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Abstract This study performs a comprehensive feedback
analysis on the Bureau of Meteorology Research Centre
General Circulation Model, quantifying all important
feedbacks operating under an increase in atmospheric
CO,. The individual feedbacks are analysed in detail,
using an offline radiation perturbation method, looking
at long- and shortwave components, latitudinal distri-
butions, cloud impacts, non-linearities under 2xCO, and
4xCO, warmings and at interannual variability. The
water vapour feedback is divided into terms due to
moisture height and amount changes. The net cloud
feedback is separated into terms due to cloud amount,
height, water content, water phase, physical thickness
and convective cloud fraction. Globally the most
important feedbacks were found to be (from strongest
positive to strongest negative) those due to water
vapour, clouds, surface albedo, lapse rate and surface
temperature. For the longwave (LW) response the most
important term of the cloud ‘optical property’ feedbacks
is due to the water content. In the shortwave (SW), both
water content and water phase changes are important.
Cloud amount and height terms are also important for
both LW and SW. Feedbacks due to physical cloud
thickness and convective cloud fraction are found to be
relatively small. All cloud component feedbacks (other
than height) produce conflicting LW/SW feedbacks in
the model. Furthermore, the optical property and cloud
fraction feedbacks are also of opposite sign. The result is
that the net cloud feedback is the (relatively small)
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product of conflicting physical processes. Non-linearities
in the feedbacks are found to be relatively small for all
but the surface albedo response and some cloud com-
ponent contributions. The cloud impact on non-cloud
feedbacks is also discussed: greatest impact is on the
surface albedo, but impact on water vapour feedback is
also significant. The analysis method here proves to be
a powerful tool for detailing the contributions from
different model processes (and particularly those of the
clouds) to the final climate model sensitivity.

1 Introduction

There remains a good deal of uncertainty as to the
magnitude of the climate change expected due to
anthropogenic greenhouse gas emissions (IPCC 1996).
To a large degree this uncertainty is in turn due to un-
certainties in the nature and the strength of key climate
feedbacks, as simulated by general circulation models
(GCMs). The quantification and understanding of these
feedbacks, therefore, remain principal goals of climate
change research.

The magnitude of GCM feedbacks has been inferred
using a number of different diagnostic techniques. These
range from the use of simplified (1D or 2D) models, ei-
ther alone (e.g. Somerville and Remer 1984) or forced by
time and global mean GCM output (e.g. Hansen et al.
1984; Gong et al. 1994), through to the performance of
multiple GCM experiments designed to isolate particular
feedbacks (e.g. Taylor and Ghan 1992; Mitchell et al.
1989). The climate forcing used has ranged from idealised
fixed sea surface forcing (e.g. Cess et al. 1990, 1996)
through to full solar and greenhouse gas experiments
(e.g. Roeckner et al. 1987; Le Treut et al. 1994).

A clear aim of such feedback analysis is to under-
stand GCM climate ‘sensitivity’ (defined as the equilib-
rium response to a doubling of atmospheric CO,, IPCC
1990). Many analysis methods however, are limited in
their usefulness for quantifying GCM feedbacks ap-
propriate for CO, forcing. For example, the temporal
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and spatial averaging required for simplified models may
perhaps be suitable for evaluating some feedbacks (e.g.
total water vapour or temperature) but is problematic
for others (e.g. clouds or surface albedo). For cloud
amounts in particular, Wetherald and Manabe (1988)
found that the use of time averages distorted analysed
feedbacks because of non-linearities inherent in cloud/
radiation interactions, even in a full GCM. Taylor and
Ghan (1992) noted that temporal and spatial averaging
of such parameters as cloud liquid water was unsafe.
These findings throw into doubt many of the conclu-
sions drawn on cloud feedbacks using simplified models
or, for example, even by GCM experiments which hold
cloud water fixed using zonal or temporal means.

The type of climate forcing used is also very impor-
tant. For example, although extremely useful for com-
parisons between models (e.g. Cess et al. 1990) or for
multiple experiments with the same model (e.g. Colman
and McAvaney 1997; Rotstayn 1999) it is known that
climate feedbacks inferred from idealised experiments
may not relate closely to feedbacks occurring under
more ‘realistic’ greenhouse gas forcing (Senior and
Mitchell 1993).

The number of estimates of model feedbacks, then,
using both realistic forcing scenarios and robust diag-
nostic methods is relatively small. Furthermore, due to
temporal and/or spatial averaging, accurate estimates of
components contributing to the final cloud feedback are
also scarce. Two principal aims of this study are: to
provide a feedback analysis method suitable for the
diagnosis of all important feedbacks, including those of
the cloud sub-components, and then to comprehensively
identify and evaluate the feedbacks in one GCM under
CO, forcing.

The closest consensus on model feedbacks exists for
the net ‘clear sky’ feedback, diagnosed under idealised
forcing (Cess et al. 1990, 1996). The clear sky response
approximates the sum of the surface temperature, lapse
rate and water vapour feedbacks, but is dominated
overall by the surface temperature (i.e. Planck function)
term. Albedo feedback is suppressed. The applicability
of the result to doubled CO, forcing is also open to some
doubt, due to the idealised nature of the forcing.

The individual clear sky terms have been only rela-
tively rarely evaluated for CO, (or solar) climate forcing
in GCMs. The water vapour (or water vapour combined
with lapse rate) feedback was found to be the strongest
positive feedback under CO, forcing in GCM studies by
Wetherald and Manabe (1988) and Le Treut et al.
(1994). Two radiative convective model (RCM) studies
(Hansen et al. 1984; Gong et al. 1994) further subdi-
vided the water vapour response into terms due to total
column water vapour, and to the height distribution,
finding the former dominated the latter by around 2 to 1
(although the use of area and time mean clouds and
water vapour increase the uncertainty of these findings).
The lapse rate feedback has been evaluated less fre-
quently, but has been found to be negative in most
models, due to the decrease in the saturated adiabatic

Colman et al.: Climate feedbacks in a general circulation model incorporating prognostic clouds

lapse rate with increasing temperature (Arking 1991).
Large uncertainties remain in its overall magnitude, as
the feedback changes sign between low and high lati-
tudes, so the net result is the (smaller) sum of competing
effects. Uniform sea surface temperature (SST) pertur-
bation experiments appear to substantially distort the
lapse rate feedback (Colman and McAvaney 1997).

The surface albedo feedback is suppressed in fixed
season experiments so it is not included in the clear sky
feedback of Cess et al. (1990). It has been evaluated for
CO, experiments using a number of models (e.g. Ingram
et al. 1989), and has been found to be positive (as
expected) and generally much weaker than the water
vapour feedback. Ingram et al. (1989) point out that
care must be taken on the method used for evaluating
albedo feedback when area and time averages are taken,
indicating that RCM estimates in particular may be
misleading.

Cloud feedbacks remain the most difficult to evalu-
ate, due both to the complexity of the cloud responses
involved, and the analysis difficulty arising from non-
linearities in the cloud/radiative response (Wetherald
and Manabe 1988; Gong et al. 1994). This is particularly
unfortunate, as cloud feedback differences are thought
to be responsible for much of the spread in climate
sensitivity (Cess et al. 1990) and hence a clear under-
standing of the processes contributing to the final cloud
feedback is very important. Under climate perturbations
we may anticipate changes in cloud amount, vertical
distribution, depth and type (e.g. convective or strati-
form). Changes may also occur to the cloud optical
properties from changes in total (and relative) water and
ice contents and the size or number of cloud particles.
Perhaps unsurprisingly, estimates of the total cloud
feedback even under idealised climate forcing show a
very wide range over different GCMs. That range
appears to have decreased in recent years (Cess et al.
1996), although this apparent improvement still
encompasses very large differences in the estimated
shortwave (SW) and longwave (LW) components.

Feedback estimates of some cloud processes have
been performed, and help to identify some common
features (even if not agreeing on their magnitudes).
Global cloud fraction tends to decrease under doubled
CO, forcing, leading to partially compensating SW and
LW feedbacks. The LW response, however, is also sen-
sitive to an overall increase in the height of the highest
cloud, contributing an offsetting positive LW feedback.
Most separate estimates of cloud amount and height
feedback have so far only been made using either RCMs
(Hansen et al. 1984; Gong et al. 1994) or simplified cli-
mate forcing (Colman et al. 1997), and only one CO,
study with a 3D GCM feedback analysis has been at-
tempted (Wetherald and Manabe 1988). The separation
is important, however, as both RCM and GCM studies
suggest that the height change feedback may be an im-
portant (or even the dominant) component in the net
cloud fraction feedback. Note that of course the RCM
evaluation of cloud amount and height feedbacks (cal-
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culated using adjusted global or zonal mean cloud
fraction changes at each level) is open to substantial
doubt because of the averaging involved (Wetherald and
Manabe 1988).

Inclusion of cloud liquid and ice water changes fur-
ther complicates cloud feedback and the diagnosis of it.
There is an expectation that the cloud liquid and ice
water will increase overall in a warmer climate (Platt
1989; Betts and Harshvardhan 1987), although Tseliodis
et al. (1998) note evidence for decreases in the liquid
water content of low clouds in low latitudes in both
observations and models.

