Climate research in the ocean
Changing ocean currents and future climate
English translation
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1. Oceancirculation
1.1 Importance of a changing ocean circulation in the climate system

up to 500 times the transport volume of the Amazon,
which is the largest river on earth.
The second kind of current forms the meridional
circulation, which drives a large-scale vertical overturning of the ocean. Denser water is produced in
high latitudes due to cooling, and salinity increases,
because fresh water is bound in sea ice. The denser
water sinks and flows from the Antarctic and the
subpolar Atlantic into the world’s oceans as bottom
currents. Surface currents ensure that the sinking water is replaced in the source regions. Thus, the meridional overturning circulation is important for the
climate of the earth, because more heat is transported
by the overturning circulation than is transported by
the wind-driven currents.

The world’s oceans cover about 70 percent of the
earth surface. They house the largest coherent ecosystem and there are many indications that they are
the birth place for terrestrial life. For us humans,
the oceans are of high economic relevance, e.g. for
tourism, fisheries, aquaculture, transport, or natural
resources. In the climate system, the oceans play
a prominent role due to their regional and global
current systems, which are driven by the sun and
wind. The oceans are able to store large amounts of
heat and gas, and has incorporated about 30 percent
of the anthropogenic carbon dioxide (CO2) (yet);
about 90 percent of the changes from the global heat
imbalance can be found in the oceans.
Broad ocean currents distribute heat and transport
dissolved gas. There are two current systems, which
are driven differently. First, there are the predominantly wind-driven currents, such as the basinwide
subpolar and subtropical gyres. In the inner ocean,
they only have small velocities of a few centimeters per second. However, velocities in the western
boundary currents, like the Gulf Stream, reach
values of more than a meter per second. The volume
transports associated with these systems lie between
50 to 100 million cubic meters per second. This is

The ocean has a ‘longer memory’ as opposed to the
atmosphere, because it reacts slower to changes in
thermal energy due to its great heat capacity, and the
currents flow with smaller velocities. Therefore, the
ocean is not only important for the general climate,
but also for the sensitivity of the whole climate system to changes in forcing, such as due to greenhouse
gases. If the heat transfer from the ocean to the atmosphere changes, for example because of global air
temperature rise, the ocean will be less cooled, the
deep water formation decreases, and the meridional
overturning circulation weakens. Such a weakening
can also be caused by additional fresh water input,
such as through a higher input of melt water from
Greenland; because fresh water changes the density
of the surface water, and thereby reduces deep water
formation. Model forecasts, on the basis of climate
scenarios, showed a weakening of the meridional
overturning circulation of about 40 percent over the
course of the next 100 years. How this weakening
will proceed, and what consequences it will have,
cannot be described in detail with the coarse resolution of present climate models. How the ocean circulation functions, and reacts, has to be intensively
researched, especially because of possible climate
changes, the repercussions of a changing ocean circulation for the world’s population, and how
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these changes could be predicted.
Only by making long-term averages does each
region of the world’s ocean seem to have a constant
circulation, temperature and salinity distribution.
The average values are overlaid by seasonal, as well
as up to interannual oscillations, which are also
influenced by the ocean itself through its changing
circulation. Climate variations in certain geographical regions interact in a particular way with the
atmosphere and ice areas and create a repeating pattern. These patterns are referred to as climate modes
and possess time scales of a few years up to decades.
Prominent examples are the El Niño in the Pacific
Ocean, the North Atlantic Oscillation in the Atlantic Ocean and the Southern Annular Mode in the
Southern Ocean. All these oscillations have typical
repercussions on precipitation and surface temperatures, and so can have an influence on the human
populations of many countries.
With a focus on Europe, changes in the Atlantic
circulation can influence the climate system, the sea
level at the coast and the functioning of the marine
ecosystem. Specifically, this could result in a future
acidification of the Atlantic, affect the oxygen uptake
and the maintenance of an intact ecosystem, and
have repercussions for the fisheries. Furthermore, the
influence of the circulation is obvious in the summer
decrease of Arctic sea ice, with four record-breaking
years in succession (2007-2010). This decrease
draws interest to a more commercial exploitation of
the Polar Regions, whereas Germany, with its large
trade fleet, has a particular interest in the potential
usage of the Northwest Passage, which would shorten the transport routes to Asia. For these expected
changes, it needs to be considered that, in the coupled Ocean-Atmosphere-Ice system, each component
has a different reaction time which has to be understood individually, as well as the interactions between them. Hence, not only do continuing German
field campaigns have to be maintained, but also have
to be extended through international cooperation.
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The circulation and state of the ocean have to be observed and modeled continuously in climate relevant
key regions, where changing outside influences have
a clear and short-term impact. Thereby, the effects of
a changing circulation can be estimated. On a global
scale, these effects include variations of sea level,
the uptake of CO2 in the ocean, or the repercussions
of ocean acidification. Continuous observations and
ongoing modeling in the Atlantic Ocean are likewise important for the examination and prediction of
interactions between physical and bio-geochemical
processes. Many of the important and climate relevant processes happen on a relatively small spatial scale, which extend to and are linked with the
activity of the gyres in the Atlantic Ocean. Those
gyres are comparable to the large-scale high and low
pressure systems in the atmosphere. Because of the
large impact of the Atlantic circulation on Europe
and Germany, it is of national interest to maintain a
long-term German research program on the role of
the ocean in the climate system.

