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During the past three years we have conducted several studies using
models and a combination of satellite data, in situ meteorological and
oceanic data, and paleoclimate reconstructions, under the DoE program,
"Quantifying the Link Between Change in Radiative Balance and
Atmospheric Temperature" (MacCracken et al., 1989). Our goals were to (1)
investigate effects of global cloudiness variations on global climate and their
implications for cloud feedback and (2) continue development and

application of NYU transient climate/ocean models, with emphasis on
coupled effects of greenhouse warming and feedbacks by both the clouds and

oceans. Our original research plan emphasized the use of cloud, surface
temperature and ocean data sets interpreted by focused climate/ocean models
to develop a cloud radiative forcing scenario for the past 100 years and to
assess the transient climate response; to narrow key uncertainties in the
system; and to identify those aspects of the climate system most likely to be
affected by greenhouse warming over short, medium and long time scales.

In the course of our research we discovered many new and interesting
things about how clouds, aerosols and oceans feed back on climate ci_ange.
Perhaps our most important finding was a new approach to calibrating the
climate sensitivity of the Earth using a combination of models and empirical

paleoclimate data. Among other things, our methods provide a path around
cloud feedback uncertainties that currently plague global climate models
(GCMs). Our preliminary findings are published in the December 10, 1992
issue of Nature (Hoffert and Covey, 1992). Additional background is provided
below. Future developments and proposed applications of our approach are
discussed in Part I - RESEARCH PROPOSAL.



Cloud Forcing and Cloud Feedback

One reason cloud feedback effects are so problematical is that the
collective condensation of water vapor to droplets and ice crystals in clouds is
influenced by phenomena occurring over a wide range of spatial scales and
meteorological conditions. The dependence of cloud formation and cloud
radiative interactions on nonlinear and, more importantly, on nonlocal
phenomena complicates the parameterization problem enormously. There is
also no guarantee that climate models which reproduce the presently
observed cloud fraction distributions (FIG. 1) -- most GCMs do this to some
extent -- will correctly predict the the altered radiation forcing from
cloudiness changes induced by climate changes.

One of our first tasks was to attempt to estimate cloud radiative
feedback from empirical data. Because of the difficulty in unambiguously
defining the "cloud fraction" (Hahn et al., 1988), and because changes in cloud
radiative properties can occur at constant cloud fraction (Somerville and
Remer, 1984), we worked with cloud radiative forcing (CRF) -- the net
radiative flux per unit surface area of the Earth produced by clouds
(Ramanathan et al., 1989).

One approach to utilization of CRF satellite data, such as the
International Cloud Climatology Project (ISCCP) and the Earth Radiation
Budget Experiment (ERBE), is to develop statistical correlations between cloud
types and CRF for use in GCMs (Hartmann et al., 1992). This leaves the open

problem of which cloud types form under altered climate conditions. But it is
recognized that nonlinear interactions of cloud formation and cloud
radiative processes control cloud radiative feedback. Since our study began,
DoE initiated the Atmospheric Radiation Measurements (ARM) program at

least partly to address uncertainties in how cloudiness changes affect climate
changes (Patrinos, 1990). Indeed, the present factor of three uncertainty in the
GCM derived climate sensitivity of the Earth -- AT2x in the range of 1.5 to
4.5 oC -- is directly attributable to uncertainties in cloud radiative feedback
(Cess et al., 1989). Even the sign is unknown (FIG. 2).

Because cloud feedback is a nonlocal phenomena -- for example, cloud
formation may depend on horizontal gradients, not just surface temperature

--- we sought correlations between CPd_ changes and surface temperature
changes during the seasonal cycle for the northern hemisphere (NH) and
southern hemisphere (SH) as a whole.

We worked with Ed Harrison of the Radiation Sciences Branch, NASA

Langley Research Center to get the latest cloud radiative forcing data



measured by ERBE satellites. The data were hemispherically and monthly
averaged separately for the NH and SH. Ali three components, namely long
wave, short wave and net cloud radiative forcing for the years 1984 through
1988 were analyzed. Surface air temperatures were also hemispherically and
monthly averaged separately for the northern and southern hemisphere
were employed from the National Climate Data Center (NOAA) archives for
the corresponding years where ERBE data is available. It was necessary
among other things to correct for the variation of the solar CRF component
due to changing solar forcing incident on a hemisphere during the seasonal
cycle. Recognizing that the spatial pattern of seasonal radiative forcing is
different than the interannual forcing to be expected from, say, greenhouse
gas build up, it was still highly suggestive that we found a small net cloud
radiative feedback from this satellite study, of the order of 10% of the total
climate sensitivity.

