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1. Introduction

Predictions of global change based on climate models are influencing both national and
international policies on energy and the environment. Existing climate models show some skill in
simulating the present climate, but suffer from many widely acknowledged deficiencies. Among
the most serious problems is the need to apply “flux corrections” to prevent the models from
drifting away from the observed climate in control runs that do not include external perturbing

influences such as increased carbon dioxide (CO2) concentrations. The flux corrections required

to prevent climate drift are typically comparable in magnitude to the observed fluxes themselves.

Although there can be many contributing reasons for the climate drift problem, clouds and
their effects on the surface energy budget are among the prime suspects. Cess et al. (1990)
demonstrated that uncertainties in cloud feedback are capable of explaining much of the three-
fold variation in climate sensitivity among the current generation of climate models. Randall et al.
(1992) extended this study to investigate the surface energy budgets simulated by the models.
Both of these studies are examples of “GCM intercomparisons” conducted under the auspices of

the U. S. Department of Energy.

We have conducted a research program designed to investigate global air-sea interaction as
it relates to the global warming problem, with special emphasis on the role of clouds. Our
research includes model development efforts; application of models to simulation of present and
future climz.ites, with comparison to observations wherever possible; and vigorous participation in

ongoing efforts to intercompare the present generation of atmospheric general circulation models.

2. A summary of the research conducted under this project

The proposed research consists of leading research activities in both FANGIO and AMIP,
and also development of research projects specifically with the Colorado State University (CSU)
general circulation model (GCM).




a) Snow feedback study (FANGIO)

The effects of snow on the atmospheric general circulation and climate have been the
subject of many studies [e.g. Barnett et al. 1989; Dey and Bhanu Kumar 1982; Loth et al 1993;
Yasunari et al 1991]. Observations of the seasonal cycle of snow cover were discussed by Robock

[1980]. Of particular interest are possible climatic feedbacks involving changes in snow cover in

response to externally forced perturbations of the climate system [Robock 1983]. According to -

Groisman et al. [1994], the annual snow cover in the Northern Hemisphere has in fact declined by

about 10% over the past 20 years.

Cess et al. [1991; hereafter “C”] investigated the snow-albedo feedback in seventeen
general circulation models [see also the related study by Ingram et al., 1989]. Following the
methodology of Cess et al. [1989], each model was run with sea surface temperatures (SSTs)
artificially increased by 2 K everywhere over the globe, relative to climatology (the “+2 K” runs),
and again with SSTs artificially decreased by 2 K everywhere relative to climatology (the “-2 K”
runs). Perpetual April simulations were used, since a pilot study indicated that April represents a
good compromise between large Northern Hemisphere snow cover and strong Northern
Hemisphere insolation. Each model was used to perform either one or two -2 K runs (see the
discussion of “Run Procedures,” below) and two +2 K runs. In the first +2 K run, the snow cover
was allowed to retreat in response to the prescribed warming of the oceans. In the second +2 K

run, the snow cover was held fixed at that obtained in a -2 K run.

For each pair of +2 K and -2 K runs, a “climate sensitivity parameter,” A, was computed

from
A=AT/G, M

where AT is the change in the globally averaged surface temperature, and G is the change in the

net radiation at the top of the atmosphere. Because A measures the change in surface temperature




per unit change in the net radiation at the top of the atmosphere, it is a measure of climate

sensitivity.

The ratio A/A_ was interpreted as a measure of the snow feedback; here the subscript s

denotes the value of A obtained in a pair of runs (+2 K, -2 K) for which the snow cover was fixed.

For A/ 7\,s > 1, the climate sensitivity with variable snow is greater than that with fixed snow, so_
we can say that changes in snow cover have increased the climate sensitivity. In this'sense, A/ ?»s

is a measure of the snow feedback.
The main conclusions of C were:

» The snow feedback is negative in some models, and positive in others. Only weak
negative feedbacks were obtained by a few models, however, while most models

produced positive snow feedbacks, some of them fairly strong.

e The direct snow-albedo feedback is only a portion of the total snow feedback.
Numerous indirect snow feedbacks occur, involving changes in the surface temperature
and cloudiness. The magnitudes of the various direct and indirect snow feedbacks differ

significantly from one model to another.

C’s overall conclusion was that even the apparently straightforward snow feedback is difficult to
characterize without careful, quantitative consideration of the full complexity of the climate

system.