Scheme of the ocean circulation in the northern Atlantic Ocean.
Red: warm ocean currents, blue: cold ocean currents.
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1.2 Challenges and successes in German
ocean climate research

Deployment of an echosounder for the calculation of transport time series.

German physical oceanographers have repeatedly
obtained outstanding international insights over the
last decades, and are known for their multidisciplinary research that combines observations, theory and
modeling. Through the framework of the BMBFVerbundprojekten and other national and international programs, German ocean research has achieved
in the last 15 years
•

•
•

continuous time series observations in key
regions of the Atlantic ocean, which are crucial
for the understanding of decadal ocean-climate
variations,
a major contribution to the setup of an international ARGO-network with about 3000 profiling
deep drifters globally,
answering fundamental questions about the
cause-and-effect connections of long-term
changes in the circulation patterns of the Atlantic Ocean, by developing high-resolution ocean

•

•

models,
contributions for the improvement of data assimilation algorithms, so that observations can be
brought together for a dynamical description of
the temporal changing ocean current system,
taking up an international leading position in the
progress of decadal climate prediction systems
and their initialization through ocean observations.

All these activities and national contributions are
connected with and embedded in the international
projects of the World Climate Research Program
(WCRP), e.g., as contributions to the World Ocean
Circulation Experiment and the CLIVAR project
(Climate Variability and Predictability). They also
contribute to the climate reports of the Intergovernmental Panel on Climate Change (IPCC). German
research vessels are an important and integral part of
the international research fleet and thus of internatio-
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nal significance.

tions and changes
investigation of changes in the Arctic and their
influence on the subpolar Atlantic ocean
investigation of circulation variations and the
repercussions on regional bio-geochemical parameters (including the CO2 uptake of the ocean).

•
•

Another important goal is to estimate the influence
of climate changes. For the climate advisory services, answers to questions, such as:
•

How large is the influence of a changing atmospheric circulation on future sea level?
How large is the influence of Greenland fresh
water input on the Atlantic, including sea level?
What interactions will occur between the warmer
ocean and the tropical storm systems, and how
large is the influence of changes in the hydrological cycle on precipitation, flooding and droughts?

•
Acoustic current profiler with floating devices.

Challenges for the German ocean-climate research
An essential goal of physical oceanography is to enhance knowledge about the ocean and its role in the
climate system. This includes aspects such as:
•

•
•

determining the influence of a changing ocean
circulation and mixing on physical, but also on
bio-geochemical, processes and the ecosystem,
quantitatively;
enhancing the understanding of key oceanic
processes through observations and theoretical
methods;
optimizing ocean circulation models on global
and regional scales.

The challenge for oceanography is to estimate how
the ocean circulation will change in possible climate
scenarios, and what consequences these changes will
bring for the next decades and the next 100 years.
This includes:
•
•
•

description of the current and expected changes
of the ocean circulation
exploration of mechanisms and remote-effect
connections on global and regional scales
separation of natural and anthropogenic varia-

•

are needed.

Transfer of knowledge
The success of the German oceanographers
enables a transfer of knowledge to agencies,
administrative bodies and other users regarding:
•
•
•
•
•
•
•
•

climate variability in Germany and Europe
(Climate Service Center (CSC), Center on
Migration, Policy and Society (COMPAS)
operational seasonal and decadal climate
predictions
required coastal protection
repercussions on transport and waterways
fisheries
CO2 trading and natural sinks
ocean technology
reassurance

Application examples with national importance
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2. Application examples with national importance

2.1 Atlantic Circulation and European
climate
Through its circulation systems, the Atlantic Ocean
contributes considerably to the heat budget of the
northern hemisphere – and therefore to the mild climate of Northern Europe. One of the most important
elements of the Atlantic circulation is its meridional
overturning circulation (MOC). The upper component – represented by the Gulf Stream and its eastward extension, the North Atlantic Current – plays a
significant role in the heat transport to the Northern
latitudes and thus for warming Northern Europe.

The changing circulation plays a key role in the development or modulation of natural climate modes,
e.g., represented by the North Atlantic Oscillation
(NAO) or the Arctic Oscillation (AO). Thus, changes of the ocean circulation are directly connected
to surface temperature variations. Such variations
especially have a direct effect on regional precipitation patterns for Europe and Africa. Improved knowledge of climate modes for the Atlantic and Europe,
and their predictability, are the main challenges for
oceanography and climate research today. For that
reason, future changes in the Atlantic circulation
and its effects on the atmosphere, the Arctic and on
our climate in general, have to be better understood
and continuously pursued. It is on the oceanographic community in particular to make forecasts of
circulation changes to recognize climate changes in
advance.
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During the 20th century, we found a considerable
and measureable anthropogenic heating, and it can
be assumed that this trend will continue over the
next decades, independent of any possible climate
scenario. However, due to the impact of the changing circulation, such changes do not proceed at a
steady rate. In fact they show considerable variations
related to natural climate variations.
Similar to the global mean, regional long-term
climate changes are often overshadowed by large natural fluctuations, which can have important
social-economic effects. Prominent examples include the Dust Bowl dry phase in North America in the
1930s, a period which suffered enormous economic
and social impacts. Other known instances include
the recurrent dry phases of the Sahel region claiming
hundreds to thousands of casualties.
Historical deviations from the sea surface temperature difference between the North and South Atlantic
can provide an index which can be related to MOC
variations. This index is also found to be correlated to precipitation over the Sahel region as well
as to hurricane activity over the tropical Atlantic.
Forecasts of the Atlantic circulation, MOC and Sea
Surface Temperature (SST) therefore have the potential to predict decadal variations within atmospheric
parameters over the Atlantic and adjacent continents,
especially for Europe and Africa.

