it as 1
X CO,p); (b) a control experiment with simulated
SSTs (we will refer to it as 1 X CO;); and (c) a per-

~ turbed experiment with simulated SSTs (we will refer

toit as 2 X CO,).

3. Main results of the simulated climate change
a. Global average

The temporal evolution of the global mean SSTs is
displayed in Fig. 6 for all experiments with the
LMD4© and LMD4M© versions. Note that the depth
of the slab ocean is chosen as 50 m {value suggested
by Manabe and Stouffer (1980)] to produce a correct
seasonal cycle. However, in LMD4<° this depth was
reduced to 20 m during the first 10 years in order to
accelerate the model convergence and gain computer
time. This explains why, in Fig. 6, LMD4C tends to
equilibrium more rapidly. In another study not re-
ported here, we have checked that the reduction of the
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slab ocean depth in approaching the equilibrium had
no notable impact on the equilibrium climate itself. In
the present paper, all the results are obtained by using
the last 10 years of the simulations.

Figure 6 reveals that, as already stated, there is a
systematic drift between the 1 X CO; and 1 X CO,p
experiments. It occurs for both model versions, al-
though with a different amplitude. If we evaluate the
climate change by using 1 X CO,p and 2 X CO,, the
global warming should be 5.4°C and 4.3°C for, re-
spectively, LMD4%° and LMD4M°, However, it is
more consistent to evaluate the climate change by using
1 X CO, and 2 X CO,, since these two simulations are
realized under exactly the same conditions except for
the CO, concentration. The global warming so ob-
tained is 3.9°C for the LMD4“° model and 3.6°C for
the LMD4M© model.

Table 1 presents the giobal and annual averages of
the main climate parameters in the 1 X CO, and 2
X CO, simulations for both versions of the model. Also
tabulated are the changes from 1 X CO, to 2 X COs.

We see that, as the global temperature, the precipi-
tation increases in both experiments, which indicates
an intensification of the hydrological cycle in a warm
climate. The increase is 0.25 mm day ' for LMD4©
and 0.17 mm day ! for LMD4™°, This represents a
relative increase of 8% and 5%, respectively.

The changes of water vapor in the atmosphere are
very large and they reach up to 31% in LMD4%° and
29% in LMD4M°. The important increase of water
vapor content in a warm climate, also reported by other
groups, is largely the manifestation of the Clausius—
Clapeyron equation.

The cloud cover decreases in both experiments, more
notably in LMD4<C (2%) than in LMD4M° (1%). This
feature of our model again agrees with most other
models (Wetherald and Manabe 1988; Mitchell and
Ingram 1992; Boer et al. 1992). The cloud liquid water
content is almost unchanged in LMD4C, but it in-
creases in LMD4M© (6.8%).

The decrease of the surface albedo is 0.45% in
LMD4° and 0.65% in LMD4M°_ This variation of
surface albedo is essentially due to the melting of snow
cover and sea ice. Figure 7 shows the zonally averaged
changes of surface albedo. We can see that the decrease
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F1G. 7. Changes of the annual and zonal mean surface albedo (%)
due to a doubling of CO, for LMD4© and LMD4M0,

for the Northern Hemisphere is similar in the two ex-
periments. However, for the Southern Hemisphere, the
decrease is more important for LMD4M© which is
certainly related to the fact that in these regions the
cloudiness is smaller and the surface warming is larger
in LMD4M© (Fig. 8).

b. Geographical distribution

Maps of the mean annual surface warming are
shown in Fig, 8 for the two experiments. We have added
the results of a third experiment (Nesme-Ribes et al.
1993) that studies the model response to a 4 W m 2
increase in the mean insolation, with the LMD4%°
model. First of all, we can note that the response of
the model to a global forcing of a different nature (CO,
increase versus solar constant increase) is almost un-
changed, whereas the change from one cloud param-
eterization to the other leads to more important vari-
ations in the geographical distribution of the warming,.

For both experiments LMD4° and LMD4MO, the
warming is smaller in the intertropical regions over the
ocean and is larger at high latitudes, where the melting
of snow or sea ice occurs. If we examine the zonal
variations of the surface warming at high latitudes, the
structure in the Southern Hemisphere is very similar
for the two experiments, with three or four maxima.
For the Northern Hemisphere, the temperature changes
over North America are very similar in the two exper-
iments. However, the situation is quite different over

TABLE 1. Annual and global means for surface temperature (7), precipitation (P), atmospheric humidity (g),
cloud liquid water content (g;), cloudiness (C), and surface albedo ().

