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Introduction

he IUP comprises fivdepartments: Remote Sensing,

Physics and Chemistry of the Atmosphere, Oceamogr
phy, Terrestrid Environmental Physicsand Modelling and
Observation of the Earth System

The Department of Remote Sensingmploys passiveer
mote sensing instrumentation such as Fourier transform
interferometers and microwave radiometers taking nsea
urements in the specal region from the infrared to the
microwave. The instruments are located at various ground
based sites ranging from the high Arctic (Svalbard) to the
tropics (Surinare), as well as aboard research vessels (R.V.
Polarstern) and aircraft (Falcon). Furthemra, operational
satellite instruments are used to monitor atmospheric and
earth surface properties. Among them are sea ice coverage,
water vapour and clouds. A further research focus is the
investigation of stratospheric and mesospheric processes
including solar effects on the terrestrial atmosphere. These
activities are supported by atmospheric modelling.

The research activities carried out in thHgepartment of
Physics and Chemistry of the Atmospheaém at improving

the understanding of the complex phigal chemical -
cesses in the atmosphere and its interfaces to land, ocean,
ice, and deep space. Emphasis is placed on the impact of
climate change of either anthropogenic or natural origin on
the composition of the troposphere, stratosphere, andsne
osphee, including greenhouse gases, pollutants andcrea
tive gases. A particular focus has been the scientific support
and direction of the Global Ozone Monitoring Experiment
(GOME) and Scanning Imaging Absorption spectroMeter for
Atmospheric ChartograpHY (SRIKCHY) missions. These
satellite sensors allow characterizing the chemical compos
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tion of the atmosphere &= |UP Mission Statement

motely by means of spectss . L .
y by . pect The overarching objective of the Institute of En
copy in the ultraviolet, visible

and nearinfrared  spectral ronmental Physics is to understand the neect
regions using grating spe Nisms controlling the Earth System and it |
trometers. Similar instruments sponse to change. This is achieved by usimgp
are erated groundbased cal methods and research focuses on the ¢
(NDACC stations, BREDOM gy stems atmosphere, ocean, cryosphere, and tt
network), on ships (R.V. Poia interfaces. This requires the development and t

stern), planes and balloons. ¢ : hni f h
Remote sensing is conel © remote sensing techniques from the groun

mented by insitu experiments, fom ships, aircraft and satellite platforms and i
laboratory work on spectr®  Situ measuements for process studies. The da
copy and reaction kinetics, and are coupled with models to interpret the obsarv
modelling of physical and @ tions and improve the prediction of change.
tochemicd processes in the

lower, middle and uppertanosphere.

The main research topics of thgepartment of Oceano@-
phy are the climate relevant processes in the Atlantic Ocean.
The global meridional oviurning circulation (MOC) plays
an important role in the dbtribution of the heat received
from the sun and thus for climate and climate change.
Whether and how global waring will affect the circulation
and how this will feed back on the climate is one of tha-ce
tral issues of marine research. The departmentd#s ¢
mainly with experimental métods ¢ circulation, formation,
and transformation changes in key regions of the Atlantic
MOC, develops methods to infer the strength of the MOC,
and improves and expands the tracer analysis techniques.
Other interdisciplary research themes are the role of vert
cal mixing in water mass traformation and at hydrothe
mal vents, the calculation of upwelling velocities at the
equator and at the coasas wellasthe dating of groundw-

ter. The research is part of natial andinternational po-



grammes such as CLIVAR (Climate Variability and Predlictabi
ity) and CARBOOCEAN (Elgdrated Project).

TheDepartment of Terrestrial Environmental Physiasves-
tigates transport processes in porous systems and soils and
conducts researcim the fields of radioecology and sediment
chronology. It takes advantage of the excellent equipment
available in the Bremen State Radioactivity Measurements
Lab ( which forms part of the state and federal nuclear
emergency management networks) and ofunique Earth
Field NMR apparatus.

Since 2016, the newly establishéxkpartment of Inverse
Modelling of the Earth Systented by Prof. Vrekoussis hosts
the joint IURMARUM working groupalled LAMOS éboi-
tory for Modelling and Observation of the Earth &ys} .
LAMOS aims at improving our understanding of the complex
mechanisms controlling the emission, transport, tramsfo
mation and deposition of atmospheric pollutants with the
use of stateof-the-art numerical models and novel ingtr
mentation. Special foaiis given on the quantification of
sources and sinks of lodiyed and shoHived species using
satellite observations as proxies.

The IUP is internationally well known for its participation in

a number of advanced spadmrne missions, like GOME and
SCAMACHY. Of particular importance is the Global Ozone
Monitoring Experiment, GOME, which was the first satellite
sensor to measure tropospheric trace constituents from
space and has operated aboard ER®r over 10 years.
GOME is a smaller version of SCHMIWY, which was
launched sccessfully in 2002 and hasovided almost a
decade of successful measurements. Both sensors, GOME
and SCIAMACHY, were proposed by the IUP, and the IUP
acts as Principal Investigatorhe GOME and SCIAMACHY
data recordsare continued by GOMR, OMI and the p-
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coming atmospheric Sent
nels (5P/4/5) and IUP scie
tists are contributing to all
those missions.The IUP is
also nvolved in many inte
national  projects  with
spaceborne  instruments
for remotely measuring the
suface, such asea ice, the
Wadden sea and land use. |
In addition the IUP runs
instrumentation at research
measurement stations
worldwide. It has partie
pated in many international
and national research oa& |
paigns using ships, aircraft
and groundbased insto-
ments. Membes of the IUP
are actively involved in
international scientific o
ganisations like COSPAR,
IGBPIGAC, WCRSPARC, [
CACGP and WMIGACO.

More than 100 Ph.D. st
dents and postdocs work at
the IUP. Students in general
physics have theoption to

)

physics. A variety of cosw
es, conductedin coopen-
tion with colleagues from
the AlfredWegenerinstitut

Department contacts
: Physics and Chemistry of the Atmosphere

Prof. Dr. John P. Burrod#RS
+49421-218 62100
burrows@iup.physik.udbremen.de

Remote Sensing

Prof. Dr. Justus Notholt
+49421-218 62190
jnotholt@iup.physik.unbremen.de

\oil

specialize in mvironmental Sl

Oceanography

Prof. Dr. Mnika Rhein
+49421 218 62160
mrhein@physik.unbremen.de

Terrestrial Environmental Physics
Dr. Helmut Fischer

+49421-218 62761
hfischer@physik.urbremen.de

Laboratory for Modelling and Observation

of the Earth System
Prof. Dr. Mihalis Vrekoussis
49 (0)421 21& 62140

vrekoussis@iup.physik.unbremen.de

of Polar Research and Oceanography (AWI) imBrieaven
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is offered at the IUPThe aim of the envimmental physics
course is to provide basic education in the areas of the
ocean, the atmosphere and the solid Earth. Whereas other
German universities cover parts of environmental physics,
for example physical oceanography or meteorology n-
dependent subjects, Bremen addresses all of theithin

the physics course fully integrated into the general physics.
The students even have the opportunity to paipiate in
exciting expeditions worldwide. To strengthen @onmen-

tal physics as a course of study in its own right and also to
motivate sudents from abroad to study in Bremen, a feur
semester international course leading to a Master of Science
(M.Sc.) in Environmental Physics and a-semester pos
graduate course for the Certificate in Ermnmental Physics
have been offered since autum®@oO.

This document provides an overview of selected research
highlights acleved by the members of the fiiiJP depat-
ments during the period 2015/2016
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Model studies on hydroxyl airglow and rotational

temperatures

Holger Winkler and Justus Notholt

here is a layer of vibrationatltationally excited hydroxyl

molecules in the upper mesosphere. Maasment of the
infrared radiation emitted by this layer is the standard lec
nigue to retrieve temperatures in the upper mesosphere. We
run compuer models to investigate the hydroxyl layer and the
radiation emitted by it (Winkler et al., 2016).

The main surce of excited hydroxyl in the Earth's atmosphere
is the reaction of atomic hydrogen with ozone:

(O IV IN @ V13 VRNV
where U is the vibrational quantum number, angs the rofa-
tional quantum number. The exothermicity of this process
leadsto an excitation of0 "Cup to 0 « The chensiry of
0 "O0R) is controlled by reactions of oxygen and hydrogen
species as well as querfing and spontaneous emissions of
photons. This leads to the formation of an emission layer
which is centred aabout 87 km with a full width at half nxa
imum of about 810 km. While in principle, the atmospheri
chemistry of excited hydroxyl seertts be understood, unae
tainties concerning vibrational quenching rates of hydroxyl
with atomic and molecular oxygen e subject of ongoing
research.

Emission lines due to vibratioredtational transitions,
000 © 'OV Y 'Q, dominate the neainfrared
nighttime sky spetrum. These so called hydroxyl Meinel
emissions are routinely used to retrieve upper mesospheric
temperatures. The underlying assumption is that the papul
tion of the rotational states is in local thermodynamic edusli
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rium with the ambient atmosphere,
and that the rotational temperature
equals the gas kinetic temperature.
However, measurements have shown
that the rotational temperatures of
mesospheric hydroxyl are differefior
different vibrational states. On average
there is an increase of the rotational
temperatures with increasing quantum
number0. There are two main possible
reasons for this, 1st: Different emission
altitudes of hydroxyl in different vilar
tional states; and 2nd: Deviations from
a local themodynamic equilidum.

We perform computer simulations of
0 "O0R) in the atmosphere ¢ invest-
gate the reasons for the different rat
tional temperatures derived for diffe
ent vibrational states. The aim is to
understand and quantify the diffe
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Figure 1: Hydroxyl molecules in different
vibrational states simulated for local dhi
night at the £' of June, 24S,and 70W. The
top plot shows the number density profiles,
and the lower plot shows the peak
normalized profiles.

ences between the derived rotational rtgperatures on the
one hand, and the atmospheric temperatuan the other
hand. For this purpose, a model of vibrationally excitgd h
droxyl (Winkler et al., 2016) is used in combination with an
atmospheric chemistry model (Winkler et al., 201R)gurel
shows an example of a calated hdght distribution of ly-
droxyl molecules in the upper mesosphere and lower therm
sphere. It can be seen that the lower vibrational states peak at



lower altitudes than macules with higher vibrational quea
tum numbers.

There is a shift of up to about 5 kbetween the profiles of
the different vibrational states. As a result, there are different
average gas temperatures for the different \abonal states.
The actual values depend on the atmospheric temperature
profile. For the date and location consider@dthis example
there is a temperature decrease of about 2 K/km in the- alt
tude range of interestFigure1l shows the mean hydroxyl
emission aftude and the average temperature as a function
of the vibrational quantum number. Ehmean altitude n-
creases by about 3 km from low to high vibrational quantum
numbers, and the rotational temperature decreases by about
4 Kelvin. Note that the caltated temperature decrease with
increasing vibrational quantum number is in contrast te th
generally measured temperature increase. In order to address
possible deviations from a local thermodynamic equilibrium,

196 v T T T T T T T T

194

192

190

188

Rotational temperature / K

186

184 L L L 1 1 1 1 1 1 L

Vibrational quantum number

Figure2: Modelled rotational hydroxyl temperatures at an ialt
tude of 85 km as a function of vibrational quantum number. The
gas kinetic temperature is 185 K. The results for different changt
of the rotational quantum numbed in a vibrational quenching
process are shown in different colours. Lines and crosses dep
the temperatures calculated with different sets of rotational
guenching rate coefficients from the literature.
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87 b 194 E
we are currently
developng a
model which will
allow to study
the population
dynamics of both 188 .
vibrational and
rotational states
in detail. The
model accounts
for the chemical
production of
rotationally hot
0 "ovhy,  vibra-
tional-rotational and pure rodtional transitions due to caH
sions with air molecules as well as due to photon emissions.
The preliminary model result shown figure3 indicates that
the rotational tempeature tends to increase with vibrational
quantum number. Depending on model parameters, thearot
tional temperature ath  Wcan be up to 10 K higher than the
gas temperature. Note that such a temperature increase
would exceed the temperature decrease due to théferent
emission altitudes discussed above. If these findisgscon-
firmed by further simulations, they will have a significamt i
pact on the intepretation of hydroxyl rotational temperature
measuements.
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Figure 3: Left plot: Mean altitude of the hydroxyl pfiles shown in
Figure 1 as a function of vibrational quantum number. Right: Apparel
rotational temperatures derived by a leastjuare fit to the weighted
sum of Boltzmann populations corresponding to the different ga
temperatures at the different altitdes.
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Measurements of Ammonia (N§iusing FTIR
spectroscopy W

Mathias Palm andustus Notholt %

mmonia (NH) is a central part of the nitrogen cycle in the Under certain cicumstances two
soil/atmosphere system. It is a highly reactives gehich is atmospheric layers of ammonia

formed by excess nitrogen fertilisation, application of pig and  may be ®served. This is the case 40
poultry manure, but also by combustion. As can be seen in for amnonia trarsported from
Figured, there are three areas in Western Europe which are  further away and lifted up above
GK20GalLl2Gasg 27T I YYgyNotthwestyGe (i KS the (iplagetatyJK®undary layer,
many and Netherlands, the Ralley in the north of Italy and which is the layer between the free
the Ebro valley in northern Spain. The area with the high  troposphere and the part of the

Figure4: Yearly mean of Ammonia as measured
by the IASI satellite ©vVan Damme (2014)

emission in Russia has no local observatories.