In a follow-on to the study of C, we have analyzed snow feedbacks produced by fourteen
atmosphericr general circulation models (Randall et al. 1994). Included in our analysis was an
investigation of the surface energy budgets of the models. Negative or weak positive snow
feedbacks occurred in some of the models, while others produced strong positive snow feedbacks.

These feedbacks were due not only to melting snow, but also to increases in boundary




temperature, changes in air temperature, changes in water vapor, and changes in cloudiness. As a
result, the net response of each model was quite complex. We analyzed in detail the responses of
one model with a sﬁong positive snow feedback, and another with a weak negative snow
feedback. Some of the models include a temperature-dependence of the snow albedo, and this

significantly affected the results.

Our results generally support the conclusions of Cess et al. [1991], i.e. that the snow
feedback is negative in some models, and positive in others; that the direct snow-albedo feedback
is supplemented and to some extent obscured by numerous indirect snow feedbacks involving
changes in the surface temperature and cloudiness; and that the magnitudes of the various direct
and indirect snow feedbacks differ significantly from one model to another. The main purpose of
the present study has been to provide more detail on these results and to give some interpretations

as to why the various models responded in such different ways.

The land-surface responds to a prescribed sea surface temperature increase by melting
snow, but also by warming the ground, and altering the various components of the surface energy
budget in ways that depend strongly on the details of a model’s formulation. The darker surface
that follows the melting of the snow can lead to more solar energy absorption for a given
distribution of clouds. On the other hand, warmer ground can radiate more effectively to space,
again for a given distribution of clouds. Of course, cloudiness itself can change in the same
regions where snow melt occurs, and the net effect of combined changes of clouds and snow cover
on the planetary and surface radiation budgets is not obvious; our results show that it differs

drastically from one GCM to another.

b) CO, forcing study (FANGIO)

The CSU model’s results were included in the FANGIO study of CO, forcing (Cess et al.

1993). The conclusion of this study is that when a doubling of atmospheric carbon dioxide is

imposed, the resulting CO, forcing differs substantially among the 15 GCMs used. The largest




source of these differences was the carbon dioxide radiation parameterization used in the models.

We collectively resolved that in the future simulations of CO,-altered climates should routinely

save the CO, forcing as a diagnostic.
c) Seasonal cloud forcing simulations (FANGIO)

It is difficult to devise a practical way to observationally test simulations of the changes in
the cloudiness and the CRF that accompany climate changes. We cannot observe the clouds of a -
future climate until that future arrives; moreover, it seems very difficult to obtain reliable evidence
of the cloud distributions characteristic of paleoclimates that we may attempt to simulate with our

models.

In an attempt to overcome this problem, Cess et al. (1995) have defined seasonal cloud
radiative forcing parameters for both longwave and shortwave radiation, and have compared the
results of a dozen or so GCMs with each other and with observations from ERBE. This marks an
important step forward for FANGIO, in that this is the first time that a comparison with
observations has been included as part of a FANGIO GCM intercomparison study. The
comparisons of the model results with observations show that there are several distinct types of
errors, and that these errors differ markedly from one model to another, and that some of the

models have considerably smaller errors than others.

d) AMIP Subproject on Surface Boundary Fluxes

Gleckler et al. (1994; hereafter G) analyzed the ocean energy transports implied by the
ensemble of AGCMs participating in the Atmospheric Model Intercomparison Project (AMIP;
Gates 1992). The models were run with prescribed seasonally and interannually varying sea

surface temperatures and sea ice distributions, as observed for the years 1979 - 1988.

As the models ran, they produced simulations of the net radiation at the top of the

atmosphere and of the net energy flux across the Earth’s surface. G determined the ocean




meridional energy transport, Ty, implied by the ten-year averages of the implied net surface
energy flux, for each AGCM. These are represented by the thin lines in the upper panel of Fig. 1.
The heavy lines show observationally derived upper and lower bounds on 7. See G for details. It

is apparent that most of the simulations differ drastically from the observations, particularly in the

Southern Hemisphere, where the implied T, for many of the models is towards the equator.