LMD4© LMD4MO
Model

simulation 1 X CO, 2 X CO, A 1 X CO, 2 X CO, A
T, (°C) 16.06 19.96 39 15.35 18.97 3.6
P (mm day™) 3.23 3.48 0.25 3.56 3.73 0.17
q (kg m™?) 25.31 33.26 7.95 23.96 3091 6.95
g (gm?) 46.76 46.58 —0.18 77.80 83.08 5.28
C (%) 70 68 -2 71 70 -1
a (%) 13.15 12.70 -0.45 13.40 12.75 —0.65
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Fi1G. 8. Changes of the annual mean surface temperature (°C) due
to a doubling of CO, for LMD4<° (top), LMD4™C (middle), and an
increased solar constant experiment (bottom).

the Eurasian continent. In LMD4°, central Asia is
warmer by more than 5°C, whereas the warming over
Europe is very small, even less than 1°C. However, in
LMD4M© | the warming over the central part of the
continent is less than 4°C and the maximum warming
(more than 7°C) is over Europe. The minimum
warming center is now pushed to the North Atlantic,
near Greenland.

The changes in the precipitation field for both mod-
els are shown in Fig. 9 (upper and middle panels).
Again our results are consistent with other already
published results. Large modifications occur over the
intertropical regions, where they seem related to shifts
in the position of the ascending branches of the Hadley-
Walker circulation. Weaker modifications at midlati-
tudes correspond to a rather systematic increase of the
precipitation. We have added in Fig. 9 (lower panel)
a plot in which the change in mean annual precipitation
obtained for LMD4™© is normalized by the interannual
variability of the precipitation (as estimated from 10-

zonal mean

FI1G. 9. Changes of the annual mean precipitation (mm day™') due
to a doubling of CO, for LMD4° (top) and LMD4M° (middle). The -
lower panel indicates the changes of the annual mean precipitation
normalized by the interannual variability.

year series for both the 1 X CO, and 2 X CO, experi-
ments). The response at high latitudes is much more
significant. We know that the increase of water trans-
port to these regions gives a moistening of the lower
atmosphere in response to the warming.

The seasonal distribution of the warming and the
changes of precipitation may be seen in Fig. 10 for the

latitude

time (month)

time (manth)

F1G. 10. Time-latitude diagram for the changes of surface tem-
perature (°C, left panel) and precipitation (mm day™!, right panel)
in LMD4MO,
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FIG. 11. Latitude-height diagram for temperature changes (°C)
(zonally averaged annual mean) (2 X CO, ~ 1 X CO,) for LMD4<©
(top) and LMD4MO (bottom).

experiment LMD4 MO (it is qualitatively similar for the
experiment LMD4°). The model, as most other
models, amplifies the warming in winter at high lati-
tudes, whereas the warming in the intertropical region
remains constant throughout the annual cycle. The
precipitation increases along the equator and two bands
of decreased precipitation can be noted in the sub-
tropical regions. We can also observe a latitudinal shift
of the precipitation structure with the seasons, es-
pecially in the Northern Hemisphere.

¢. Changes in the mean zonal climate

We have gathered, in Figs. 11, 12, 13, 14, and 15,
respectively, information on the mean zonal response
in terms of temperature, water vapor (absolute and
relative variations), cloudiness, and cloud condensed
water content. The upper panel corresponds to
LMD4€©°, and the lower panel to LMD4M©_ The re-
sults are, for both model versions, in qualitative agree-
ment with those of other models (Schlesinger and
Mitchell 1987; IPCC 1990).

Concerning the temperature changes (Fig. 11), we
may note the occurrence of usual features, namely, a
cooling in the stratosphere and a general warming in
the troposphere and near the surface. The tropospheric
warming is maximum near the tropopause at low lat-
itudes for both experiments. This feature is consistent
with the results obtained in simulations using a pen-
etrative convection scheme ( Wilson and Mitchell 1987;

F1G. 12. Same as in Fig. 11 but for the changes
of atmospheric specific humidity (g kg™).