Early pilot studies for climate fluctuation forecasts
on decadal scales have already been completed with
sophisticated models. For these predictions, climate
models were initialised by ocean observations, and
atmospheric green house gases (natural and anthropogenic) were prescribed. Despite differences in the
results, the pilot studies clearly show a very promising potential for forecasts on decadal scales caused
by the ocean and its circulation fluctuations. In the
future, we need to build upon these first achievements in the context of global warming.

Global annual averaged surface air temperature (SAT, red curve) and smoothed atmospheric CO2 concentration (gray curve)
from 1900 to 2008. Temperature fluctuations, overlaying the
trend of warming in the 20th Century, reflect the natural variability.
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2.2 Sea level, variability and trends

Sea level rise – as predicted for the next hundreds
of years and beyond – can be a large challenge for
nearly all nations, and also for coastal preservation
in Europe. The current global sea level rise is observed to be about 3 mm per year. In fact, climate
projections agree that there will be further sea level
rise along with Earth’s warming in the future. Nevertheless, actual estimations of global sea level rise
of 0.5 m (mean value) from 2000 to 2100 still have
considerable error bars.
Local sea level observations and their variations
can be very complex to describe. Regional sea level
changes, as seen in the North Sea, often have big
differences from the global mean, with sea level rise
being either greater or, for some cases, with sea level
decreasing. Changes of the sea level can be measured with in-situ measurements (e.g. ARGO, hydrography, tide gauges and monitoring in key regions)
as well as satellite measurements (altimetry, wind
stress and gravimetry in particular). Using dynamic
circulation models, calibrated with observations, the
reasons for regional sea level changes can be investigated.
Sea level changes in the North Atlantic and along the
German coast are always coupled with the Atlantic
circulation. Besides the simple increase and decrease
of mass locally due to circulation changes, density
changes also show regional patterns due to warming
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and to salinity changes with regard to the inflow of
fresh, and therefore relatively light, water caused by
the melting of Greenland’s ice sheet. On interannual
up to decadal time scales, the regional variability
plays an important role, and is even able to influence
the global mean.
All regional variations have global changes superimposed on them due to changes in the global ocean
volume, e.g., caused by the melting of the polar ice
sheets. Additionally, parts of the solid Earth contribute to observed sea level rise, which results from
a rebound effect related to the post glacial rising of
the sea bottom. There is also an effect which comes
from the adaptation of the geoid due to ice mass
changes. Moreover, the sea surface adjusts like a barometer to the overlying atmospheric pressure within
a few days. Gradual changes with respect to the
changing climate of the atmosphere can measurably
contribute to regional sea level rise.
For the German coast, the resulting local sea level
rise is assumed to be about 1.8-2.0 mm per year for
the long time trend. But observations show a stronger sea level rise at the end of the 20th century, with
values between 3.0-4.0 mm a year. Analyses of the
tide gauges also show a rise in the tidal range. Using
regional climate models, we are currently investigating the future changes of storm tides and waves
caused by the sea level rise.
For realising a method for effective national coast
protection in the North and Baltic Sea, we urgently
need sufficiently accurate estimates of local sea level
changes beyond global projections. Coastal protection and sea level projections along the German
coastline for the next decades up to the time scale of
centuries require continuous observations together
with quantitative modelling of the Atlantic circulation.
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2.3 Arctic sea ice
The oceanic meridional heat transport has a decisive
influence on the position of the winter sea ice edge in
both hemispheres. In the Northeast Atlantic, the ice
edge does not extend south beyond 75oN, while the
Bering Sea, south of the Arctic Circle in the Pacific
sector, regularly freezes over. The variability and the
recent decline in winter sea ice cover in the Arctic
Ocean, especially in the Barents Sea, are mainly due
to the warming and intensification of the northwardflowing Norwegian-Atlantic current.
The close interaction of oceanic circulation and sea
ice processes has a crucial influence on the watermass transformation of Atlantic water in the Arctic
Ocean. Reconstructions with ocean-sea ice models
indicate that the penetration of warm signals from
the Atlantic into the Arctic Ocean is strongly dependent on the properties of the water flowing from the
Barents Sea into intermediate depths of the central
Arctic Basin. After a delay of one to several decades,
the warm inflow events lead to a change in the density stratification in the Nordic Seas and consequently
to a weakening of the large-scale oceanic circulation.