Next, G determined the total meridional energy transport by the atmosphere and ocean
-combined, denoted by 7,,,, by using the simulated ten-year averages of the top-of-the-
atmosphere net radiation, for each model. They then determined the simulated atmospheric

energy transport, T4, from

Ty = Tpso~To- 1)
Finally, G obtained a uhybrid” value of TO’ denoted by (To) hybri a4 b}-’ USing
(T0) tybria = Ta+0) prop~Ta- 2)

Here (T4, 0) is the total meridional energy transport implied by the net to-of-the-

ERBE

atmosphere radiation, as observed by ERBE. Thus (7)) is a “hybrid” in the sense that it

hybrid

combines the simulated T with the observed Tj. The results for (7)) hybrid &€ shown in the

- lower panel of Fig. 1. It is clear that, on the whole, the various (7)) hybrid bear a much closer

resemblance to the observations than the simulated T, o curves do.

G gave the following interpretation of the results shown in Fig. 1, based in part on the
results of further calculations, which are shown in their paper but are omitted here for brevity. The
top-of-the-atmosphere radiation simulated by many of the models is seriously in error compared

with ERBE, largely as a result of deficiencies in the simulated cloud radiative forcing.




Implied Ocean Meridional Energy Transport
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Figure 1: a) The thin lines show the ocean meridional energy transport, Tp, implied by the ten-

year averages of the implied net surface energy flux, for each AGCM. The gray
shading shows the observational bounds on Ty The dashed line shows the results

obtained by Semtner and Chervin (1992) in a numerical simulation of the general
circulation of the oceans, forced with the observed atmospheric climate. b) As in

panel a, except that the thin lines show (7)) hybrid” See text for details.




Nevertheless, the simulated atmospheric general circulations, and in particular the simulated
atmospheric meridional energy transports, are fairly realistic in most cases. This is possible
because the distribution of sea surface temperature is prescribed from observations, and acts as a
very strong constraint on the atmospheric general circulation. The errors in the top-of-the-
atmosphere radiation simulations are thus “buried” in the ocean. These errors become evident
only when the net surface energy flux and the implied ocean meridional energy transport are
evaluated, as in the upper panel of Fig. 1, or in fact when the AGCMs are coupled with ocean

GCMs.

G concluded that future coupled ocean-atmosphere models will require improved
simulations of the effects of clouds on the radiation budget. For this, we need improved

cloudiness parameterizations.

The obvious follow-up to the work of G, besides a further publication giving more details
of the model results, is an in-depth analysis of the errors in particular models. We have begun such

an analysis for the CSU GCM. Some early results are discussed below.

e) Analysis of AMIP results produced with the CSU GCM

The Colorado State University (CSU) AGCM is one of the models that participated in
AMIP and in the study of G, as described above. The model has been derived from the 1982
version of the UCLA GCM, developed by A. Arakawa and colleagues. Numerous changes have
been made since the model was taken from UCLA. The version of the model used in AMIP and
by G was described by Randall et al. (1991) and references therein. The AMIP simulation with
the CSU AGCM, as used by G, was performed in 1991, and is referred to below as “CSU91.”

Since 1991, the model has undergone many modifications, three of which are particularly
important. First, the cumulus parameterization was revised following the approach of Randall and

Pan (1993), who introduced a prognostic cumulus kinetic energy. Second, SiB2, the land-surface




parameterization described by Sellers et al. (1995 a, b) and Randall et al. (1995 a), was
incorporated into the model. Finally, the model was endowed with an improved parameterization
of stratiform cloudiness developed and tested by Fowler et al. (1995) and Fowler and Randall
(1995).

Tests have shown that, of the three changes listed above, the improved parameterization of

stratiform cloudiness has by far the greatest effect on the results presented below, and so we

briefly describe it here. The old stratiform cloudiness parameterization is purely diagnostic and
follows the methods described by Harshvardhan et al. (1989). Fowler et al. (1995) introduced new
prognostic variables to.represent the mass of cloud water, cloud ice, rain, and snow. Cumulus
detrainment acts as a source of cloud ice and cloud water, which can also form through large-scale
saturation. Snow and rain are produced through autoconversion and collection. The various
microphysical processes are parameterized following Rutledge and Hobbs (1983) and Lin et al.
(1983). The radiative properties of the stratiform clouds are paraineterized in terms of the
predicted distributions of cloud mass. As discussed by Fowler and Randall (1995), the new
cloudiness parameterization leads to major improvements in the model’s simulation of the Earth’s
radiation budget. Large changes also occur in the simulated hydrologic cycle, including the
distribution of cumulus precipitation, even though Fowler et al. (1995) made no change to the
model’s cumulus parameterization. For further discussion, see the papers by Fowler et al. (1995)

and Fowler and Randall (1995).