Hansen et al. 1984). It probably means that, in our
model, even if the largest share of the precipitation is
taken by the moist adjustment, the Kuo scheme is ef-
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FIG. 13. Same as in Fig. 11 but for the relative changes
of specific humidity (%)
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FiG. 14. Same as in Fig. 11 but for the changes of cloud cover (%).

ficient in propagating the warming up to the higher
levels of the troposphere. We can also note some dif-
ferences between LMD4° and LMD4M°©: in partic-
ular, the tropopause warming.over the tropical regions
‘is more important in LMID4M© | which is certainly re-
“lated to the intensification of the moisture processes.
In high latitudes, the warming of the lower layers of
the atmosphere is restricted to lower levels in LMD4M©
than in LMD4°.

The increase of the atmospheric humidity in the at-
mosphere is a close reflection of the temperature in-
crease, as the atmospheric humidity in the actual at-
mosphere is largely dependent on the temperature
structure. The absolute values of increase are large at
the surface near the equator and they decrease with
latitude and altitude, as shown in Fig. 12. The water
vapor changes are mostly apparent in the low-latitude
regions where the water vapor saturation value is also
higher. We may note that in the LMD4M© case the
‘water vapor increase is smaller in the subtropical re-
gions. This reflects the fact that, for the simulation of

the present climate, the LMD4M° model simulates dif-

ferently the low-latitude clouds: they contain more wa-
ter than in the LMD4%° model, they form a better
organized cloud band along the ITCZ, and, conversely,
the subtropical areas are drier. Incidentally this means
that a change in the microphysical part of the model
is able to bring large changes in the large-scale orga-
nization of the precipitation. The relative increase of

the specific humidity (e.g.,-the increase scaled by the

value of g itself), shown in Fig. 13, is maximum near
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the tropopause. This feature is consistent with the re-
sults presented by Mitchell and Ingram (1992).

For both LMD4° and LMD4M°, the cloudiness
(Fig. 14) generally decreases in the model lower layers
(below 300 mb), which reflects a decrease of the relative
humidity due to the warming, and increases in the high

~layers (above 300 mb), as also occurs in many models.
However, a more careful examination shows that the

main differences between LMD4<° and LMD4M°© oc-

-cur near the transition region between water and ice,

where LMD4M® presents an increase in cloudiness, due
to the replacement of ice clouds by water clouds
(Mitchell et al. 1989; Senior and Mitchell 1993).
LMD4<° does not present a progressive transition zone
and does not show this feature of cloudiness increase
in the troposphere. This difference is particularly evi-
dent at high latitudes near the surface where most re-
gions of cloudiness diminution in LMD4© disappear
in LMD4M©  However, compared to the results of
Mitchell et-al. (1989), this increase of cloudiness near
the water—ice transition zone in LMD4M© is smaller,
which is certainly related to the fact that the contrast
between water and ice clouds is also smaller in our
model. All these features are clearly associated with the
cloud schemes. As we changed our criteria to define
when a cloud is precipitating following the Bergeron
process, from a nonlocal one in LMD4<° (cloud top
below —10°C) to a local one in LMD4M© (cloud layer
below —15°C), we also changed very strongly the lo-
cation of the cloud water increase associated with the

=3

altitude (mb})

altitude (mb)

latitude

FIG. 15. Same as in Fig. |1 but for the changes of cloud liquid -
(or ice) water content (0.001 g kg™").
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transition from liquid water to ice in the case of a
warming (Li and Le Treut 1992).

Concerning the changes in cloud liquid water con-
tent (shown in Fig. 15), we note that the amplitude of
increase or decrease in LMD4“© is less important since
the initial values are smaller in this version of the
model. The general feature is that clouds thicken at
high altitudes and get thinner at low altitudes except
for the regions near the South Pole. The structure of
cloud water content changes obtained with the
LMD4M© model are very reminiscent of that obtained
by Mitchell et al. (1989) using the UKMO model,
which is consistent with the fact that the cloud scheme
of LMD4MO s rather similar to the cloud scheme of
Smith (1990) used by Mitchell et al. (1989). We may
also note that there is more consistency between the
cloud water content and cloudiness changes in the
LMD4MO than in the LMD4“°© model, which certainly
reflects the replacement of a precipitation mechanism
using prescribed thresholds, in LMD4°, by a more
continuous one in LMD4M°,