Where water content increases occur, accompanying
increases in cloud albedo and emissivity have been found
to lead to offsetting negative (SW) and positive (LW)
feedbacks (Somerville and Remer 1984; Schlesinger and
Roeckner 1988). Different studies, however, disagree
over the competing strengths of these two processes, as
well as their strengths relative to the cloud fraction
feedback (Lee et al. 1997; Senior and Mitchell 1993;
Roeckner et al. 1987). Further uncertainties result from
the difficulty in diagnosing optical properties from time
or area mean cloud liquid water (Taylor and Ghan
1992). This throws into question analysis done with
simple models (e.g. Somerville and Remer 1984) or even
with GCMs using fixed optical properties determined
from zonal and temporal mean cloud liquid water (e.g.
Taylor and Ghan 1992).

Equally as important as cloud water contents for
total cloud feedback may be changes in the phase of the
cloud water substance. In a warmer climate cloud ice
amounts may be expected to decrease relative to liquid
water. In one GCM study, Li and Le Treut (1992) found
this cloud water phase change to have a major impact on
their total cloud feedback. Other cloud feedbacks, such
as those due to cloud type changes, appear to not yet
have been addressed in GCM studies.

The overall aim of the present study, then, is twofold.
Firstly it seeks to extend feedback diagnostic methods to
include those processes which contribute to total cloud
feedback. Secondly it aims to produce a comprehensive
feedback analysis for one GCM, using a state of the art
prognostic cloud scheme with physically based optical
properties, under CO, forcing. This includes ‘standard’
feedbacks, such as temperature, lapse rate, water vapour
and surface albedo, but the emphasis will be on a
detailed cloud feedback diagnosis covering amounts,
height, water content, ice fraction, temperature (i.e.
physical cloud thickness) and convective cloud fraction.
The reason for this emphasis is that a clear separation of
the net cloud feedback into these components has not
previously been carried out on GCM results. Both
2xCO, and 4xCO, forcing will be considered, to examine
the robustness of the model feedbacks under a broad
range of climate warming scenarios.

Of course, the strength of each feedback, particu-
larly those related to clouds may be expected to vary
between models, and may be dependent on details of
the cloud scheme (Mitchell et al. 1989). It is notable,
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however, that using the present cloud parametrisation,
Rotstayn (1999) found cloud feedbacks to be surpris-
ingly insensitive to relatively broad variations in most
parameter settings. Yao and Del Genio (1999) also
found total cloud feedback to be relatively insensitive
to cloud parametrisation changes, although this was
the net result of large but offsetting LW and SW
impacts. If such findings were common to many other
models, then this would have implications for the
origin of inter model cloud feedback differences. Thus
it may suggest that changes other than to cloud para-
metrisations may be a significant source of differences
in cloud feedbacks and associated climate sensitivity
(a point made by Colman and McAvaney 1997).
Although not directly addressing this latter point, it is
hoped that the present analysis may serve to illuminate
the relative importance in a range of different processes
in determining final climate sensitivity, which should be
applicable to other models, and may serve as a
benchmark for similar future studies.

Section 2 will describe the climate change experiments
that were performed and the analysis procedure used to
determine the feedbacks. Section 3 will present the re-
sults of the feedback analysis, and Sect. 4 will present
some concluding discussion.

2 Model and feedback analysis method

2.1 Model and experiment

The model is a version of the BMRC “unified” model run at a
horizontal resolution of rhomboidal wave 21, with 17 vertical lev-
els. The present version of the model has surface boundary layer
parameterisations based on the formulations of Louis (1983).
Oceanic evaporation is enhanced over low wind regions according
to the formulation of Miller et al. (1992). Vertical diffusion also
follows the stability dependent form of Louis (1983) as modified by
McAvaney and Hess (1996). Gravity wave drag is determined using
the formulation of Palmer et al. (1986). The LW radiation scheme
used is a modified version of the Fels-Schwarzkopf scheme devel-
oped at the Geophysical Fluid Dynamics Laboratory (GFDL)
(Schwarzkopf and Fels 1991). Shallow convection is modelled by
an enhancement to vertical diffusion following Tiedtke (1988).
Penetrative convection is parameterised using the mass flux scheme
of Tiedtke (1989). Soil moisture is represented by single layer
“bucket”” model with a field capacity of 150 mm after Manabe and
Holloway (1975).

The GCM was coupled with a “Q-flux” corrected 50 m deep
mixed layer ocean and a thermodynamic sea-ice model. Three ex-
periments were performed, with atmospheric CO, levels specified at
330, 660 and 1320 parts per million, with the model then run to
equilibrium. Annual mean warmings in the 2x and 4xCO, experi-
ments (averaged over 15 years) were 2.74 °C and 5.58 °C respec-
tively relative to the 1xCO..

The model includes the Rotstayn (1997) prognostic cloud
scheme for stratiform clouds. Given the emphasis on cloud feed-
backs and on cloud impacts on non-cloud feedbacks, the cloud
scheme will be described in a little more detail. Features of the
scheme include two prognostic variables (cloud liquid water and
ice) with physically based treatment of associated cloud micro-
physical processes. A triangular probability function is assumed for
the subgrid scale distribution of moisture within a gridbox. Cloud
formation is based on the statistical condensation scheme of Smith
(1990). Clouds are permitted at all model levels, except the lowest.
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An additional diagnostic treatment of convective clouds is includ-
ed, with the fraction of cloud based on the convective rainfall rate.
There is currently only vertical advection of cloud water variables
by the model dynamics.

The SW cloud optical properties are calculated as a function of
visible optical depth 7,, and effective radius r, using a 4-band delta-
Eddington scheme for water clouds (Slingo 1989) with a similar
scheme for ice clouds. For water clouds

_3 e dz (1)

2 e

v

where LWC is the cloud liquid water content, dz is the thickness of

the cloud, p, is the density of water and r, is the effective radius of
the cloud drops.

The effective radius, based on the formulation of Martin et al.
Lwc

(1994), is given by
3 1/3
ro= |z ———-dz 2
(2 p17kCrop ) (2)
where Cyrop is a prescribed drop concentration, (100 em™ for
maritime clouds and 500 cm™ for continental clouds) and & is a

constant relating effective radius with droplet mean volume radius
(k = 0.8 over ocean, 0.67 over land). Liquid water content is given by

Pa " Wi
IWC = —F——— 3
-7 o

where p, is the air density, w; the cloud liquid water mixing ratio, C
the total cloud fraction, and f; the fraction of cloud comprised of
ice in the grid box. The calculation of f; is driven primarily by the
relative difference between the saturation vapour pressures with
respect to ice and liquid water. Since this quantity is a strong
function of temperature, f; tends to increase with decreasing
temperature (Rotstayn 1997).

For ice clouds (following Platt 1994) the optical depth is
specified by:

1, = 0.032(mC) "3 - dz (4)
where
PaWi
mc =t
e ="4 7 (5)

where w; is the cloud ice water mixing ratio. Consistent with
Eq. (1), the effective radius is in turn given by

3 mc
=2, -dz
2 p

Te (6)
where p; is the density of ice.
In the longwave (LW) the cloud emissivity, &, is specified by

e=1—eku (7)

where K is the optical depth diffusivity factor (derived from Platt
and Stephens 1980) and 7, the infrared optical depth, in turn given
by

T, = KTy (8)

where x = 0.4 and 0.5 for water and ice clouds respectively.

Combining Egs. (1) to (3), it is clear that both SW and LW
optical depths increase with increases in w; and w;, the liquid and ice
water mixing ratios (for given fractions of liquid and ice cloud). For
increases in temperature, but with fixed values of w; and w;, com-
peting effects occur on optical depth. The absolute cloud depth, dz,
increases with temperature, while liquid and ice water contents
decrease, due to their dependence on air density. This compensa-
tion is exact as formulated for liquid clouds, but for ice clouds the
net effect is that optical depth increases with temperature to the two
thirds power. In the case of water clouds the effective radius, r,, is
insensitive to temperature.

Finally, in the SW, the cloud albedo is a function of both liquid
water content and r, as well as the fraction of cloud diagnosed as
convective. For the convective fraction of cloud, cloud albedo is
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reduced by approximately 20% below that value calculated for
large scale cloud (see Rotstayn 1997).

2.2 Feedback analysis

The feedback method here is an extension of that described
in Colman et al. (1997), with the discussion of individual field
substitutions confined to those that are handled differently.

We assume that the top of atmosphere (TOA) radiation, R, at a
given location in the model can be written (where the tilde °
denotes the vertical profile of a variable):

R :R(TJ?- 67067 60%63) (9)

where T is the atmospheric temperature profile (including the sur-
face), ¢ is the specific humidity profile, C is the vertical cloud
distribution including optical properties, o is the surface albedo and
CO, and Oj; represent the carbon dioxide and ozone amounts re-
spectively. The “feedbacks” in the model are those processes that
alter 7, g, C or a as a function of, say, the surface temperature, 7
and thus which also alter R as a function of T« (see Colman et al.
1997) after some climate perturbation (say a change in CO,).
We assume, for a small climate perturbation, we can write:

OR = 0R; + OR; + OR + OR, + OR, (10)

s
~

where 0 R, is the radiation change due to the perturbation to field x.
The method of calculation was similar to that of Colman et al.
(1997), with radiative perturbations determined by off line radia-
tion calculation, substituting one field at a time from the perturbed
into the control climate. The radiation is then differenced from the
unperturbed case, and a global or zonal average taken.