We have recently completed an AMIP simulation using the new model, which
incorporates all three of the revisions listed above. The results of the first nine years of the run,
denoted hereafter by “CSU94,” have been used to make the figures discussed below; it is expected
that inclusion of the tenth year would have very little effect on these results because the quantities

under discussion show little interannual variability during the first nine simulated years.




Fig. 2 shows T, as simulated by CSU91 and CSU94. The CSU91 results show

equatorward transport in the Southern Hemisphere, and are strongly at odds with the
observationally based estimates. The CSU94 results are considerably improved, although they

still differ significantly from the observations.

4 OCEAN ENERGY TRANSPORT
~====.CSU 91 ’
seesnnsnses CSU 94
Semtner-Chervin
2 -
E 0 s
-2 -
-4 T . I T
90 60 30 0 =30 -60 =80
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Figure 2: The implied zonally integrated ocean meridional energy transport as obtained from
the net surface energy fluxes produced in CSU91 (dashed line) and CSU94 (solid line).
The gray shading shows the observational bounds on Ty The solid line shows the

results obtained by Semtner and Chervin (1992) in a numerical simulation of the
general circulation of the oceans, forced with the observed atmospheric climate.

Fig. 3 shows the simulated net surface energy flux for both runs. The correspondence with
the results shown in Fig. 2 is clear. CSU94 increases the net energy flux into the tropical oceans,
which takes particularly large values in the southern tropics, and this favors an increased poleward
ocean energy transport, which shows up primarily as an increased southward transport in the

Southern Hemisphere.

10
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Figure 3: The annually averaged net surface energy flux, zonally averaged for the oceans only,
as simulated in CSU91 (dashed line) and CSU94 (solid line).

Of course, the net surface energy flux shown in Fig. 3 is a combination of the net surface
radiation (solar and terrestrial) with the surface latent heat flux (quite important) and the surface
sensible heat flux (generally not so important). Fig. 4 shows the annually averaged net surface
radiation and surface latent heat flux from both runs. Both quantities have been significantly
altered. The net radiation into the tropical oceans has increased, while the nat radiaﬁon into higher
latitudes of both hemispheres has decreased. This obviously favors increased poleward energy
transport in both hemispheres. The surface latent heat flux over the oceans has decreased,
primarily in the Southern Hemisphere subtropics and middle latitudes. This favors reduced
poleward energy transport. The changes in the net surface energy flux are thus not merely due to
changes in the surface radiation, which might be expected as a response to a change in the
stratiform cloudiness parameterization, but also from changes in the surface latent heat flux,
whose relation to the stratiform cloudiness parameterization is much less obvious. The changes in

net surface radiation dominate those of the latent heat flux.

It is nevertheless important to understand why the latent heat flux differs so systematically
between the two runs. As discussed by Stephens and Webster (1979), the radiatively active upper

tropospheric clouds associated with deep convection tend to warm the atmosphere by trapping

11
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Figure 4: a) The annually averaged net surface radiation, zonally averaged for the oceans only,
as simulated by CSU91 and CSU94. b) As in panel a, but for the surface latent heat
flux.

longwave radiation which would otherwise escape to space. Randall et al. (1989) presented the
results of numerical experiments with the CSU AGCM demonstrating that the radiatively induced
warming favors large-scale rising motion, low-level moisture convergence, stronger surface winds
which produce stronger surface evaporation, and so inevitably stronger convection. The
convectively produced upper tropospheric stratiform clouds thus effectively drive further
convection and so perpetuate themselves. This is a positive feedback between convection and

stratiform cloudiness. The feedback has the effect of making the hydrologic cycle run faster than

12




it otherwise would. The feedback due to interactions among deep convection, the radiative effects
of the stratiform clouds produced by convective detrainment, and the effects of the radiative and
convective heating on the large-scale circulation of the atmosphere. It can be described as a
“Radiative-Dynamical-Convective (RDC) Feedback,” and is schematically illustrated in Fig. 5.