All three regions in Western Europe are regions which are

heavily usedor agriculture. In Bremen, the routine measgur
ments of the stationary FTIREoUurier Transform Infrared)
instrument can be usedo quantify atmospheric Nkl (com-

pare Figure5). The ime of spring fertilization caneadily be In order to observe the Western Eur D *’7 —gé\gg)
o NH, above Bremen observ_ed. A partig- pean hot_spots, a mobile FTIR system _has L :%. ® 'agm_
« Total colurm . larly high value was been buit. The first deployment was in 2T ¢ @ <
60.0 ) . . 4 o D)
50.0 * 0-1000m . measured in April Cabauw, Netherlands (part of the PhD oo @
% 400 e 1000m-2000m : 2010. Although this work of Enrico Dammers Vrije Unive- ®g :*WP o
g 300f|*_* above 2020"1 " is coincident with siteit Amsterdam). During a sabbatical of » C! @ .C
E 200 . .: : 2 s at the outbreak of the Prof. Notholt, a measurement campaign C? ® g
= 1000g ¢ m.; !lsf Icelandic  volcano has been conducted in Isprand the O @ .CQ.
122 we ot ° 1 Eyjafjallajokull which diurnal variation in NH3 was measured P ®e ®
' * led to a standstill of be detected.Because of the measer

Y7 2005 2006 2007 2008 2009 2010 2011 20

Figure 5: Time series of tropospheric NH3
above Bremen as measured Itye FTIRN-
strument at IUP Bremen. Thegh values in
spring and autumn are related to fertilisation.
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air traffic in Western
Europe, the high
ammonia is not
related © this ing-
dent.

troposphere inflenced by the ground. Such afiient can be
seen inFigure6 which is a satellite observation from % @f
April 2010 showing a filament of ammonia reaxy from the

west over the location of he instu-
ment.

ment principle of the FTIR (clear sight to
the sun is needed)this is not always
possible. To this end a camiler has
been equipped with a small FTIR and the
necessary auxiliary equipment.

18 - April - 2010
7T

Molecules NH3/cm2

Figure6: Measurement of ammonia by the 1ASI
satellite on 18 April 2010 (image courtesy of
Enrico Dammers). A filament coming from the
west can readily be seen, vdhi extends over
the Bremen FTIR.
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Yearround FTIRneasurements in Paramaribo, Suriname

Mathias Palm, Thorsten Warneke afdstus Notholt

he Notholt Workgroupoperates a measurement station in

Paramaribo, Suriname since 2004. Until recentlye
measurements were obtained only on campaign base. After
2013 the continuous operation for measurements of gree
house gases in the near infrared porti of the spectrumwas
started with the help of local partnerand after 2014, conti-
uous operation was extended to measurements in the -mid
infrared region. The caveat here is the ndedliquid nitrogen
which is difficult to obtain loc8l. Figure7 shows the deve
opment of HCI since 2004. HCI is a gas mdmind in the
stratosphereandis linked to ozone depletion.

2004

which shows measurements of Sk Paramaribo. Sks man-

ly released in the northern hemispher&@he exchange time
between hemispheres is about one year, so the amount found
in the southern hemisphere lags behind. Hence, fi6igure8

it can be inferred that Paramaribo is in tleern hemispheric

62/
+ Mauna Loa, 20°N
Cape Matalulu, 14°S
.+ Paramaribo, 5°N

Total Column [10'* molec/em?]

1.65

E e e e >0 8 ¢ 6 @ 8

2005
2008
2007
2008
2009
2013
2014
2015
2016
2016

2001 2002 2003 2004 2005 2006 2007
date

Figure8: Measurements of SFan atmospheric tracer in
the northern (blue dots) and southern (green dotshiie

0 a0 100 10 200 250 300 350 4N
Day of Year

Figure7: Measurements of HCI above Paramaribo, Suriname.

For two years the observations extend through the whole
annual cycle Paramaribo is a special place because IfhiCZ,
the inner tropical convergence zonis north of Suriname in
autumn and suth of it in spring. This can be seenRkigure8
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sphere and in Surinaifpink dots).

air in spring andin southern hemispheric air in autumn.
Whether this can be seen in the amount of HCIFigure7 is
still subject to research.
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Greenhouse gas emissions from rivers

Denise Milller, Thorsh Warneke, Justus Notholt

In the context of climate change, rivers and estuaries have been Despite its high organic carbon concemntr
increasingly studied in terms of carbon and nutrient cycling. A  tions, the Maludam river was aglly a caon-
special focus of recent research has been pheduction ofgreen- paratively moderate source of GQo the
house gas (GHG) in and emisstbereof from these aquatic s atmosphere. Only 26 + 15 % of the carbon
tems. Global estimates of riverine and estuarine evasion of GHGs was evaded to the atmosphere as £@nd
usually suffer from poor data coverage in the tropics. Southeast the rest was transported downstream. Prb-
Asia, in particular, has been considered a hotspot in the global ably, the rapid transit of the water does not
carbon cycle, but very few datxist on aquatic GHG emissions in allow sufficient time for oganic carbon to be
this region. fully remineralized, so that a large fraction is
conveyed to the estary. There, the rds
dence time is prolonged, and the tidgso- Figure 9: Equilibrator used for the
mote oxygen supply. Thefore, aerobic measurement of dissolved G@n the
respiration of organic matter is stronger in Rajang River (Sarawak, Malaysia).

the estuaries. Measurements in the fresaw
At IUP, we investigated the relevance of rivers and estuaries in  ter part of the Lupar and Saribas estuaries, as

Southeast Asian rivers export large amounts of organic carbon to
the ocean, due to both high rates of runoff and the presence of
tropical peatlands. These carbeoith soils are an important source
of carbon torivers, but the fate of this material remained unknown.

e western Sarawak, Malaysia as well as measurements in the Rajang River in northern Sarawak have
S Exkrmer BEA, Lok 2515 sources of GHGs to the atso confirmed thd the CQ emissions from these rivers are relatively
i phere. During several exped moderate.
=Rt tions, we measured carbon

Similar results were obtained by our collaboration partners from
the Leibniz Centre for Tropical Marine Ecology (ZMT), whe pe
formed CQ measurements in Indonesian rivers. In a synthesis
fiver. Furthermore, we dete study, we showed that the CQOemissions from Southeast Asian
mined dissolved CQas well as rivers are on average Iower. th.an previously assumgd. On a global
methane (Ch), carbon mona- perspective, riverine COemissions are far smaller in Southeast

Maludam Rajang Lupar Sarbas . SEA  Congo Amazon . . . i i i i i
ide (CO) and nitrous oxide Asia than in other tropical regions like the Amazon or the Congo

o0 | Richey ot al. 2002

dioxide (CQ outgassig from
an undisturbed tropical peat
draining river, the Maludam

CO;-Emission (gCim?/yr)

Figurel0: Annual carbon dioxide emission (N;O), in the estuaries of the River.

estimates fo several tropical rivers. Bst adjacent Lupar and Saribas References:

mates based on models are shown by the  rivers using Farier Transform D. Miiller, H. W. Bange, T. Warneke, T. Rixen, M. Miiller, A. Mujahid, and J.
horizontal bars and the vertical bars indicate  |nfrared (FTIR) spectrometry. Notholt: Nitrous oxide and methane in two tropical estuaries in a peat

measurement based estimates
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Multiyear sea ice area estimates
from microwave satellite obsera-
tions

Yufang Ye, Gunnar Spreen, and Georg Heygster

Cea ice is an important component of the global climate
system and at the same time a sensitivenelte indi@-

tor. Different seaice types can be separated based on their
age and stage of developmenthe two main classes are
first-year ice (FYI) and multiyear ice (MYIl). MYI is older,
thicker ice that has survived at least one summer melt and
FYI repreents the seasonal ice cover. The sea ice area in the
Arctic is rapidly decreasing with a rate of aba% per
decade. Especially pronounced is the decrease in thick MYI.
Large parts of the thick MYI have been replaced by irscrea
ingly thin FYI, which imgéts the weather and climate
through different radiation and dynamic feedbacks and has
consequences not only for the Arctic but also for mid
latitude regions. For example, MYl has more ridges, i.e.
stronger surface topography, which results in a smaller su
face fraction to be covered by melt ponds in summer and
thereby a higher albedo and less absorption of shortwave
radiation. The stronger and thicker MYI is more resistant
against wind forcing, i.e., less leads can open up and less
energy and gases are trsfierred between the ocean and
atmosphere. The larger ice thickness makes it less likely to
completely melt in summer, which in turn again keeps the
albedo higher and avoids the iadbedofeedback to kick in.

Microwave satellite observations have been widesed for
monitoring sea ice ifPolar Regiondecause they are iret
pendent of sunlight and can penetrate clouds (e.g., Ye and

%}mﬂ w Universitat Bremen
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Multiyear Ice Concentration (%)
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Figurell: Multiyear seaice concentration for selected days in January 200ih the
ECICE algorithm (top) and those after the two correction schemes have been app
(bottom). Many regions with false MYI areas, especially along the ice margins,
corrected in the bottom row (red rectangles).

4003-3an %o

Multiyear Ice Concentration (%)

Figure12: Monthly average multiyeaseaice concentration in the Arctic for January
of the years 2008009 demonstrating the drastic decrease in MYI area during tha
time period.
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Heygster, 2015). Total sea ice concentration can be derived
reliably from microwave remote sensing data because of the
distinct difference of microwave signatures between open
water and sea ice. However, the discrimination of ice types
(including MYI) can be difficult because different ice types
may have similar typical microwave signatures, i.e., lrigh
ness temperatures at differd polarizations, backscatter
values or combination of both. Such ambiguoagliometric
signatures which can make FYI to radiometrically look like
MYI can be caused by, e.g., thagfreeze cycles in the snow
or increased surface roughness caused by seadifa-
mation due to wind and waves, especially along the ice-ma
gins.

The improved Arctic MYI concentration retrieval developed
at the University of Bremen is based on the Environment
/I'ylFRIQa LOS /2yOSYyidNI GARY
ness tempertures from the microwave radiometer AMSR
and radar backscatter from the Kiand scatterometer
QUIkSCAT. The initial MYI ice concentrations are corrected
by two correction schemes: one using temperature records
from atmospheric reanalysis to identify M¥nomalies
causedby warm spells and replacingem with interpolated
MYI concentrations (Ye et al., 2016a), and the other utilizing
mainly ice drift records from satellite observations toneo
strain the MYI changes within a plausible contour (Ye et al.,
2016b). After the two corrections are applied, the MYheo
centration estimates in the Arctic Basin, particularly along
the ice margins and in the peripheral seas, are muuoh i
proved and more realistic (séggurell).

Currently, theMY| dataset at the University of Bremen are
available on a daily basis for the years 2€009 on a 4.45
km polar stereographic grid. From 2002 to 2009, the MYI
area has decreased by about 1.5 million *kam average

w Universitat Bremen
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(Figure 13). The disti-

bution of MYI for all 400
months  of January 4
from 2003 to 2009 is g3

shown inFigure12. In
the earlier years the
centre of the Arctic
Basin was completely
covered by MYI, while
in recent years only a
small area of MYI su

Multiyear ice area (km- )

AN
\“«\\

vives along the norh-
ern coasts of Greenland

1'a()()ii-Jan 2004-Jan 2005-Jan 2006-Jan 2007-Jan 2008-Jan 2009-Jan

and the Canadian Arctic  Figure 13: Monthly averaged Arctic multiyearceé area in

Archipelago. In order to

mechanism of MY| changes anéa aUscertdaZfEIl t}\re%das of the cl
mate change, a long and physically consistent MYI time
series is needed. The current MMitaset ending in 2009 will
be extended tathe present using data from the radiometer
AMSR?2 and the-Band scatterometer ASCAT.
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Albedo, week2 of 06.2007 MPF, week?2 of 06.2007

Melt ponds on Arctic sea ice

Larysa Istomina, Georg Heygstand Gunnar Spreen

With the onset of melt in the Arctic Ocean (depending uses level 1b MERIS TOA (top of E
on lditude, beginning of June tamid-July, the the atmosphere) refletances g
amount of melt ponds puddles of fresh melt water on the and gives results for every sa )
Arctic sea ice increases. The melt ponds remain present  ellite swath on an orbit by orbit s
throughout the whole Arctic summer and continue to be base. Thereafter, the data is 2
visible as darker ice areas in autumn evafter freeze up gridded to a 12.%m polar S
before major snowfall events cover them upidure 15). stereographic grid to obtain the g
Melt ponds on the Arctic sea ice are the main reason daily averaged MPF. The MPD
strong surface albedo deease in summer, which in turn retrieval uses a physal model
affects the whole Arctic climate system vidimatic feed- of sea ice and melt ponds to
backs. The duration of melt pond presence on the Arctic sea retrieve the MR- and sea ice
ice, as well as the melt pond fraction (MPF), are good iadic albedo (Zege et al., 2015;
tors_of the s_tate of the I(_)cal Ar(_:tic climate. Ir_1 the_context of Istomina _et a_l._, 2015a,b). In Figure 14: Example of the broadband albedo and melt
Arctic warming, Arctic wide retrieval of MPF is of intaace addition, it utilizes over 200  ,,nq fraction maps for week 2 and 4 of June 2007. Hig
and is effectively done using satellite observations. spectral albedo measurements  melt pond fraction corresponds to low sea ice albedo.
Melt ponds and sea ice behave differently in the visible (VIS) of the Arctic surface from field
' , and nearinfrared (NIR) campaigns (Istomina et al., 2016; Malinka et al., 2016) to
range of the elecw- constrain the retrieval to reéstic situations. Currently, the
magnetic spetrum and whole MERIS dataset (20€2011) is processed and awil
thus can be resolved by ble at University of Bremen and can be used, e.g., as input
their spectral properties. for climate models or for specific ice morphology and melt
Therefore, opttal spe- pond studies (Istomina et al., 2015hyww.seaice.uni
troradiometers, like bremen.de/meltponds.
MERIS on the Envisat or The MPF can vary in a great range of values depending on
OLCI on the Senting| the melt stage and the underlying ice type. It can stay as low
satellite, are suitable for as 20% at the maximum of melt on multiyear iceee that
MPF retrieval. The Melt has survived one or more summer melts and shows stronger
Pond Detector (MPD) surface topography. On level landfast,ittecan go up to as
Figurel5: Frozen melt ponds onthe  retrieval ceveloped at high as 80% during the onset of melt. Sea ice albedd-is a
Arctic sea ice University of Bremen fected correspondinglyFigure14 shows an exaple from
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June 2007 illustrating the low MPF for the multiyear ice
areas north of Greenland and the Canadian Arctic Archipel
go, and higher MPF for the firgear ice in the Beaufort Sea

and for the fast ice areas in the Laptev and East Siberian Sea.