A further set of substitutions was made in all cases, in which the
perturbed and control climates were interchanged and the radiation
perturbations re-calculated. Half the difference of the radiation
impact from the two mirror substitutions is a more useful measure
of the impact of the field change than a single substitution, because
the radiation pertubation due to the induced field decorrelation is
thereby largely subtracted off. Colman and McAvaney (1997)
contains a full discussion of this point. In the present study the
perturbations to T and g fields were conceptually simplified into a
“mean” horizontal change, and a net ““vertical”” perturbation, so we
assume:

5RT ~ 5RT* + 5R1:

(11)
5Ré ~ 5RqA + 5RqH

where T+ is the surface temperature, I" the vertical temperature
profile (“lapse rate”), ¢4 the total column water vapour and ¢ the
water vapour “lapse rate” (see Hansen et al. 1984; Gong et al.
1994; Schlesinger 1988 for similar definitions). The perturbation to
q to calculate water vapour amount feedback consists of a uniform
percentage change in specific humidity at all levels (corresponding
to the percentage change in total precipitable water). Note also that
the change in temperature lapse rate is confined to the troposphere,
to ensure that there is an (approximately) equilibrated stratosphere
in line with the convention of including stratospheric temperature
changes in the CO, “forcing” term rather than attributing them to
lapse rate changes (Hansen et al. 1981). The method of water va-
pour feedback division into ¢4 and g is identical to that in Colman
et al. (1997).

2.3 Cloud feedback

The radiative response of the model to changes in clouds is much
more complex than that of the other processes already discussed, so
the feedback calculation method will be described in some detail.

We assume we can write
5RC‘ ~ 5RCF + 5RC‘0 (12)

where Co represents the change in optical properties and Cp the
cloud fraction changes. The first calculation, to determine total
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cloud feedback (dR:), substituted all cloud properties: cloud frac-
tion at each model level, liquid and ice water mixing ratios,
convective cloud fraction and cloud temperature. The second
calculation, to isolate the impact of the cloud fraction changes
alone (6Rz, ) replaced cloud amounts at each level in the control
climate with those from the perturbed. In-cloud liquid and ice
water mixing ratios were retained from the control by scaling grid
box mean values by the reciprocal of the cloud fraction change.
Thus at each model level,

(13)

wp — ZW[
where
z=C/C

where C is the cloud fraction, w; is the grid box mean cloud liquid
water mixing ratio and the prime denotes the perturbed climate.
The ice and convective cloud mixing ratio fields (w;,w.) were
handled similarly.

The only complication to this substitution occurred if the cloud
fraction in the control climate was zero, yet non-zero in the per-
turbed. In this case w;,w; and w. were taken from the perturbed
climate. To clearly separate the cloud fraction term from the total
cloud feedback, it is clear that this latter occurrence needs to be
minimised. Indeed, for upper level clouds it can occur reasonably
frequently, as cloud may be present only over a relatively small
fraction of the globe at a given instant (e.g. around 10% for clouds
at sigma level 0.188), although this is somewhat offset by a tendency
for the regions of preferred cloud development in both climates (e.g.
the Inter Tropical Convergence Zone) to be roughly coincident.

To evaluate the right hand side of Eq. (12) as often as possible,
the substitution algorithm was extended to search for cloud from
immediately surrounding grid points, then from earlier similar-time
archives (0, =3 hours) taken from the same calendar month. This
ensures ‘corresponding’ cloud is found close to 100% of the time at
all model levels. The final feedback values obtained were not found
to be sensitive to the precise details (e.g. the order) of the search
algorithm.

To calculate 0R¢, directly, cloud fractions were retained from
the control and the fields w;, w; and w,. were modified as follows:
Wy — =W,

7 (14)

where x is /, i or ¢. By this method, the cloud amounts are retained
from the control, but the in-cloud liquid and ice water mixing ratios
and the relative fraction of convective cloud become that of the
perturbed climate.

For the cloud fraction changes we note that a common feature of
many climate change experiments (including the present ones) is the
increase in cloud fractions at some (often high) levels, and decrease
at others (often low) resulting in an effective change in mean cloud
height. Here we conceptually divide this (potentially complex)
change into two terms: one due to change in total cloud amount
(Cy4) (as seen at the TOA) and the second due to the change in the
vertical distribution of the clouds, taken as the cloud height, Cy.

In the present case the C; perturbation was performed by
scaling cloud at each level in the “control” by a factor, (f'), such
that the total cloud (¢) becomes that of the perturbed climate (¢').
Note that due to the random overlap assumption of the clouds
between levels, in general / # ¢'/¢. In the present calculations, f'was
calculated directly at each point by an iterative technique. The cloud
height feedback was then determined as a residual (i.e. Cr — C,).

Clouds at any particular model layer are assumed to fill that
layer. Since the levels are not evenly distributed in the vertical there
will be a different cloud “depth” (and therefore optical depth) for a
given cloud fraction at different heights. This cloud depth term is
implicitly included in our Cy variable due to the present means of
its calculation.

To explore the causes of the changes arising from optical
property perturbations in more detail we assume we can write

5R6‘0 ~ 5R6‘W —+ 5R(“:P + 5R("jp + 5Rf?7 (15)

where Cy is the total water (liquid plus ice) content of the clouds,
Cp represents a phase breakdown of the total cloud water between
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water and ice (i.e. w;/(w; +w;)), Cc is the fraction of convective
clouds, and Cr is the in-cloud temperature.

To calculate oR; ~the fields w;,w; and w. were scaled in
the control by a factor r/Z, where

/ /

il (16)
W+ w;
By this method the relative fractions of w; and w; and the relative
fraction of convective cloud are retained from the control climate,
but the total in-cloud water substance becomes that of the per-
turbed climate. If cloud fraction is zero in the perturbed climate
W, +w,=0), then r/Z is set to 1 (i.e. the water content is
unchanged).

To calculate dR¢, the mixing ratios of liquid and ice water were
modified such that

wp — —Wll
A (17)

WiH—W; .
r

Thus the total water substance in the clouds was unmodified, but
the fraction which is frozen reflects that of the perturbed climate
rather than the control.

To calculate 6R;. ., w, is scaled by a factor (w,/w.) x (1/r), the
cloud liquid and cloud ice mixing ratios being unmodified. This
changed the fraction of convective cloud to total cloud into that of
the perturbed climate, while retaining in cloud liquid and ice water
mixing ratios from the control. Finally, Rz was calculated by
substituting 7’ for T during the determination of cloud optical
properties, whilst restoring 7' for the final radiation calculations.
All water substance mixing ratios were retained unchanged.

The total perturbation to radiation due to all cloud changes can
then be written, (assuming the changes are linear and independent)
as

5R€‘ ~ 5R@A + 5RC‘” + 5R6‘w + 5R€‘p + 6RC‘C + 5RC‘T . (18)

A test of the validity of these assumptions is provided in Sect. 3.

Fields substitution and radiative calculations were performed
using instantaneous model output, archived every 21 model hours
throughout the month to minimise any biases due to diurnal
sampling.

The use of instantaneous fields avoids the complication that the
total cloud cover from the monthly mean fields is different to the
mean of the total cloud calculation from instantaneous (daily)
cloud fields. Thus, for example, if mean fields are used the plane-
tary albedo is altered, and some sort of scaling is needed to restore
the original time average of the instantaneous total cloud amounts
(e.g. Gong et al. 1994).

Furthermore, the time-averaged radiative impact of the (in-
stantaneous) cloud changes cannot be accurately estimated using
any field of time-mean clouds (e.g. Wetherald and Manabe 1988).
Taylor and Ghan (1992) make the point that total top-of-atmo-
sphere (TOA) albedo cannot be accurately estimated from the time
mean of the total column liquid water path, as this mean is heavily
biased towards the lower clouds (with high values of cloud liquid
water).

Thus, it appears that quantitative feedback information may be
inferred only from instantaneous substitutions. Unfortunately, the
method of daily substitution has the disadvantage of being com-
putationally extremely expensive. When investigating clear and
cloudy changes in the present analysis, around 80 radiation calcu-
lations were performed (20 ““fields” x 2 (clear/cloudy) x 2 (swap-
ping control and perturbed)) for each pair of climate archives.

2.4 Validation of control climate

This section will briefly compare the control climate of the model
with observations. It will concentrate on those fields which we may
anticipate are important for model feedbacks. It should be borne in
mind however, that agreement with observations in the present
climate does not necessarily imply feedbacks are correctly mod-
elled. Agreement with observations must therefore be regarded as a
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necessary, although not sufficient, requirement for the accurate
representation of feedbacks (Watterson et al. 1999).

Sea surface temperature and sea-ice extents and their annual
cycles are in good agreement with observed values (not shown), as
oceanic Q-fluxes and sea-ice bottom fluxes were prescribed to en-
sure this. Of more immediate importance for the feedbacks con-
sidered here are the distributions of water vapor and clouds, cloud
liquid water, cloud forcing and precipitation.