Slingo and Slingo (1988) found the signature of essentially the same feedback, using a drastically

A Radiative-Dynamical-Convective Feedback

Large-Scale

Rising Motion in Surface
the Convective Evaporation
Region

A

Radiative Cooling l
of the _ -

Atmosphere in the
Convective Region

High, Cold
Clouds

A

Figure 5: Diagram illustrating the “Radiative-Dynamical-Convective Feedback” discussed in
the text. A negative perturbation to the radiative cooling of the atmosphere (i.e. a
perturbation corresponding to radiative warming) leads to increased large-scale
rising motion, invigorating the Hadley circulation. This leads to stronger low-level
winds and more surface evaporation. Convection intensifies, producing more high,
cold clouds, which further reduce the atmospheric radiative cooling.

different AGCM.

The RDC feedback is at work in both CSU91 and CSUY%4, but it is weaker in CSU91
because of the reduced optical thickness of the tropical anvil clouds in the newer run (see Fowler

and Randall 1995). The weaker RDC feedback in CSU94 leads to weaker convection and a more

realistic tropical circulation. The mean meridional circulation for .Tuly1 differs radically between

1. We choose to show a particular month (i.e. July) rather than the annual mean because the main
Hadley circulation switches hemispheres with the seasons, so that an annual mean produces
cancellations that obscure what is really going on.

13




the two runs, especially in the Southern Hemisphere, as shown in Fig. 7. The CSU91 results show
an exaggerated Northern Hemisphere Hadley Cell in July. The CSU94 results, are considerably
more realistic. Tests have confirmed that this difference is mainly due to the introduction of the

cloud microphysics.

We are currently analyzing the results of numerical experiments designed to clarify the
effects of the cloud microphysics on the mean meridional circulation, using a “Seaworld” model

similar to that employed by Randall et al. ,(1989).

b, Development and testing of a simple global coupled ocean-atmosphere model

We have coupled the CSU GCM to an ocean mixed layer model and a sea ice model, as

proposed.

The ocean model is similar to the “Q-flux” model developed by Hansen et al. (1984); it is
purely thermodynamic, with a mixed layer of prescribed seasonally varying depth and ocean heat
transports prescribed to be consistent with the climate that the model produces when run with
prescribed climatological sea surface temperatures. The model ocean is thermally active above the
annual mixed layer maximum. In addition to the upper mixed layer, which exchanges heat with
the atmosphere through radiative, latent and sensible heat fluxes, the model includes a deeper
oceanic layer, which exchanges energy with the mixed layer through entrainment and
detrainment. Horizontal energy transport by advection and diffusion is calculated as the implied
oceanic heat divergence/convergence resulting from net heat flux into the ocean when the GCM is
forced by observed SST. The variation in mixed layer depth is prescribed from climatology, while
the SST and heat storage between the mixed layer depth and its annual maximum is predicted by
the model. Cooling of sea water at its freezing point results in formation of sea ice and possible
accumulation of snow. Ice, snow thickness and sea ice temperature are prognostic variables in the
sea ice model, which is an implicit one-layer version of the Semtner (1976) thermodynamic

model. A description of the model is given in Jensen et al. (1991).

14
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The mixed-layer ocean and sea ice model have been used for coupled runs with the GCM.
Great care has been taken to ensure consistency is the formulation of flux calculations to avoid
climate drift. We have done two coupled runs: One for present climate conditions and one with an

instantaneous doubling of CO,. The methodology is as follows:

a) A climatology data set of monthly sea surface temperature (SST) and sea ice
coverage was created from observed SST and sea ice coverage from the AMIP

period 1979-1988. The average sea ice thickness was assumed to be 1 m.

b) An 8 year control integration with this climatological data set prescribed over

the oceans was used to compute the net downward heat flux into the ocean.

c) From the climatological SST and sea ice data, the net downward heat flux from
the control and observations of mixed layer depth (NODC data), the oceanic

heat transport can be computed during the year.

d) A coupled GCM-ocean model run with present level CO, serves as a reference

and to check that no or little climate drift occurs.
e) A second coupled run is made to investigate the response to increased CO, levels.

Fig. 7 shows the global mean surface temperature for the two coupled 30-year runs. The
present day climate simulation has a very small tendency towards a colder climate (about 0.05 K
decade!). In comparison we found a 2.3 K increase during the 30-year 2 x CO, run. The areas of
sea ice in the Northern Hemisphere and Southern Hemisphere (Fig. 8) are smaller for the 2 x CO,

run, in particular for the Southern Hemisphere, where the annual sea ice production has been

reduced.