Satelite observations give us the possibility to watch the
dynamics and variability of MPF in space and time amd pr
duce temporal trends of melt pond fractiorFigure 17).
Although the spatial trends shown Figurel7 show po$

tive or negative values depending on location, it does not
necessarily mean an increase or decrease of the maximum
MPF value observed in a given region throughout the- se
son. It mainly reflects a shift of the melt pond evolution
curve n time. If the melt pond development starts earlier,
i.e., is shifed towards springKigurel6), a positive trend in
MPF will be observed early in the season. A negative MPF
trend may occur if, e.g., melt pond drainage (secondtme
stage after melt onset) ishserved in the later years of the
dataset as opposed to melt onset in the earlier ye&ig\ire

o
o
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o
S

Melt pond fraction
o
w

e
)

o
-

0.0
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Figurel6: Time series of melt pond fraction throughout the
summers 20082011for the area of positive MPF trend in the
Queen Elizabeth Islands (78108°W).
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September-Minima der Meereis-Ausdehnung in der Arktis von 1979-2016

Arctic Sea Ice Extent

Cooperative Junior Research Group
for Remote Sensing of Sea Ice

Gunnar Spreen ‘

Sea loe Extent [million km']

ol .y
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In August 2015, the cqmerative junior research grougRemote s S W
Sensing of Sea Icted byDr. Gunnar Spreemyas established at e e Ee e e e
the Institute of Environmental Physics (IUP). There is-ttagding

experience in sea ice remote sensing at IUP as part of Prof. Justus

Figure 18: Decline in Arctic summer (September) sea ice extent between 1979 and 2
(www.meereisportal.de (b) Seasonal development of Arctic sea ice extent in 2016 (r
curve) in comparison to thast six years and the average 192215 ice extent (dashed line,

b20K2ft GQa unNIhapSrticdd, khrodgNRvork led by Dr.
Georg Heygster to derive sea ice and atmospheric parameters from
satelliteborne microwave radiometers.

The junior researchyroup is supported by the Institutional Strategy
of the University of Bremen, funded hiype German Excellence
Initiative and will last for 5 years. The performed research watl
only foster but also extendhe current sea ice related work at IUP.
The main cooperative partner is the Alfred Wegener Institute,
Helmholtz Centre for Polar and Mae Research which provides
expertise especially in the field of sea ice physics arsitinobse-
vations needed for validation of remote sensing data.

The junior research group works on three overarching topics:

(1) Retrieving new sea ice variables, e.00w depth and sea
ice topography, and establish reliable error estimates
(2) Merging existing observations to new products
(3) Closing the gap between sea ice monitoring and climate
system understanding
{SI A0S Aa 2yS 2F G(KS 9 NIh&KQa
greatest change durinthe last decades. Sea ice has an important
role in the coupled climate system becausedntrols the energy
and gas fluxes between ocean and atmospherd’atar Regions
Due to its high albedo, it efficiently reflects shortwa\ediation
back to space, ahaffects the ecosystem.h& sea icearea in the

% w Universitat Bremen

www.seaice.unbremen.de)

I NOGAO A& NI LARf& RSONSI ainyha
Antarctic,the sea ice are& slowly increasing (about 1.5%/decade).
Arctic sea ice decline is not evenly distributed throughout the year;
with ¢13%/decadeas the strongest @crease bserved during
summer months Kigure18a). But sea ice declines during allase
sons in the Arctic and a late freemp like the one oberved in 2016
(Figure18b) can precondition the ice cover faoine following year
because the ice stays thinner.

Such observations of sea ice area are available from satellite m
crowave radiometers since the 1970s and with a time series of
more than 40 yearssea ice extent is one of the longest climate
variables moitored from space. To improve our understanding of
the polar climate systemmot only sea ice area but also othea-p
rameters like ice thickness, type, snow depth, and ice drift and
deformation are of importance. New methods fetudying these
are developedvithin the junior research group.

She Apprbalinds toEEmbintPrfeRstiréntbnts Frénf di@rént!sAt¥iiite
sensors like active microwave scatterometers and passiveomicr
wave radiometer measurements. This wdsne, for example, to
improve the sea ice type retriel/fYe et al., 2016]. Current research
focuses on combining microwave radiometer measurements with
observations in the visual and infrared (IR) spectrum to improve

gAGK
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centration retrieval.Figure19 shows an example of how different
satellite sensors see the Arctic sea ice on one particular day, 1 April
2009. In thevisual bands, shown iRigurel9a, sea ice can be clea

ly discriminated from th ocean angif we zoom ina lot of details

like floes along the ice edge or cracks in the ice can be observed.
But clouds cover large parts of the Arctic and reduce the ared avai
able for analysis. During the polar nighb visual data is available.

If the IR channels are addeBigure19b), clouds can be better di
cerned from the ice andf thermal IR channels are usesbsena-

tions are possible without daylight. Observations at microwave
frequencies Figurel9c-e) are independent of daylight and almost
independent of clouds. At 88Hz Figure 19c), most details are
visible, like cracks in the Beaufort Sea and north of Fram Strait, but
cloud liquid water and water vapour catillshave a significant
impact on the measurement (clearly seen over the open ocean). At
19 and 13 GH#{gurel9d,e), this influence is reduced bubis the
spatial resolution. Methods are developed to combine theé- a
vantages othe different sensors to obtain a sea ice concentration
product at 1km spatial resolution and improved accuracy.

Another project focuses on theetrieval of snow depth on sea ice
from microwave radiometer observations at different frequencies.
Currently it is beinganalysed if te snow depth retrieval can ben

fit from active backscatter measurements like the ones from
QUIkSCAT shown FigurelQe.

Laser and radar altimeters are used to estimate the sea ic&-thic
ness based on nasurements of the ice freeboard height, the part
of the ice and snow sticking out of the surrounding water. But a
timeter measurements are sparse and do not cover the complete
Polar OceansHgurel9). Synthetic Aperture Measuremés (SAR)
have a high spatial resolution of 18®and better. SAR data can be
classified to identify different sea ice types [Ressel et al., 2016]. The
sea ice type is in most cases not directly related to ice thickness but

% @ Universitat Bremen

the ice thickness class.
Methods are devimped

to identify leads on a
basinwide scale from
Sentinell SAR data and
combine them with

CryoSa® radar altine-

ter measurements. A

other application is the
retrieval of sea ice a-

pography from the Ta

DEMX interferometic

SAR mission.

Results of all studies are
interpreted in the co-
text of a changing El
mate system to improve
our understanding of
underlying climate p-
cesses inPolar Regions
and beyond
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Figure19: The Arctic sea ice cover on 1 April 2009. (¢
MODIS visible bands; (6)mbined MODIS blue and short
wavelength infrared bands; (c, d) AMERmicrowave
radiometer brightness temperatures at &Hz H (c) and
19GHz H (d); (e) backscatter from the QuikSCAT sc
terometer at 13 GHz; (f) elevations from the ICESat GL.
laser altmeter. (From Spreen and Kern, 2017).
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First simulaneous detection of marine and
terrestrial chlorophyll fluorescence frorspace

Aleksandra Wolain, Vladimir Rozanov, Stefan &oTilman Dinter, Marco Vountas,

John P. Burrowsnd Astrid Bracher

I\/I arine and terrestrial carbon pools are importantsre
ervoirs in the carbon cycle, and theysaltb a signif
cant part of the emitted carbon dioxide from fossil fuel
combustion. It is clear that due to langse changes wait
wide, areas of pristine vegetation have been decreasing,
e.g, the deforestation of the rainforest. With respect to the
oceanicbiosphere, there is an ongoing discussion about the
changes in health, composition and abundance of phyt
plankton. Observations from instrumentation on polar o
biting sun synchronous satellites have facilitated the study
of changes in the phytoplanktonidmass having a temporal
sampling of a day and a spatial resolution on the order of a
km. Information about chlorophyll fluorescence is directly
linked to the physiology of phytoplankton or plants: When
chlorophyll molecules absorb light, most of this emeris
transformed into chemical energy in a process of photesy
thesis. However, a fraction of the energy absorbed is re
emitted as fluorescence. Hence, as a result of its relationship
to photosynthetic efficiency, information about chlorophyll
fluorescencecan be used to assess the productivity and
physiological state of phytoplankton.

Inelastic processes (e.g., Raman scattering and fluorescence)
lead to a redistribution of solar backscattered electrana
netic radiation and shift of the frequency towartligher or
lower energy. Inelastic scattering by molecules in the air
(mostly N and Q) is calledrotational Raman scattering

%}g @ Universitat Bremen

(RRS). In lakes,
rivers and oceans
there are two
dominant inelastic
proceses: Vviba-

tional Raman

scattering by -
ter molecules, and
fluorescence  of
phytoplankton
pigments, mainly
chlorophyll a, andcoloureddissolved organic matter. Their
effect on the backscattered radiation at the top of atso
phere can be identified in the fillinig of Fraunhofer lines
(spectrally narrow and often sarated absorption features

in the solar spectrum), the process known as the Ring effect.
The fillingin of Fraunhofer lines calne observed with sate
lite-borne passive spectrometers, which have sufficient
spectral resolution.

0.0 0.1 0.2 0.3

We have examined these effes with an approachased on

the Differential Optical Absorption Spectroscopy (DOAS)
technique applied to the hyperspectral data from the past
and recent hyperspectral spat®rne instruments: the
SCIAMACHY instrument on board the ENVISAT satellite (in
operation from 2002 to 2012) and GOMFEonboard Metop
satellite series and in operation since 2007. In our retrieval,

0.4

SCIAMACHY fluorescence at 684 nm (mW/m?2/nm/sr)

0.5

Figure20: Global composite of red peak of ehlfluorescence for both lan
and ocean retrieved from the SCIAMACHY instrument (years 2008

20



we evaluate the fillingn in SCIAMCHY and GOMEdata of

the Fraunhofer line Fe | at 684.3 nm, which is located very
close to the emissio peak of marine fluorescencé$85

nm) at the red peak, seBigure20. The results on marine
chlorophyll fluorescence observations from SCIAMACHY and
GOME2 were compared with the MODIS Terra normalized
Fluorescence Line HeightKLH) product for the average of
the years 20082011 and year 2009 (only GOME Our
method also enables the retrieval of chlorophyll fluste
cence above land vegetation scenes. The results for the
fluorescence observed above terrestrial vegetation fory Jul
and December 2009 were compared to MODIS Enhanced
Vegetation Index (EVI). The comparisons show good spatial
agreement between different retrievalproviding evidence

for the good performance of our algorithm. The method
presented is generic and can bppdied to other hyperspe-

tral instruments in the future. Having established the-r
trieval technique, extensive studies of chlorophyll flusre
cence will improve global knowledge on physiology and
photosynthetic efficiency in both the marine and terrestrial
realms, and its dependence on\@ronmental factors.t is

also the very first time chlorophyll fluorescence from both
land and ocean was retrieved with the same approach.

Summary

This new satellite remote sensing approach enabledeto r
trieve chlorophyHa fluorescence at its red peak (~685 nm)by

w Universitat Bremen

using measurements from the hyperspectral instruments
SCIAMACHY and GO®IErom 2003 to 2011. This never
trieval enables simultaneous observations of-ahfluores-
cence from both land and ocean by exploiting narrsec-

tral structures resulting from the fillingn of the Fraunhofer

Fe | line. The red peak of ehnlfluorescence from terrestrial
vegetation has never been observed from space before, and
marine chla fluorescence was retrieved for the first time
with hyperspectral satellitdborne sensors. The obtained
SCIAMACHY results show good spatial agreement with other
datasets, MODIS nFLH for marine-ghfluorescence, and
MODIS EVI and GOMEfarred chl fluorescence for land
vegetation. Improved knowledge on ehlfluorescence will
improve studies on photophysiology, productivity and
health of both marine and terrestrial ecosystems.

This study waperformedin collaboration between IUP and
the Phytooptics Group at Alfred/egenerinstitute for Polar
and Marine Resarch (AWI), Bremerhaven.
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Carbon dioxide and methane from
satellites

Michael Buchwitz, Me&milian Reuter, Oliver Schneising, Jens
Heymann, Thomas Krings, Michael Hilker, Dhanyalekshmi Pillai,
Vladimir Rozanov, Heinrich Bovensmann, and John P. Burrows

arbon dioxide (C® and methane (CH are the two

most important marY F RS o6 al y i KgebJ2 ISy A 04 0
house gases (GHG) contributing to global warming. Despite
their importance, our understanding of their variable natural
and anthropogenic sources and sinks has large gaps. This
limits the reliability of climate prediction, which requires an
adequateunderstanding of their natural sources and sinks.
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Furthermore, reported anthropogenic GHG emissions: can Figure21: Time series of columaveraged CQ6 & -,4 h & 2060GFAYSR I
typically not be verified by independent observations. merging individual SCIAMACHY and GOSAT sé@fite data productsand CH from Sentinel5P
A large fraction of our knowledge on €énd CH sources from 2017 onwards.The three curves correspond to three differentitiade bands(e.g., red =
and sinks stems from accurate but sparssworks of su- 30%60°N, i.e., northern hemispheric midtitudes). The maps show the spatial coverage of th
face observations performing local point measurements. In satellite XC@observations during selected months. As can be seen, atmosphejin@eases by

about 2 ppm/year (primarily due to burning of fassiels). The seasonal variations, which depenc
on latitude, are primarily due to uptake and release of, BPvegetation (photosynthesis, resair
tion and decay of organic matter) (details: Buchwitz et al., 2015a, 2015 tamdwww.esa-ghg
cci.org)).

recent yearssatellite observations of greenhouse gases are
adding more and more informatigrthanks to their global
observational coverage combined with improved data gual
ty and aalysis methods (e.g., Buchwitz et al.,, 2015a,
2015b).