These processes offer the potential for long-term
prediction of major elements of the oceanic circulation.
The input of sea ice and melt water into the Barents Sea plays an important role for the primary
biological production – the growth of plankton – in
an important fishing area. Melt water increases the
stability of the water column, thereby preventing
the transport of nutrients into the bright near-surface
layers, reducing plankton growth. The melting of sea
ice in this region is highly variable. Benthic communities in the region west of Spitsbergen apparently
react sensitively to changes in ice conditions in this
region.
Observational campaigns in the vicinity of Fram
Strait show that the thickness of sea ice is decreasing continuously. This decline is also reproduced
in ocean-sea ice models, which run with realistic
atmospheric forcing of the last few decades. The
decrease in ice thickness is not accompanied by a
corresponding acceleration of ice drift, so that the ice
export of ice volume declines. This decline has implications for oceanic conditions in the Arctic Ocean

APPLICATION EXAMPLES WITH NATIONAL IMPORTANCE
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and the Nordic Seas. The melt water and reduced salt
input during freezing contribute to the freshening of
the Arctic Ocean. The diminishing ice export also
has the consequence that more fresh water tends to
remain in the Arctic Ocean. At the same time less
freshwater reaches the Nordic Seas and other regions
of the subpolar North Atlantic, a development that
can be important for the renewal of the intermediate
and deep waters and thus for the meridional overturning circulation in the Atlantic.
Challenges are given by understanding the variability of the sea ice cover and the different behaviour of
sea ice in the Arctic and Antarctic. While the decrease of sea ice extent in the Arctic is undisputed, such
a trend is not evident in the Southern Ocean. However, the fluctuations on multi-year time scales are
considerable, such that continuously long-term time
series are required to become more familiar with the
relevant processes. Further challenges exist for obtaining information about sea ice changing processes
and regular observations of ice covered regions of
the world’s ocean. The latter requires development
and application of new technologies on and under
the sea ice, as well as from satellites. To enable this
improved understanding of processes – and therefore

Ice thickness in Fram Strait, in August 2010, measured by the
research aircraft Polar 5 of the AWI. The sea ice thickness
distribution for individual sections of the flight along 82° N
(left) are characterized by a most common thickness of less
than 1.8m and a rapid drop to high thicknesses down. The ice
thickness is generally low and the rapid decrease in frequency
with increasing ice thickness indicates the lack of press ice. It
is very unusual in this region, with a confluence of sea ice from
different regions of formation.
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improve the predictability of forecasts – we need
further development and improvements of coupled
climate models in order to simulate sea ice processes
with enough precision.

pogenic CO2 still resides in the atmosphere. Robust
projections of future climate change critically depend on the magnitude and fate of the oceanic sink
for anthropogenic CO2.

2.4 Ocean CO2 uptake and acidification

In contrast to the atmosphere, anthropogenic carbon
constitutes only a very small fraction of the gigantic
inorganic carbon reservoir of the ocean. Its detection
is further complicated by much larger natural variability in the upper ocean primarily on the seasonal
time scale. The reliable quantification of the uptake
and storage of anthropogenic CO2 in the ocean is
therefore one of the most challenging tasks in chemical oceanography. Much progress has been made
in the last four decades by the development and
improvement of quantification techniques for anthropogenic CO2. These techniques are based on a wide
variety of concepts, ranging from measurements
of oceanic tracers via statistical methods and back
calculation techniques to stable isotope measurements and estimation of CO2 fluxes across the air-sea
interface.

The world’s ocean is the largest rapidly exchanging
carbon reservoir of the atmosphere – land biosphere
– hydrosphere system. At 38.000 gigatons of carbon
(1 Gt C = 1 billion tons of carbon), the ocean contains about 60 times as much carbon as the preindustrial atmosphere, which amounted to 600 Gt C. Similarly, the carbon stored in the terrestrial biosphere
equals only 6 % of the marine carbon reservoir.

Doppler Current Meter RCM 11 for deep sea measurements up
to 6000 meters.

Due to the chemical properties of the marine CO2
system, seawater provides a high uptake capacity for
excess (i.e., anthropogenic) CO2. In the future when
this is balanced with the atmosphere, this uptake
capacity will have caused the ocean to have taken
up about 80 % of all anthropogenic emissions. This
fraction increases to about 95 % when the additional
buffering effect of the partial dissolution of deepsea carbonate sediments is accounted for. With its
sluggish ventilation time scale, the present ocean
considerably falls short of its full uptake capacity.
The current situation is therefore characterized by a
disequilibrium in which a higher fraction of anthro-

Results from the most reliable methods have converged considerably during the last decade so that we
are confident in our knowledge of the current oceanic uptake rate for anthropogenic CO2. The physical
properties of the surface ocean and the processes of
intermediate and deep water formation are the major
drivers of this anthropogenic CO2 uptake, which
amounts to more than 30 percent of the cumulative
emissions since the onset of the industrial revolution.
The current uptake rate has been estimated at 2.0
billion tons of carbon per year. This is a long-term
climatological average, however, as the dramatic
data limitation in space and time does not allow
annual estimates and therefore prohibits analysis of
interannual variability and its physical and biogeochemical causes.
Only for the North Atlantic, which due to international and German initiatives and campaigns is the
most densely sampled, is a first glimpse at the interannual variability of the oceanic CO2 sink possible.