The Qflux model's main advantage is its simplicity and very low computational cost. Yet,

our results show that it is applicable to decadal climate simulations. These results are remarkably

16
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Figure 7: Surface temperature for coupled 30 year runs. Resuits for the present climate are,

shown by the full line, and results for the 2 x CO, climate are denoted by the dashed
line.

good, given the well-known tendency of one-dimensional thermodynamic sea ice models to be
noisy and to induce climate drift when coupled to GCM with a daily ‘cycle. The main reason for
this is that the albedo for sea ice is often modeled like a simple step function dependent on

temperature, i.e. high albedo below and low albedo above freezing.

We found a high sensitivity to snow and sea ice albedo in semi-coupled runs, where the
air-sea interaction and ocean was forced by history tapes of GCM output. As discussed by Meehl
and Washington (1990), this is also found to be these case in other studies using one-dimensional
thermodynamic ice models. In particular we discovered that the effective albedo was lower for the

same model run with a daily cycle than the same without it.

In order to get a more realistic sea ice albedo for this simple model, which does not take
leads in account, we adopted an albedo formulation in which the albedo varies bi-linearly with

temperature and sea ice thickness, as shown in Fig. 9.

When snow with a constant albedo of 0.8 was allowed to accumulate snow on top of the

sea ice we found that the coupled model again became noisy. The main reason is that large
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Figure 8:  a) Northern hemisphere sea ice area for coupled 30-year runs. Results for the present
climate are shown by the full line, and results for the 2 x CO, climate are denoted by

the dashed line. b) Same for Southern Hemisphere.

" fluctuations in albedo and heat flux may occur instantaneously when a single grid cell is covered

with a thin, but highly insulating snow cover. In order to obtain a more realistic simulation, effects

as snow to ice conversion, snow aging and possibly fractional coverage must be included.

Our first control and 2xCO, runs were done with the “old” version of our cloud

parameterization. We have also performed 30-year coupled simulations, very similar to those

described above, but using our new cloud microphysics parameterization, in order to investigate

18




the sensitivity of our results to the parameterized clouds. The results, which are still being
analyzed as this is written, show that in terms of globally averaged surface temperature the

model’s sensitivity to a CO, increase is very nearly the same with both cloud parameterizations.

An account of this work is in preparation for publication. The two main conclusions to

date are:

1) The simulated climate is incredibly sensitive to the details of the sea ice
parameterization. For example, a small (~5%) change in the albedo of the snow
on the ice can lead to a large change in the global sea ice cover and thereby to a

substantial change in the global climate.

2) The two cloud parameterizations tested give very similar climate sensitivities in
the 2xCO, experiments. This is interesting because both parameterizations give
small cloud feedbacks in the FANGIO experiments, and both perform relatively

well in the FANGIO seasonal cloud radiative forcing tests.

g) Development of a dynamically active upper ocean model

As the next step toward coupling with more realistic ocean models, a new thermodynamic
ocean modelling system (TOMS) for the upper ocean has been developed as part of CHAMMP

and as part of this project.

\The model can be setup for a number of different applications, from a simple 2-D
hydrodynamic calculation in a box to a full GCM on a sphere. The model has full prognostic
equations for momentum, temperature, salinity and tracers. Bottom topography can be included or
the model can be used in a reduced gravity upper ocean mode. As an option, the model can be run
without prognostic thermodynamics. An arbitrary Lagrangian-Eulerian (ALE) coordinate is used
in the vertical, making the model a hybrid between a traditional z-coordinate model and an

isopycnal model. In the horizontal, spherical coordinates or rectangular coordinates may be used.
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Figure9: Sea ice albedo as function of temperature (left). The minimum sea ice albedo at the
freezing point is 70% of the maximum sea ice albedo given the same thickness. Sea
ice albedo as function of thickness (right). The maximum albedo for sea ice colder
than 268.1 K and thicker than 5 cm is 0.7.

