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1 Introduction

This document summarizes what needs to be done over the next decade to
observe and understand the phenomena of climate variability in the Atlantic
sector in support of Atlantic CLIVAR programs. We set out a prioritized
plan for ‘sustained observations’* and model/data synthesis of the Atlantic
Ocean, together with the necessary modeling and theoretical investigations
of the atmosphere, ocean and coupled system. We discuss two regional foci
that address processes that we believe are central to our understanding of
coupled interactions in the Atlantic sector - (1) interaction of the atmospheric
jet-stream with ocean circulation and the polar stratospheric vortex and (2)
feedbacks between the land, atmosphere and ocean in the tropical Atlantic
and their effect on the Hadley circulation and the Atlantic jet stream. These
motivate mechanistic studies requiring enhancement of the background ob-
servational array and further act to focus theoretical and modeling study.
Our plan also recognizes the importance of studying and monitoring subpo-
lar atmosphere/ocean/ice processes and the gateway to the Arctic.

We have taken in to account the recommendations from a number of
meetings held during the past several years - both in the US and in Europe -
which have discussed Atlantic Climate variability2. In particular we use the

1‘Sustained observations’ are observations that must be maintained over the next
decade and are to be assimilated into models.

2Lamont: September 1997

Dallas: February 1998 - ACVE prospectus - (http://www.ldeo.columbia.edu/~visbeck/acve/)

Florence: May 1998 - Euroclivar/US (http://www.knmi.nl/euroclivar/atlantic.html)



ACVE and COSTA documents as source material, together with ‘Working
Papers’- Part II of this document - that resulted from a recent meeting at
MIT in December 1999. The specific recommendations and prioritization
described here reference the detailed descriptions set out in Part IL.

The regional scope of our program is from 30°S, across the tropical At-
lantic up to and contacting the Arctic. It is designed to complement and
interweave with ongoing and proposed investigations of our European and
Canadian colleagues. We do not develop a plan here for the southern hemi-
sphere or the Arctic, although there are many points of contact between
the Atlantic CLIVAR program and, for example, the emerging Arctic plan
as discussed, for example, in Darby et al (1999), the ACSYS program and
SEARCH.

This document summarizes our recommendations. In section 2, we briefly
review the principal climate phenomena in the Atlantic that are our focus. In
section 3 we outline and prioritize the necessary observations and model /data
synthesis required to describe them. ACVE will provide the opportunity in
which, for the first time, the synthesis of ocean observations with models
will be a central element of the strategy. In section 4 we summarize the
nature of the data analysis, process studies, modeling and theory required to
understand the basic mechanisms, develop models of the coupled system and
improve representations of crucial processes within them. The programmatic
context is summarized in section 5 placing emphasis on how the improved
description and understanding of Atlantic Climate variability that will stem
from this program will benefit, and benefit from, other programs. Part II
contains the (considerably more detailed) working papers on which, together
with the ACVE prospectus, this summary is based.

2 The phenomena of Atlantic Climate Vari-
ability

The science and phenomenology of Atlantic climate variability is reviewed in
detail in the ACVE prospectus. Briefly, climate variability in the Atlantic
sector comprises three primary phenomena:

1. Tropical Atlantic Variability (TAV)

Miami: May 1999 - COSTA report - (http://www.aoml.noaa.gov/phod/COSTA/)
Cambridge, MA: December 1999 - this document
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2. The North Atlantic Oscillation (NAO)

3. Atlantic Meridional Overturning Circulation (MOCQ)

It appears that on interannual-to-decadal time scales TAV and NAO may
be interrelated. The NAO may provide an important extratropical forcing
to excite decadal tropical Atlantic variation. TAV may feed back to the
NAO at interannual-to-decadal timescales, through the Hadley Circulation.
The NAO is the dominant mode of air-sea interaction in the subtropical and
northern Atlantic and orchestrates the sinking branches of the MOC.

An important element of our program is to observe and understand the
connection between what is going on in the Atlantic sector and the global
circulation. The Arctic Oscillation (AO)? provides a useful way in which the
Atlantic focus of the Atlantic CLIVAR, program can be placed and under-
stood in the context of, hemispheric and global phenomena.

2.1 The importance of Atlantic Climate Variability

The NAO exerts a dominant influence on temperatures, precipitation and
storms, and fisheries and eco-systems of the Atlantic sector and surround-
ing continents. Understanding of the NAO and its time-dependence appear
central to three of the main questions in the global change debate: has the
climate warmed? and if so why? and how? Low-frequency climate variability
in countries surrounding the tropical Atlantic appears to be closely related
to TAV through tropical Atlantic SST fluctuations. Rainfall variability over
northeast Brazil, in association with the meridional shift of the I'TCZ and
interhemispheric SST anomalies in the tropical Atlantic, is one of the most
robust connections between SST and rainfall. Rainfall in subtropical west
Africa also displays considerable dependence on the interhemispheric SST
anomaly. Atlantic equatorial SST anomalies also appear to have a signifi-
cant impact on anomalous rainfalls in the Guinea coastal region. The MOC
in the North Atlantic accounts for most of the oceanic heat transport and
has an obvious impact on climate. The possibility of a major change in
the MOC under greenhouse forcing is a feature of almost all coupled GCM’s
under global warming scenarios. This idea remains contentious. Yet one can-
not ignore the possibility that increased fresh-water input and high-latitude

3The NAO can be thought of as a subset of a broader phenomenon, the AQ, an annular
mode of variability.



warming could suppress the MOC. The impact, particularly on Eurasian
climate is potentially severe.