Table 1 contains a comparison of model layer precipitable
water with the NVAP observations, compiled by Randel et al.
(1996). Overall the hemispheric and layer distributions are in good
agreement with the observations, although southern hemisphere
moisture values below 500 hPa and northern hemisphere moisture
values above 500 hPa are both a little too large. Global annual
mean total precipitable water is only around 7% greater then the
observations.

Model high, middle and low cloud are compared with ISCCP
(Rossow and Schiffer 1991), Warren et al. (1986, 1988) and Nimbus
(Stowe et al. 1989) cloud observations in Colman (2001), (their
Fig. 3). Overall the vertical and latitudinal variations of clouds
compare quite well with the available observational data sets,
particularly considering observational uncertainties. Readers are
referred to that paper for further discussion.

Colman (2001) also compares TOA LW and SW with Earth
Radiation Budget Experiment (ERBE) observations (Harrison
et al. 1990). Those results indicate that the cloud forcing compo-
nents agree well with observations overall. Agreement in both LW
and SW are particularly good throughout the tropics and sub
tropics. Consistent with this it is found that zonal OLR and
planetary albedo also agree well with ERBE values (not shown).
The main model shortcoming is a somewhat weak SW cloud
forcing in the poleward portion of the circumpolar trough.

The seasonal change in cloud forcing can provide some test on
how well the model simulates variations in clouds and the associated
forcing (Senior and Mitchell 1993). For the LW, the calculation is a
straightforward difference in cloud forcing between January and
July and is shown for the model and ERBE in Fig. 1b. For the SW,
seasonal changes in insolation dominate the variation in cloud
forcing, and these must be removed to isolate the signal from cloud
changes. Here this was done following Cess et al. (1997) (their Eq. 5)
for each season and then calculating the difference. The results for
SW are shown in Fig. la for model and observations.

The largest seasonal change in cloud forcing in the LW in the
observations is at around 10°N and S, corresponding in a shift in
clouds with the seasonal movement of the Inter Tropical Conver-
gence Zone (Senior and Mitchell 1993). The magnitude of the
seasonal cloud forcing change is well simulated in the model,
although the actual latitudinal shift is slightly too large. Overall
model agreement with observations is very good equatorward of
mid latitudes. Poleward of this, disagreement is somewhat greater,
with the observed peaks at around 60°N and 70°S not being picked
up, although the latitude band 40-60°S shows fair agreement.

In the SW (Fig. 1a), overall agreement is very good between
model and observations. The peaks at 10°N and S are well captured
in location in the SW, although the magnitude of the cloud forcing
change is slightly low. Agreement to 60°S and 50°N is very good
overall, suggesting the model is simulating seasonal changes in mid
latitude clouds as well. There is some suggestion, however, that
cloud changes at 60°N are too great in the model.

Table 1 Annual mean layer precipitable water contents (in mm) for
the model, and the NVAP observations (in brackets) from Randel
et al. (1996). Shown are Northern and Southern Hemispheres (NH,
SH), and global values

NH (observed) SH (observed) GLOB (observed)

500-300 hPa  1.71 (1.5) 1.41 (1.4) 1.56 (1.5)
700-500 hPa  5.20 (5.0) 4.65 (4.2) 4.92 (4.6)
1000-700 hPa  19.8 (19.4) 19.8 (18.4) 19.8 (18.9)
Total 26.7(25.7)  259(23.3) 263 (24.5)
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Overall the agreement between model and observations for LW
and SW seasonal cloud forcing is good, although there is a sug-
gestion of some model problems at high latitudes in the LW (and
possibly also in the Northern Hemisphere in the SW).

As the present work considers in detail the cloud feedbacks due
to liquid water changes, the simulated liquid water path is also
compared with observations. Figure 2 shows a comparison of liq-
uid water path (LWP) for the model, and for the satellite obser-
vations of Weng and Grody (1994). Zonal model distributions
show reasonable corresponding peaks (Equator, 50°N and S) and
troughs (subtropics) but the total water path is somewhat smaller
than the observations at low-latitudes, and larger in mid latitudes.
The observational LWP data of Greenwald et al. (1993) (not
shown) over the ocean are higher than those of Weng and Grody
(1994) over most latitudes. July values (not shown) show similar
patterns, with model subtropical values being reasonable, although
mid latitude peaks are again too large. Some of this latter bias is
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almost certainly the result of excessive low cloud amounts in the
NH and SH storm tracks (see Fig. 3a in Colman 2001). Zonal
precipitation patterns in January and July are also in good agree-
ment with observations (not shown).

Overall, given the uncertainties in the cloud observations, the
control climate moisture and cloud distribution and LWP appear
to be reasonable as do the resulting cloud forcing, the seasonal
change in cloud forcing and the precipitation. The following section
will consider the diagnosed model feedbacks under climate
perturbations.

3 Feedback results
3.1 Global feedbacks
This section will briefly describe the global feedbacks

diagnosed from 10 years of data from the 1 — 2xCO,
experiment for the BMRC model. Table 2 lists global

values for LW, SW and total feedbacks, as well as their
“clear sky” values. Also shown are total feedbacks, and
the sum of all terms.

The strongest negative “feedback’ (often thought of
as the response without feedbacks) is that due to the
surface temperature (7x) response, and is equal to
—3.2 W/m?/K. This is close to the value of —3.3 W/m?/K
expected from simple black body emission arguments
(e.g. Cess etal. 1990). The clear sky T- feedback
(Table 2) is stronger than the all sky value, as the pres-
ence of clouds raises the effective radiative height of the
atmosphere above that of the cloud free value
(McAvaney and Colman 1996), hence lowering emitting
temperature.

Lapse rate (I') is the other negative feedback, and can
be considered as further strengthening the cooling due to
the surface temperature response. The I feedback is only

Fig. 3a, b Ten year zonal mean LW
TOA feedbacks (W/m?/K) for 3 5
surface temperature (7%), lapse
rate (LR), water vapour (Q), e
surface albedo (A4), clouds (C). =
Also shown is the CO, forcing, e Q
normalized by the change in N
surface temperature. Note that g 1
the T feedback is scaled differ- = LR
ently from the other feedbacks, -
and refers to the right hand “5
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Table 2 Global feedbacks (in W/m?/K) for the BMRC model.
Listed are separate longwave (LW) and shortwave (SW) compo-
nents, as well as the total (LW +SW) and the total clear sky values.
The sum of all feedback components (3°) as well as the net feed-
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back (All) are also shown. Cloud component feedbacks are also
given. Refer to text for feedback definitions. Standard deviations
(over 10 years) are specified in brackets. CO, forcing (in W/m?) is
also included

Feedback Lw SwW LW + SW Clear sky
T+« -3.2  (0.092) 0 =32 -3.5
r —0.54 (0.084) 0 —-0.54 —-0.51
q 1.59 (0.052) 0.24 (0.009) 1.84 2.28
qa 1.04 (0.038) 0.22 (0.009) 1.26 1.58
qu 0.56 (0.029) 0.031 (0.002) 0.59 0.70
C 0.43 (0.058) -0.08 (0.13) 0.36 -

o 0 0.29 (0.037) 0.29 0.48
> -1.72 0.46 -1.26 -1.25
All -1.69 0.45 —-1.24 -1.27
CO, (W/m?) 3.43 0.14 3.57 3.73
Co 0.56 (0.031) -0.75 (0.029) -0.19 -

Cr -0.08 (0.061) 0.61 (0.12) 0.53 -

Cy -0.14 (0.060) 0.31 (0.11) 0.17 -

Cu 0.066 (0.028) 0.30 (0.027) 0.37 -

Cw 0.49 (0.029) -0.27 (0.014) 0.22 -

Cp 0.041 (0.001) -0.53 (0.020) —-0.49 -

Cc 0 0.057 (0.006) 0.06 -

Cr 0.037 (0.002) —0.044 (0.002) -0.01 -

marginally affected by the presence of clouds globally in
the present experiments. In contrast, Zhang et al. (1994)
noted a strong cloud impact in fixed season, perturbed
SST experiments.

By far the strongest positive feedback is that due to
water vapour (g). Around 85% of this comes from the
LW term. Clouds have a weakening impact of around
20%. The division of this feedback into amount and
height terms is considered in the next section.

Cloud and albedo feedbacks are roughly equal. The
cloud feedback is weakly positive in the LW, and close to
zero in the SW. For the SW, the negative cloud optical
property feedback is around 2% times the magnitude of
the albedo feedback. It is, however, closely balanced by
the positive cloud fraction feedback. In the present
experiments the LW cloud fraction term is close to zero,
but there is a strong, positive optical property feedback.
These components, and their further subcomponents, are
considered in more detail in the following section.

The surface albedo is found to be the strongest (net)
SW feedback, although it is only slightly larger than the
SW g term. What is notable from Table 2, however, is the
important impact of clouds on this feedback, reducing its
value by around 40% from the clear sky value (roughly in
line with the findings of Ingram et al. 1989). The latitu-
dinal details of this is also discussed in the next section.

Table 2 also includes the value of the feedbacks from
all fields substituted simultaneously (“All”’) as well as
the sum of all individual feedback terms, except for
cloud sub-components (> ). These numbers agree to
within around 2% for both LW and SW. This indicates
that the “double substitution” method works extremely
well for the evaluation of the individual feedbacks, and
suggests further that the “non-linear” terms (e.g. feed-
backs due to simultaneous changes due to two or more

processes) are almost certainly small (see also Rotstayn
1999, Colman et al. 1997 for further discussion).