For tracers and layers thickness, the positive definite scheme of Hsu and Arakawa (1990) has been
implemented. Thermodynamics and mixed layer physics has been fully incorporated in the
model. The prognostic equations for temperature and salinity can be limited to the upper ocean in
order to save CPU time. The deeper layers are in that case true isopycnal layers without mass
exchanges. The two uppermost layers have implemented Kraus-Turner mixed layer physicé,
extended to include exponential damping of TKE. Inclusion of shear-induced mixing at the base
of all dynamic layers is represented by a Richardson number dependent mixing (Pollard et al.,
1973). Either an entrainment/detrainment formulation similar to that of McCreary and Kundu
(1988; 1989) or a diffusion coefficient formulation based on Pacanowski and Philander (1981) can
be chosen for any layer. The mixed layer scheme is different from those of Bleck et al, (1989) and
Oberhuber (1993), which were designed to restore isopycnals. However, the same basic principle
of local balance for TKE is used. The model has been tested for equatorial upwelling and
downwelling, coastal upwelling and detrainment/entrainment due to heating/cooling and found to
be working satisfactory. Horizontal diffusion can be a combination of Rayleigh friction, harmonic
friction and biharmonic friction. Coastlines can be irregular, and a number of open boundary
conditions (OBCs) are available. A Flux Relaxation Scheme for OBCs and data assimilation have

been implemented to link a regional model to observations outside the computational domain.
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The code consists of 1 main program, 103 subroutines and 33 include files. However, a
new model setup is done by changes in the main program and two include files only. The coding is
Fortran with C-directives to block out unneeded parts. This gives a rather efficient executable,
with speeds up to 500 Mflops on a single processor on a Cray C-90. The modular form of the code
and time integration scheme is explicit which makes implementation of new physical
parameterizations easy. The layer structure is based on an Arbitrary Lagrangian Eulerian-
coordinate (ALE-method), which makes the model different from the Miami isopycnal model
(MICOM) of Bleck and Boudra (1986) and Bleck and Smith (1990), and the Hamburg isopycnal
model of Oberhuber (1993). For calculations with bottom topography a method of retarding

external gravity waves to significantly speed up computations can be used (Jensen, 1995).

To allow coupling with the atmospheric GCM, a multi-layer reduced-gravity model is run
in spherical coordinates with prognostic temperature and salinity. For transient phenomena, such
as internal waves, the layers remain material layers. However, in situations where upwelling or
downwelling takes place over a long period, an exchange of fluids takes place between the layers.
For this reason, the uppermost layers are allowed to have variable densities. This in particular
allows a realistic ocean mixed layer. Fig. 10 shows the vertical structure of the model: In the upper
ocean there are a number of variable density layers to simulate air-sea interactions. Below these
are a number of intermediate-depth layers which may be kept isopycnal. The lowest domain of the
model is an infinitely deep abyss. This approximation is made to eliminates the fast barotropic

mode.

Three different geometries has been used for that rﬁodel. The simplest is a spherical
surface segment used for testing the model for a number of physical oceanographic flows, for
instance, equatorial jets, coastal upwelling, and mixed layer entrainment/detrainment. The model
has been run with horizontal resolutions from 5 km to 100 km and 1 to 10 layers. The ability of
the model to reproduce a coastal equatorial jet, which turns offshore at the correct latitude for

various horizontal resolutions has been giving by Jensen (1994).
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Figure 10: Vertical structure of the TOMS upper ocean model configuration. shown with two
thermodynamic/hydrodynamic active layers, two hydrodynamic active layers and an
infinitely deep lower layer. Subscript zero indicates that the values are constants.

Using a basin-scale model with realistic coastlines, Indian Ocean calculations were made

at 0.3° by 0.3° resolution. Simulations with realistic geometry and annual and semi-annual winds

demonstrated the existence of equatorial resonant modes with semi-annual periods and was

published in the Journal of Geophysical Research-Oceans (Jensen, 1993).

The first test runs towards a global model has been made with a 1° by 1°, 2.5 layer model
(2 active layers over an infinitely deep third layer). Utility programs have been written to
interpolate (using cubic splines) and read in boundaries, forcing and initial conditions from data
(e.g. Levitus 1982) and from GCM output. Diagnostic runs have been made for 50 days, but full
prognostic runs suffer from noise when the model is initialized with the annual mean temperature

and salinity from the Levitus data set. Higher horizontal resolution should solve this problem.
A description of this work is in preparation for publication.

h) Summary of accomplishments
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Although the various tasks outlined above are quite diverse, they have three underlying
themes. First, we are strongly committed to the FANGIO and AMIP intercomparison activities, in
more than just a “participation” mode. Second, we have a particular interest in global air-sea
interaction. Third, all of our research is aimed at better understanding and/or predictive capability
with respect to the sensitivity of our climate to increased carbon dioxide concentrations, with

special emphasis on the role of clouds.
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