Paleoretrievals of Climate Sensitivity

Much of our research has emphasized simple climate/ocean models to
understand transient climate response to greenhouse gas build-up on decadal
to hundred year time scales (Hoffert 1989a, 1992; Hoffert and Flannery, 1985;

- Hoffert et al., 1980; 1988). Despite its simplicity compared with full blown
GCMs, the upwelling-diffusion ocean climate model of Hoffert et al. (1980) has

- proven quite useful in estimating future climate changes from the build-up of
greenhouse gases in the atmosphere (IPCC, 1990; 1992; Schlesinger and Jiang,
1991; Wigley and Raper, 1992).

The Intergovernmental Panel on Climate Change (IPCC) used the
Hoffert et al. transient ocean/climate model to project global warming during

the next century over the uncertainty range of GCM-derived sensitivities (FIG.
3). Four future radiative forcing scenarios were examined, A, B, C & D,

representing progressively more constrained greenhouse gas emissions. Ali
- the scenarios produced some global warming, but unconstrained emissions_

(Business as Usual, A; "SA90" in IPCC updates) in combination with the
weakest climate sensitivity AT2x = 1.5 oC produce about the same warming as

the most highly constrained emissions (D) with the strongest climate
sensitivity AT2x = 4.5 oC. Since the implementation costs of A and D are quite-

different, the climate sensitivity uncertainty, most of which is due to cloud
feedback uncertainties, has a major impact on the cost-projections of emission
controls.

-_ Attempts to derive global climate sensitivity by matching a transient
climate/ocean model to the hundred year temperature record forced by
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anthropogenic greenhouse gases have been equivocal because of uncertainties
in compensatory sulfate aerosol forcing (Wigley, 1989; Wigley and Raper, 1992;
Schlesinger et al., 1992). Our initial conclusions (Hoffert et al., 1988) that solar
variability effects on historical and future global temperature changes are
small has stood the test of time (Schlesinger and Rarnankutty, 1992; Kelly and
Wigley, 1992) despite a remarkably suggestive correlation of surface
temperature changes with solar cycle length (Friis-Christensen and Lassen,
1991).

"Anti-greenhouse" cooling from increased solar radiation scattered back
to space by humanity's sulfate aerosols cancelling part of humanity's
greenhouse warming is a more serious prospect. Among other things, this
hypothesis is consistent with findings that much of the global warming
observed over land occurs when the sun is not shining, at night (Karl et al.,
1991). The possibility pf compensatory aerosol forcing of the same magnitude
but opposite sign as greenhouse gas forcing make the estimation of climate
sensitivity including cloud feedback effects from historical records and
transient climate models problematical. There are too many sources of
uncertainty in the forcing, and too much noise in the response.

We felt that a better approach might be to look to prior equilibrium
periods in the geological record when forcing and response were less
ambiguous. We therefore asked whether, by simultaneously reconstructing
the forcing and response of prior climates very different from today, it would
be possible to estimate global climate sensitivity as well or better than by
GCMs? Since cloud feedback is one of the rapidly-responding feedbacks

included in paleo-sensitivity, this technique would yield, as a bonus, the cloud
radiative feedback. Note that the clear sky radiative feedback from water
vapor, sea ice and snow is well characterized (to within +10%).

Two periods were chosen for our initial paleosensitivity retrievals: (1)

the last glacial maximum (LGM) cooling - 21.5 thousand years before present
and (2) the mid Cretaceous maximum warming (MCM) ~ 100 million years

ago. TABLE l summarizes the forcing, response and climate sensitivity
estimated for these two periods. Additional details can be found in Hoffert and
Covey (1992). Data from two palaeoclimates, one colder and one warmer than
present, yields AT2x = 2.3+0.9 oc. The mean value is quite close to the CO2
doubling climate sensitivity of the clear sky (with clouds neutral) AT2x =
2.24-0.2 oc. The implication of Hoffert and Covey (1992) that net cloud
radiative feedback is a small component of the total climate sensitivity is quite
similar to our finding of small cloud radiative feedback from our ERBE data-

temperature correiation over the seasonal cycle. This would be an extremely
important if it continues to stand up to scrutiny and additional tests against



empirical data, so we intend to continue this investigation during our
continuation of our "quantitative links" project.