All global values are the results of 10 years of annual
means. Also shown (in brackets) is the standard deviation
of the feedback over the 10 years. This gives a measure
of the interannual variability of the feedback, (and by
implication how long an analysis we must run to accu-
rately determine its value). Lowest (relative) interannual
variability occurs for 7= and ¢ feedbacks. Greatest vari-
ability occurs for cloud feedbacks. Subdividing the cloud
feedback further reveals that cloud fraction (amount and
height) feedbacks vary much more from year to year than
do the optical property component terms. The variability
is particularly large in the SW Cp term. One or two years
of analysis is obviously insufficient to estimate this term
accurately, even at a global scale.

3.2 Zonal feedbacks and feedback non-linearities

This section will consider the feedbacks (with particular
emphasis on the cloud feedbacks) in the model in more
detail, describing them as a function of latitude and
dividing them, where possible, into contributing com-
ponents, as well as determining the cloud impacts on
individual feedbacks and examining their linearity under
climate warming.

Figure 3a and b shows the zonal means of the main
feedbacks for LW and SW respectively. Water vapour and
cloud feedbacks are shown as totals, their sub compo-
nents are considered separately below. Note that the TOA
CO, forcingisincluded in Fig. 3, but has been normalized
by the global mean surface temperature change, which
permits a direct comparison of the TOA impacts of the
forcing and resulting feedbacks in the one figure.
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3.2.1 CO, forcing

The LW CO, forcing is weakly peaked in the sub tro-
pics, although overall it is reasonably uniform with lat-
itude in both LW and SW. The horizontal distribution
of this forcing has a very similar regional pattern to that
of Kiehl and Briegleb (1993) (not shown). Zonally the
CO, forcing is similar to that of Le Treut et al. (1994)
although note that in that reference the CO, forcing did
not include the effects of stratospheric cooling as it does
in the present case (see Hansen et al. 1981 for discussion
of this point).

3.2.2 Water vapour

The strongest positive feedback, that of LW water va-
pour is strongly peaked in the tropics, with an extended,
relatively flat maximum equatorward of 30° of latitude.
Poleward of this it falls off steeply, dropping to half
strength by around 45°. In polar regions it is small,
falling to 1/4 tropical strength at the north pole, and
close to zero at the south pole.

The SW water vapour feedback (see Fig. 3b) is, by
contrast, much more uniform with latitude, indeed
showing a slight increase in strength towards the poles.
This increase appears to be the result of high surface
albedo increasing the atmospheric path length, and
hence the sensitivity to changing water vapour of the SW
radiation (Colman 2001).

Allowing for area weighting, 2/3 of the global
SW + LW ¢ feedback strength is accounted for
equatorward of 30°. The overall shape of the zonal ¢
feedback profile in the present results is very similar to
that of Le Treut et al. (1994, their Fig. 17). They, too,
find a low-latitude dominance of their feedback, with
tropical values again being around twice those at 45°.
Their peak tropical values lie at around 3 W/m?/K,
20% higher than those for the net (LW + SW) BMRC
feedback.

The total water vapour feedback was further subdi-
vided following the method of Hansen et al. (1984). The
water vapour amount (g4) feedback shows that part of
the total which is due simply to increased total precipi-
table water in the atmospheric column. The height
feedback (gp) is that term resulting from changes in
vertical distribution, analogous to the lapse rate feed-
back for temperature. Both theory and observations
indicate that an upward shift in water vapour distribu-
tion for fixed precipitable water decreases upwards LW
at the TOA (Stephens and Greenwald 1991). Thus a
relative upwards shift in water vapour profile in a
warmer climate would represent a positive feedback.
Such a shift is indeed commonly found in GCM results
(e.g. Watterson et al. 1999).

Figure 4a shows the zonal LW ¢, ¢ and lapse rate
(LR) feedbacks, including the clear sky terms (i.e. with
clouds instantaneously removed for the feedback
calculations). Both ¢4 and ¢y feedbacks are positive at

all latitudes, with ¢4 also being consistently the larger of
the two. The largest relative contribution to total ¢
feedback by the ¢z component lies at low-latitudes, at
around 40% of the net water vapour response in the
zonal mean. This is consistent with an increase in trop-
ical convection, and a maximum in global upper trop-
ospheric warming, and consequent upwards shift in ¢
(Colman 2001, Fig. 3a). Pollack et al. (1993) also di-
vided their total g feedback into ¢4 ¢y terms (using a 2D
RCM) and similarly found the gy contribution to ¢ to
peak at low latitudes, also around 40-45%. However it
is notable that the ¢ feedback is positive at all latitudes,
even near the poles where lapse rate increases occur in
the warmer climate, as evidenced by negative LR feed-
back in Fig. 4a. This feature of the warmer climate, that
upper level water vapour increases (proportionately)
more than lower at all latitudes was also noted by Le
Treut et al. (1994, their Fig. 11) and Colman and
McAvaney (1997) for an earlier version of the BMRC
model. Two reasons for such increased upper level rel-
ative moistening were suggested by Mitchell and Ingram
(1992). Firstly, the fractional change in saturation va-
pour pressure decreases with temperature (following the
Clausius Clapeyron relation), and hence increases with
height. Secondly, at low latitudes the warming tends to
increase with height (see next section).

The role of clouds in determining the strengths of
water vapour feedbacks has only rarely been discussed in
the literature. Indeed, the commonly adopted ‘method
II” means of evaluating clear sky feedbacks (Cess et al.
1990) expressly removes their impact, producing results
probably more representative of a cloud free planet than
of their true impacts in GCMs. Zhang et al. (1994) noted
significant cloud impacts on water vapour feedback
(reducing it by around 25%) and lapse rate feedback
(up to doubling it) in fixed season perturbed SST
experiments.

Zonal mean cloud fraction in the 1xCO, climate is
shown in Fig. 5a. The impact of clouds on the LW water
vapour feedback is illustrated in Fig. 4a, which shows
both ““clear sky” and “‘all sky” feedbacks. Both ¢, and
g LW feedbacks are weakened by clouds at all latitudes
(Fig. 4a). Maximum reductions occur at low latitudes,
consistent with the upper cloud maximum around the
ITCZ. Overall the fractional reduction of ¢4 by clouds is
greater than that of ¢ (globally 30% compared with
20%). In a clear-sky world, then, the net LW ¢ feedback
would be even more dominated by the ¢, component.

The SW ¢ feedback (Fig. 4b), by contrast, shows an
increase in strength with the addition of clouds. Detailed
vertical analysis from an idealised increase in water
vapour found that over most latitudes the feedback
increase results from increased absorption of SW
radiation in the layers above around 900 hPa, with a
reduction close to the surface. Only at high latitudes
does the addition of clouds reduce the feedback strength
above the surface layer. Thus the impact of clouds (over
low albedo surfaces) is to increase the SW absorbed,
through the increase of atmospheric path lengths due to
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Fig. 4 a LW feedbacks (W/m?/
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cloud reflections. Zhang et al. (1994) found clouds to
increase SW ¢ feedback by around 50% for fixed season
SST perturbations, roughly in line with the present
findings.

To examine how robust (and also how non-linear) the
model feedbacks are, they were also calculated between
2x and 4xCO, climates. Of course the climate forcing
resulting from the 2 — 4xCO, change almost exactly
matches that from the 1 — 2xCO, change due to the
near logarithmic response of forcing to CO, concentra-
tion. The results are shown in Table 3 (showing the ratio
of the two feedbacks).

Both ¢4 and ¢ feedbacks are found to be only
weakly non-linear over the full 4xCO, range of warming,
with around 15% increase in strength for 2x to 4xCO,
compared with 1x to 2xCO,. Although this non-linearity
is still relatively small it does indicate that there is a
systematic increase in water vapour feedback strength
with increasing global temperature. Indeed it is the
principal reason why the model climate sensitivity

-30 0 30 60 90
Latitude

increases slightly from 2x to 4xCO, (0.80 K m*/W)
compared with 1x to 2xCO, (0.77 K m?/W), despite a
marked weakening of the albedo feedback (discussed
later). This weak non-linearity is reflected in the ¢4 and
gy feedbacks becoming slightly stronger at all latitudes
(not shown). Peak absolute changes to the strength of
the ¢ components occur at low latitudes, however
greatest fractional changes are at higher latitudes. For
example, at 70°N, the ¢4 feedback at 2x to 4xCO, is
nearly 50% stronger than at 1x to 2xCO, (although
the global contributions of these latitudes remains
small). At low-latitudes both ¢4 and ¢4 are around 15%
stronger in the warmer climate, a value close to the
global mean.