Of particular relevance are satellite observations with high ACtIVI.“eS and results from existing greenhouse gas

measurement sensitivity to GOand CH concentration satellites ) o )

OKFy38a Of2a8 G2 GKS 9 NI KQa hg Bemes & agorgtipdeading igstityes i iigpeel 5 A v q
signals are largest. At psent, data from three satelliteri- tively new area of satellite remote sensing of the gree

struments are available, which fulfil this requirement:sc ~ house gases (GHG) Cand CHl Currently, IUmBremen is

AMACHY on ENVISAT (2@022; scientifically led by IUP, leadng the GHE / L LINEeSou 2% 9{aQa |/ A Yt
Univ. Bremen), TANSEXS orboard the Japanese GOSAT UA @S o6/ /Lo G6KAOK RStAOSNA UKS a9
satellite (20096 2 RF 80 | YR 220CH dni@ amd h / h (ECV)_ Greenhouse Gases (http://www.@_;tg-cu..org/,.

2014 to today). Buchwitz et al., 2015a, 2015b). Focus of this project is to
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generate @amospheric C@ (see Figure 21) and Chl data

products from satellites for climateelevant applications
The goal is to generate consistent letggm data sets with a
quality high enough for climate applications.

A complementary activity where [UBremen is strongly
involved is the Copernicus Atmospheric Monitoring Service
(CAMS). Herethe focus is on fast data delivery. Within
CAMS IURBremen generates a colurraveraged C©
64 -4m RFGF LINRPRdzOG FNRY
Japanese GOSAT dhte in quasi neareaktime and del-
ers this product to the European Centre for MediiRange
Weather Forecasts (ECMWF) (see Heymann et al.,, 2015;
Massart et al. 2016).

IURBremen is not only active in generating sateltiterived
atmospheric data produs but also in the area of data-i
terpretation of these data products in terms of greenhouse
gases sources and sinks. A focus during recent years was to
use the satellite CQOobservations in combination with nas
elling in order to quantify the strength ohé European te
restrial (natural) carbon sink. As shown by Reuter et al.,
2016, it seems clear that Europe is a carbon sink but the
magnitude of this sik is very uncertain (se€&igure 22).
More research is needed to better quafytithis potentially
important carbon sink and to monitor how it changes with
time.

Activities related to future greenhouse gas satellites

The IUP is also strongly involved in future greenhouse gas
satellite missions. For example, HBRemen has proposed a
ySg alaSttAGSY GKS a/ I Nb2y
to further improve our knowledge of the various natural and
anthropogenic sources and sinks &@d CH. End of 2015
ESA decided to implement FLEX and not Carbohioatev-
er, it has been recogréd by an Expert Group of the Bur

%}g @ Universitat Bremen
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Figure22: Range of estimates of the strength of the European terrestrial (vegetation) carbon s
(in gigatons carbon per year; based on study results published inrpewedscientific publia-
tions) as derived from satellite data-&itu observations and bottorap methods. As can be seen,
all studies agree that Europe is a carbon sink. The magnitude of this sink is however very unce
and more research is needed to betiguantify this sink (see Reuter et al., 2016, for details).

pean Commission that there is a strong need for CarbonSat

or a CarbonSdtke satellite mission or even a constellation

of these satellites in order to monitor fossil C&€missions

see  http://www.copernicus.eu/main/towardseuropean
operationatobservingsystemmonitor-fossitco2-emissions

| &GAR&&AA2Y ¢l &1 C2NOSé¢ KFa oS
the Eiropean Commission to define the requirements for
such a satellite mission and \BPemen is represented in

this task force. I[UBremen is also involved in other agtiv

Sy

a JI56 {SPEQIR {pigre safeltes f?;/ﬁ’f?'ﬁpée i3 deyelgpng

an algorithm to retrieve 18 U K | NRB Y O-bizNEP LSS Q a
Precursor (S5P) satellite which will be launched in 2017.
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Links

IUP CarbonGroup webitattp://www.iup.uni-
bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/
GHGCCI project led by IUP, Univ. Bremieitp://www.esa-ghg
cci.org/

CAMS projecthttp://www.ecmwf.int/en/about/what -we-
do/copernicus/copernicusitmospheremonitoring-service

CarbonSathttp://www.iup.uni-bremen.de/carbonsat/

Videos (in German; based on interviews with Dr. M. Reuter and Dr.
M. Buchwitz, IUP, Uni&remen):

ADNNYSNI [ dZF i NBAYAISNEY
https://www.youtube.com/watch?v=DfYuXxW;73w

dbSdzS&r T Al Ky dzyR CNI Ol Ay3éY
https://www.youtube.com/watch?v=Kla40D17zkw

a2 NY dzLIR 2@eaf 2 £acts und Figures (iber dastirei
hausgas Methanhttp://hyperraum.tv/2016/09/30/warm-up-cook
down/
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Monitoring compliance withsulphurcontent
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regulations of shipping fuel by in situ measurements z s
of ship emissions £ seca =
Lisa Kattner, Barbara Mathieuffing, John P. Burrows, Andreas Richter,a8t&chmolke, André Seyler, ’ 1:n ‘

and Folkard Wittrock

ir pollution from shipping is a severe problem especially

for coastal areas anbarbourtowns. In 1997, the Inte
national Maritime Organization (IMO) has addressed this
problem by adopting MARPOL Annex Rért of this rega-
tion is the reduction osulphurin shipping fuels which forms
sulphur dioxide (S¢) during the combustion process, a gas
that causes particle formation, health effects and acidHic
tion. The IMO regulations concernirgulphur content in
shipping fuels came into force in 2005. For all oceans
worldwide, thesulphurcontent allowed in HFOs is capped at
3.5%. In addition Sulphur Emission Control Areas (SECA)
were established; one of them comprises the Baltic Sea and
the North Sea. Withinthese SECAs thsulphur limit was
initially set to 1.5%, which was reduced to 1.0% in 2010 and
has now reached its current reduction step in January5201
with a limit of 0.1% Kigure 23). With the regulations in
place, the questio remains how to efficiently verify conipl
ance by the ships. Up to nowthis is doneby inspection
authorities who enter ships at berth, review fuel log books
and, if suspicion is raised, take a fuel sample tabalysed
at certified laboratories. With tl results of these analyses,
it is possible to take legal actipif needed. However, these
controls can check just a minor number of ships and only in
harbours To increase the number of monitored shipsy-se
eral studies have suggested using exhaust gassoe-
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ments of the ships to estimate the
sulphur content without having to

access the ships directly. IMO Marpol Annex VI

Measurements

In 2012, the project MeSmarT started as a cooperatien b
tween the University of Bremen and the German Federal
Maritime and Hydrographic Agen€BSH). Part of the pr
ject was to assess and implement the method of exhaust gas
measurements with irsitu instruments for sulphur fuel
content monitoring. A measurement station has been set up
at the northern banks of the Elbever, in the small town
Wedel near Hanburg harbour, seeFigure25. In-situ instiu-
ments for the trace gasesulphur dioxide (S@, carbon
dioxide (C@®), nitrogen oxides (N and ozone () in a
weatherproof, temperature stabilized box were set up at the
station, with a line of sight distance of around 400 m to the
passing ships. In addition, a weather station providesrinfo
mation about wind speed and directipmnd anAlS (awot
matic identification system)eceiver collects information
transmitted by passinghips about their identification, pes
tion, course and speed. To obtain thelphurcontent of the
fuel the passing ship was using, it is possible to use auform
la with the ratio of the S©to CQ concentrations of a
plume. This gives a good esttion of the sulphurfuel can-
tent with an uncertainty between 15 to 30%.
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Figure23: Sulfur reduction in shipping fuels according



In a second step, the peaks and thus thdphurfuel can-
tents can be associated with the respective ships by cambi
ing wind information and positions of the ships obtained by
the AIS data.

Results

In autumn 2014it was possible t@nalysethe sulphurfuel
content of 824 ship plumes of 474 individual ships. During
that time, the allowedsulphurcontent was 1% and 99.6% of
all ships complied with this regulation according to our
measurements ad within the limits of our uncertainty. In
January 2015we analysed589 plumes of 374 individual
ships. With the newvsulphurlimit of 0.1% in force, we could
show that still 954% of all ships measured compliedd
that it is possible to identify thosengps that do not comply
(Figure24).

The lengths of the ships in 50 m size steps are emded.
Even before the regulation change, ships smaller than 100 m
(red) did not use fuel witsulphurvalues higher than 0.2 %,
most likely because their engines cannot process such fuels
or because storage capacity for two different kad fuels is

not available or because they are inland water vessels

Measurement =
station Wedel

Hamburg
harbour

Brémnertuven

Figure25: Measurement station in Wedel. Map source: OpenStreetMap.
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Figure24: Sulptur fuel content in autumn 201%efore, and in January 2015, after
the change of fuel regulations.

which have to follow other regulations.

The number of ships that can be detecteesd analysed
strongly depends on wind conditions. For months with good
wind conditions, it is possible to detect about-30% of all
ships; for months withunfavourablewind conditions, this
value drops to less than 10%.

Based on this work and in closeoperation with the e-
sponsible authorities BSH and the police, the measurement
station has been enhanced and the analysis has baen a
tomatized, so that ships which do not comply are directly
reported and checked by the police. In 20a%otal of 3500
plumes could beanalysed
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centre. Differences in the spatial distribution argue fof-di
ferences in the eruption process and chronology for the
three compounds. In addition, thehemical pathways of
iodine and bromine in the plume are probably not éd
pendent from each othemwhich may result in spatially sap
rated maximum values for the two halogen oxides.

On day August 08, just after the start of the eruptiop- a
proximately 18x10°® molecules of 10 are observed in the
plume, corresponding to a mass of 4.3 metric tons, t, of 10.
The amount of 10 increases up to abo@t4t on August 11
The range of IO mass between 4.3 and 12.2 t corresponds to
an amount of reactive iodine bewen 3.9 and 10.8 t. The
integrated amount of BrO within the plume increases from
26 t on August 08 to a maximum amount of 87 t on August
11. Converting this range of values to the corresponding
amount of reactive Br, amounts between 22 and 73 t are
derived The observed amounts of IO and BrO are a low
estimate for the amount of reactive iodine and bromine
emitted to the atmosphere due to the presence of further
iodine and bromine compounds not included in the 10 and
BrO measurements.

The Kasatochi plume é&lide reached predominantly the
altitude between 8 and 12 km. i.e. into the lower swat
sphere. Consequently, the satellite observations of large
amounts of iodine after the Kasatochi eruption indicate that
volcanic eruptions may lead to a substantial ihpf iodine

to the stratosphere as well asto the upper troposphere
lower stratosphere region. If the IO amount is homogen
ously spread over the plume area and within the main 4 km
thick vertical layer, a mixing ratio of 3 pptv (parts per trillion
by volume) at an altitude of 10 km results. The local mixing
ratio can be much higher due to inhomogeneous distfib
tion in the volcanic plume. The inferred iodine mixing ratio
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Figure27: Closeup of the volcanic plumes of 10 (left), BrO (centre) and (8ght) on

the day August 09, 2008. While the plume extent and shape are similar, difference:
the spatial distribution patterns are visible.

has substantial impact on the atmospheric composition, e.g.,
through reducing the ozonkevels.

10 has not yet been detected for any other eruptions swe
tigated, at least not at the Kasatochi levels. Scaling with the
observed bromine amounts, iodine levels for the othergeru
tions could just be below or around the detection limit of
current space based instruments. Future satellite instr
ments with finer spatial resolution and improved sigia
noise ratio may allow the observation and detailed inwest
gation of iodine species in volcanic plumes more frequently.
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Longterm ozone observations from space

Mark Weber, Elpidaeventidou, KadUuwe Eichmann, and John P. Burrows

Stratospheric ozone
From a series of European nadir viewing (downwardkioo
ing) space based UV/vis spectrometers, column density
ozore (also called total ozone) has been retrievedhat IUP
Bremen The ombined ozone dataset now encompasses a
period of twenty years and is suitable for detecting global
longterm trends in connection with climate change and
evolution of ozone depleting substances (ODS) that are
regulatedby the Montreal Protocol and its Anmelments to
protect the ozone layer.

At IUP Brementhe weighting function DOAS ift2rential
Optical Absorption [Bctroscopy) approachs applied to
derive global distributions of column ozone from GOME,
SCIAMACHY, and GO®IE1995present). The multiple
instrument datasets have been merged into a consistent
longterm dataset that was recently used in the WMO 8eie
tific Assessment of Ozone Depletion from 2014. As a result
of the Montreal Protocol phasing out ozone depletingosu
stances (ODS), ozone is exjgecto recover at a slow rate
since the end of the 1990s. The total ozone trends observed
since the late 1990s are, however, statistically not signif
cantly different from zero due to the large yetr-year
variability Figure 28). Nevertheless, the ozone decline of
several percent per decade observed in most regions of the
globe before the 1990s was successfully stopped, doctimen
ing the success of the Montreal Protocol.

Tropospheric ozone
About 90% of the total column ozone resglin the strab-
sphere (atmospheric region above the tropopause at about
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8-15 km), thus the total de
umn is a good measure of the
thickness of the ozone layer in
the lower stratosphere. b+
man and plant health is, he
ever, also affected by trap
spheric ozos. Enhanced
levels of surface ozone can
lead to severe respiratory
problems and ultimately to
cardiovascular attackss well
as the poisoning of plants.
Measuring tropospheric ozone
is, therefore, important when
monitoring air quality. He-
ever, due to te small contr
bution of tropospheric ozone
to the column ozone, it is
difficult to measure from
space directly. Tropospheric
ozone can be retrieved using
some methods that separate
the stratospheric and trop-
spheric parts of the column
ozone.