Finally we ‘close this description of the changes in
the zonally averaged climate of the model by showing
the streamfunction of the mean circulation of July for
the present climate, and for the 2 X CO, climate (shown
in Fig. 16 for the LMD4° case only, because both
experiments give results that are qualitatively similar).
We see a weakening of the Hadley cell, which is mainly
associated with the decrease of the temperature gradient
at the lower layers of the atmosphere between low and
high latitudes. However, the Hadley cell seems to have
a larger extension, probably due to the increase of
equator-pole temperature gradient in the upper layers
of the troposphere. As discussed in more detail in
Nesme-Ribes et al. (1993) for the (very similar) case
of a change in the solar constant, we may note that we
get in the case of the 2 X CO,; forcing a reduction of
the poleward transport of (air) mass and energy, but
an increase of the water vapor transport, necessary to
get the extratropical increase in precipitation already
noted. This latter effect is due to the overcompensation
of the Hadley cell weakening by the water vapor in-
crease.

4. Diagnostics of the main feedback effects
a. General formulation

The response of the climate system to a CO, increase
may be viewed as a direct thermal response to an ad-
ditional radiative forcing, amplified by a few feedback
mechanisms that are related to the variations of the
internal variables of the climate system (Hansen et al.
1984; Schlesinger 1988). It is useful to split a climate
change effect into different terms of forcing and feed-
backs. We assume that the radiative budget R at the
top of the atmosphere depends on an “external” pa-
rameter A (here X is the atmospheric CO, content),
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FIG. 16. Streamline function showing the atmospheric meridional
circulation for July in LMD4C: 1 X CO, (top); 2 X CO, (bottom).

the surface temperature 7, and the internal parameters
X; (temperature, water vapor, albedo). At equilibrium,

| R\, Ty, i) = 0. (1)
If we move from one equilibrium state to another,
OR dR OR
6R = — — + > —8x = 12
Y M+6T55TS > ax, % 0, (12)

which yields a relation between 67 and the forcing
(OR/AN)OA:

OR
-55)\

0T, = (13)

OR

- OR bx;
T |,

ax; oT,

The first term in the denominator is a first-order sen-
sitivity term; the other terms, related to x;, may be
called “feedback terms.”

This interpretation is valid primarily when R is the
globally averaged radiative budget. But we may extend
it to local changes and we compute, in the following
section, the zonal mean distribution of (R /dx;)dx; to
assess the contribution from the different parameters
at different latitudes.

The simulations undertaken here provide a good
framework to use such a formalism, since they are
equilibrium experiments (as opposed to the a priori
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more realistic transient simulations of the climate re-
sponse to a slowly increasing greenhouse forcing).

To evaluate the climate feedbacks, one could also
realize several parallel experiments in which the vari-
ables of the system would be fixed one after the other.
This approach requires a great number of simulations
and is technically difficult due to the interaction of
various processes in a model. Hansen et al. (1984) have
done such a study using a 1D model in order to di-
agnose the feedback mechanisms of their GCM. As
noted in Wetherald and Manabe (1988), the sensitiv-
ities obtained by the 1D model could be significantly
different from those of the GCM. In particular, it is
difficult to determine a global mean cloudiness with
the same radiative effect‘as in a 3D model.

The radiative forcing associated with a CO, doubling

might be appropriately described as a forcing exerted -

at the tropopause, since the stratosphere is on the con-
trary cooling itself. Yet the difficulty to diagnose the
tropopause level in standard model outputs, and the
validation opportunities offered by satellite data make
it more convenient to consider the forcing and the am-
plifying terms at the top of the atmosphere. We may
also note that when using a slab ocean, the heat gained
by the climatic system, which is mainly the one stored
by the ocean, is directly reflected in the slab ocean mean
temperature, and therefore in the surface temperature.
Therefore, the relation between the fluxes at the top of
the atmosphere and the surface temperature offer a
description of the model sensitivity (Cess and Potter
1988) that is well adapted to our simulations.

