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INTRODUCTION

Columbia University has engaged in a program of research in climate modeling,
stratospheric and tropospheric research, climate applications of earth observations, and
chemistry of earth and environment in close association with the scientific and technical staff of
NASA Goddard Space Flight Center, Institute for Space Studies (GISS). The joint research
programs have been carried out over an eleven-year period between Oct. 1, 1983 and Dec. 31,
1994.

The collaboration between Columbia University and GISS under this cooperative
agreement has proceeded on a number of levels. Graduate students and research associates at the
University constituted a large part of the manpower working on many climate, planetary and
environmental problems pursued by the Goddard Institute, and in course of conducting this
research they made heavy use of the Institute's computational facilities. Scientists at the
Institute in turn have taught courses at the University and have acted as research sponsors for
graduate students in the departments of Geological Sciences, Applied Physics and Nuclear
Engineering, and Physics. Substantial scientific interaction and collaboration has occurred
between senior scientific personnel at Columbia and GISS in defining and carrying out the
research projects.

While the various projects are identified separately, in this report, for purposes of
description and classification, there has often been a close interaction among them, particularly on
the theoretical side; where this has occurred, the necessary coordination was provided by the
Columbia faculty and the staff of the Goddard Institute.

The following pages briefly describe some highlights of the research accomplished by the

various disciplines over the period of the cooperative agreement.



TASK A: CLIMATE AND ATMOSPHERIC MODELING STUDIES
SUMMARY

The climate and atmospheric modeling project involves analysis of basic climate
processes, with special emphasis on studies of the atmospheric CO, and H,O source/sink
budgets and studies of the climatic role of CO,, trace gases and aerosols. These studies are
carried out, based in part on use of simplified climate models and climate process models
developed at GISS. The principal models currently employed are a variable resolution 3-D
general circulation model (GCM), and an associated "tracer" model which simulates the advection

of trace constituents using the winds generated by the GCM.

CLIMATE MODEL DEVELOPMENT AND APPLICATIONS

The research in the climate and atmospheric modeling programs has concentrated on the
improvement of atmospheric and upper ocean models, and preliminary applications of these
models. Principal models are a one-dimensional radiative-convective model, a three-dimensional
global climate model (GCM), and an upper ocean model.

An efficient, variable-resolution GCM has been developed at GISS for the study of
climate and climate change. The GCM solves the equations of conservation of mass, momentum,
heat and water vapor in the atmosphere. The local sources and sinks of these conservative
quantities are parameterized in a realistic fashion to interact with climate change. At its lower
boundary, the atmosphere exchanges heat and moisture with the upper ocean and with the
ground. In the current version of the GISS GCM (Hansen et al., 1983, 1988), the seasonally
varying mixed-layer depths of the ocean are prescribed, and the horizontal divergence of heat
transport implied by the model are included. Some of the key improvements which have been
added to the GCM during the period spanned by this cooperative agreement were developed by
Columbia personnel. These include: 1) modeling of the ocean and ocean ice processes, 2)
development of a physically more realistic treatment of atmosphere-land surface processes. and

3) use of an isotopic tracer model to track water vapor transport in the model.



Principal applications have been the study of the impact of CO,, aerosols, and the solar
'constant' on climate. Progress has been made in the 3-D model development towards physically
realistic treatment of these processes. In particular, boundary layer, land surface convection, and
large-scale cloud schemes have now been incorporated into the GISS GCM. Professor Douglas
Martinson, Columbia University, has assisted in the development of sea-ice models and air-sea
interaction. Other Columbia University contributions have been made by Prof. Arnold Gordon
and Dr. Mark Cane, who have worked on ocean circulation and atmospheric-ocean modeling. In
addition, Columbia University graduate research assistants and undergraduate student
programmers have also contributed substantially to the project.

Climate research focuses on the development of the next version of the GISS GCM:
model III. A ground hydrology scheme has been incorporated into the model. New convection
and large-scale cloud schemes have been evaluated and refined. The model has been run with
these, and additional improvements and corrections have been made.