APPLICATION EXAMPLES WITH NATIONAL IMPORTANCE
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Micro algae under the microscope, CO2-eaters in the ocean.

The results reveal unexpectedly high variability of
the annual net uptake of atmospheric CO2. In addition, it could be shown that the reduced deep water
formation since 1990 has caused an increase in the
anthropogenic CO2 inventory of only 2 % instead of
the 11 % that would have been expected under the
concurrent increase in atmospheric CO2. These first
results highlight the crucial role that variability in
the physical ocean-atmosphere system plays for the
oceanic CO2 sink. Additionally, in the biogeochemical system of the ocean, another significant feedback
potential has been identified. Catchwords like ocean
acidification and ocean deoxygenation describe such
potentially important changes in the marine environment.

Water analysis in the labor of a research vessel.

Research of the potential feedbacks of the biological systems on the carbon cycle and hence Earth’s
climate is still in an early stage and it remains to
be seen, how strongly global climate change will
impact the marine carbon cycle. It would be naïve
to assume that it will be negligible and irrelevant for
the future climate of our planet. In fact, our current
limited knowledge calls for a clear mandate for ocean observation, which also requires development of
future observation capabilities.
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2.5 Interactions between the Atlantic
Ocean and North Sea
Germany has a long maritime history, and the coast
lines of the North and Baltic Seas play an important
role in the national culture and economy. More than
400.000 jobs are established in the maritime sector (shipping, tourism, fisheries), and more than a
quarter of the German foreign trade is processed via
German seaports. With regard to climate change, the
focus is particularly given to the coastlines because
these densely populated areas are directly affected
by ocean impacts, e.g., by flood risks or degradation
due to storm tides etc.
The North Sea is classified as a flat marginal sea
of the Atlantic. The state of the North Sea is determined by external forcing (interactions with the
Atlantic, Baltic Sea, wind) and internal dynamic
(mixing caused by strong tides, circulation within
the North Sea, local heat and freshwater exchange).
All these factors determine the distribution of temperature, salinity and nutrients, and therefore have a
strong impact on the circulation and water level of
the North Sea. Exchanges between the North Sea
and the Atlantic take place mainly along the wide
opening in the north, and to a lesser extent via the
inflow through the English Channel in the south. The
southern exchanges are warmer and saltier compared
to the northern inflow and influences the conditions
of the German Bight significantly.

small in the 1960s and 1970s and had increased by
the end of the 1980s. Climate projections predict
an increased intensification of the North Atlantic
Oscillation due to climate change, and therefore the
possibility of an increasing inflow to the North Sea.
Heat, freshwater and nutrient budgets of the North
Sea are dependent on the amount as well as the
water mass characteristics of the Atlantic inflow.
Indications of increasing temperature and salinity in
the North Atlantic are seen more and more in recent
years. Since 1980, sea surface temperatures of the
North Atlantic have been rising by 0.2 to 0.6 °C.
Also, in the North Sea, increasing surface temperatures are observed. 7 out of 10 of the hottest years
occurred in the last decade resulting directly from
rising air temperatures. The actual contribution from
the warming of the Atlantic inflow is still unknown
and needs to be quantified by climate model simulations. Due to low water depth and high tidal mixing,
the increased surface temperature affects the entire
water column. Alterations of ocean salinity in the
North Sea are more dependent on the exchange with
the Atlantic.

Storm intensity and paths over Western Europe and
the North Sea are influenced by surface temperature
in this area. Due to their long-distance effects, circulation changes in the Atlantic only indirectly affect
the North Sea, but can have a considerable impact on
storm tides. Storms cause changes in wave energy
which again affects the coastal region, especially
This inflow into the Atlantic is exceptionally variable with regard to storm tides and sea level rise. Germany does not have any rocky coast, with the exception
and shows a high correlation to the North Atlantic
of Helgoland, and 50 % of the German coastal area
Oscillation – the prevailing atmospheric climate
is situated 5 m under mean sea level compared to 9%
variability in the North Atlantic - on perennial time
scales. The North Atlantic Oscillation is described by regarding all coasts of Europe. Strong wind waves
differences in atmospheric pressure between the high and swell can enhance coast erosion.
pressure system over the Azores and the low pressure system over Iceland. The difference determines
the strength of the westerly winds in this region, e.g.,
large differences of air pressure strengthen westerly winds and also the inflow of Atlantic water into
the North Sea, and vice versa. Thus, the inflow was
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2.6 Influence on marine populations by
ocean circulation and water mass characeristics
Changes in ocean circulation and ocean climate have
extensive implications on biological marine populations. The mechanisms behind these impacts are
quite complex and not always well understood.

15

limits or population size - but we are not able to
explain causal coherence. Since the beginning of the
1980s, there has been a decline of copepods stocks.
Experts assume a link to the influx of deep water
from the North Atlantic into Norwegian trench.
However, this theory could not yet be proved.