3.2.3 Lapse rate

The lapse rate feedback (see Fig. 3a) is the strongest
negative feedback in the model with the exception of the
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Table 3 Table showing the feedback strength in the 2 — 4xCO,
climate change compared with that of the 1 — 2xCO, climate
change (the former expressed as a fraction of the latter). Values
which are different from unity at the 95% confidence level (over the
10 years of the analysed experiment) are shown in bold

Feedback LW SW LW + SW
T 1.04 - 1.04
r 1.15 - 1.15
qu 1.12 1.04 1.10
qu 1.18 1.11 1.18
C 1.25 0.75 1.36
o - 0.63 0.63
Co 1.0 0.94 0.80
Cr -0.51 0.97 1.18
Cy 0.60 0.88 1.11
Cy 1.92 1.07 1.21
Cy 1.0 1.01 0.98
Cp 1.07 0.92 0.90
Ce - 1.10 1.10
Cr 1.01 1.04 1.20

surface temperature response itself. Negative values
peak at low latitudes, corresponding with maximum
lapse rate decreases associated with the maximum upper
tropospheric warming universally found in 2xCO,
experiments. At low latitudes, surface LW emission is
a maximum, further increasing the importance of the
feedback in these regions. Positive values of lapse rate
feedback occur at high latitudes in the Southern Hemi-
sphere and mid to high latitudes in the Northern
Hemisphere. At very high latitudes the positive LR
feedback actually becomes larger than the water vapour
contribution. Globally, however, the low-latitude nega-
tive regions provide the dominant contribution to LR
feedback, resulting in a net negative value, comparable
in magnitude to g4 (Table 2).

The pattern of low-latitude negative and high-latitude
positive for the lapse rate feedback is similar to that
noted by Pollack et al. (1993) and Gong et al. (1994),
although the crossover in the present work occurs
slightly further poleward in the Southern Hemisphere
than that of Pollack et al. (1993).

The cloud impact on LR feedback (Fig. 4a) is of
amplification of its magnitude (whether positive or
negative) at all latitudes. A global amplification was
found by Zhang et al. (1994) and was attributed by them
to increased emissivity of a cloudy sky compared with a
clear sky. Note however, that in the present experiments
the effect of clouds is quite small, only increasing feed-
back strength by around 10%, compared with an ap-
proximate doubling found by Zhang et al. (1994). The
present result is probably more credible, as the uniform
SST perturbation method used by Zhang et al. (1994) is
known to strongly distort the lapse rate feedback com-
pared with that of a more ‘“‘realistic” climate change
(Colman and McAvaney 1997).

The lapse rate feedback is also weakly non-linear over
the full range of warming to 4xCO, (Table 3). In low
latitudes it strengthens in a warmer climate, consistent
with a non linear decrease in lapse rate (Colman et al.
1997) but the effect is not statistically significant at all
latitudes (not shown).

3.2.4 Surface albedo

The albedo feedback (Fig. 3b) is the most important
positive SW feedback in the BMRC model and the
second strongest positive term overall. The double peak
in the Northern Hemisphere consists of a maximum at
around 50°N associated with snow retreat over Asia and
North America, and a high latitude peak associated with
sea ice loss. The global contribution of changes to snow
over land in the present experiments was calculated, and
is approximately 45%, similar to the earlier finding of
Ingram et al. (1989).

The effect of clouds on the albedo feedback
(Fig. 4b) is the strongest of any feedback, reducing it
by around 50%. The percentage reduction in albedo
feedback is close to uniform with latitude. The
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SwW

2 — 4xCO, (labelled “4X)
feedbacks for albedo and water
vapour (W/m?/K)

TOA feedback, W/m2/K

importance of clouds was noted by Ingram et al. (1989)
and Le Treut et al. (1994). In the latter analysis a
change in the cloud scheme resulted in a three fold
increase in the albedo feedback. Peak values of
Southern Hemisphere feedback strength from Le Treut
et al. (1994) vary from 0.75 — 3.6 W/mz/K. Peak
values in the present experiments lie between these at
2.5 W/m?/K. In the Northern Hemisphere the feedback
is considerably stronger than that of both model
versions used by Le Treut et al. (1994).

The albedo feedback is the most strongly non-linear
of all feedback components in the model, decreasing
globally by nearly 40% in the warmer -climate
(Table 3). The change in the zonal albedo feedback
strength from 1 — 2xCO, to 2 — 4xCO, is shown in
Fig. 6. Southern Hemisphere albedo feedback in the
warmer climate (i.e. 2 — 4xCQO,) is particularly weak.
There are two possible reasons for the decreases in
feedback strength: reduced snow and ice cover, and
increased masking by clouds.

Southern Hemisphere sea-ice cover in the 1, 2 and
4xCO; climates (as a percentage of hemispheric area) is
6.5%, 4.2% and 2.5%. The reduction in area is more
than one third greater for 1 — 2xCO, than for
2 — 4xCO, despite the smaller global temperature
increase. An examination of the clear sky albedo
feedback reveals a 25% reduction in the warmer cli-
mate, compared with the 38% reduction for the all sky
feedback. This indicates that the masking of the albedo
feedback does in fact increase as the climate warms
(consistent with increased high-latitude cloud cover).
This extra masking contributes about 1/3 of the total
reduction in feedback strength. The other 2/3 is directly
attributable to the clear sky component (i.e. to the
decreased snow and sea-ice cover). Overall the present
results are consistent with findings elsewhere that
2xCO, sensitivity tends to increase with increased snow
and sea-ice cover in the control climate (Washington
and Meehl 1986).
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3.2.5 Clouds

Figure 7 shows the latitudinal cloud feedbacks for LW
and SW, for total, and for each of the components listed
in Eq. (18). Clearly the final cloud feedback is a complex
sum of contributing factors with differing processes be-
ing important at different latitudes. A test for how well
the components sum to the total was made by evaluating
both sides of Eq. (18). The results for the 10 year mean
are shown in Fig. 8, and indicate that, indeed, the
method of separation of cloud optical and fractional
feedbacks works extremely well at all latitudes, and in
both the LW and SW.

Cloud fraction changes from 1 — 2xCO, are shown
in Fig. 5b. They indicate a pattern of general decreases
equatorward of 50°, with marked increases at 60—70° in
each hemisphere. The low-latitude decrease is manifest
as a widespread reduction in all but the very highest
clouds. Thus, total cloud amounts decrease, but the
mean cloud height is increased. Patterns of cloud change
qualitatively similar to this have been found in many
2xCO, climate model studies (e.g. Mitchell et al. 1989;
Wetherald and Manabe 1986; Le Treut et al. 1994). The
high-latitude increase is partially the result of a slight
poleward shift in the storm tracks, with an associated
shift in maximum cloudiness.

The low-latitude cloud amount decrease produces a
positive SW but a negative LW C, feedback. At high
latitudes, the situation is reversed. Indeed, the cloud
amount feedbacks shown in Fig. 7a, b oppose each
other at most latitudes, with the SW term being roughly
twice that of the LW. The reason for this opposition is
straightforward: a change in total cloud fraction (with
fixed vertical cloud distribution), will produce opposing
LW and SW radiation effects (Colman 2001). A decrease
in cloud amount generally leads to a positive (negative)
SW (LW) feedback, due to the negative SW (positive
LW) cloud forcing (Ramanathan et al. 1989). Indeed,
this compensating LW/SW response may lie behind
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Fig. 7a, b Cloud component
feedbacks (W/m?/K) for a LW
and b SW showing terms due
to: cloud amount (C), cloud
height (Cp), cloud water sub-
stance (Cy), cloud water phase
(Cp), convective cloud amount
(C¢) and cloud physical thick-
ness (Cr). Also shown is the
total cloud feedback (C)

Fig. 8 Comparison of net
cloud feedback (C) with sum
of component terms
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some of the relative insensitivity of the net cloud feed-
back to parametrisation changes noted in some GCMs
(e.g. Rotstayn 1999; Yao et al. 1999).

The LW cloud height feedback is positive at low
latitudes, consistent with the upward shift in high clouds
apparent in Fig. 5b. This feedback is quite weak how-
ever, particularly compared with previous model
versions (Colman et al. 1997). The differences between
those results and the present are consistent with the
variation of emissivity and albedo with height in the
current cloud parametrisation, a feature absent in
the previous model version. Zonal mean ice cloud
emissivity (in the 1xCO, climate) is shown in Fig. 9.
Tropical high cloud emissivity decreases rapidly with
height above about 400 hPa, opposing the positive
feedback from the increased height of the cloud which is
particularly marked in this region. At high latitudes this
emissivity/height gradient is reduced, and the LW cloud
height feedback is more strongly positive (Fig. 7a).

For the SW, liquid and ice cloud albedo similarly
decreases with height (not shown), producing a positive
feedback as clouds form higher in the troposphere in the
warmer climate. The Cjy feedback is positive at almost
all latitudes for the SW, with largest values tending to be
in the tropics (Fig. 7b). A previous version of the
BMRC model, with fixed cloud optical properties found
a negligible SW Cy term (Colman et al. 1997).

A comparison may be done of the present results with
the only other published values of zonal C4 and Cy
feedbacks, those of Wetherald and Manabe (1988), their
Fig. 14. The overall zonal patterns of Wetherald and
Manabe (1988) are quite similar to the present, with low-
latitude positive (negative) SW (LW) C 4 feedbacks, with
sign changes at higher latitudes (poleward of around
40°). Maximum tropical values in Wetherald and Man-
abe, ~0.85 W/m?/K for SW and ~0.4 W/m?*/K for LW
are quite similar to the present magnitudes. Cloud height
terms are also quite similar in pattern and magnitude to

—

e \:/\:f: "1;--‘ \;::,\:”_;— ..