We now want to isolate the contributions of different
variables to changes in the radiative budget at the top
of the atmosphere. If we note R the mean radiative
budget of the atmosphere, which depends on param-

eters (X1, ..., X;, ..., X»), we define the changes of

R associated to the parameter x; as

AR; = R(xl,....x}, ..., xD)
—R(x!,....,x, ..., xh, (14

where the superscripts 2 or 1 refer to the experiment

for the 2 X CO, climate or for the present climate,

respectively. There are no a priori reasons to believe
that the various contributions correspond to linear and
independent processes, which means that the modifi-
cations in the global radiative budget arising from
changes in temperature, water vapor, cloud parameters,
or surface albedo are not necessarily balanced. This is
reinforced by the fact that we used monthly means to
do our radiative computations. This global energy bal-
ance proves, however, a posteriori to be roughly true.
But we should interpret our results as being indicative
only, and as a diagnostic tool to compare the two model
versions. Some processes are definitely not indepen-
dent. We found, for example, that it is impossible to
isolate through this diagnostic method the effects of
the cloud fraction and cloud optical thickness, because
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of the strong link between those two parameters. A
clear diagnosis of the cloud optical thickness feedback
would be very important (Li and Le Treut 1992) but
could not be performed unambiguously.

b. Results offeedback analysis

The results of this feedback analysis for the two
model versions are given in Fig. 17 in the form of a
zonal average. The direct forcing resulting from CO,
doubling is rather uniform with slightly larger values
in the tropical and subtropical regions. However, we -
can observe a decrease near the equator, which is cer-
tainly related to the activity of the ITCZ, diminishing
the direct forcing of increased CO,. From a global point
of view, we can note the positive sign of the water vapor,
cloud, and surface albedo feedbacks.

The water vapor feedback is very strong in the two
versions of our model. Its effect is generally reduced
by a change in the temperature lapse rate (Duvel et al.
1992), which is not shown here, since all temperature
effects are considered to be part of the “no-feedback”™
response in our decomposition. It is slightly modified
from one experiment to the other. The most noticeable
modification is a decrease in the subtropical regions
of the Southern Hemisphere for the expenment
LMD4M© This is consistent with the fact that in this
experiment the water vapor content (for the control
climate) is diminished in the subtropical areas: the wa-
ter vapor increase is also diminished. The water vapor
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FIG. 17. Zonal means (W m™2) of the direct forcing and the feed-
backs at the top of the atmosphere for LMD4° (top) and LMD4M°
(bottom).
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feedback being very strong in the climate system, its
good representation in climate models is important to
get a correct model sensitivity. Certainly, the variation
of water vapor is, at first order, controlled by the at-
mospheric temperature, but also by the circulations of
different scales. As shown by Emanuel (1991), the rep-
resentation of the microphysical aspects of clouds can
influence dramatically the water vapor distribution and
changes, and therefore the water vapor feedback.

Validating the water vapor (and temperature lapse
rate) feedback in our GCM has been the subject of
various studies. One approach is to consider the sea-
sonal cycle. The studies undertaken presently ( see Du-
vel et al. 1992 for early results) show that the water
vapor sensitivity at midlatitudes is mainly a reflection
of the temperature structure of the atmosphere, whereas
in the Tropics it is more dependent on the parameter-
ization of the hydrological cycle and on the large-scale
atmospheric circulation. A large sensitivity of the model
in the intertropical regions is apparent. However, the
sensitivity deduced at the seasonal timescale is different
from that associated with the greenhouse warming, and
this requires further study.

The largest modifications between the two experi-
ments concern the cloud effect. In the LMD4<° ex-
periment we have positive cloud feedback, almost uni-
formly over the globe, with smaller values in the Trop-
ics. This can be easily understood from the mean zonal
response shown in Figs. 14 and 15. In LMD4© the
cloud response can be described by distinguishing three
vertical layers, which have little latitudinal dependence,
as follows: under 500 mb, roughly, a decrease of both
cloud cover and cloud water content; between 500 and
200 mb, a decrease of cloud cover but an increase of
cloud water content associated to the transition be-
tween ice and liquid water clouds; above 200 mb, an
increase of both cloud cover and cloud water content.
The increase of cloud water content at high levels is
certainly linked to the fact that for ice clouds the pre-
cipitation threshold depends on the local temperature,
because it is prescribed as a fraction of the water vapor
saturation value. This leads to a positive feedback,
whose magnitude is very dependent on the height (or
temperature) at which the ice-water transition is pre-
scribed (Li and Le Treut 1992). On the contrary in
the LMD4M© experiment this layering is valid in the
Tropics only, where we get accordingly a rather strong
positive feedback associated with cloudiness. At high
latitudes we have deep changes: the use of a continuous
precipitation law, rather than a prescribed threshold,
has brought much more consistency between the cloud
cover and cloud water content changes. We have now
a low-level cloud increase and cloud thickening, very
reminiscent of the features shown by the UKMO model
(Mitchell et al. 1989), which brings, as in the UKMO
experiments, a negative feedback.