The life cycle of many marine organisms is embedded in the prevailing mean current system. So
fishes spawn only in the specific areas where their
A changing circulation can change temperature and
eggs and larvae float into regions of higher primary
salinity, and biological populations react directly if
production. Thus, changes of currents can negatively
temperatures are outside of their tolerance limits.
That means, for organisms already living within their impact the survival of the next generation, and can
tolerance limits, changes in hydrographic conditions lead to a decrease in a specific biological population. This mechanism was partly responsible for the
will immediately have an impact. The Baltic Sea is
a prominent example with a lot of the biological po- sudden decrease of herring stocks in the 1970s in
pulations already living close to their tolerance limits the North Sea. Changing currents also can shift the
spatial overlap of predator and prey populations, and
due to temperature and salinity. Changes in water
thus start a decline in a population caused by stroncharacteristics can even have an indirect effect on
biological populations if tolerance limits of nutrients ger predation.
or competing populations are exceeded.
Physical phenomena like upwelling or surface
mixing control the amount of biological primary
production by available nutrient distribution. This
primary production again can be seen as the beginning of the food chain and has therefore significant impacts. Physical processes also influence the
amount of sustainable fishing. However, the distribution and efficiency of primary production changes
within the food web remain unknown. And we do
not know if populations will benefit which are usable
by humans or if, e.g., jellyfish will benefit, which are
not very useful.
Cod eggs with visible embryos.

However, the determination of tolerance limits is
quite difficult due to the different life cycles of different species. Furthermore, each growth stage has
its own limits. For example, in the Baltic Sea, cod is
limited to the egg stage when the eggs are not able to
float because of lower than normal salinity. Often we
even know the statistical relation between the changes of climate and hydrography and the distribution
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3. Challenges to infrastructure in ocean science

CTD-measurement device for measurements of salinity, temperature and depth.

The exploration of the changing ocean circulation,
their interactions with anthropogenic climate change,
as well as with natural climate variability in the
North Atlantic area - including the European marginal seas and shelf areas, is a scientific, technical and
logistical challenge for the infrastructure of marine
and climate research. Important pillars of this infrastructure include global satellite observations of
the sea surface and modern research vessels, as well
as measurement platforms operating autonomously
for the study of the subsurface ocean. Moreover,
research infrastructure bases on modern and future
computing infrastructure beyond numerical modeland data distribution systems. A major challenge,
however, is the long-term maintenance of all these
components and the adaptation to future requirements.

3.1 Observations
The detection of temporal changes in ocean circulation on seasonal to decadal, and longer, time scales
is one of the prerequisites for ocean and climate
research, and requires continuous long-term observations. German marine research efforts substantially
contribute to the recovery of such observations with
the aid of various observational networks. Finally,

they also provide essential information in the operational use of the seas.

Research Vessels
Only a modern fleet of research vessels is able to
realise research and monitoring needs of the subsurface ocean on global and basin-wide scales (North
Atlantic), and down to regional scales (North Sea).
As a part of research projects, such as the existing
BMBF joint project „North Atlantic“ and the new
“RACE” project (as well as in future research programs that are funded by the BMBF, the Helmholtz
Communities (HGF), the German Research Foundation (DFG) and by the EU), seagoing operations
are indispensable, and are carried out by efficient
and modern German research vessels as part of the
international research vessel fleet.
Experimental seagoing oceanography will continue
to be an important component of the global observation network, which allows the detection of changes
in the thermohaline and wind-driven circulation as
well as to verify model predictions and their underlying processes.
Successful scientific work is currently being achieved by the various German research vessels (RV
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Meteor, RV Polarstern, RV Maria S. Merian and
Poseidon FS) for the ice-covered seas of the Arctic
and Antarctic to the equatorial Atlantic. The development of observational techniques and methods, however, requires continuous improvement and renewal
of the German research fleet.

Satellites
Satellite data play a central role within German
ocean science and are an integral part of an ocean
monitoring system. They have to be maintained and
improved through long-term international space
programs, and the German government has to make
a clear contribution.
Although only the near-surface ocean can be observed by satellites, these observations may nevertheless be collected regardless of weather or seasonal
conditions. A significant advantage is given by the
near-global coverage of the ocean within a few days.
Thus, variations in shorter-scale ocean properties,
such as due to oceanic eddies, are better observed
than by in-situ measurements.
Satellite data of sea surface temperatures, sea surface
height and sea ice parameters provide the longest
series of continuous measurements. However, satellite data have to be investigated in conjunction with
in-situ data and associated with numerical simulations to interpret and describe processes successfully
within the ocean. Satellite data are also necessary to
test and develop the representation of oceanic processes within models. Attainable from a synthesis of
observation data and ocean modelling, an understanding of the quantitative determination of the ocean
state is required for initialization of decadal-scale
climate forecasts.

SMOS satellite to determine ocean salinity and soil moisture.