Another finding from our paleoclimate studies was that the
"universal" distribution of equator-to-pole temperature changes (normalized

by the hemispheric mean temperature change) proposed by USSR researchers
(Borzenkova et al., 1992; Budyko and Izrael, 1991; MacCracken et al., 1990) for
three paleocllmates also describes the much warmer MCM and much colder
LGM (FIG. 4). It is important that Western data sources for different periods

support this curve is because there was reluctance on the part of the IPCC to
accept the Russian data, perhaps because the paleoclimate transfer functions
and data reduction methods were not well-documented in English language

publications. If the global climate sensitivity is the zeroth-order quantity
predicted by climate models, then equator-to-pole temperature differences can
be considered the first order quantities. These too are highly uncertain in

climate models. We believe a focussed application of paleoclimate data can

illuminate this problem as weil. In our research proposal we discuss how

progress can be made using newly available paleodata from the former USSR.

Ocean Mixing Feedbacks from Density Stratification

Our original proposal emphasized the future development of ocean
climate models including feedbacks from the changing stratification of the
surface ocean. The main variables of our World Ocean model are the

horizontally-averaged upwelling velocity w(z) and potential temperature
T(z). "Potential" thermodynamic properties are employed to simplify
treatment of compressibility effects, and are defined in the usual way as the

temperature and density seawater parcels attain on adiabatic expansion to
surface pressure (1 atm). The potential density profile p(z) controls the
internal wave and turbulence structure of the oceans though the buoyancy

frequency,

N - _- g 3_pp (> 0 for stable stratification)p 3z'

where -z is the depth. Prior progress reports have documented our new ocean
model in which the vertical eddy diffusivity varies inversely with the

buoyancy frequency, K - constant/N.
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FIG. 5 illustrates that our stratified diffusivity model reproduces the
potential temperature and potential density of the horizontally-averaged
world ocean, if anything, better than the constant-K model. But notice in FIG.
6 that the eddy diffusivity is lowest near the surface and increases with
increasing depth. This means that heat entering the deep ocean though the
polar sea (that is, heat bypassing the thermocline bottleneck near the surface)
can diffuse more rapidly into the ocean, whereas heat entering from the
surface is retarded in its diffusive penetration by the increased stratification.

What is the effect of interactive ocean mixing on the transient response

of global surface temperature? To answer this we set up our ocean/climate
model for both constant and interactive eddy diffusivity, allowed various
combinations ot high-latitude warming and deep ocean mixing, and

radiatively forced the models with the IPCC (1990) greenhouse gas buildup
scenario. Results are shown in FIG. 7 along with the instrumental

temperature record smoothed by a 5-year running mean. When deep sea
ventilation is suppressed, diffusive stratification feedback is positive because
the surface attains a greater fraction of its equilibrium warming as less heat

penetrates the thermocline. However, when the deep sea communicates and
mixes with the high-latitude surface, and when the high latitudes are allowed
to warm along with the mean surface ocean, the feedback becomes negative,
because more heat enters and mixes to the deep ocean. For the climate
sensitivity chosen (calibrated from paleoclimate data), the most realistic
results involve a fast track to the deep sea bypassing the main thermocline.
Again, these results are potentially quite important, but need to be tested
more carefully against radiocarbon and other tracer data for consistency. We
hope to do this in our forthcoming studies under this grant.
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TABLE 1 Sensitivity estimates of two paleoclimates

1. Last Glacial Maximum (LGM) cooling ~ 20 ky BP

RADIATIVE FORC[NG [W m-2]

COMPONENT <AQi > GQi <A Q> GQ ='_ I_GQi2

SUN 0.0 0.2 0.0 0.2
.o

-ALBEDO - 3.0 0.5 - 3.0 0.5

GREENHOUSE - 2.8 0.3 - 5.8 0.6

AEROSOL - 0.9 0.7 - 6.7 0.9

TEMPERATURE RESPONSE loCI <AT> aT

o 3.0 0.6

CLIMATE SENSITIVITY [oC] <AT2x> _T2x

2.0 0.5

, i

2. Middle Cretaceous Maximum (MCM) warming - 100 My BP

RADIATIVE FORCING [W m -2]

,.