An improved understanding of the NAO and TAV is crucially important
for developing a climate-forecast capability in the Atlantic sector. Such a
capability has the potential to deliver enormous economic and social benefits.
Improved understanding and monitoring of the MOC, the subpolar Atlantic
and its Arctic connections are also required because of the strong suggestions
from models that changing climate may involve substantial shifts of the polar
oceans. Rapid climate change appears to be taking place in the Arctic now,
and is likely to have significant impact on the future climate of the subpolar
Atlantic.

2.2 Emerging ideas and hypotheses

In preparing this plan we have been cognizant of the prevailing views con-
cerning the principle mechanisms of Atlantic climate variability, which we
now briefly review - see also section 4 of the ACVE prospectus.

NAO: The NAO is a natural mode of variability of the atmosphere driven
primarily by stochastic forcing associated with synoptic scale systems. How-
ever, surface, stratospheric or even anthropogenic processes may also influ-
ence its phase and amplitude. At present there is no consensus on the pro-
cess or processes that are responsible for observed low frequency variations in
the NAQ, including its unprecedented upward trend over past 30 years. The
NAO can be excited in a number of different ways and the forcing mechanism
is likely to be different on different time-scales. Its slightly red spectrum of
variability is consistent with the primary driver being stochastic mechanical
forcing by high-frequency atmospheric transients.

The equivalent barotropic vertical structure of the NAO, reaching high
in to the stratosphere, suggests that it could be influenced by the condition
of the polar stratospheric vortex. The NAO can be thought of as part of
an annular (zonally symmetric) hemispheric mode of variability - the Arctic
Oscillation (AO) - characterized by a seesaw of atmospheric mass between
the polar cap and the middle latitudes, but with its surface signature strongly
localized in the Atlantic sector. During winters when the stratospheric vortex
is strong, the AO (and NAO) tends to be in a positive phase. It is possible
that a signal propagates from the stratosphere downward to the surface. Thus
recent trends in the tropospheric circulation over the North Atlantic could
be related to processes which affect the strength of the stratospheric polar



vortex - for example, tropical volcanic eruptions, ozone depletion and changes
in greenhouse gas concentrations resulting from anthropogenic forcing could
all act to cool the polar stratosphere and strengthen the polar vortex.

The amplitude and phase of the NAO could also be modulated by interac-
tion with the underlying Atlantic ocean. The vertical structure of the NAO
suggests one might anticipate relative insensitivity to thermal forcing, as in-
deed is found when atmospheric models are driven by middle-latitude SST
anomalies. It is likely that the NAO is sensitive to subtropical SST anoma-
lies, however, which, through their influence on the Hadley Circulation, can
effect the Atlantic Jet stream.

The ocean, then, is driven by air-sea flux variability that reflects the spa-
tial pattern of the NAO but it integrates over the (almost) white temporal
‘noise’, thus producing a ‘red’ power spectrum in oceanic variables and co-
herent signals over multiple years to decades. The response of the ocean on
seasonal to inter-annual to decadal times-scales to high-frequency NAO forc-
ing of the ocean is (at zero order) rather well described by stochastic climate
models with the ocean circulation playing no role. But there are significant
departures in key regions. There is evidence that advective effects play an im-
portant role in key centers of action of the tripole, such as its northern dipole,
to which the atmospheric jet stream may be sensitive. Having reddened the
stochastic atmospheric forcing imposed on it, the ocean could imprint itself
back on the atmosphere on longer time-scales thus reddening atmospheric
variability; this might be called ‘passive coupling’ in that it does not involve
active coupled dynamics. This is perhaps the ‘null hypothesis’ - summarized
in Fig. 4.1 of the ACVE document - the simplest explanation which invokes
middle-to-high latitude ocean dynamics - gyre dynamics and/or the thermo-
haline circulation - which is consistent with the fragmentary observations.