Important satellite parameters
Sea surface temperature, sea surface height
anomalies and thus estimates of geostrophic
surface currents, wave height, surface wind,
colour of the ocean and hence chlorophyll concentration, changes in mass of the ocean and
bottom pressure changes, and more recently,
measurements of ocean surface salinity and sea
ice thickness, wind stress, chlorophyll, sea ice
coverage, surface roughness or gravity field.
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Autonomous observing systems
ARGO is the prime example of an international
program of ocean observation by autonomously
profiling drifters. In the initial phase, Germany and
especially the BMBF made a substantial contribution to the funding and promotion of ARGO. The
German contributions to ARGO are now continued
by the BSH (Federal Maritime and Hydrographic
Agency) and the German Ministry of Transport,
and are referenced here as an example of partners
in the Euro-ARGO network. Furthermore, Germany contributes routine measurements from trading
and research vessels. Challenges occur concerning
sustainable preservation of the ARGO network and
the adjustment of the floating and sensor technology
to scientific and technological development. These
include the extension of Argo measurements along
the entire water column (up to 6000 m depth) and
into temporarily ice-covered regions, as well as the

routine implementation of oxygen sensors.
Regions that cannot be reached by floats are supplemented by controllable gliders or moored systems.
All these systems are urgently needed for long-term
process studies. Moorings (observatories) are capable of registering continuously the changes in certain
water layers which can be quite a challenge, especially in ice-covered ocean sites. These observatories
will be anchored by the internationally coordinated
network of OceanSites. As part of the BMBF-project
“North Atlantic”, a couple of regions in the tropics,
sub polar and polar North Atlantic are systematically
investigated and observed in the long-term. In the
future, the technology must be implemented routinely in such a way that data can be received directly
by satellite links.

Coordinated multi-platform campaign in the tropical Atlantic, May to July 2012. Research trips of Maria S. Merian (yellow and green
lines) with station work (points) are combined here with a glider swarm experiment (different colored lines) and moorings (stars) to
capture temporal and spatial variability of physical and biogeochemical parameters in the equatorial cold tongue (blue region at the
equator).
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3.2 Ocean simulation and mainframe computer

Mainframe at the DKRZ in Hamburg

The impact of a changing ocean circulation on future
regional sea level or on CO2 uptake by the ocean,
due to varying atmospheric forcing, cannot be achieved without a close interaction between observation
and modelling. To obtain a quantitative view of
oceanic processes and their temporal changes, threedimensional numerical simulations of the ocean
circulation and their interactions with the atmosphere, the polar cryosphere and bio-geochemical fluxes
are required.

Important tasks for ocean modelling:

In the context of Earth system modelling, a realistic
simulation of the ocean due to the great importance
of small-scale boundary currents, eddies and critical
topographic factors (such as narrow straits) remain
an important and challenging task. A simulation of
these currents requires a high horizontal resolution.
In the tropical ocean, this resolution can be about
10 km, in contrast to polar- subpolar regions with
details less than 5 km. Due to the enormous requirements on computing power, only preliminary results
in solving such simulations have been achieved.
However, first results have already demonstrated
the outstanding contribution for the interpretation of
local observations, for preparing field campaigns and
for improved understanding of the system in general.

•

•

•

the creation of a quantitative, three-dimensional
description of oceanic transport processes and
their chronological sequence over the last few
decades, through model-based synthesis of all
available data (‚data assimilation‘)
understanding the dynamic mechanisms of
oceanic change in response to long-term trends
in atmospheric heat and precipitation patterns as
well as large-scale wind conditions
and finally, especially in terms of regional patterns, a refined statement of the predictions of
climate model scenarios for expected future
developments of critical oceanic parameters (sea
level, CO2 uptake, acidification) over the next
50-100 years.
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Challenges for modelling infrastructure
Ocean modelling projects are among the largest
computing projects on such national supercomputers
(HLR) as the DKRZ Hamburg, the HLRN Berlin /
Hannover or the HLRS Stuttgart. The available computing capacity for the foreseeable future will remain
the limiting factor for further progress in ocean and
climate modelling. The fundamental requirement
for securing an international competitive position is
sufficient access to computer systems of the highest
available performance class. For estimates of future
needs arising from the HLR capacity in Germany,
the needs of high-resolution ocean models (one of
the most resource-intensive components of the Earth
system modelling) represent an important factor.

An important basis of realistic and reliable simulation, and at the same time for the methodological
challenge for ocean model development, drives the
continuous refinement of the models themselves:
This applies to both numerical approximations, and
optimization of model codes for future massive
parallel computers, as well as improvements in the
design of critical small-scale processes. Progress in
these areas requires a systematic integration of process observation, theoretical concept development,
numerical methodology and the implementation
and testing of new approaches in global ocean and
climate models.

Influence of model resolution on the simulation of the North Atlantic current conditions. A realistic simulation of currents and eddies
in the midlatitudes (e.g. the North Atlantic current) is achieved with a grid resolution of about 10 kilometers: the required computing
power is limited by today‘s HLR systems. The dominant smaller flow scales in sub polar oceans require again a significantly higher
resolution (5 kilometer). The comprehensive exploration of these dynamics and their importance for regional ocean-climate changes require computer systems of the next generation and provide a challenge for future ocean modeling.
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3.3 Data management for observations
and models
Oceanographic instruments have passed a tremendous technological development in the last hundred
years. Until the 1960s, hydrographic parameters
such as temperature and salinity in the deep ocean
have been measured mainly from vessels by using
water samplers and mercury reversing thermometers. Today, however, data are obtained mainly with
electronic probes that are attached to a large extent
on autonomous platforms such as buoys or gliders,
and work with vertical resolutions of meters. The
yield of the German Atlantic expedition with the RV
Meteor in 1925-27 was about 3000 deep temperature
and salinity measurements, whereas today the profiling floats of the Argo program in the South Atlantic
provide about 5 million of these pairs of values each
year.
Mooring instruments and floating devices aboard ship.