LATITUDE. (DEG)

Fig. 9 Model ice cloud emissivity, 1xCO, climate, January. Contour
interval is 0.1
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the present. The latitudinal distribution of cloud feed-
backs appears to be similar in the two experiments since
the zonal pattern of cloud changes of Wetherald and
Manabe (1988) resembles that of Fig. 5b, although not
too much should be made of the rough agreement in the
magnitude of the feedbacks themselves.

As the climate continues to warm past 2xCO,, the
question arises as to whether cloud amount/height
feedbacks might become more important due to non-
linear cloud changes (as found for an earlier version of
the model by Colman et al. 1997). For the SW both C,
and Cp feedbacks are reasonably linear (Table 3) as is
the net Cr response. For the LW however, the C 4 term
weakens and Cy strengthens substantially in the warmer
climate. Indeed, these impacts are sufficient to change
the sign of the net Cr feedback between 1 — 2xCO, and
2 — 4xCO, (Table 3). Although the LW Cp term is only
a minor contributor to net C feedback overall, this sign
change does induce substantial non-linearity into the C
feedbacks as the climate warms up to 4xCO,. This part
is discussed further later.

The cloud component feedbacks making up the cloud
optical property feedback (Cy) are shown in Fig. 7.
Globally, the warmer climate is marked by an increase in
cloud water substance. The overall cloud liquid water
path increases 6% under a doubling of CO, (despite a
small reduction in total cloud). At the same time, the
fraction of cloud water which is frozen declines: from
44% of total water, to 42%.

The LW Cyp feedback is dominated by Cy at all
latitudes (Fig. 7a), i.e. by the change in total water
substance within the clouds. The zonal mean distribu-
tion of in-cloud water content in the control (1xCO,)
climate is shown in Fig. 10a. The change in in-cloud
water (2xCO, minus 1xCQO,) is given in Fig. 10b. The
change reveals that increases occur for clouds lying
above an arc reaching from the surface at mid latitudes
to around 600 hPa in the tropics with mainly decreases
below this. The decrease in low level cloud water content
with increasing temperature at low to mid latitudes is
consistent with model and observational findings noted
by Tselioudis et al. (1998), and was there attributed to
an increase in the efficiency of precipitation processes in
the warmer climates. Larger in-cloud water contents (ice
or liquid) will increase emissivity (Egs. 1, 4, 7, 8), and
produce a climate warming in the LW. Only the upper
cloud changes are important in the LW (Colman 2001),
and hence only the increases in cloud water significantly
affect the LW feedback, i.e. the low-lying regions of
cloud water decrease have little LW impact. The maxima
in Cyin the tropics, and at 60°N and S largely reflect the
maxima in upper cloud fraction in these regions
(Fig. 5a).

A change from ice to water cloud will also produce
larger optical depths, and a positive LW feedback.
Figure 11a shows the fraction of clouds which are
composed of ice in the 1xCO, climate. Figure 11b gives
the change in this fraction going from the 1xCO; to the
2xCO, climates. Figure 11b reveals that there are
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decreases in the fraction of clouds composed of ice
everywhere in the warmer climate with the largest
decreases lying in an arc, close to the freezing level in the
control (not shown). Significantly however, for LW
feedback, very little change occurs in cloud phase above
400 hPa at any latitude. Thus the Cp LW cloud feedback
is consequently weak (although positive) at all latitudes
(Fig. 7a). This is not surprising: high, cold clouds would
not be expected to contain large liquid water contents,
even in a 2xCQO, climate. In fact, an examination of the
4xCO, LW feedbacks (Table 3) shows only a small
increase in the Cp term even at that degree of warming.

In contrast, in the SW, both Cy and Cp terms con-
tribute significantly to the Co feedback. At mid to high
latitudes Cp is the dominant effect, as low to mid trop-
ospheric ice clouds change to liquid clouds in the
warmer climate (Fig. 11b), a negative feedback. The mid
latitude contribution is particularly large as the regions
of maximum phase change correspond with those of
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substantial (low level) cloud fraction and the warming
there is large. In the tropical mid troposphere, cloud
fractions are quite small (Fig. 5a) and so the SW Cp
feedback is not particularly strong at low latitudes
(although it is still positive). Senior and Mitchell (1993)
similarly concluded that their phase change feedback
had most contribution from low, mid latitude clouds,
with a much smaller tropical component.

The SW Cy feedback is also negative (except over
Antarctic latitudes), and is the major term in Cy at low
latitudes. Increases in in-cloud water occur throughout
the depth of the troposphere poleward of mid latitudes
(Fig. 10b). Equatorward of this, the overall pattern is
one of decreases below about 600 hPa, with increases
above. Close to the surface, a mixture of increases and
decreases is found. Important factors affecting the
strength of the SW Cy- feedback are the cloud fraction in
the control (Fig. 5a), the water content in the control
(Fig. 10a) and the strength of the incoming SW radia-
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tion (the equatorial flux being around twice that at 70°
latitude in the annual mean). The importance of the
control climate in-cloud water content can be seen from
Fig. 12. This shows cloud albedo as a function of cloud
liquid (ice) path for water (ice) clouds 1 km thick at
850 hPa (250 hPa). For both liquid and ice clouds a
given increase in cloud water content will have a greater
impact on albedo if the water content is small in the
control, than if it is large. Optical properties in the
present scheme are calculated following Slingo (1989)
for liquid water clouds. A comparison of the present
optical properties with a number of other cloud optical
property parametrisations (Sun and Shine 1994; Lemus
et al. 1997) are included in Fig. 12 and all three display a
similar “‘plateauing” of albedo with high values of cloud
liquid water.

In the tropics, typical low level in-cloud water con-
tents are around 0.15 — 0.2 g/m?® (Fig. 10a). A 1 km
thick cloud in these levels would have a liquid water
path of 150 — 200 g/m’, making its albedo relatively
insensitive to liquid water changes (Fig. 12). Consistent
with the present results, Senior and Mitchell (1993)
found relatively small changes in low cloud albedo under
climate warming despite general decreases in cloud lig-
uid water mixing ratio at low latitudes. With increased
height, control climate liquid water contents decrease
and sensitivity to changes increases. Thus above 600 hPa
in the tropics, where general liquid water increases
occur, typical control climate in-cloud water contents
are below 0.1 g/m?>.

Above about 450 hPa the cloud ice fraction is
greater than 90% (Fig. 11a) and the ice cloud rela-
tionship of Fig. 12 characterises the albedo response.
Although the ice cloud albedo curve is generally less
steep than that of liquid for a given water path, typical
in-cloud water paths in the upper troposphere are very
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low in the model (<0.03 g/m® above 300 hPa) which
increases sensitivity.

Control cloud fraction also plays a major role in the
feedback. Between 650 and 850 hPa in the tropics and
sub tropics, where in-cloud water content decreases are
at their greatest, cloud fractions are small (Fig. 5a),
which weakens the contribution to the Cy feedback. On
the other hand, in the upper troposphere at these lati-
tudes, where in-cloud water contents increase in the
warmer climate, cloud fractions are substantially greater
and the feedback is enhanced.

The net effect at low latitudes, then, is a negative SW
Cy feedback, peaking around the equator (Fig. 7b). At
mid to high latitudes large control climate in-cloud
water contents and decreasing insolation with latitude
mean that the feedback is somewhat weaker than in the
tropics, although it remains positive everywhere (except
over the Antarctic). A secondary peak is found at
around 60°S (where cloud fractions are particularly
large).

The remaining contributors to cloud optical property
feedbacks, Cc and Cr, are both relatively small in the
present experiments. In the LW, C feedback is zero (as
emissivity is unaffected by the fraction of cloud that is
convective). In the SW, C¢ feedback is positive at all
latitudes, peaking in the tropics. This is the result of an
increase in convection, compared with large-scale con-
densation in the warmer climate, a change commonly
found in GCMs (e.g. IPCC 1990). With the relative in-
crease in convection, for a given amount of global cloud
the albedo is lower, leading to increased net downwards
SW at the TOA. In the tropics where convective
increases are largest the magnitude of this feedback is
around half that of the Cy term; but globally averaged
its contribution is smaller, at around 25% of the
magnitude of Cy (Table 2).

Fig. 12 Water and ice cloud £SO L L L L L L L L L B B AL A B
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An important caveat on the C feedback term is that
in the present cloud parametrisation, convective cloud
amount is related directly to convective precipitation
rate. Since increases in mean convective precipitation
rates occur almost universally in global warming simu-
lations (including the present one) this tends to “build
in” an increase in convective cloud fraction in the
warmer climate and hence a positive feedback. However,
it remains possible that convective cloud fraction de-
creases could occur, despite the precipitation increases,
since, for example, marked increases in saturation
vapour pressure also occur in the warmer climate. Thus
uncertainties remain on the C, feedback in the present
model, although its contribution to total cloud feedback
was found to be small in these experiments.

The remaining feedback term, Cg, represents the
cloud feedback resulting from changes in the physical
thickness of clouds, due to changes in temperature. As
the troposphere warms, air density decreases, and model
clouds (assumed to fill one or more model levels) become
slightly thicker. For ice clouds this increases the optical
depth (combining Eqgs. 1 to 3). The effect on LW and
SW radiation of this effect is relatively small (but non
zero). As expected, the C7 feedback is positive (negative)
for the LW (SW), as thicker clouds have higher emis-
sivity (albedo). Maximum values occur in the tropics,
and are fractionally stronger in the SW than the LW
(although largely compensating between the two).