Our first mechanistic theme, then, addresses the interaction be-
tween the atmospheric jet-stream, the ocean circulation and the
polar stratospheric vortex - it is described in section 4 here and in sec-
tion 4, Part IL

TAYV: The tropical atmosphere in general is sensitive to changes in the
surface conditions. In the tropical Atlantic sector, the atmospheric circula-
tion is likely to be influenced by two major heat sources - the ITCZ overlying
the warm tropical Atlantic water and the deep convection over the Amazon
River basin. The intensity and position of the I'TCZ is particularly sensitive
to SST conditions over the tropical Atlantic ocean, while the land surface
and the adjacent ocean surface conditions affect the deep convection over
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the Amazon. The SST anomalies in the tropical Atlantic, on the other hand,
are primarily driven by changes in surface winds, which can be forced either
locally (due to changes in the position and intensity of the ITCZ or con-
vective activity over the Amazon) or remotely from other regions (due to
variability of the NAO, ENSO and the South Atlantic trade). This then cre-
ates the potential for an active local land-atmosphere-ocean feedback in the
tropical Atlantic sector. This coupled system is also subject to considerable
remote influences from other modes of variability. The detailed mechanism
for the local feedback is still not understood. Neither is it clear whether
this local feedback can produce any preferred time scale in Tropical Atlantic
Variability.

One important element is that tropical Atlantic SST variability appears
to have a component that is directly linked to the NAO. On the one hand,
the variability in the NAO modulates the strength of the North Atlantic
trade, causing changes in latent heat flux and consequently changes in North
Tropical Atlantic SSTs. On the other hand, the SST anomaly can affect the
ITCZ and Amazonian heat source which in turn exert an influence on the
Hadley Circulation. The changes in the Hadley Circulation then modifies
the Atlantic Jet stream and the NAO variability. Therefore, it is conceiv-
able that the NAO and TAV are interrelated. This motivates the second
of our mechanistic themes, focusing on land-atmosphere-ocean in-
teraction in the tropical Atlantic sector and tropical-extratropical
interaction in the atmosphere-ocean system described in section 4 of
parts I and II.

MOC: the mean circulation of the ocean plays a key role in meridion-
ally transporting water properties such as heat and freshwater, carbon and
nutrients. In concert with meridional atmospheric fluxes, ocean transports
balance the earth’s global heat and hydrologic budgets. At 25°N, the At-
lantic’s subtropical gyre circulation carries some 1.2 PW of heat northward:
approximately 60% of the net poleward ocean flux and 30% of the total flux
by ocean and atmosphere at this latitude. This poleward heat flux is of
course intimately associated with the watermass transformations that take
place as thermocline waters move north and are ultimately converted by
air-sea interaction into cold North Atlantic Deep Water.

The role of the MOC in a world of increasing CO2 emissions is receiving
increasing attention. About 60% of the global oceanic CO2 uptake may
take place in the Atlantic sector, a consequence of its intense meridional
overturning circulation. However, some model projections suggest that in



only a few decades, Atlantic climate might radically shift into a different
equilibrium with much reduced MOC. Evidence for rapid climate shifts in
the past has been found in several paleo records and is attributed to changes
in the strength of the MOC. A weaker MOC will result in a reduced poleward
oceanic heat transport and might dramatically reduce oceanic CO2 uptake
and more importantly, rapidly cool Europe and the northeastern American
continent. We therefore highlight the importance of monitoring and
modeling the processes of water-mass transformation in the polar
north Atlantic and fast-track branches of the MOC, as described in
section 3.2, where we propose regional enhancements to our observing system.

2.3 The need for a basin-wide focus in a hemispheric/global
context

The leading mode of SST variability in the Atlantic - the so-called ‘tripole’
(see fig.1) - extends from the subpolar Atlantic down to the equator. Its
spatial pattern can be understood in terms of the passive response of the
ocean to NAO forcing, but its frequency content may contain signatures of
coupled air-sea interaction. As discussed above, the NAO, TAV and MOC
are inter-related. The NAQO itself may be part of a hemispheric phenomenon,
the AQO, involving both up-down (strat-trop) connections and vertical wave
propagation, and east-west teleconnections between the Pacific and the At-
lantic. The gateway to the Arctic play a crucial role in the freshwater flux
and thus we must also address the connection to the Arctic. Our implemen-
tation plan is therefore designed to address the whole Atlantic sector, rather
than just part of it, and its influence on and by the hemispheric/global cir-
culation. Moreover, we are dealing with phenomena that extend through the
whole depth of the atmosphere and ocean, from the stratosphere down in to
the deep ocean.

3 Observations and model/data synthesis

3.1 Ocean

The four key elements of our Implementation Plan for ocean observation and
synthesis are:



1. basin-wide sustained observations using in situ measurements, satellites
and assimilation models

2. enhanced sustained measurements at particular locations important for
climate variability

3. augmentation of observing/ modeling system to focus on key mecha-
nisms important to climate variability

4. development of new tools for improving the planned system

The distinction among the above is that a broad scale observation net-
work may not be capable of delivering needed data such as flows in boundary
currents, and that regional studies must be carried out in order to understand
what is needed for further sustained observations. Development of new mea-
surement techniques will improve our system; we should be responsive to
these as they become available.