COMPONENT ' <AQi> aQi <AQ> GQ ='_EaQi 2

SUN -1.2 0.2 - 1.2 0.2

ALBEDO 5.8 0.9 4.6 0.9

GREENHOUSE 13.3 3.5 17.9 3.6

TEMPERATURE RESPONSE [oC] <AT> al"

9.0 2.0

CLIMATE SENSITIVITY [oC] <aT2x> OT2x

2.2 0.7
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FIG.1 Climatological average (1971-1981) of the present zonal mean land cloud fraction versus

latitude for the four seasons from the Hahn et al. (1988) data set of ground-based cloud

observations. Although the cloud albedo radiative forcing derived from ERBE and ISCCP

satellite climatologies exhibit similar- looking distributions versus latitude, the longwave and

net cloud radiative are quite different (Hartmann et al., 1992). What is relevant for

determinations of global climate change is the change in cloud radiative forcing induced by a

change in global climate.
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FIG. 2. Radiative damping coefficient and CO2 doubling climate sensitivity versus the cloud

radiative feedback parameter of 14 GCMs. The data points are derived from Cess et al. (1989)

where the GCM acronyms are defined (but note the different definition of the symbol "%" in

Cess et al.). The linear correlation (solid line) implies that a large uncertainty in GCM-derived

climate sensitivity arises from differences in the way cloud formation and cloud radiation

physics are represented in simplified form in different GCMs.
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FIG. 3. Twelve predictions of the global mean surface temperature response projected by the
Hoffert et al. (1980) upwelling-diffusion ocean climate model to the year 2100 (Hoffert, 1992).
For each sensitivity, the right column shows temperature changes for each of four assumptions
regarding the future greenhouse gas build-up in the atmosphere. The four assumptions are the
IPCC (1990) BaU (Business as Usual), B, C and D radiative forcing scenarios representing

progressively stronger greenhouse gas emission controls.
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FIG. 4. a, Longitude-averaged surface temperature changes from the present-day climate,

normalized by dividing by globally averaged temperature changes. Points connected by dotted

lines are Russian paleoreconstructions of the mid-Holocene, Eemian and Pliocene periods. The

solid line is a least-squares fit to this data for a forth-order polynomial in the sine of latitude.

b, Longitude-averaged surface temperature changes from the present-day climate (average of
the northern and southern hemispheres). Points are derived from paleodata for the mid-

Cretaceous maximum warming and Last Glacial Maximum cooling (Hoffert and Covey, 1992).

Lines show the best-fit normalized temperature curve of FIG. 4a multiplied by the indicated

positive and negative global mean temperature changes. Comparison of the lines with a set of

points gives the range of global mean temperature change that best fits the data.
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FIG 5. Potential temperature and potential density profiles in the World Ocean comparing the

present (variable _c) model to Levitus (1982) horizonaily-averaged data. Also shown as a

dashed profile in the left panel is the exponential temperature decay with depth to the

bottom temperature predicted by a constant _cand w model when surface temperature, bottom

temperature and surface temperature gradient are ali matched to those of the present model.
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FIG. 6. Vertical eddy diffusivity, mixing length and buoyancy frequency profiles of the present

World Ocean. The near-linear increases of eddy diffusivity and mixing length with depth are

direct consequences of their inverse scaling with buoyancy frequency in the model. While these

quantities vary by a factor of ~ 25 over the entire water column, the value of eddy diffusivity at

the 500 meter depth, _: ~ 10 -4 m 2 s -1, is in the range generally cited in tracer studies and

constant-transport-coefficient upwelling-diffusion models. However, the very large diffusivity

of the deep sea means changes in bottom temperature and upwelling exert much stronger

leverage on profile shapes than previously considered.
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FIG. 7. Six NYU ocean/climate model runs radiatively forced by historical IPCC (1990)

greenhouse gas build-up compared with the instrumental surface temperature record of the past
hundred years: (1) constant eddy diffusivity, no polar sea warming or overturn; (2) constant

eddy diffusivity, m(xierate polar warming but no ovLrturn (IPCC assumption); (3) constant eddy

diffusivity, moderate polar warming with strong overturn mixing in the polar sea; (1')
stratification-dependent eddy diffusivity, no polar sea warming or overturn; (2') stratificaUon-

dependent eddy diffusivity, moderate polar warming, but no overturn; and (3') stratification-

dependent eddy diffusivity, moderate polar warming with strong overturn mixing in the polar
sea
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