Testing of the new convective scheme in the GCM has shown improvements over Model
II in upper troposphere and boundary layer humidity. An analysis of the new model's tropical
variability suggests an increase in the vigor of convective storms in a warmer climate, but to a
lesser extent than implied by more limited analyses of tropical radiosonde profiles.

Modeling of the climate and vegetation change of the last 30,000 years, and of the Little
Ice Age, has been undertaken, in order to compile plausible boundary conditions for GCM runs.
Statistical and process-oriented models were used to simulate climate-induced vegetation changes
that took place over the last glacial to interglacial transition (18,000 years ago to present). GISS
and NCAR GCM simulations of past climates were input into vegetation models and resulting
vegetation changes were compared to those reconstructed from a network of over 250
radiocarbon-dated pollen records from eastern North America. These models were then applied
to the simulated equilibrium climate change that could be expected within the next 200 years, due

to greenhouse-gas warming. The results suggest that future vegetation changes could be



unprecedented in both size and rate. Significant changes could occur as early as the first quarter of
the next century.

Sensitivity studies of North Pacific sea surface temperatures (SST) to global climate
change continue. The results of the North Pacific cooling experiment have significant
implications for northern hemisphere temperature depression, as well as ice sheet growth.

A two-hemisphere sector ocean model, with mixed surface boundary conditions, has been
used to examine the long-term (15,000 years) natural variability of the oceanic circulation. In two
runs, with varying temperature relaxation time scales, the enhanced North Atlantic Deep Water
(NADW) occurs simultaneously with enhanced sinking in the deeper levels of the southern
hemisphere (Antarctic Bottom Water). The NADW increase is produced by increased advection
of saline water to the high northern hemisphere latitudes; the enhanced sinking of the AABW at
deeper levels is produced by cooling of the southern hemisphere high latitude waters. In other
runs, the latitudinal distribution of
fresh water flux is changed, holding the global average constant. Here, the main variation is in the
increase of the Antarctic Bottorﬁ Water, and the decrease of North Atlantic Deep Water.

Reference

Hansen, J., et al., 1983. Mon. Wea. Rev., 111, 609-662.

Hansen, J., et al., 1988. J. Geophys. Res., 93, 9341-9364.

CLIMATE, OCEANS AND CO, STUDIES

One of the important research objectives involves the application of the GCM and tracer
models to study the effects of the increasing atmospheric CO, and its sources and sinks,
particularly with respect to the biogeochemical cycles of CO,. The 3-D general circulation model
has been employed to investigate the contribution of different physical processes to climate
maintenance and climate change. The GCM output has furthermore been used to evaluate the

impact of climate change on the habitability of the planet.



The ocean plays a critical role in the determination of the climate of the atmosphere, as
well as in the timing of climate change. The current GCM used in the simulation of equilibrium
and transient climate of the atmosphere employs a highly parameterized ocean in which lateral
transports of heat are held constant at current values. The development of an interactive
dynamical ocean general circulation model for coupling with the atmospheric GCM continues.
Dr. Garraffo (former Associate Research Scientist, Columbia University), in collaboration with
Dr. Inez Fung (former GISS scientist) has performed a series of numerical experiments addressing

conditions under which decadal variability appears in the two-hemisphere sector ocean model.

PALEOCLIMATES

The paleoclimate project involved pollen and macrofossil studies in conjunction with
GISS GCM studies of paleoclimate. Dr. D. Peteet (GISS) was the Principal Investigator.
Sample cores for pollen and macrofossil analysis have been collected from the northeastern U.S.,
the southeastern U.S. Alaska, and Russia. Evidence for the Younger Dryas climatic oscillation
(11,000-10,000 years BP) was found in several northeast U.S. cores. In these cores, rapid
climatic oscillations were detected--too rapid to be explained by Milankovitch cycle forcing. The
vegetational and sedimentological analyses of three northeastern Unites States wetland sites.
documenting the regional vegetational, fish, and climatic history over the last 12,400 years, has
shown an extremely rapid response to climate change, which parallels the climate change itself (as
measured independently in Greenland ice cores). This result is significant for two reasons:

1) Biologists concerned about future greenhouse warming have believed that the
anticipated rapid and large climatic warming has had no analog over the last 100,000 years. This
research provides evidence that a 3-4°C warming has occurred in the northeastern U.S. in as short
a time as 50-100 years.