We believe that all four of the above are necessary as part of Atlantic
CLIVAR. Basin-wide sustained observations and model/data synthesis are
essential to describe the broad picture and make sense of regional studies.
Without them nothing else can proceed and for this reason they must have
the highest priority. But the regional enhancement and foci are also very
important because, through them, we will be able to monitor key regions
of the climate system and, along with mechanistic foci, further refine our
understanding of the key mechanisms. Finally, we must push ahead with
development of new technologies to observe the ocean and assimilate them
in to models. Future developments such as glider floats or a surface salinity
satellite may revolutionize our measurement capability and thus, when used
with models, our ability to describe what is going on.

The plan outlined below has been developed in close consultation with
our Canadian and European colleagues - a summary of their plans is given
in section 3.4 of Part II.

3.1.1 Basin-wide sustained observations using in situ measure-
ments, satellites and assimilation models

To achieve our objectives an optimal combination of ocean observations and
numerical models is required that can only be achieved through rigorous
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data assimilation. In Atlantic CLIVAR we will derive estimates of the time-
dependent ocean circulation and associated property fluxes from ocean mod-
els constrained by observations. This represents a new paradigm in ocean
research. Ultimately our objective is to use ocean and atmosphere models
in tandem to improve flux estimates as we move toward our eventual goal of
coupled assimilation.

Data assimilation and models: Several efforts are underway to de-
velop a credible methodology for combining different types of observational
data into a numerical model of the ocean - see, e.g Fig. 2 and section 2 of
Part II. As noted here, in addition to the scientific challenge that this entails,
the present limitation of computer power is a major obstacle. Resources are
needed to both improve the spatial resolution of the models as well as per-
form a reanalysis of oceanic data going back to the 1950s. Given a credible
assimilation product, one might be able to change the mix of observations:
focusing on observations that the models cannot reproduce well rather than
those that are well-represented in the models. Our Atlantic focus will allow
us to ultimately employ very high resolution ocean models (during the next
decade — %O should be routinely achievable if computing power continues
to grow as expected).

Continued efforts in process modeling is crucial to improve our models,
all in the context of extreme, but poorly resolved, topographic effects: fresh
water dynamics near the surface; ice dynamics; boundary currents and shelf
circulations; bottom topography, which strongly controls circulation; mixing
processes in both energetic and ‘quiet’ parts of the ocean and are necessary
elements of the large-scale circulation; convection, upper-ocean subduction.

Satellites: The principal satellite sensors needed for Atlantic CLIVAR
are the altimeter and the scatterometer. We assume that other existing op-
erational instruments will remain (e.g. AVHRR for SST). Barring an early
failure of Topex/Poseidon, the follow-on JASON-1 mission should provide a
continuation, with other (ERS, ENVISAT) satellites available as well. Quik-
sat (to be followed by SeaWinds) will provide measurements of the surface
wind field without a gap if all goes according to plan.

ARGO floats: to provide the 3°x 3° degree coverage in the Atlantic
north of 30°S in the Atlantic, approximately 550 floats are required. With
European and Canadian plans, it appears that about half of that number of
floats will be deployed over the next three years. Thus, the US plan would
require 280 floats. Building up to that number over a period of 4 years would
require 70 deployments/yr. All floats should have temperature and salinity
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Sensors.

Surface drifters: a continuation of the WOCE density (5°x 5° resolu-
tion) is funded for the next 3 years in the tropical band (20°S - 30°N) and
should be augmented by an extension northward, inclusion of atmospheric
pressure and wind speed on a subset of the buoys, and the addition of some
conductivity cells for improved surface salinity measurements.

XBTs: (Fig. 3) Three high resolution lines should be continued - AX2,
AX7 & AX10 - all in the extratropical N. Atlantic. Four existing lines
presently in operation should be upgraded all or in part to become high
resolution. These are portions of lines AX27 and AXS in the tropics, all of
AX18 (zonal section across the subtropical gyre in the S. Atlantic) and all,
not just part of AX32 between NY and Bermuda. Remaining low resolution
lines should be phased out once ARGO is fully operational.

Hydrography: Basin-wide hydrography: (Fig. 4) It is recommended
that the US undertake full water column sampling at 50°W, 65°W, and 15°N
in the N. Atlantic and 30°S at the southern boundary of our sampling region.
These sections are to be re-done (from WOCE) on a 6-7 year basis. Best
overlap with European plans suggest 2003 as the first target date.

Time-series hydro stations: (Fig. 5) Hydrographic-type sampling al-
ready supported at Bermuda should be continued with possible upgrade to
a moored system. A moored system is recommended for use in the central
Labrador Sea, south of New England but inshore of the Gulf Stream, and off-
shore of Abaco. The latter two augment and support western boundary work
discussed below. The Labrador Sea mooring has demonstrated the utility of
velocity measurements (as well as T/S) in the convection/re-stratification
cycle. In addition to providing a local enhancement of the observation net-
work, taken together, they represent a large-scale baroclinic transport index
array for the extratropical Atlantic.