The feedback related to the surface albedo is visible
in the high latitudes of the two hemispheres. It increases
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in the LMD4M® model. One reason to explain this
feature is that the cloud cover is less important in
LMD4MO at the high latitudes, and the albedo effect
is more effective since more solar energy reaches the
ground. This is an example of interaction between two
feedback mechanisms (we can call it a second-order
feedback ). Another reason, especially in the Southern
Hemisphere, is the strong decrease of the mean surface
albedo due to a surface warming in LMD4M© (Fig. 7).

We know that the surface temperature is a good in-
dicator of the climate system, especially in those ex-
periments where it is also the temperature of the slab
ocean, and the variations of the radiative budget at the
top of the atmosphere represent an adequate quantity
to compare the direct forcing and different feedbacks.
It is therefore informative to split the surface warming
(AT into terms of forcing (AT, where i represents
CO,) and feedbacks (AT, where i represents, respec-
tively, the feedbacks related to water vapor, cloud, and
surface albedo) by using

4
AT; = AT?nal X AR,/(Z AR,)

i=]

(15)

The results are tabulated in Table 2 and constitute
a rough but quantitative method to compare LMD4°
and LMD4MO, The direct warming due to the CO,
doubling is similar in LMD4¢° and LMD4M©: 0.64°C
and 0.61°C, respectively. Note that these values would
not represent the surface warming for a 2 X CO, sce-
nario without any feedback (which is generally con-
sidered as 1.2°C). We use here the radiative budget at
the top of the atmosphere and the direct forcing of CO,
increase is less than the value at the tropopause due to
the stratospheric temperature inversion (Schlesinger
1988). Again changes in the temperature lapse rate are
not considered in this simple approach. From Table
2, we can see that the contribution of the water vapor
changes is 2.52°C in the experiment LMD4¢®, and
decreases to 2.26°C in LMD4M°, mainly due to the
decrease of water vapor changes in the subtropical re-
gions. The contribution of the cloud feedback also di-
minishes from LMD4¢° to LMD4M° (0.62° to
0.42°C), mainly due to the negative contribution at
high latitudes. On the contrary, the contribution of
surface albedo feedback increases.

If the overall warming in the experiment LMD4M°
remains rather large (3.6°C compared to 3.9°C in the

TABLE 2. Surface warming (°C) split into terms of direct
forcing and feedback effects.

Experiment LMD4© LMD4Mo
2 X CO, forcing 0.64 0.61
water vapor 2.52 2.26
cloud 0.62 0.42
surface albedo 0.12 0.31
total 39 3.6
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LMD4© experiment), this seems due to two factors:
the strong positive cloud feedback in the Tropics, and
an increase of the high latitude albedo feedback, which
tends to compensate the corresponding decrease in the
cloud feedback term in high latitudes. These two effects
may be very model dependent. First the cloud response
in the Tropics is largely due to the anvils of the con-
vective clouds, whose parameterization is rather un-
certain, as is the coupling of convective and noncon-
vective cloud regimes in most models. Then the change
in the effect of the surface albedo at high latitudes de-
pends very much on the parameterization of the veg-
etation and also reflects the characteristics of the mean
cloud climatology, because we are considering the im-
pact of the surface albedo on the radiation budget at
the top of the atmosphere.