2) Ecologists concerned about vegetational responses to climatic change considered trees
to have a long migration response time. Our research shows that the vegetation change took place

within 50 years.



The timing and direction of climate change, from the Last Glacial Maximum (LGM) into
the Holocene was investigated at a new site in the North American central Appalachians
(Brown's Pond, Virginia), which dates to 17,130 cH years BP. Post-glacial cold reversals in the
core are centered at 12,240 and 7500 C'* yr BP, paralleling Greenland ice core coolings. A new
simulation of the Ice Age climate with Model II of the GISS GCM resulted in much colder air
temperatures than previous Ice Age runs. This modeling research was performed in collaboration
with Dr. David Rind, Dr. Tony DelGenio, and Dr. Dorothy Peteet (GISS Staff Scientists).

Collaboration with Dr. Andre Andreev, a GISS NRC post-doc, involved comparison of
high latitude changes in Siberia with those from Alaska and Canada, to develop a comprehensive
northern hemisphere perspective. A long-term Arctic record of peatland dynamics, vegetation,
and climate history of the Pur-Taz region, western Siberia, demonstrated changes in climate
throughout the Holocene. Of particular significance is the evidence for old ages of uppermost
peats in the region, suggesting either a real lack of peat accumulation in recent millennia, or recent
oxidation of uppermost peat.

Field and data analysis ‘on Kodiak Island, Alaska (in collaboration with Dr. Dan Mann,
University of Alaska) has outlined the history of glacial expansion and retreat on the western side
of this island. The detailed late-glacial vegetational history has revealed a dramatic late-glacial
oscillation in western Kodiak, which parallels the younger Dryas event of the circum-North
Atlantic region. A possible scenario for this change has been modeled, relating to sea surface
temperatures in the North Pacific. A large Northern Hemisphere temperature and snow cover
response has been found.

GCM modeling of the last glacial maximum as well as the late-glacial and early Holocene
intervals has been undertaken, using the GISS GCM Model II'. One focus of the paleoclimate
modeling program has been on the Little Ice Age, in an effort to understand the natural forcing
(e.g. solar, volcanic, and thermohaline) behind decadal to century-scale climatic variability. Dr. D.
Rind (GISS) has collaborated with Drs. Peter DeMenocal, Richard Fairbanks, and Douglas

Martinson (Lamont-Doherty Earth Observatory) on this project.



Paleoclimate research continues to test the ability of the model to produce reasonable
estimates of the deglaciation of the last ice age, in order to compare its sensitivity with that of the
real world. An additional component incorporated into the ocean model includes an upper
ocean/sea-ice model developed by Dr. Douglas Martinson of Lamont-Doherty Earth
Observatory, and the numerical ocean model designed by Dr. Gary Russell of GISS. On a
broader scale, in cooperation with Lamont scientists, efforts have been made to model the global
extent of the Little Ice Age (circa 1700 A.D.). Modeling studies were performed to test various
forcing mechanisms for Little Ice Age climate change, and the results were compared to existing
observations from that time period (e.g. tree rings, corals, historical records, etc.). This research

was also conducted in cooperation with Dr. Gordon Jacoby, LDEO.

CLIMATE IMPACTS
Sea Level Rise Impacts

A digitized coastal hazards data base was developed by V. Gornitz (Columbia
University) for the conterminous United States, which can be used to assess coastlines at risk to
sea-level rise. The database consists of information on elevation, geology, geomorphology, sea-
level trends, shoreline changes, tidal ranges, and wave heights. These variables were assigned risk
values on a scale from 1 to 5 (5 being the highest risk) and integrated into a Coastal Vulnerability
Index (CVI). The CVI has been used to identify high risk areas along sections of the East Coast,
including parts of Long Island, the New Jersey barrier beaches, the North Carolina Outer Banks,
the southern Delmarva peninsula, and parts of Georgia-South Carolina. Other high-risk areas
include the Louisiana-Texas coast and the Sacramento-San Joaquin Delta, California. An
expanded CVI, including 6 climatological variables, was applied to an assessment of the

biogeophysical vulnerability to sea-level rise in the southeastern U.S.