Among others two different
approaches have been ingl
mented that combine cloud
information and ozone de
umn from space measar

total ozone timeseries 1970-2016
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ments. The saalled Convetive Cloud Differential (CCD)
method subtracts the abowveloud column retrieved in a
region of high convective dds, typically in the tropical
region of the Pacific, from total columns observed elsewhere
to obtain tropospheric ozone column amounts. A second
method called Cloud Slicing (CS) regresses ablouel
ozone columns against observed cletag-heights to a&-
guire mean ozone volume mixing ratio at cloud altitudes.
Both methods are statistical methods that derive mean
guantities by averaging over sampled data in-gedined
grid boxes and their applicability is limited to the tropical
region.Figure29 shows an examplef satellite derived CCD
tropospheric column time series along with ozone sonde
data above Natal in South America. At this statitime
agreement between satellite and sonde data is quite good.

At the moment the variousropospheric ozone satellite data
are merged into a single lortigrm dataset for investigating
trends and variability. Both tropospheric ozone methods are
also being adapted to be applied to the upcoming TROPOMI
mission that will be launched into space abd Setinel 5P

in 2017 and will allovextendngthe satellite time series into
the near future.
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Solar variability

Mark Weber, Tina Hilbig, Klaus Bramsteatid John P. Burrows

Cpaceborne UV spectrometer dedicated toatmospheric
s—measurements usually observe the son a regular b-

sis The atmospheric spectra are divided by the spectral
sola irradiance (SSI) to obtain smoermalised radiances
upon which atmospheric retrieval algorithms are applied to
retrieve trace gases and other geophysical parameters like
clouds and aerosols. The daily SSBemselvesare also of
large scientific interesas they allow us to investigate irrad
ance variability due to solar magnetic activity on daily to
decadal time scales. Daily SSl irradiance data from space are
now available going back to the late 1970s from several
atmospheric sounders in combination Widedicated solar
missions.

A big challenge for space UV spectral measurements are the
optical degradation due to harmful UV radiation and
polymerisation of optical surfaces that leads to blinding of
the instrument. Complex degradation corrections havé&o
applied to obtain reliable timeeries. From the SSlo-called
solar proxies can be derived that are largely insensitive to
instrument degradation. A popular solar proxy is the Mg Il
coreto-wing ratio (Mg Il index) derived from the Mg llwdo
blet obseved at 280 nm. The narrow emission cores of the
doublet varies with solar activity and highly correlates with
SSi variations in the UV spectral region, thus, it is often used
for SSI reconstruction in solar or climate models to invest
gate the atmospherieffects from the direct solar radiation.

We derive the Mg Il indices from GOME, SCIAMACHY, and
GOME2 observations and combine them with other awail

ble datasets to create the Bremen Composite Mg Il index as
shown inFigure30. This index nicely shows the changes with
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the Schwabe (1year may-
netic activity) and Carrington
(27-day solar rotation) cycles
and now spans nearly 36
years. The solar minimum
following solar cycle 23 (in
2009) was one of the quie
est periods (with virtudy no
solar modulation) compared
to the previous ones. The
most recent solar cycle 24
has a much lower activity
maximum than cycles 22 and
23. The length and amipl
tude of the various solar
cyclesare very variable. Very
recently we established
uncertainties of the indices
from the measurementsas
well as from merging the
various datasets. The cew
lation with the solar radio
flux at 30cm (F30cm) isxe
cellent.

In the DFG project SCIASOL
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Figure30: Top panel: Composite Mg Il index (‘Brememeo
posite’) spanning the §ear solar cycles numbered 21 to
24. Values indicate numbers of days for each satellite- co
tributing to the composite index. Missing values were filled
using scaled F30 cm radio fluxtalaThe black curve shows
the time-series smoothed twice with a 5#ay boxcar reme-
ing the 27day solar rotation signal. Bottom panel shows the
estimated uncertainty of the composite Mg Il index. Highel
uncertainties are due to the interpolated F30cm vau&he
solar minimum to maximum change in this Mg Il index i
about 14% of the longerm mean as derived from the
smoothed Mg Il time series. This means that the uncertaint
of the Mg Il index with respect to a typical solar cycle chang
is about 2% and pher.

we attempt to recalibrate SCIAMACHY solar irradiance data
using anoptical bench simulator and a mirror model that
accounts for contamiation of the external mirror surface.
The goal here is to have a degradation freeygar time
series covering the UV to NIR that can be used to assess the
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SSI variability over a solarabg. Particularly in the visible
spectral rangelarge uncetainties still exist. In a first step

an improved solar reference spectrum from SCIAMACHY was
established and is compared to various other available solar
data as shown ifrigure31l. The agreement of SCIAMACHY
with other data is usually within 5% or better. Larger diffe
ences are observed dhe smallestwavelengths (below 270
nm) and in the NIR (above 1600 nm). The NIR is currently
matter of a scientific debate as morecent solar datan-
cluding SCIAMACHY show systematically lower SSI than the
Atlas3 composite that is widely considered the standard for
the visible and NIR spectral range.
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other established solar reference spectra. These reference spectra are basec
different space as well as ground measuremeiitse lower panepresents the
difference between the SCIAMIMY solaspectrum and the dier data As the
data sets havalifferent spectal resolutions, all spectra wemnvolved with a
10 nm Gaussiabefore taking the difference
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Trace gas and aerosol profiles in the dipa

sphere from limb measwments

Katja Weigel, Alexei Razav, Carlo Arosio, Elizaveta Malinina, Stefan Noél, andEM1

John P. Burrows

mong other observation geometriegsSCIAMACHYN

Envisat provided limb measurements of the Earth's
atmosphere for almost 10ears between August 2002 and
April 2012. Limb measurements from satellites |dlofough
the atmasphere tangential to the Earth's surfacnd can be
used to retrieve height resolved information about trace
gases and aerosol parameters in the upper troposprend
stratosphere.

This is a very intesting region to observe long term ch@gn

es in the atmospheredrause compared to the troposphere
below, it is lessaffectedby the day to day variations due to
weather. At the same time, only few long and congiste
data sets exist for this altitude. In situ observations from
balloon or high flying aircrafts are sparse and are often only
available for meas@ment canpaigns.

To exploit this dataro the maimum, we improved the e-
trieval algorithms for aerosol, £and HO.

Aerosol particle size distribution parameter retrieval
Most satdlites report information about straispheric aeo-
sols as ®tinction, a measure of the atteration of the light
in the amosphere due to the scattering and abption by
aerosols. Sug a data set is also available from SCMCHY
limb measuements;see von Savigny et al. (2015).

Due to its broad sparal range SCIAMACHY can provide
additional information about the aerosol picle size disir
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mode radius of the a®sol and the width of the distribution
of radii. Curently, the mode radius and the dgiibution
width can be retrieved while the influence of the number
density on these meairements is estimated to be small
compared to the other two parametersSo far a repre-
sentative data set of cloud free tropical measurememsf
SCIAMACHY has been retrievdtwing promising results.
The effect of volcanic eruptions on mode radius arnstrd
bution width is clearly identified in the time serieBidure
32).

Ozone retrieval

Published versions of the SCIAMACHY limb O3 retrieval (see
e.g. Rahpoe et al., 2015) use information from the Hartley
and Chapuis spectral bad to retrieve Q in the upper and
lower stratosphere.
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Stratospheric Methane and Carbon Dioxide
Profiles from SCIAMACHY Solar Occultation

Measurements

Stefan Noél, Klaus Bramstedt, Patricia Liebing, Max Reuter, Alexei Rozanov, Heinfigdure3s: Solar occultation viewing geometry

Bovensmann, and Ba P. Burrows

Atmospheric carbon dioxide (Gand methane (CHare
the most important maramade greenhouse gases. They
are mainly produced in the troposphere, but are also gan
ported upwards into the stratosphere where they play a
significant role in emospheric chemistry and climate.

There are various methods to measure and monitor the
tropospheric concentrations or total column amounts of,CH
and CQ, both from the ground and from satellites. Howe
er, there are only few data sources for stratosphéritor-
mation about these gases, especially for,CO

One of these data sources is the SCanning Imaging pdbsor
tion spectroMeter for Atmospheric CHartographY (SGAAM
CHY) which operated from 2002 to 2012 as part of the a
mospheric chemistry payload of the Esafi satellite. SIE
AMACHY performed spectral measurements over a large
wavelength range from the UV to the SWIR at variousvie
ing geometries, including solar occultation. During solar
occultation the (appearing) rising sun is observed through
the atmosphee (seeFigure35).

Already some years agthe socalled Onion Peeling DOAS
(ONPD) method has been developed at IUP to derivecstrat
spheric water vapour and later also first methane profiles
from SCIAMACHY solar occultation meaments (Noél et
al.,, 2010, 2011). This method, which combines a weighting
function DOAS (Differential Optical Absorption Spectesc
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SCIAMACHY

)

Earth

py) fit with an onion peeling approach, has been further
improved. The vertical range of the retrieved profiles could
be extended from 2040 km to 1745 km, and it is novalso
possible to derive reasonable €€ratospheric profiles.

With this new algorithm, the complete time series ofl-SC
AMACHY solar occultation measurements has beea- an
lysed. The method and the results f@H, and CQ are de-
scribed in detail in Noél et al. (2016). The produced data set
covers the latitudinal range between about 50°N and 70°N.
It has been made available to the public via the ESArGree
house Gas Climate Change Initiative (GHB) web site
(www.esaghgcci.org.

Figure36 shows the complete time series of daily averaged
CH, and CQ stratospheric volume mixing ratios (VMRS)
derived with the improved ONPD method. Temperature and
pressure profiles provided by the European Centre fa-M
dium Range Weather Forecasts (ECMWF) have been used as
input. Especially the GHlata set shows a pronouncedae
sonal variation which is mainly caused by the specific Bbse
vational geometry due to th sunfixed Envisat orbit, which
results in a similar temporal variation in latitude of the
measurements and related changes of tropopause heights.
The retrieved ClHand CQ profiles show some unexpected
vertical oscillations with amplitudes in the ordef a few
percent. These are especially visible in the,Clata set be
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cause of its lower variability. Such oscillations are not seen in
data from other instruments; they are therefore assumed to be
an artefact specific to the SCIAMACHY measurements @r th
retrieval method. However, there are actually no other ,CO
measurements available which cover the spatial and temporal
range of the SCIAMACHY data; therefore, this issue is still under
investigation.

There is no obvious trend visible in the methane tigegies. The
CQ data show a general increase with time. This is expected and
in line with the known increase of tropospheric £O
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Improved pointing information for the
satellite instrumentSCIAMACHY

Klaus Bramstedt, Stefan BlpHeinrich Bovensmann, and John P. Burrows

CCIAMACH‘(SCanning Imaging Absorption spectroMeter for
= Atmospheric CHartographY) is a passive remsg¢msing
moderateresolution imaging UWisNIR spectrometer on
board the European Space Agency's (ESA) Environmentsl Sate
lite (Envisat). Envisat was launched in March 2002 from Kourou,
French Guiananto a sun synchronous orbit, where it acge
plished 10yearsof successful mission. SCIAMAGbbgerved
Earth's atmosphere in nadir, limb and occultation geome&y.
critical point in the latter two is always the pointing knowledge,
i.e. the precise knowledge of the viewing direction and with

Figure37: SCIAMACHseers the viewing direction towards sun or moon in messes
with its Sun Follower Devid&SFD). For the highly variabteoon, we simulated the
steering on lunar reference images from the Robatimar Observatory (ROLO) of the
U.S. Geological Survey (USGS). Showiwarexamples: The white cro$sir on the
lunar image indicates thentensity centroid on the moon, which is theFD target.

that the altitudegrid of the observations.

We investigated SCIAMACHYs pointing performance by using
three types of iAflight measurements. In solar and lunar okcu
tation, the atmosphere is observed by measuring the light from
sun or moon transmitted through the atmospher@bove the
atmosphere, these measurements can be used to determine
the viewing direction towards the suand the moon respec-
tively. As e moon is a highly variable target, special care is
needed to take lunar phase and libration into account (Bge

ure 37). Additionally, the sun is regularly observed through the
so-called subsolar port (a measurement dedicated to monito
ing the degradation of the instrument). Also for these rmea
urements the viewing towards the sun can be dedive

The measured viewing directions are compared to ékpected
viewing directions at the orbital position of the satellite. Asmi
match between these two quantitiegndicates a sealled mis
pointing of the instrument. This can be caused by uncertainties
in the attitude informationof the platform or by offsets ithe
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From a set of 1ROLO images, a parameterisation for the location of the |Gkiee-
vations close to full moon has been derived.

positions of the two scan mirrors of SCIAMACHY. The mis
pointing can be described (and therefore corrected) by a set of
mis-pointing parameters.

For each month over SCIAMACHYs lifetime, aingedirection
measurement for each type has been selectaddtal of 282
measurements). An improved set of ngisinting parameters
has been fitted by simultaneously minimising the viewing dire
tion offsets for all measurements. The viewing directions e
pressed by an elevation and azimuth andligure38 shows the
elevation and azimuth angle offsets with the old and the newly
fitted mis-pointing parameters.