Improved Surface Fluxes: (Fig. 6) Reliable fluxes in reanalysis prod-
ucts are required. In the future, sustained assimilable flux data would provide
this, but as yet there is not enough data to study variability on the longer
timescales which are of the most interest. We need to improve parameteriza-
tions used in reanalysis models - thereby yielding improved reanalyzed fluxes
for the past.

Additional US surface flux sites are required as ‘ground truth’. Their
main goal is to improve surface flux estimate locally and, through VOS, to
extrapolate them spatially. By comparing with numerical weather prediction
and satellite estimates, this will provide improved basin-wide estimates of
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surface fluxes and guide improvements in parameterization. Of the additional
6 US moorings discussed in Part II, we note that 3 are extra-tropical sites
in the region of our mid-latitude special focus (see below) and 2 are tropical
sites in the region of tropical focus (again, see below). Our recommendation,
therefore, is that the Azores site have high priority, together with an upgrade
of air-sea flux measurements along the high resolution VOS lines. Further
sites should be defined as part of special focus studies; it is expected that at
least one high priority mooring will be required in each of the above special
focus regions.

3.1.2 Enhanced sustained measurements in key locations

We now discuss enhancement of the basin-wide observations at particular
locations important for climate variability.

PIRATA: the present PIRATA array for meteorological and upper ocean
measurements should be extended 5 years beyond its initial pilot period
which ends in early 2001. Enhancements to PIRATA should be judged on
the basis of the impact that those measurements will have on improving and
constraining our models of the Tropical Atlantic and developing a predictive
capability in the tropical Atlantic ocean.

Western Boundary Currents: The cable time series of Florida Cur-
rent transport in the Florida Strait should be continued. The addition of a
dynamic height mooring east of the Bahamas at Abaco, when combined with
Bermuda, will provide the additional upper ocean transport constraints. We
recommend that the Oleander ADCP/XBT section between New York and
Bermuda be continued, pending scrutiny of its information content relative
to other observational methods (eg altimetry). Together with the dynamic
height mooring in the Slope Water near the inshore side of the Gulf Stream
and the time series at Bermuda, they provide an index of Gulf Stream trans-
port from the surface to 3000m. Since the DWBC represents the major cold
water path in the MOC, and because changes in the MOC will first appear
in changes the DWBC transport, it is critical that some measure of its vari-
ability be obtained between the subpolar and tropical regions, both of which
are being monitored as part of CLIVAR by Germany. Repeated deep hydro-
graphic/LADCP sections at Abaco and south of New England appear the
most reasonable first step in this effort. However, these might be supple-
mented by moored current meters, which could yield higher resolution and
better complement the temporal variability measured at the German sites
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(south of the Grand Banks and near 16°N.)

Labrador Sea: The major effort in the Labrador Sea convection exper-
iment has shown the importance of peripheral exchange as a means of regu-
lating convective activity and restratification. The single mooring at Bravo
could be enhanced by additional ARGO floats (standing crop of 30-40, in-
stead of the sparse array of about 5 available from the large-scale ARGO
plan) or the use of newly developing glider technology. These additions
would provide an improved spatial resolution necessary to monitor temporal
changes in this region.

Freshwater input and the Artic: Mounting evidence shows that
changes in sea ice in the Labrador Sea have decadal variability on the time
scale of the NAO and may even lead (in time) the NAO index. There is
evidence from coupled models that sea ice anomalies around Greenland can
have a significant impact on the atmosphere - we ignore them at our peril.
Studies have also shown that low salinity waters can cap and even prevent
convection in high latitudes. Thus the role of freshwater export from the
Arctic is an important part of Atlantic CLIVAR. Observations as well as
modeling of freshwater pathways are required. A number of studies are un-
derway or planned in the GIN Seas and Canadian Arctic by European and
Canadian scientists, but their work may not adequately cover the problem.
In section 3.2.6 of PART II, ideas for high latitude US efforts have been sug-
gested. These should continue to be discussed and links forged with Arctic
programs - such as ACSYS and SEARCH - which are developing in parallel
with US CLIVAR.

3.1.3 Augmentation of focus on key mechanisms important to cli-
mate variability

Establishing key properties of the Atlantic sector - from the Arctic to the
tropics and beyond - requires concerted efforts in direct observation and mod-
eling over the whole basin. A number of questions remain that are central
to our understanding of the role of the Atlantic ocean in climate. These
preclude, in a sense, our ability to forecast change and affect our ability to
adequately monitor phenomena in key regions. We discuss two broad mech-
anistic themes in this implementation plan; (1) coupling between the atmo-
spheric jet-stream, the ocean circulation below and the polar stratospheric
vortex above and (2) land-atmosphere-ocean interaction in the tropical At-
lantic sector and tropical-extratropical interaction in the atmosphere-ocean
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system. These deal with regionally important parts of the three-lobed SST
signal influencing the atmosphere from below, together with possible hemi-
spheric influences from the stratosphere through downward control. These
foci are not meant to be exclusive - others could be mentioned, such as
freshwater flux to the Arctic. Our concept of how these themes will develop
is that groups of investigators will plan focused research along the lines of
multi-year group proposals. Successful proposals will be carried out over a
period of time and potentially yield both a better understanding of regional
issues and suggest augmentation of sustained observations. In fact, we look
to these groups to define better the need for surface flux reference sites, as
indicated above. The background ideas to these studies are described in
section 4 of Part II, but we briefly motivate them here.