The majority of today‘s research includes more
spacious topics, for which the large-scale, long-term
data sets the foundation. Such data collections are
a prerequisite for work with the long-term development of the Earth system, such as its climate component. This includes modeler and theorist who need
the observational data for assimilation into general
circulation models, and for verification of model results. A stringent quality control of observations and
the determination of metadata are an integral part of
a long-term data strategy.
Routine atmospheric and oceanic forecast model
runs are used by a majority of governmental institutions which depend on the actual data entry. This
requires communication strategies that can provide
data from the measurement platforms to the operational centers within hours. Associated with this
requirement is the need for a rapid and comprehensive data exchange, as well as the long-term data
archiving in international data centers.

Archiving of quality-controlled observations and the
public availability of observations and model results
is as important today as the collection of data. This
requires sustainable institutional support as well
as the improvement of monitoring approaches and
data management. This includes the improved use
of research vessels as an independent observation
platform for „underway“ measurements of important
oceanic and meteorological parameters.
In Germany, the DOD (German Ocean Center) and
PANGAEA (Data Center for Earth and Environmental Sciences) are central elements of the data
archiving and data communications efforts. These
activities are part of a sustainable infrastructure and
require a long-term funding.
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Distribution of 150 measurements of RV Meteor during the German Atlantic Expedition 1925-27 (left) and position of the profile
data gained within the ARGO program by autonomous profiling
floats during one week (above).

(after G. Böhnecke and A. Schumacher, German Hydrographic
Journal, Volume 3, Number 1/2 (1950), Meteor/Schmidt-OttHeft)
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3.4 Ocean services
Ocean services are necessary in the maritime and
climate sectors.

Maritime services
Oceanographic services include regular monitoring
of the ocean, especially in its marginal areas. Essential aspects here are safety (including pollution and
ship management), resources (including ecosystem
management) and environment (e.g. water quality).
For the North Sea, the infrastructure of marine
research should provide reliable long-term observations (both in-situ and remote sensing) and operate
validated regionalized coupled ocean-atmosphere
models. Both are necessary in order to improve the
incomplete understanding of processes in the ocean,
and to predict global long-distance effects between
the ocean, the shelf seas and the continents.
For operational forecast modeling, knowledge of the
interaction between the Atlantic and North Sea is essential. This affects the water mass properties of the
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inflowing Atlantic water and the water level fluctuations at the northern edge, and atmospheric changes.
The evaluation of the actual state of the ocean and
its coastal areas, the improvement of forecast models
and the continuous adjustment of the operational
services and products to changing environmental
conditions require an improved understanding of
interactions in the ocean, transfer mechanisms, time
scales and variability.

Climate services
Climate services generally include the supply of
reliable climate information, which allows nations
to timely adapt to climate variations. These include seasonal to decadal climate forecasts, including
information on variations in rainfall, persistent
droughts or heat anomalies. Regionally adapted results from climate research are an essential basis for
political and economic decisions. They are generally
needed for the development and implementation of
national adaptation strategies to climate change, including the impact assessment of future marine uses
on the marine environment. Regionally and locally,
they are taken into account in the planning, design
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and management of coastal structures, port facilities,
shipping lanes and offshore installations, such as
offshore wind farms.
In almost all cases of climate services, direct or
indirect information about the ocean circulation are
required, which is used both to evaluate the observed climate changes, as well as for validation of
model predictions, and model initialization. The first
pilot applications of decadal predictions have been
created in Germany in particular. Although promising, there are still significant problems to be solved
before reliable climate information can be generated
from it. On one hand, regions for which a forecast
skill is estimated differ significantly among different
forecasting models, and only one model solution led
to demonstrably improved retrospective predictions
for global surface temperature. However, significantly improved quality can be achieved by utilizing an
ensemble average of predictions, demonstrating that
model uncertainties must be considered in future decadal predictions. Furthermore, in regions with large
internal climate variability, we expect better results
with the initialization by ocean data instead of only
by externally driven climate calculations.

Although socio-economic benefits must be demonstrated, the first decadal predictions already show
promising results. Therefore, an important aspect is
the impact of changing ocean currents on regional
changes in sea surface temperature. Changes in regional surface temperatures, especially in the tropics,
have a direct impact on the atmospheric circulation
and associated changes in regional rainfall patterns.
This coupling is one of the key properties for decadal climate predictions, such as for Europe and
Africa. In conjunction with operational forecasting
and consulting services, resulting knowledge is an
essential basis for the future to ensure the safety and
performance of the national maritime infrastructure.
An essential process is the transfer of results into
practical applications. The long-term maintenance of
the climate reference stations in the ocean is a challenge and requires continuous support efforts.
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