Methane Release from Methane Hydrates

A warmer future climate could hasten the decomposition of methane hydrate from
permafrost and deep-sea sediments, thus increasing atmospheric methane. Oceanic methane
hydrate reservoirs have been estimated by Dr. V. Gornitz and Dr. Inez Fung (GISS), based on
two proposed models: a) in situ-bacterial formation and b) pore fluid-migration. The most likely
range of methane volumes was found to be 0.6-1.2 x 10'® m?, which lies toward the lower end of
recent published estimates. Although both models predict similar methane volumes, they differ
significantly in atmospheric methane release. A uniform depth distribution of hydrate beneath
the seafloor (as in model a) could potentially release more methane, as the ocean warms within

the next 100 years, than concentration near the base of the hydrate stability zone (model b).

Sea Ice Variability

Sea ice variability on decadal time scales was analyzed from the Walsh data set, covering
the period 1953-1990, for the Northern Hemisphere, and 1973-1990, for the Southern
Hemisphere. The effect of grid cell resolution and boundary threshold on sea ice area, extent, and
open water (within the ice area) was investigated. Average hemispheric and 30° longitudinal
sector seasonal cycles and time series were determined, in addition to long-term changes in
duration of the ice-free period and in an area of open water within the ice. Tests were made for
interannual variability and persistence, as well as correlations between hemispheres, and also
correlations with SST data sets.

The areal extent of sea-ice revealed high interannual spatial variability and high sensitivity
to climate forcing. Any appreciable changes in sea ice areal extent could significantly impact
climatic and oceanic conditions (affecting albedo feedbacks, heat, kinetic energy, water vapor and
salt exchanges). The results from this study, conducted by Dr. V. Gornitz (Associate Research
Scientist, Columbia University) in collaboration with Dr. David Rind (GISS) and Dr. Mark

Chandler, have provided more realistic boundary conditions for climate model experiments.
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SAGE I1 AND STRATOSPHERIC MODELING

A group of Columbia and GISS scientists have participated in the SAGE II experiment to
determine vertical profiles of ozone and aerosols throughout the stratosphere. The experiment
was launched in October 1984.

A series of experiments has been conducted to explore the connection between UV
variations associated with the solar cycle and the troposphere/stratosphere system. These
experiments were designed to test whether:

1) there is any systematic UV influence on tropospheric processes;

2) the influence differs when the QBO is in the east phase versus the west phase;

3) there are any seasonal differences in the tropospheric response (for example, Labitzke and
van Loon found the largest tropospheric impact during winter);

4) the stratospheric responses compare well with observations (which again vary seasonally);

5) the mechanisms involved in any observed interactions.

In the final series of experiments, the solar UV forcing has been reduced to be more
consistent with observations. In particular, a subset of these experiments was run with a +5%
change. Subsequently, the increase was varied as a function of wavelength.

A three-year portion of the control run was run with a +25% change in UV radiation
(<0.3u). Inasmuch as the effect of solar activity variations is apparently observed more clearly
when modulated by the phase of the Quasi-Biennial Oscillation (QBO), in the first experiment, a
QBO was induced in the model, by using an additional momentum forcing in the lower
stratosphere to produce either strong tropical east winds or west winds (the model under normal
circumstances doe not generate a QBO, perhaps because of insufficient resolution). Two Quasi-
Biennial Oscillation (QBO) simulations were run for a three year period, and then repeated with
the £25% change. Then a set of initial conditions (outside the tropics) which had produced a
stratospheric warming in the control run was re-introduced. The model generated a strong
warming in the QBO east phase, but not in the west phase. This was the result of increased

upward wave activity flux from mid-latitudes during the QBO-east. The tendency for warming
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mainly during the east phase is in agreement with observations. These experiments suggest that
the model is able to differentiate dynamic events in its different QBO phases despite the
artificiality of the QBO generation (Balachandran et al., 1992).