Coupling between the atmospheric jet-stream, the ocean circula-
tion and the polar stratospheric vortex Much needs to be done to
understand the year-round evolution of midlatitude SST anomalies and their
effect on the overlying atmosphere. There is increasing evidence that the fre-
quency content of centers of action of the SST tripole are not consistent with
simple stochastic thermodynamic models but instead contain signatures of
ocean dynamics and air-sea coupling. For example spectra of the difference
in SST across the separated Gulf Stream - the northern dipole of the tripole
shown in fig.1 - to which the atmospheric jet stream may be sensitive, show
significant power in the decadal band; the autocorrelation of this northern
dipole shows a significant reversal in sign (after ~ 6 years) before decaying
away. These observations may be indicative of a coupled interaction that
involves meridional shifts in the atmospheric storm track induced by changes
in SST gradients and low-level baroclinity. These meridional shifts are likely
to result in changes in intergyre transport (subtle shifts in the path of the
North Atlantic Current), in heat content and thence SST anomalies, which
in turn may feed back on the NAO.

SST anomalies also show enhanced persistence from one winter to the
next, particularly along the subtropical-subpolar gyre boundary and in the
subpolar gyre. These appear to be associated with the re-emergence phe-
nomenon where wintertime SST anomalies become isolated from the atmo-
sphere (and its damping effect) in summer by a shallow stable mixed layer.
In fall the shallow mixed layer erodes, exposing the effect of previous winter
conditions.
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The above highlights the interaction between the jet stream and the ocean
below. It postulates an active role for anomalous ocean circulations (both the
wind-driven and thermohaline circulations) and the associated anomalous
heat transport in the NAQO. This mechanism does not necessarily require
an “active” ocean-atmosphere feedback. But it suggests that any preferred
time scale, if it exists, originates from midlatitude ocean dynamics. It also
implicitly assumes that the NAO is an important driver of both the NAO
and TAV.

Instead modulations in the strength of the jet stream could be driven
from above by changes in the stratosphere induced by anthropogenic effects.
This would suggest that there is no preferred time scale other than a trend.

In section 4.1 of Part IT we outline a plan of action, involving observations,
modeling and theory of the dynamics of the atmospheric storm track and its
interaction with the ocean below and the polar vortex above.

Land-atmosphere-ocean interaction in the tropical Atlantic sector
and tropical-extratropical interaction Off-equatorial SST variability is
associated with spatially synchronous fluctuations in the trade wind system
of the Northern or Southern Hemispheres, with weak or no inter-hemispheric
linkage. There is observational and modeling evidence that the major factor
leading to this variability is the exchange of heat between the ocean and
the atmosphere forced by spatially coherent changes in wind speed. Radia-
tive fluxes and their interaction with cloud may also be important. In the
Northern Hemisphere SST anomalies are strongest during the boreal spring
while the Southern Hemisphere counterpart occurs in late summer and fall.
The trade wind system of the Northern Hemisphere, and consequently the
underlying SST, are strongly affected by the NAQO. This variability is broad
band with seasonal, interannual and decadal time scales. It is not clear how
these long time scales arise. Within the deep tropics, there appears to be
a positive feedback involving I'TCZ and cross-equatorial SST gradient. This
active air-sea coupling is likely to take place in the Western Tropical At-
lantic where the SST is warm and convective activity is strong. It has been
further proposed that the anomalous heat advection by mean ocean current
may act as a negative feedback in the system, working to cancel and reverse
the SST anomalies generated by surface heat fluxes with a time delay, and
consequently leading to a decadal oscillation. This feedback loop is further
complicated by the fact that land may be an active participant in the in-
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teraction process. For example, Tropical Atlantic SST anomalies may have
an impact on deep convection over the Amazon, which in turn modifies the
atmospheric circulation. The variability in tropical deep convections (over
both the ITCZ and Amazon) can have a significant influence on not only
tropical atmospheric circulation, but also midlatitude jet stream via Hadley
Circulation.

In Section 4.2 of Part II, we describe a plan of study to explore in more
detail the nature of the tropical-extratropical interaction in land-atmosphere-
ocean system.