The interannual variability of the cloud component
feedbacks may be gauged from the standard deviations,
shown in brackets in Table 2. Variability (relative to the
magnitude of the feedback) is in general much larger for
cloud component feedbacks than for the non-cloud
feedbacks. Thus, for example, a single year of analysis
yields reasonably accurate values for zonal water vapour
feedback, but may be highly unreliable for cloud com-
ponent changes. Within the cloud components, largest
relative variability is found in the Cr components, Cy
and C,. Easily the largest absolute value of interannual
variability is for C4 in the SW (this latter term making
an important contribution to final C feedback). The
optical property feedbacks, by contrast, are far more
consistent from year to year.

Finally the question arises as to how net cloud
feedback may change as the climate forcing continues
past 2xCO, to 4xCO,. In the BMRC model, between
1 — 2xCO, and 2 — 4xCO, the total cloud feedback
strengthens by 36% (Table 3). An examination of
Tables 2 and 3 reveals this to be due mostly to the LW
feedback strengthening, as the net SW cloud feedback
is relatively small throughout. Considering the LW
cloud feedback in the 1 — 2xCO, change, it is domi-
nated by the Cp term, and the Cr term is relatively
unimportant. In going to 4xCO, however, the Cg
response is highly non-linear which results in a sub-
stantial non-linear change in the final C feedback. This
non-linearity results from the LW C feedback chang-
ing from small and negative (for I — 2xCO,) to small
and positive ( for 2 — 4xCO,) due to more positive C 4

119

and Cpy terms in the warmer climate. On the other
hand the LW C, feedback component is almost exactly
linear, since the dominant Cy, component is itself linear
up to 4xCO,.

4 Conclusions

The offline radiative perturbation method has been used
to perform an extensive analysis of TOA radiation
feedbacks in the BMRC climate model. The global net
feedbacks were initially divided into terms due to the
surface temperature, T+ (strictly the response “‘without
feedbacks™) lapse rate, (I'), water vapour (g), cloud (C)
and surface albedo ().

In order of decreasing global importance the
strongest positive feedbacks were found to be those due
to water vapour, albedo and clouds. Of these ¢ is by far
the strongest term. Its three strongest components were
the LW ¢4, and gz feedbacks followed by the SW ¢,
term. Each of these components contributes roughly
double the next term to the net ¢ feedback.

Strongest negative feedbacks were those due to sur-
face temperature (7+), lapse rate (I') and cloud optical
properties (Cp). This last term was found to be the rel-
atively small result of much larger offsetting positive
(LW) and negative (SW) components.

The impact of clouds on non-cloud feedbacks was
determined. The importance of this is that it quantifies
the (direct) role of the cloud on these feedbacks, and
suggests which might be most sensitive to, for example,
changes in cloud parametrisations leading to cloud cover
changes in the “control” climate.

With the exception of the lapse rate term, clouds
reduce the strength of model feedbacks. In the present
experiments clouds were found to reduce clear sky 7T, ¢
and o feedbacks by approximately 10%, 20% and 40%
respectively. Lapse rate feedback is increased by around
10% (although being negative, this also decreases global
climate sensitivity).

The net result is, then, that for a given radiative
forcing in the GCM, a larger control climate global
cloud cover (assuming no changes to horizontal and
vertical distribution) acts to decrease positive feedbacks,
increase negative feedback (apart from that of the sur-
face temperature response) and hence decrease overall
climate sensitivity.

Localised differences in model control climate cloud
cover (particularly in tropical upper cloud, and low
cloud over snow and ice) of course may have propor-
tionally much larger impacts for a given change.

Globally (and generally latitudinally also) the model
feedbacks were mostly found to be only weakly non-
linear under increasing CO, levels up to 4xCO,. Note, of
course, that since the radiative forcing varies as close to
the log of the CO, concentration, the 1 — 2xCO, and
2 — 4xCO, perturbations provide almost identical
radiative forcings. As regards the feedbacks, between
1 - 2xCO, and 2 — 4xCO, the greatest impacts on
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feedback strength were on o (37% decrease) and total
cloud feedback (36% increase). Cloud optical feedbacks
were almost completely unchanged in the warmer
climate for the LW component, but weakened margin-
ally in the SW. Both I" and ¢ showed a 15% strength-
ening.

The importance of the reasonable degree of linearity,
particularly of the strongest feedbacks is twofold.
Firstly, it demonstrates that the changes in model fields,
as well as the radiation responses to them are generally
fairly robust across the full range up to 4xCO, warming.
Thus, processes highly non-linear locally (e.g. due to
changes in cloud cover or cloud water contents) do not
translate into dominating global non-linearities. Of
course, some possible coupled non-linearities due to
ocean/atmosphere/sea-ice interactions which may oper-
ate are suppressed in the present study because of the
simplified ocean and sea-ice components.

The second point is that the magnitude of the non-
linearities give some indication of the error in feedback
strength which results simply from biases in the model
control climate (although not from errors in the para-
metrisations themselves). Thus, for example, the albedo
feedback is obviously sensitive to changes in the
amount of sea ice in the ““control” climate. The water
vapour appears to be much less so (a roughly 160%
increase in water vapour occurs in the tropical upper
troposphere from 1 — 4xCO,, but water vapour feed-
back for 2 — 4xCO, is only 15% stronger than for
1 —> 2XC02)

The method of feedback analysis was also extended in
the present study, to calculate in detail the changes in
cloud fraction and optical properties which made up the
net cloud feedback. The cloud fraction feedback was
divided in turn into feedbacks due to cloud amount (C )
and height (Cy); optical property feedbacks into terms
due to water content (Cy), water/ice fraction (Cp),
convective cloud fraction (Cc) and physical cloud
thickness (C7). A division of this nature has not hitherto
been possible from the methods of feedback diagnosis
available for GCM results.

Of the major components (C,, Cg, Cy and Cp), all
but Cp produce LW/SW feedbacks of conflicting sign,
with the result that confidence in the final net cloud
feedback, C, becomes low. In the warmer climate, total
cloud cover was reduced, mean cloud height was in-
creased, cloud water substance was increased, cloud
fraction of ice was reduced, the relative amount of
convective cloud was increased and mean cloud thick-
ness was increased. Although these changes are physi-
cally plausible (IPCC 1990, 1995), the present results are
of course for only a single model, and substantial dif-
ferences may occur in other models, and different SW/
LW responses may occur.

Some general conclusions, however, may be made
regarding the factors responsible for large cloud com-
ponent feedbacks in the present model, which may be of
more general applicability. Such component feedbacks
were sensitive to:
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1. The cloud fraction present in the location of
change. Feedbacks due to changes in cloud height,
water content and water phase are larger in regions
with greater cloud amounts in the control climate.
Thus, for example, SW phase-change impacts are much
stronger in the storm tracks than in the tropical mid
troposphere despite widespread phase changes in both
regions.

2. The height at which the changes occur. Longwave
feedbacks are sensitive almost exclusively to upper level
changes (where the surface/cloud temperature contrast is
greatest). Thus, for example, LW Cp feedback is weak in
the tropics, despite widespread phase changes, because
those changes occur too low in the atmosphere to have
significant LW impact. Most SW components, on the
other hand are sensitive across a range of levels. Cloud
amount sensitivity for the SW however, is a maximum
for low cloud as cloud albedo generally decreases with
height.

3. The latitude of the change, it is apparent that
both SW and LW cloud change impacts are largest at
low-latitudes for a given change. TOA SW (LW) radi-
ation falls off by around 60% (33%) from the equator
to the pole. Clearly however, the factors producing
feedback strength are far more complex. Thus, for
example, SW ¢, feedback is large at higher latitudes
due to path length increases associated with high
albedo surfaces.

4. The sensitivity of optical properties to changes in
liquid/ice content. For a given perturbation to cloud
water, the strength of the water content feedback is
stronger in regions where cloud water/ice contents are
low in the control climate (as optical thickness then
varies more rapidly with water content). Thus, for
example, the SW tends to be more sensitive to a given
change in cloud liquid water in the upper rather than the
lower troposphere.

5. The cloud height feedback is sensitive to the ver-
tical gradient in optical properties. In particular, the LW
feedback tends to be weaker where the gradient in op-
tical thickness is large (e.g. in the tropical upper tropo-
sphere in the GCM) than where it is weak (the extra
tropical upper troposphere). The opposite is true for the
SW feedback.

6. Convective cloud fraction changes and cloud
physical thickness feedbacks appear to be quite weak.
(Note that a caveat remains on the C¢ feedback due to
the linking of convective cloud fraction to convective
precipitation rate in the present model.)

The offline radiation perturbation, as applied here,
proves to be a powerful tool for evaluating the processes
responsible for final GCM sensitivity in a single GCM.
The magnitude of each feedback, and the plausibility of
their attendant physical processes must serve as the basis
for quantifying our level of confidence in the final cli-
mate sensitivity. The present study is one step towards
quantifying that uncertainty. The performance of feed-
back analyses on other GCMs would help to further
quantify these uncertainties.
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