An elevation angle offset corresponds to an offset of thé alt
tude at the tangent point (i.e. an altitude offset in retrieved
atmospheric profiles). With the old mminting parameters,

tangent height offset of about +270 m for solar occultatipn

37



01-Jan-03 01-Jan-04 01-Jan-05 01-Jan-06 01-Jan-07 01-Jan-08 01-Jan-09 01-Jan-10 01-Jan-11 01-Jan-12

15 | Elev. offset: 2007] | H T Tunar Solar —%— _ subsolar 1 800
and about-200 m for lunar occultation are observed. With the g SF ' ' : g
new mispointing parameters, both offsets are close to zero. g B W e T
Additionally, the less important horizontal offset of about 5 km — |. ' —— — su;m'._;_' = .|. -
in the occultation measurements is removed. ¥ E
E
The new migpointing parameters will be used in the nex-r 3 ®
lease of the SCIAMACHY data processor aifidimprove the T - e T
geolocation for all measurements. Most important is the better B oaof e e e T 3
knowledge of the tangent heights for SCIAMACHYs limb and 5 ° : ;
occultation measurements. s s 2000 1
_ 120 ["AZim_ offset: 2016 ! [ Tunar — solar —— _ subsolar 11 6000 —.
References: g sof {4000 £
Bramstedt, K., N&, S., Bovensmann, H., Gottwald, M., and Burrows, J. R RN . SN PPV UG U SONUS DEN P Rl
P.: Precispointing knowledge for SCIAMACHY solar occultatiorsmea _ . 7 o

urements,Atmospheric Measurement TechniquBs286%2880, 10000 20000 #mbnaoooo 40000 50000

doi:10.5194/amt5-2867-2012, 2012. .
Figure38: The elevation / azimuth angle offsets d kfd the measurements used in

Bramstedt, K., Stone, T. C.,8G., Gottwald, M., Bovensmann, H., and the fit of the new mispointing parameters. Top and second panel: The elevation ang
Burrows, J. P.: Improved poingrinformation for SCIAMACHY from in offset using the migointing parameters from 2007 and the newly fitted parameters
flight measurements of the viewing directions towards sun and moon, (2016). Third and fourth panel show the azimuth angffset for both cases. With the
submitted to Atmospheric Measurement Techniqu&sl6. new parameters, the offsets are strongly reduced.
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Solar Induced Vegetain Fluorescence as seen from

Space

Narges Khosravi, Marco Vountas, Vladimir Rozanov, John P. Burrows

Cun—lnduced vegetation Fluorescence (SIF) has been retrieved GPP and APAR provided from
—globally utilizing SCIAMACHY measurements. SIF as a by field measurements of fluxes-

product of photosynthesis has, tlarge extent, a linear rat
tionship to the Gross Primary Production (GPP) of plants which
is highly affected by the absorbed solar radiation (also known as
APAR). Therefore, SIF is an indicator of photosynthetic efficie
cy and vegetation health and stressiaking it very useful in
landuse managementThe studyfocuseson land vegetation
and is therefore partially related to the studione by Wolanin

et al. (2015), see pad®) of this report. However, here a diffe

ent spectrarange and methodology is used.

SCIAMACHY provides moderate spectral resolution and very
good spectral calibration and large SNR. The retrieved SIF values
follow the seasonal trend of vegetation, regionally and globally
as illustrated inFigure39. The monthly averaged fluorescence
retrievals from SCIAMACHY show a clear contribution to the

APAR GPP =——— SIF —— APAR GPP =

from eddy cevariance towers
in the US(see Figure 40) be-
longng to the Ameriflux
measurement network

Reference:

Khosravi N, Vountas M, Rozanov

VV, Bracher A, Wolanin A and
Burrows JP (2015) Retrieval of
Terrestrial Plant Fluorescence
Based on the Hfilling of FaiRed
Fraunhofer Lines Using SCIAM
CHY ObservationBront. Environ.
Sci 3:78. doi:
10.3389/fenvs.2015.00078
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Figure40: Satellitebased SIF retrieval results-tmrated with monthly averaged values of grodbased mea-
urements of APAR (Absorbed Photosynthetic Active Radiation) and GPP (Gross Primary Product) over (
suburban USlux tower measurenent station near MinneapoliSaint Paul and (Right): over rural Ameriflux-st
tions in Nebraska, US.
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Figure39: Global values of SIF in [mWrsr nm] at top of
canopy layer as seen from SCIAMACHY retrievals. Above:
boreal winter (I+FJ)- high SIF values are obtained over largel
parts of the southern hemisphere; Below: For boreamnsu
mer- reduced values of SIF can be seen in the southem-he
isphere while a well pronounced trai&berian vegetation
belt is observed.
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Clouds and aerosols in thag-a
mosphere

Marco Vountas, Luca Lelli, Linlu Mei, Malte Jager, Vladimir
RozanovandJohn P. Burrows

Evaluation of SCIAMACHY cloud parameters by can-
parisons to ground -based and other satellite data
Catellite—based remote sensing of clouds is based upon
“the investigation of the interaction of reflected solar light
with water droplets and ice crystals across the fudctro-
magnetic spectrum. Clouds will look different depending on
the spectral region the space borne instruments are looking
at, because of the different microphysical properties of
water and ice. It is also wekhown that a change in thre
modynamic phasef water induces a change in absorption
of radiation by clouds. Therefore, when synergisticallpneo
bining records of clouds properties inferred from sensors of
different (and complementary) spectral specifications, bias

CTH bias (ESA 5.02 - GRAPE 3.2) 2007

R 0 T e
S _:J_ . ?:4.}. ."ﬁ
O T s 2

&

-3 -2 -1 0 1 2 3

assessments are of
guidance for optnal
data usage and atg
rithm refinement.
The satellite records
from the spetrome-
ter SCIAMACHY and
the radiometer Figure4l: In-filling amount of the absorption band of molecular oxygen
AATSR (both instr induced by inelastically scattered photons in a cleammer atmosphere
ments on board EN- for the UVN sensor on board the upcoming Senthetission

VISAT) have been cressmpared with grounebased cloud
retrievals across the globe. It has been found tB&IAM-
CHY cloud top heights, inferred in the visthkar infrared
around 760 nm, have a seasonal dependent overestimation
in range 0.6- 1.0 km when compared to the thermal iafr
red-derived (11 and 121m) AATSR cloud top heighfsee
Figure42). Comparison with irsitu cloud retrievals reveals
that SCIAMACHY cloud altitudes are more accurate for local
values of clouetovered sky greater than 60%. Optimally
designed algorithms shall exploit -cegistered measie-
ments from both spetral windows from different sensors.
This approach can be beficial, not only for the discrimia-
tion of cloud thermodynmic phase and a more accurate
vertical profiling of cloud bdies, but also of scenes comta
inated by natural and antlmpogenic aerosgbarticles.

Polarized radiative transfer including inelastic sca  t-

tering in presence of ice clouds and dust aerosols

In general, the wavelength of photons remains unchanged
upon interaction with molecules. Depending on various
conditions, such as viewing gmetry, temperature and
pressure of the local air aoinn, this is true for almost 8%

of the sunlight travelling through the atmosphere. However,

Figure42: Map of the difference (SCIAMACHYAATSR) in cloud top
height for the year 2007.

% @ Universitat Bremen 40

a fraction of light has its wavelength shifted after interaction



with matter and inelastic scattering has ocred. Still, even

if it isonly a small fraction of the total radiation field, wev
length-shifted photons can be detected and they especially
fill in solar Fraunhofer liness wellasthose spectral bands
characterised by strong absorption by atmosphegases,
such as molecular oxygen (760 nm) or carbon dioxide (2.7,
4.3, or 15um). Therefore satellite algorithms coded for the
exploitation of these bands and the monitoring of air dqual
ty, aerosol and cloud properties from space can be affected
by inelasic scattering. The impact of this scattering process,
and the light polarization induced by it, can be already
demonstrated for simulated measurements of the UVN
sensoron board the upcoming ESA Sentingl platform,
whose launch is scheted for2020(Figure4l).

Aerosols
A new Aerosol Optical Thickness (AOT) retrieval algorithm
for MERIS over land surfaces, referred to as eXtensilde Br

men AErosol Retrieval (XBAER) was successfully developed

at IUP/ University of Bremen. XBAERsus lookup table
(LUT) to match to satellitebserved reflectance and derive
the AOT. A set of spectral coefficients to prescribe surface
properties enables XBAER to retrieve AOT over both dark
surfaces (vegetation) and bright surfac@lesert, semiarid,
and urban areas). Preliminary validation of the MERIS
derived AOT and the grouruhsed Aerosol Robotic Network
(AERONET) measurements yields good agreement,ethe r
sulting regression equation being) T ¢ DT\ X

mdtu 1@t p and the Pearson correlation cdigient
R=0.78. Global monthly means of AOT have been compared
between XBAER, MODIS and other satetlégved datasets
(seeFigure43). The current version of the XBAER algorithm
focuses on the retrieval of AOT and SSR for lgraind
scenes. The use of XBAER for aerosol retrieval over water

% w Universitat Bremen

and snow is under
development and
benefits from the
experience of e-
trieval  techniques
devdoped at
IUP/University Be-
men over water
(von Hoyningen
Huene et al., 2003,
2011), and snow
(Istomnha et al.,
2011; Mei et al,

2013). A global data . _ .
set for aerosol Figure43:. Comparisorof retrieved global monthly mean AOT at 550 nm ft

roperties under July 2009. Upper row: left MODIS, righMISR. Lower row: IefAATSR (SU).
prop YOCT Jight- MERIS (XBAER)
cloud free condition

will be created.
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41



Greenhouse gas observations from aircraft: Methane ;

Airborne Mapper (MAMAP)

Heinrich Bovensmann),1Michael Buchwitz, Thomas Krings, Konstantin Gerilowski, Svett Krath

wurst, Jakob Borchardt and JoRmBurrows

The two most important mafY | RSl ydi& NB LJ2 3 S \6d sOufoes can be quantified.

greenhouse gases (GHG) carbon dioxide)@md methane
(CH) havelarge source®n small sptal scales(100 m toa
few km) These arefor example CQ from power plants,
volcanoes and cities, or Gflom fossil fuel production (coal,
gas, oil), landfillsand geological seeps. Oftetihe strength
and/or the position of these sourcese not wel known and

an independent verification of the emissions is needed.
Remote sensing of atmospheric GHG distributions;ated
greenhouse gas imaging, could close an importantrinfo
mation gap on small spatial scales. In cooperation with the
GeoForschungsgum (GFZ) in Potsdam, scientists at IUP
developed an airborne spectrometer system called MAMAP
(Methane Airborne MAPper), which demongea that im-
aging the spatial distribution of atmospheric GHG concentr
tions in the vicinity of strong sources can bsed to infer
the emission strength of the source. The spectrometer uses
solar absorption spectroscopy in the near and shwatve
infrared, in asimilarway as the satellite senseiISCIAMACHY
and GOSAT, to derive very accuragradients (precision
better <0.3%) in atmospheric G@nd CH with a spatial
resolution of approx. 50 m over spatial scales of several km.

During the years 2013016 the work at IUP focussed on
data analysis of the campaigns performed in 2@b?2014.
During these campaighMAMAPwas used to demonstrate
that with passive remote sensing of greenhouse gas distrib
tions on small spatial scales, the emission strength of selec

%{E @ Universitat Bremen

The campaigns were €0
funded by the European
Space Agency in support of
the devdopment of the Ca A
bonSat  mission  concept BN gty BEEE
(CMAPExp and COMEXmea S : N
paigns), by NASA (COMEDY gu_re44: MAMAP remote_sensmg survey flights over thedlan

. ills in the Los AngeleBasin (red cross in the world map, top
campaign) as well by the_ . )

. - right). Their locations are marked by red/yellow stars. Only the
University of Bremen. Olinda Alpha Landfill (lower right) shows a clear plume i
In summer 2014 ESA and downwind direction. The wind direction was in general seuth
NASA jmed forces when west during the measurements. &hmap underneath is pros+

carrying out the COMEXEY by Google Earth

campaign that not only saported CarbonSat but sb

b! {1 Q& LINE L)x@abRfraréd&lrha§edBHYISPIRI,
mission. The campaignxgoited passive remotsensing
spectroscopyc¢ the unique absorption signature that the
gases leave in sunlight as it passes through the atmosphere.
Measurements are takendm aircraft above, as would the
satellite, and compared to other measurements taken by
aircraft and on the ground near the source of emissions. The
measurements were t@n in the San Joaquin Valley and
around Los Angeles in @ainia, USA; an area that éatures

oil refineries, farms and landfill sites, which all release- m
thane into the atmaphere.

10 km

For the first time using this type of remote sensing déalte
methaneemissions from a landfilsée overviewFigure44)
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Figure 45: Photo of the oil fi
taken from the CIRPAS aircraft during the- A

gust/September 2014 COMEX campaign by 1U
scientists. Numerous oil wells were under
conventonal oil production.

were quantified in an independent way (Krautwurst et al
2016). The derived emissions of approx. 15 KT/yeHr
were consistent with the reported emissions. In addition,
the campaign was also able to capture a large methane
LI dzv' S
46. For that oil field Figure45) no emissions were reported.
A huge Clplume of unknown origin was detected up to
several km downwind over the oil field by remote sensing.
The datawas of good quality and the source strength of the
total field CH emissions was determined to be about 30kT
CHy/year.

Beside the detailed data analysis on campaign data, the
scientists at IUP prepared campaign activities for 2017
(COMET) and further delped the concept of 2
dimensional imaging of Gland CQdistributions.Using this
approach, Bnilar measurements as with MAMAP (1®jl
be possible but on time scale®f approx. 10 minutesnk
stead to several hours (as with MAMAP (10Riswill im-
prove the detection limit of small sources by nearly an order
g o e e ) ¥ e of magnitude and will

' minimise systematic
errors due to chawg-
ing meteorological
conditions during
measurement time
The technical concept
was developed in
cooperation with Carl
Zeiss Jena and AIM

:‘~ - k~ T
eld in California
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Links:

NASA COMEX pages:

https://espo.nasa.gov/home/comex/content/ COMEX

CarbonSat at IUR/eb: http://www.iup.uni-bremen.de/carbonsat/
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Airborne measurement of short lived trace gases: free

radicals

Maria Dobres AndrédHernandezVladyslav NenakhoWidhun George, andohn P. Burrows

xidation dominates tropospheric gas phase chigimy and,

more specificallythe phenomenon of summer smog. Free

radicals, in particular OH and peroxy radical® involved m most

photo-oxidation processes in the troposphere and are therefore

drivers of the atmospheric chemical comftasn. Knowledge of

their abundance and variability is consequently crucial for tee d
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Figure48: Peroxy radical mixing ratios measured by
PeRCEAS on the 23.08.2015 on flight level FL170. T
upper panel depicts the flight tradk yellowand the

corresponding flown area over Egypt is marked in red
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termination of the
oxidation capacity of
the atmosphere, .E.,
the rate of chemical
removal of gases eftni
ted into the atme-
phere by oxidising
reactions and the
charactersation of air
masses.