3.1.4 Development of new tools for improving the planned system

Atlantic CLIVAR is being planned based upon existing or soon to be avail-
able technology. A decade ago, we would not have been able to deploy ARGO
or hydrographic moorings: these are now central to the present plan. Fu-
ture developments such as glider floats or a surface salinity satellite may
revolutionize our measurement capability. These cannot be ignored in a
plan looking ahead to sustained observations of climate variability. Neither
can the development of coupled, assimilating models of the atmosphere and
ocean. While not advocating any special mix of new technology and ideas, we
must be receptive to the emergence of these advancements and ensure that
what we propose for Atlantic CLIVAR not only embraces new technology
and methodology, but encourages it.

3.2 Atmosphere

The primary source of atmospheric surface and upper-air observations will
be the Global Climate Observing System (GCOS) which is built upon the
observing system maintained in support of operational numerical weather
prediction. Radiosonde data over the tropics, however, is severely limited by
the number of reporting stations and the lack of continuous and homogenous
records. Moreover, monthly mean statistics are frequently computed from
relatively few daily reports, and the missing observations are often consecu-
tive, not randomly or evenly spaced. The result is that monthly means have
standard errors on the order of the size of the actual signal of climate vari-
ability. Moreover, the number of reports of even monthly standard-level data
from sparsely distributed stations has been declining since the mid-1970s, es-
pecially throughout Africa and South America. Thus, maintaining the con-
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tinuous operation of these critically important ground-based components of
GCOS is essential. Of similar importance are continuing improvements in
the performance of 4-D data assimilation schemes, the availability of a suc-
cession of upgraded reanalysis products from the major operational centers,
and the free and open exchange of observational data sets. None of these can
be taken for granted.

4 Data analysis, modeling and theory

The overarching question of the Atlantic CLIVAR program is: in what ways
does coupled atmosphere-ocean dynamics in the Atlantic sector play an ac-
tive role in climate variability? Its primary goal is to quantitatively test and
improve our understanding of mechanisms and models of atmospheric and
ocean processes that lead to climate variability in the Atlantic and its global
consequences. Parameterizations of key processes in models must also be
improved: it is the only hope to improve coupled-GCM climate predictions
which are (almost) universally taken as the scientific consensus. We must
determine whether observed and simulated variability is fundamentally cou-
pled, whether one component drives variability in the other, whether modeled
variability bears any relation to observed variability, and whether modes of
variability once identified are predictable. Improvement of atmospheric and
oceanic circulation models, especially boundary layer formulations, represen-
tation of sea-ice, clouds, deep and shallow convection etc., is a central part
of the program.
Specifically we must:

e assemble a quantitative historical and real time data set that may be
used to test, improve and initialize models of coupled Atlantic climate
variability.

e model coupled atmosphere-ocean-ice interactions in the Atlantic sector,
quantify their influences on the regional and larger scale climate system,
and investigate their predictability

e improve the parametrization of key processes in our models.

A key question that pervades much of the discussion of the role of the At-
lantic ocean in climate variability, is the sensitivity of the middle-latitude at-
mosphere to changes in surface boundary conditions, including SSTs, sea ice,
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and/or land. The occurrence of different regional low frequency modes and
the interannual variability of the NAO may be sensitive to middle latitude
SST. However, experiments with AGCM have led to rather confusing and
inconsistent conclusions. Additionally, variability in the NAO could be tied
to SST's over the tropical Atlantic and even the tropical south Atlantic. Vari-
ations in the tropical Atlantic are substantial and involve strong interannual
and decadal variations of meridional SST gradients. Such variations, which
most likely affect the Hadley circulation, potentially modulate North Atlantic
middle latitude atmospheric variability through an atmospheric bridge mech-
anism akin to that acting over the Pacific. The response of the atmosphere
to changes in tropical, middle and high latitude SST distributions within the
Atlantic Basin remains a problem that needs to be addressed.

Detailed modeling plans, which follow recommendations of the WETS
workshop, are described in section 5 of Part II.

5 Programmatic context

The Atlantic CLIVAR has been conceived as a major contributor to CLIVAR.
As such, it will provide real time assessments of the state of the Atlantic
Ocean in relation to climatic variations of the atmosphere. These will be
of great utility to research programs which seek to understand the role of
ocean biogeochemistry in climate, and the impacts of climate variability on
fisheries. Therefore strong connections exist with many other on-going or
planned programs. These are summarized below.