5. Summary and conclusions

We have examined two versions of the LMD GCM
where the mechanism of the cloud water precipitation
is treated differently. Slight modification in the speci-
fication of the cloud optical properties from the sim-
ulated water content are also introduced. In LMD4<°
a simple threshold method is used and the distinction
of ice clouds from water clouds is based on the cloud
top temperature. In LMD4M© | this distinction is made
using the local atmospheric temperature. Furthermore,
the precipitation of water clouds is based on a smoother
formula and that of ice clouds takes into account ex-
plicitly the falling velocity of ice crystals. The direct
consequences of these modifications are the following:
the cloudiness decreases at high latitudes but it increases
in the intertropical regions; the cloud liquid water con-
tent increases considerably, especially at low latitudes
near the equator. The atmospheric humidity has also
been changed by the modifications of the cloud scheme.
A large increase of water vapor is found in the Tropics
but a decrease takes place in the subtropical regions.

Our GCM has been coupled to a slab ocean model,
. and we have done two standard CO, doubling exper-
iments with the two different cloud schemes. The main
results are consistent with those of the other groups
who have done the same simulations. The surface
warming is minimum over the tropical oceanic regions
and it increases at high latitudes. The geographical dis-
tribution of the surface warming is similar in the two
experiments, except for the North Atlantic and Eur-
asian continent. But the natural variability over these
regions is large, and certainly amplified by our simple
treatment of the ocean. The pattern of precipitation
changes is also consistent with other groups: increase
of precipitation at high latitudes due to the intensifi-
cation of the water vapor transport by the atmosphere.
For the subtropical dry regions, the precipitation de-
creases further, even if the Hadley cell seems weakened
in the 2 X CO, scenario. This feature is due to the
decrease of relative humidity in these regions. The

JOURNAL OF CLIMATE

VOLUME 7

convection activity of the ITCZ seems intensified and
the associated precipitation increases. However, the
geographical location’ of this intensification is highly
uncertain, since the variability is large.

The main interest of these simulations is to show
that, if the model version called here LMD4M© presents
a cloud scheme very similar to the one used by Senior
and Mitchell (1993), with a change in the cloud cover
and cloud water content in response to a CO, doubling
also similar qualitatively, the impact on the climate
sensitivity is nevertheless different. Indeed, in spite of
very strong -changes in the nature of the cloud feed-
backs, the overall sensitivity of the model has remained
little affected (the annual averaged global surface
warming is 3.6°C in LMD4M© against 3.9°C in
LMD4¢°), To understand this result, we have applied
a procedure of feedback analyses, which consists in
evaluating the contributions of different internal vari-
ables to the changes of the radiative budget at the top
of the atmosphere. Certainly, this method (Wetherald
and Manabe 1988) provides an artificial split between
a “forcing” and some “response” terms, but it gives a
quantitative element of comparison of different effects,
especially useful to compare two similar experiments.
The results show that, globally, the water vapor feed-
back, cloud feedback, and surface albedo feedback are
all positive ones in the two model versions. The water
vapor feedback is reduced for the subtropical regions
by the modified cloud scheme in the LMD4M© version.
The changes of the cloud feedback between the two
model versions are the most important. We get a neg-
ative cloud feedback at high latitudes in the LMID4 MO
model, due to an increase of low-level clouds between
the present and the 2 X CO, climates. However, this
decrease of climate sensitivity is almost compensated
by an increase in the surface albedo feedback, which
is intensified in LMD4M© since the clouds are less ex-
tended at high latitudes and the surface albedo, which
is larger, is also more effective. The decrease of the
surface albedo for the Southern Hemisphere in
LMD4MO js also more important due to a more effi-
cient melting of sea ice. '

The results obtained in this paper give an indication
of the necessary steps to reach a reliable prediction of
climate change by existing models. First, model inter-
comparisons must be oriented toward a detailed as-
sessment of the various feedback effects: a global as-
sessment is clearly insufficient because of the compen-
sation effects noted in our results. The diagnosis of the
feedback effects can be assessed only from observations, '
using the natural variability of climate. Unfortunately,
although the seasonal cycle and the interannual vari-
ability are documented with good precision for most
of the variables considered in our study, they are poor
substitutes of a CO, doubling because they are mainly
characterized by strong horizontal shift of the meteo-
rological structures, and because no equilibrium or
quasi-equilibrium is ever achieved. This is why “inte-
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grated” measures of the climate sensitivity through the
study of long-term climate fluctuations (paleoclimates,
little ice age) are also useful. They constitute the only
changes in which the interaction between the various
atmospheric feedbacks were primarily triggered by im-
portant changes in the vertical stratification of the at-
mosphere.
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