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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

4



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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