e International CLIVAR Program. An important objective of both the
GOALS and Dec-Cen components of CLIVAR is to identify and exploit
incremental elements of climate predictability provided by quantified
modes of ocean-atmosphere variability. By developing improved un-
derstanding of the NAO and TAV, the ACVE directly addresses these
CLIVAR program goals. ACVE combines into a coherent effort, the
elements (D1-D3) of the International CLIVAR program that deal with
the Atlantic Sector. By doing so, it is hoped that a more natural and fo-
cussed study will result. The Atlantic is surrounded by many developed
countries which will contribute to ACVE scientifically and financially.
Given the partial overlap of physical processes and scientific questions,
ACVE will maintain close scientific ties with our Pacific counterpart:
PBECS.
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e GODAE/GCOS/GOOS (Global Observing System). The proposed
Global Ocean Data Assimilation Experiment (GODAE) will provide a
convincing demonstration of real-time assimilation systems, with core
operational activities to be carried out 2003-2005 on a global basis.
The aim is to assimilate data on space-time scales of 100km and a few
days, and produce integrated global analyses that can be used to sup-
port local-scale studies and initiate model runs. This study has been
received enthusiastically by the WCRP. Plans call for a multi-node op-
eration, with different groups focusing on different oceans, although
all will use a common model and format so as to produce consistent
products. At present, it appears that GODAE jointly with CLIVAR
UOP will foster a global profiling-float network, ARGO, as part of its
sustained subsurface ocean observing system. The motivation for the
Atlantic sector of this observing system is given here.

e PIRATA PACS. The international Pilot Research Moored Array in the
Tropical Atlantic (PIRATA) will maintain an array of up to 14 sur-
face moorings in the equatorial Atlantic in the 1997-2001 period. A
report of the PIRATA science group (COSTA) has recommended that
PIRATA be continued an additional 5 years, until 2006. The acquired
data from this network will help guide planning for the augmented ar-
ray envisioned for ACVE. The Pan-American Climate Studies program
(PACS, the US component of VAMOS) aims to improve the skill of op-
erational seasonal-to-interannual climate prediction over the Americas,
with the emphasis on forecasting warm season rainfall. Focal points
include the relationship between boundary forcing and climate vari-
ability; processes governing SST variability in the tropical Atlantic and
Pacific; and the development of the mixed layer. In its second phase,
there are plans that PACS will shift its activities into the tropical At-
lantic which will allow close collaboration with PIRATA-ACVE.

e WOCE AIMS The World Ocean Circulation Experiment (WOCE) is
now entering in its Analysis, Interpretation, Modeling and Synthesis
phase (AIMS). In particular the results and experience gained from
the Atlantic Circulation and Climate Experiment (ACCE) will benefit
the planing and final design of ACVE. The analysis phase of WOCE
will also provide the opportunity to inspect the historical and WOCE
records in the light of the ACVE goals.
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e ACSYS. The Arctic Climate System Study (ACSYS) aims to answer
two related questions: Is the Arctic climate as sensitive to global
changes as models seem to suggest? What is the sensitivity of global
climate to Arctic processes? Hence ACSYS will focus on the climate of
the polar oceans and will be an important partner in the northern part
of the Atlantic where variability in sea ice distribution, fresh water ex-
port from the Arctic and the rate of warm to cold water formation might
hold the key to Atlantic variability. (http://www.npolar.no/acsys/)

e PAGES. The International Geosphere-Biosphere Program project charged
with providing a quantitative understanding of the Earth’s past envi-
ronment. We anticipate that long proxy records of climate variability
in the Atlantic sector will come out of this effort which will contribute
to the ACVE goals.

e GLOBEC. International GLOBEC (now an official IGBP program)
is engaged in planning for the Small Pelagics and Climate Change
(SPACC) program. Involved countries include Japan, U.S., Mexico,
Peru and Chile. Retrospective studies, monitoring, modeling and pro-
cess studies are being considered. There are clear connections between
the physical elements of these efforts and ACVE.

e SEARCH. A US program developing in parallel with US CLIVAR:
Study of Environmental Arctic Change. Because of the importance of
freshwater export from the Arctic to the Arctic Ocean, it is important
that planning for this program be linked to ACVE.

e WETS, the Workshop on Extra-Tropical Sea-surface temperature anoma-
lies, held at the Climate Diagnostics Center (CDC) in Boulder, June
1999.

6 References

ACVE (http://www.ldeo.columbia.edu/ visbeck/acve/)
ACSYS (http://www.npolar.no/acsys/)
COSTA (http://www.aoml.noaa.gov/phod/COSTA/)
Euroclivar Atlantic report (http://www.knmi.nl/euroclivar/atlantic.html)
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Figure 1: Regression between winter SST and land surface temperatures and
the NAO index showing the tripole (courtesy of M. Visbeck and H. Cullen).
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Figure 2: Top panel shows the surface flow and SST for August 1993 in
the MIT GCM driven by twice daily NCEP wind stresses and buoyancy
before any data assimilation has taken place. The bottom panel shows an
improved estimate of the August 1993 surface flow after assimilating time-
varying altimetry, climatological hydrography, and other in situ data over
a full year. In the assimilated model, the Gulf Stream has intensified and
moved southward relative to the top figure. Computations by Nadia Ayoub
(MIT), Detlef Stammer (SIO) and other members of the ECCO Consortium.



Figure 3: Atlantic XBT lines to be considered for Atlantic CLIVAR. Possible
US lines are in solid lines with thick lines for high resolution sampling and
thin lines for low resolution.