Following the long
term development
and optimisation of
airborne instrumenda-
tion for the measue-
ment of amospheric
peroxy radicals at IUP

Bremen, the PeRCEAS

(Peroxy Radical Che
ical Enhanement and
Absorption Spetrom-
eter) instrument was

succesfully deployed on the
research aircraft HALO (High
altitude and long range er
search aicraft; see
http//www.halo.dIlr.de/) to
take part in the OMO mission
(Oxidation mechanisms bo
servations in the extra
tropical freetroposphere, see
http://www.mpic.de/for
schung/kooperationen/halo/
omo-missior) lead by the Max
Planck Institutefor Chemistry
in Mainz in summer 2015.

The OMO mission focused on
the characterization of oxat

tion processes and long range
transport of Asian emissions
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Figure47. Peroxy radical mixing ratios measured by
PeRCEAS on the 25.08.2015 on flight level FL170 oy
Egypt (in red) and FL100 over Etna (in green). Tt
upper panel depicts the flight track and the osrr
sponding flown areas.

during the summer monsoon by using a comprehensive setfof H
LO nstrumentation for the airborne measurement of trace gases in
the upper troposphere and mostly at b km altitude across the
Arabian Sea up to the Bay of i®@l, the hdian Ocean and the

Mediterranean Sea.

For the time beingthe analysis of results indicates monsoon sign
tures above 12 km and photochemically active air massestaitra
altitudes.Figure47 and Figure48 depict exemplary mixing ratios of
the sum of peroxy radicals (ZPmeasured by PeRCEAS over Egypt
and in the emission plume of Etna over the Mediterranean Sea.
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cross-section, cm?molecule

Figure50: Ozone absorption crossections between
210 nm and 100 nm at 11 temperatures.

Molecular Spectroscopy Laboratory

Victor Gorshelev, Mark Webgand John P. Burrows

Igorithms that retrieve trace gas amounts from remotely sensed

spectral data rely, among others, apectroscopic data charaate
izing the molecular absorptionErrors and uncertainties in speotr
scqpic data often limit the accuracyof the retrieval results. Although
numerous spectroscopic datasets based on laboratory measurements
and theoreti@al considerations are already available, in many cases
they are not of sufficient quality and there is still room farprove-
ments that benefit the retrieval accuracy. Advances in experimental
instrumentation and setupallow usto produce spectroscopic paran
ters with loweruncertainties.Acquisition ofhigh-quality spectroscopic
data for remote sensing applicatioris an essential part othe expei-
mental activity at our Molecular Spectroscopgboratory.

In our laboratory we perform spectroscopic measur@nts using an
Echelle spectrometer covering the UV spat region and a Fourier
transform spectrometer (FTS) encpassing the near UV, visible, and
near IR. Several abgwr
tion cell setups with »-
tended cooling capacities
allow us to measure o
lecular absorption cross
sections at atmepherica-
ly relevant temperatures
ranging from -80°C to
room tempemture.
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The most reent mess-
urement campaigns of the
Molecular Spectroscopy
Laboratory include the
acquisition of ozone (£
absorption crossections
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in the UWISIR spe-
tral range from 210 to
1100 nm at an unpre
edented high number
of temperatures Figure
50) and selected m
thane (ClH) absorption
lines and bands in the
shortwave infrared
(SWIR). As part of a metrological European project we currently focus
on measurements to further improve ozone cresections in the UV
using animproved experimental setip (Figure49) allowing us to fut

ther reduce uncertainties in the temperature dependence of the ozone
crosssection data close to the 1% level.

Figure 49: Echelle spectometer setup with insulated
double wall absorption celfor ozone absorption cross
section measurements at cold temperatures

The Molecular Spectroscopy Laboratory is also involvedeieral
educational projects, introducing the basic practical conceptsioaf a
sorption spectroscopy to high school students and participating in the
international pstgraduateprogrammein environmentalphysics
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Laboratory for Modeling and Observation of the

Earth System (LAMOS)

Mihalis Vrekoussis and Andreas Hilboll

n 2016, a new working group was established at IUP, the Laboratory
for Modeling and Observation of the Earth System (LAMOS) led by
Prof.Vrekoussis.
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vations of atmospheric composition using higérformance numerical
models. The research questions evolve around the understanding of
the complex mechanisms controlling the esion, transport, and
transformation of pollutants in the atmosphere. Three different-fo
ward models will be useda) the Eulerian global chemical Transport
Model TM5,(b) the regional Weather Forecast coupled with chemistry
model WRFChem, and(c) the Lagrangian particle dispersion model
FLEXPART.

In addition, the inverse scheme of the TM5 model (TAIBVAR) will be
used in conjunction with satellite remote sensing measurements to
provide information on emission fluxes. Overall, the main goals of the
group are(i) to quantify sources and sinks of long and sHomed spe-

cies (CQ CH, NOx) using satellite data as proxi@§,to understand

the transport mechanisms of trace constituents from large agglemer
tions impacting on global chemistry, aiii) to understand the po-
cesses controlling the amounts of the elements nitrogen, phosphorus,
and sulphur being deposited to the oceans.

As a second pillar of its research activities, the LAMOS group conducts
groundbased remotesensing measurements of atmosgic compos

tion. In collaboration with the DOAS group (J.P. Burrows, A. Richter, E.
Peters) we developed a new prototype, the Imaging MaPper for A
mospheriC observaTions (IMPAG&eFigure51). The instrument has
already partigpated successfully in a seiblind international inter

% @ Universitat Bremen

PACT) (left) and its telescope conducting atmospheric observations
Cabauw, the Netherlands.

field of
view (45°)
allows the acquisition of high quality atrggzheric obserations of trace
constituents over all viewing directions at the same time. IMPAGIT
provide novel information on the gradient and transport of emitted
species from various sources including dispersed pollution plumes
from stacks and ships.

In addition, the LAMOS group participatieda ship campaign on board
the Maria S. Merian reseeh vessel in October 2016 during t<P-
MAR Project dontinental outflow of pollutants towards the marine
lower troposphere of DFG. COPMARScientific objective was to pr
vide novel remote sensinAgased information of the spatial gradient
and the ambieh marine levels of key atmospheric species §NO
CHOCHO, fpfor the maritime region in between Ponta Delgada and
Cape Town

Links
TM5 modelhttp://tm.knmi.nl/index.php/Main_Page

WRFChem modelhttp://ruc.noaa.gov/wrf/wrf-chem/
FLEXPART modéittps://www.flexpart.eu/
TM54DVAR modehttps://sourceforgenet/projects/tm5/

CINDA2 campaign:http://www.tropomi.eu/science/cindi2
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Advection of North Atlantic Deep Water
from the Labrador Sea to the Southern

Hemisphere

Monika Rhein, Dagmar Kieke, and Reiner Steinfeldt

he deep western boundary current (DWBC) is the main

feature of the cold limb bthe Atlantic meridional ove
turning circulation (AMOC). The DWBC transports North
Atlantic Deep Water (NADW) components from the-fo
mation regions in the northern North Atlantic to the south,
thereby transferring climate signals introduced during rfo
mation of these water masses into the southern hiem
sphere. Labrador Sea Water (LSW) is the lightest component
of NADW and is formed by wint¢éime convection in the
central Labrador Sea. In general, LSW covers the depth
range between 500n and 2500m. DenmarkStrait Overflow
Water (DSOW) is the densest component of the NADW and
found between 3501500m depth. Source water masses of
DSOW are mainly formed in the Norwegian Sea by cooling of
surface water. Both LSW and DSQ®¥&¢ently had contact
with the surface cean and thus the atmosphere, and teer
fore carry high loads of transient trace gases like ahlor
fluorocarbons (CFCs) andlpburhexafluoride (S§).

Recently, the role of the DWBC as a ppat conduit for
newly formed NADW components was under discussion
Based on modelesults and the trajeairies of deep auto-
omous floats, doubts were voiced whether the DWBC is a
continuous boundary current, and interior pathways were
postulated to have a much larger impact than previously
thought. On the other hand, th spatial ditribution of the
aforementioned transient trace gases in LSW and DSOW
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showed that
the DWBC
carries the
highest CFC
concenta-
tions in LSW
and DSOW
throughout
the subtrgo-
ical and
tropical
Atlantic and
clearly
marks the
DWBC as
the most
important
pathway.
The relatie-
ly slow

Age of young DSOW

3 &
[years] ;
v

Figure52: Maps of water mass ages (a and b) and water mass fractions (c anc

calculated for Labrador Sea Water (LSW, left column) and Denmark Strait O
flow Water (DSOW, right column) younger than 40 years. Figure from Rhein et
2015.

spreading compared to meared DWBC velocities wax-e
plained by an exchange between the boundaryrent and

the interior. In the early 1990s meaginle CFC conceraf
tions in LSW and DSOW were observed from 60°N to 20°S in
the western Atlantic and alonthe equatorbut the highest
concentrations were associated with ti¥WVBC, followed by

the recirculation offshore.

47



In Rhein et al., 201%e used 25 years of CFC observations in
the Atlantic to study the main features of the LS&Wd
DSOW circulation from the Labrador Sea to the tropical
South Atlantic. TheCFC data show that the DWBC is the
fastest conduit for recently formed LSW and DSOW from the
formation region to the southern hemisphere. The presen
ed CFC data set is exteresignough to show that the ¢b
tinuous export of traceenriched deep water in the DWBC is
a robust feature. Further support comes from mooring
derived observations and, for the DSOW, from floags r
leased in the subtropical Atlantic. South of about 45°N, the

CFC data characterize the DWBC as a carrier of the youngest
LSW and DSOW. The downstream decrease of the fraction of

young water(Figure52) indicates that the DWBC pean
nently exchanges water with the ocean interior. This e
charge, however, is not spatially uniform, but dependent on
the interaction between the DWBC and the local circulation.
Compared to DSOW, the distributions indicate a higher te
dency for LSW to follow additional interior pathways.

Reference:

Rhein, M., D. Kie, and R. Steinfeldt (2015), Advection of North
Atlantic Deep Water from the Labrador Sea to the southernihem
sphere,J. Geophys. Re0, 24712487,

doi:10.1002/2014JC010605

Coastal upwelling off Peru and Mauritania-
ferred from helium isotope disequilibrium

Reiner Steinfeldt, Jirgen Sultenful3, and Monika Rhein

Eastern boundary upwelling systems, such as the Canary,
California, Humboldt, and Bengla Currents belong to
the most productive marine ecosystems. Alongshdrade
winds drive an offshore Ekman flux, which leads to a-hor
zontal flow divergence at the coast grak a consequenge
upwelling of cold and nutrientich subsurface water. The
upwelled water also transports climate relevant trace gases
such as BD from the ocean's interior into the mixed layer
and ultimately into the atmosphere. Crucir quantifying

the role of upwelling for nutrient and tracer budgets is the
vertical velocityby which substances and gases are $an
ferred from the subsurface into the mixed layer. It iswho
ever, much too small to be measured directly. In a recent
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study (Steinfeldt et al.,
2015), the excess of
*He in the mixed layer
has been wused to
guantify theupwelling
velocity. The oceanic
source for®He is ly-
drothermal  venting,
mainly near miebcean
ridges, where primp
dial *He is emitted.
The °He enriched
waters eventually

M91 Dec 2012 @ M68/3 Jul 2006

%
RIS,

S
26°W  24°W  22°W  20°W  18°W  16°W

@ ATA3 Feb 2008

Figure53: @ *He [%] in the mixed layer for cruise M91 off Peru (a
and for cruises M68/3, P347 and ATA3 off Mauritanid)(dsobaths
are drawn every 1000 m, and the area of the 'coastal region' id-sha
ed grey. Note the different colg scale for the wiises from the
Peruvian (a) and Mauritanian B region. The error of the *He
values in the mixed layer is 0.2 %.
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reach the mixed layer, where the excedde is outgassing
from the ocean into the atmgphere.

Helium samples from the upwelling regions off Mauritania
(three cruises) and off Peru (one cruise) have baealysed
with the Bremen highresolution noble gas mass spectrem
ter. The®He values in the mixed layer are showrFigure53
03AAXD §Me, theadeviation of théHe/*He ratio from the
atmospheric value) for all cruises from both regions, with
much higher values off Peru than off Mauritania. This is the
result of the larger’He excess of the subsurface waters in
the Pacific compared to the Atlantic, thus indicating the
entrainment of water into the mixed layer from below. From
the helium data, vertical velocities are computed assuming
an equilibrium in the mixed layer between outgassinﬁkd:é

on the one side and supply by vedi advection and mixing
on the other side. Mean values of the helium derived
upwelling velocity for the coastal regions (within 50 km
distance from the 50 m isobath) and further offshore are
shown inFigure54. For the coastal gions, the upwelling
velocities are of the order of 1Un s', whereas for the d#
shore regions they vary between 10m s’ and only
10°ms™,

Vertical velocities can also be inferred from the wind field
based on the Ekman theory. These wind derivatles are
compared with the results from the helium methoBigure
54). The coastal values forywum and wWying Off Mauritania
agree for all three cruises within their error bars. For the
Peruvian area, the differences betweemeium and Wying
show an opposite behaviour: they are relatively small for the
offshore region, but large for the coastal area. One reason
for the high value of wum might be an overestimation of
the gas exchange velocity due to the presence of organic
surface films (surfactants). These films have been observed
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on cruise M91 off Peru. They have a
damping effect on sdace waves
and also drastically reduce the
transport of gases across the water
surface. The halm derived vertical
velodty for a reducedjas exchange
due to sufactants is included in
Figure 54 for the Peruvian area
(cruise M91) and shows a better
agreement with the wind driven
upwelling.