In the next experiment, using the control run, the UV radiation below 0.3u was changed
by £25%, and also by +10% and +5%. This follows the general modeling approach: first use
strong forcing to elucidate mechanisms, and see if there is any response, then reduce the forcing
back to realistic magnitudes.

The experiments were then repeated with both east and west wind phases of the QBO.
Results showed that during periods of increased UV radiation, the west wind QBO phase
experienced warming in the winter polar stratosphere, while during periods of reduced UV
radiation, the east wind QBO phase in the same region experienced warming. This agrees with
observations, and is associated with changes in energy propagation into the stratosphere and

changes in propagation conditions in the stratosphere.
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TASK B: CLIMATE APPLICATIONS OF EARTH AND PLANETARY OBSERVATIONS
CLOUD CLIMATOLOGY

This project involved development of new techniques and radiative transfer models to
analyze satellite observations of clouds and the surface of the earth for climate studies. Dr.
Leonid Garder (former Senior Research Staff Associate) had primary responsibility for
Columbia's part of the program. In addition to Dr. Garder, the cooperative agreement supported
Dr. Y. Zhang (Senior Research Staff Associate), two visiting scientists (G. Seze, L. Machado), six
post-doctoral researchers (B. Carlson, M. Allison, G. Tselioudis, X. Liao, and B. Cairns), and six
Ph.D. students (L. Smith---1987, R. Fu--1991, G. Tselioudis--1992, Q. Han--1992, B. Lin--1994,
J. Wang--1995).  Columbia graduate and undergraduate students have provided some
programming assistance, part-time during the academic year and full-time during the summer.

This research utilized cloud and surface remote sensing techniques as part of the
International Satellite Cloud Climatological Project (ISCCP) and the Surface Radiation Budget
Project (SRBP), the U.S. national contribution to ISCCP, the First ISCCP Regional Experiment
(FIRE), and the Tropical Océan Global Atmosphere-Coupled Ocean Atmosphere Region
Experiment (TOGA-COARE). The Columbia efforts focused on diagnoses of the meteorological
processes that determine cloud properties.

The research involved investigation into the following:

1) Examination of the properties of cirrus clouds inferred from satellite imaging radiometers
(ISCCP) and infrared sounders (HIRS).

2) Study of long-term statistics of tropical convective systems, including determinations of size
distributions and lifetimes using ISCCP data.

3) Analysis of synoptic-scale relationships of cloud properties and their variations with mid-
latitude meteorology.

The research covered under this cooperative agreement resulted in 40 publications
between 1984 and 1995. A summary of accomplishments during this period includes the

following:
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1) Development of comprehensive cloud analysis methods for the application to meteorological
satellite observations.

2) The first comprehensive analysis of the cloud properties of Jupiter (see also under
Planetary).

3) Development of comprehensive methods for determining the evolution of tropical convection
from satellite observations.

4) The first global survey of cloud particle sizes.

5) The first estimates of ice cloud water amounts.

6) The first comprehensive global calculations of the Earth's radiation budget based on observed
cloud, atmosphere, and surface properties, that evaluates the combined effects of clouds on
top-of-atmosphere, surface, and in-atmosphere radiative fluxes.

7) The first global analysis of cloud vertical structure.

PLANETARY STUDIES

Planetary studies have been supported by Galileo Project funding of GISS data analysis
(UPN 889). Columbia students have conducted graduate research and provided programming
support for this project.

Galileo cruise observations of Venus and Earth were analyzed using multiple scattering

models and the Venus results were compared with Pioneer Venus data.

RADIATION

One GRA (Fan Xu) in the Radiation program was supported by the NASA-Lamont
cooperative agreement. Fan studied the uncertainties associated with the calculation of the earth
radiation budget from satellite data. Fan used the GISS GCM to estimate the uncertainties
associated with the conversion of broad- and narrow-band radiances into fluxes. The results of
this study have shown that greater uncertainties result from the narrow band-radiance to flux

conversion than with the broad-band radiance to flux conversion. In both cases, the presence of
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optically thin and overlapping clouds account for most of the uncertainty introduced into the flux
conversion. The research was continued, conducting a comparison of the earth's radiation budget

from the GISS GCM with ERBE satellite measurements.
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