The good agreement between wind
and helium derived vertical veloc
ties ove the coastal areas indicate
that the upwelling there is mainly
wind driven. For the offshoreer
gions, the helium method suggests
the existence of additional
upwelling mechanisms. Considering
the sea level anomalies (SLA) at the
locations of enhanced upwiihg
indicates that strong upwelling
occurs at small values of SLA, i.e. at
the boundary of eddies, where they
might become instable. Boththe
wind driven upwelling in coastal
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Figure 54: Mean values of helium and wind derived
upwelling velocities for the coastal (a) and offshore (b
areas of cruises M91, M68/3, P347 and ATAS3. The-ver
cal black line indicates the standard deviation of the
mean. Helium redQin (a) means that the heliumed
rived upwelling is calculated with reduced gas exchang
velocity due to the presence of surfaceganic films.

areas and the eddy driven upwelling further offshqrplay
important rolesin the nutrient syply of the euphotic zone.

Reference:

Steinfeldt, R., J. Sultenful3, M. Dengler, T. Fischer and M. Rhein
(2015), Coastal upwelling off Peru and Mauritania inferred from
helium isotope disequilibriumBiogeoscij.12, 75197533,

00i:10.194/bg12-719-201.
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Recent changes in the properties of Labrador Sea Water 3.
Dagmar Kieke, Linn Schneider, Reiner Steinfeldt, and Monika Rhein :%;: P
Labrador Sea Water (LSW) is the lightest contiitrutto North two branches. The major st T s om0t

Atlantic Deep Water (NADW). It is one of the most prominent  socalled DWBC branch ::@)‘ AR
water masses of the subpolar North Atlantic and contributes to the  carries all upper layer and L e
deep southward return flow of the climatmodulating Atlantic deep water cmponents Bl
meridional overturning circulation (AMOC). Many modgélidies including both LSW modes i ]
have revealed links between changes in the strength of the AMOC  east around Flemish Cap. A~ s ™ a0 fdeenss ]
and longterm variations in LSW formation in times of globat cl minor socalled Flemish ol A e Brtiriarbbrend
mate change. Therefore, investigating and monitoring changes in  Pass branch enables the e - e -
the formation, hydrographic properties, and export ratefsLSW is upper layers and theshd- Figure 55. Time series of properties of ULSW (density
important and requires sustained physical and chemical olaserv low commnents of the range sq = [27.68,27.74] kg/m3) in Flemish Pass at 47
tions from the deep ocegmmakingit one of the main areas ofr DWBC and thus ULSW to (FP, red), in the DWBC east of Flemish Cap (black), anc
search at the Department of Oceanography at IUP. enter Flenish Pass, a sha  the central Labrador Sea (LS, cyan) duti#g3;2013. (a)

low passage located to the ~Median potential temperature q (°C) and (b) median
west of Flemish Cap (sill salinity, seasonal cycle was removed (Schneider et a
depth ~1200 m). South of 2015).

Flemish Capboth brandes presumably merge again, though loss

of deep water into the interior ocean aritius a weakening of the

of varying intensity of convection, at different times a lighter upper strength of the DWBC s known to occur between 47°N and 43°N

mode or a deeper denser mode of LSW is formed, termed ULSW or (Mertens et al., 2014).

DLSW. Both LSW modes are exported out of the formation region Two recent studies deal with reconstructions of time series for the
along different pathways. A substantial part of LSWhjiscted into two LSW modes in the central Labrador Sea and in the two DWBC
the Deep Western Boundary Current (DWBC), the major and fastest branches crossm47°N (Schneider et al., 2015 and Kieke an#i-Yas

of several spreading pathways, and propagates southward along ayev,2015). Schneider et al. (2015) analys#ata obtained from

the western rim of the North Atlantic (Rhein et al., 2015). Other  oceanographic surveys crossing Flemish Pass and the DWBC region

Originating in the Labrador Sea, LSW is formed through wintertime
ocean convection of varying intensity and vertical and spatiad e
tent. This formation, followed by the respective injection of LSW
into the middepth circulation system, is mandatory for ventilating
and renewing water layers of the interior ocean. As a diresult

LSW pathways follow eastward directions, one itib@ Irminger at 47°N. Volume transports estimated for the first time with focus
Sea and another one toward the Mitlantic Ridge and the eks on LSW in IEmish Pass revealed a considerable southward
ern subpolar North Atlantic. transport of ULSW through Flemish Pass, the only LSW mode light

At about 49°N/47°W the DWBC encounters the Flemish Cap, a and shallow enough to fully pass through this passage. Out of the

: : total flow of ULSW crossing 47°N towards the south as part of the
topographic obstacle with water depths at the top of the cap of less
than 200 m. The presenasf the obstacle divides the DWBC into DWBC, betwee009 and 2013 a share of ¢57% (or-1.0 to-1.5
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Sv) followed the Flemish Pass branch. About 98% of the denser
DLSW were carried around Flemish Cap, as Flemish Pass isltoo sha
low for considerable southward transport of this LSW mode.

Hydrographic time s&es reconstructed for the period 1993 to 2013
point to a significant warming of 0.3°C/decade and a salinification
of 0.03/decade of the ULSW in Flemishs®d&igure 55). These
trends were almost identical for the evolution in th@brador Sea
and in the DWBC east of Flemish Cap. Consequently;téomg
hydrographic variability of ULSW in Flemish Passwell as in the
DWBC at 47°Ns dominated by changes imprinted upstream in the
Labrador Sea, which are advected southward. Redubm a -
merical ocean model simulating hydrographic variability in Flemish

period were abrupy
interrupted at times of
convection extending to
greater depths (2008,
2012, and 2014) and
picked up again feer-
wards. The strong stace
forcing of the winter sa-
son 2013/2014 thus led to
a new fresh and cold LSW
anomaly that is observed
to already sprad along
the propagtion pathways

Pressure (dbar)

Pressure (dbar)

bR O Sy =
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

LNWBNONDO —“NWBNDNDO

Figure56: Time evolution of (a) potential temperature
and (b) salinity in the western to centrahftirador Sea
derived from profilingArgo floats for the period 2002
2014 followingKieke and Yashayad®?015). Periods of
intensified water mass formation are characterized by ¢
strong cooling and freshening of the water columx- e
tending from the surface to intermediate and deep water

Pass over fifty years suggest that these trends are part of a-multi

decadal cycle (Schneider et al., 2015; Varotsou et al., 2015). into the interior subpolar

North Atlantic.
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The warming observed over the years 198Bl3fell into a period
of generally weakening convection. While the early 1990s showed
convective mixing down to 2000 m (e.g. Kieke and Yashayaev,
2015), the early 2000s revealed vertical mitagers ranging from

less than 1000 m depth to less than 1500 nfteAa relative in-
crease of maximum convection depth in the winter of 2007/2008,
convective mixing reached water depths of about 1200 m and less
in at least four years. Probably one of the gest mixing events
happened recently in the strong winter of 2842014 resulting in
mixedayers exceeding 1700 nkigure56, Kieke and Yashayaev,
2015).

Temperature and salinity evolutions for the years 20214 ce-
rived from autonomous profiling Argo floats and averaged over
500¢1000 dbar ad 1001500 dbar in the central Labrador Sea
highlight those periods when cwection was intensive enough to
peretrate to depths of at least 1500 m. General temdees b-
wards an incresing waming of the interior Labrador Sea over this
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Salinity timeseries in the North Atlantic

llaria Stendardo, Monika Rhein

Cea surface salinity (SSS) distribution in the ocean is influence
by evaporation and precipitation, modified by vertical andihor
zontal advection of water. LoAgrm changes in salinity during the
last 56 decads are documented by several studies that show
increase in salinity in regions where salinity is already ,hagtd
decrease in salinity in regions where salinity is already low. SSS
changeshowever, are not restricted to the surface but are tean
FSNNBR Ayid2 GKS 20SIyQa
tion or convection, and then transported along thércolation
pathways. Salinity could also vary by vertical migration of density
surfaces caused either by wiwtiven changes of ocean circulation
or by thermodynamic processes, like poleward migration of isepy
nals as a result of surface warming.

The stug of salinity and freshwater distribution changes is1co
strained by the lack of temporal and spatial resolution of the o
servations especially before the starting of the Argo program in
1999, so that salinity anomalies could only be studied by averaging
over several years. Thanks to the Argo program, the number of
salinity profiles dramatically increased. The full Argo array was in
place in the North Atlantic around 20§8007. However, despite
the Argo effort, the spatial and temporal coverage is not sigffic

to identify salinity variations below the surface in detail, and the
time period with the full Argo resolution (since 2005) is relatively
short. These two issues motivated us to exploit the relatia b
tween the salinity profiles and dynamic height ngsithe Gravest
Empirical Mode (GEM) technique. This technique creates a transfer
function between T/S profiles and dynamic height in order & p
rameterize temporal and spatial higksolution salinity profiles
(meaning daily projections onto a ¥4° Cartegjad) as a function of
dynamic height from satellite altimetry available since 1993. In
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regions where the relation
between salinity and y+
namic topogaphy is valid,

the combined Argo and

80°W 40°W  30°W

altimeter data allowed us
to extend the high resot
tion time periodfrom 1993

valid in the upper 700 m
mainly at and near the
pathways of the North
Atlantic  Current (NAC)
where 7 regions were
selected Figure 57), but
failed in regions with weak
stratification or with ambigities in the T/S relationships.

rows.

Results from this analysis show multiannual lasgale salinity
variability in the upper 700 m of the water column, albeit tha-a
plitude in the eastern basins is weakdfigure59). Most of the
changes are on interannual tirgcale and coherent within aler
gions, with some exceptions. Moreover, the amplitudes are smaller
in the north-eastern regions than in the regions further south and
west. Salinity anomaly in the North American Basin (NAByare
related with the NAO (North Atlantic Oscillation) and can ble fo
lowed by advection within the NAC from the NAB into the western
subpolar North Atlantic. Despite the advection of saline water from
the NAB, this signal is masked by the shifting of thatloo of the
subpolar front that plays the major role in salinity variability in the
central regions of the Newfoundland basin (NFLw and NFLe). The
shifting of the subpolar front is also responding to the NAO. During

Figure 57: Map of the North Atlantic illustrating the
regions selected: NAB (North American Basin) in orang
NFLIN® &3 BeSfaundiankapir§ in Prded, RER
(Mid-Atlantic Ridge) in salmon, NFLw (westernwNe
foundland basin) in purple, NFLe (eastern Newfoundlan
basin) inpink, RT (Rockall Trough) in blue, and IB (Icelar
Basin) in yellow. On top the schematic of the surface
circulation represented by reivarm water of subtrop-
cal origin) and blue (cold water of subpolar origim) a
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positive NAQthe subpolar front shiftsouth-eastward due to the

intensification of the subpolar gyre. This factor counteracts the
effect of the increased northward transport of saline water. In this
case, the middle regions are subjected to a decrease in salinity due

to the penetration of wagér of subpolar origin. The opposite ra

pens during negative state of NAO. However, there are also years
when the NAO is at a neutral state, during these time periods other
atmospheric features might play a role. It has been discussed in
several papers thathe gyre response after 2001 seems not to be
directly related to the NAO but rather follows other atmospheric

a) Salinity mean during NAO*- Salinity mean during NAO—
70°N == - 5 7E]

35°N +—= h o =

80°W 70°W  60°W  50°W  40°W  30°W  20°W  10°W 0°
Salinity mean during NAO*- Salinity mean during NAO—

b) Freshwater fluxes removed
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30°W  20°W  10°W o T 028

Figure58: (a) Compositenap of salinity showing the

difference between NAOandNAG in the upper 700

dbar of the water columnb) Composite map of
salnity after removing the effect of the freshwater
fluxes in the upper 700 dbar.
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forcing which are
sometimes weakly
correlated with the
NAO. The north-
eastern Atlatic also
exhibits some inte
annual features,
which are unrelted
to the ones found
along the pathway
of the NAC, and
presunebly indica-
ing easern Atlantic
pathways from the
subtropical into the
eastern subpolar
gyre. Our analysis
confirmed that the
interannual variabi
ity is high and that it
dominates the time
series, obscuring
potential trends
from global wam-

ing in the 20year time series.

Only in the Rockall Trough a
signifcant ncrease of 0.03 per

decade has been found.

We also compared the salinity
and surface freshwater fluxes-(E
P) for the most extreme 5qs-
tive NAO years and the 5 most
negative NAO years with a ioe
posite analysis. During positive
NAO, the freshwater fluxes show
more precipitation over evap
ration especially in the northern
regions. In contrast salinity is
higher in the southern regions
during NAO+, while in the north
eastern regions the differences
between NAO+ and NAQOIis
negligible. This is especially hig
lighted in the salinity differences
between the two composite
(Figure58), where higher salin
ties are found during NAO+
along the pathway of the NAC,

Figure 59: Hovmdler diagramshowing the daily
salinity distribution along pressure levels from the
1 January 1993 to the 31 DecemlI®2812 for each
region. Contour every 0.05. Note that each subploi
has a different colour scale

but mostly restricted to the western basins. If the effect of fres
water fluxes is removedsalinity becomes even higher during
NAO+, demonstrating that freshwater fluxes are damping the effect
of the increasd transport of salinity in the northern regions during

positive NAO stateHjgure58).
Reference:

Stendardo, I., M. Rhein, and R. Hollmann (2016), A high resolution salinity
time series 1992012 in the North Atlantic from Argo adtimeter data,
J. Geophys. Res. Oceah21, doi:10.1002/2015JC011439.
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