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Abstract

Longterm measurements of temperature, salinity and chlorephgtincentration at a coastal site off Trabzon in
southeasterBlack Sea document their montkly-interannual variabilities during 20€2011. The data point to a gener
trend of warming with either negligible or absence of the Cold Intermediate Layer except for the relatively cold pe
20022004. The warmingrénd appears to be a continuation of the one started during the early 1990s. The data
documents enhanced anticyclonic type mesoscale features of the circulation system and its impacts on the local st
characteristics in terms of ventilan of the subsurface waters. The surface chlorophyll measurements show a rather s
relatively high plankton production events identified by the values greater than 2.Gndome importantly, relatively high
chlorophyll concentrations prevail belo t he sur face mixed | ayer up to 50
physical processes occasionally spread this productivity well below the euphotic zone and support biological prod
oxygen deficient waters of the upper layer water mwlu The data further point to qudateral, most likely isopycnal,
intrusions and ventilation of subsurface waters.
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Bu -alékmada, G¢neydoJu Kar-a@ekhidagdnemiTmabaionh k2y®l
klorofl-a konsantr asyonlcber]éinKéinmIaeyrlié ki nvcee | yeenim2&kodr g seceaeki
dekénda, sojuk ara tabaka suyu olukumunun yokl uju v¢
i kKar et etmektedlr. S°z lkonmasw®°&gdrema ésjéinimamiénl IE¥ al
b°l gesinde®bekkltrpi suosiake¢l asyonu hareketlerinin va
di key hareketl er nedeniyl e yakl akék¢gtLebDermnidrer itmall
etkileyebil mektedir. Yakl akék 2 metre derinlidengt
dejerlerle tanémlanan g°receld. y ¢ ks ek ptlaabnakkt aosné ¢yréelt i
hemen alteéndaki 50 m derinlije kadar ol an tabakada
daha derinlerdeki ¢retimi destekleyebil mektedir.
Anahtar KelimelerK ar adeni z, sécékléksofuwukl|l arakt abkblaédao pi knokl
Introduction and their densitglependent internal feedbac

processes in the 1970s and 1980s (Zaitsev

Black Sea is one of the semmclosed basins o
the world oceans subject to strong ecologi
degradation and major changes on the structure
functioning of the ecosystem under synergis
impacts of strong decadatale climatic changes
overexploitation of fish resources, intens
eutrophication, invasions by opportunistic speci

Mamaev, 1997; Gau, 2002; Daskalov, 2003; Bilic
and Niermann, 2004; Daskalet al, 2007; Oguz and
Gilbert, 2007; BSC, 2008; Yunest al, 2009; Oguz
and Velikova, 2010; Oguzt al, 2012a,b). The
ecosystem degradation amplified starting by 1
1970s as a result of largeputs of nutrients and
contaminants into the northwestern shelf through
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Danube, Dniepr, and Dniestr Rivers. However, 1
way in which the Black Sea ecosystem has evolve:
time is not known sufficiently well due to the lack «
systematic observatisnwith adequate temporal an
spatial resolutions.

The analyses of multi-decadal, mult
disciplinary time series provided by Gunduz ar
Ozsoy (2005), Oguzet al (2006), Kazmin and
Zatsepin (2007), Karat al (2008), llyinet al (2010),
and many othersrmaphasized the robust signature
low-frequency variability in physical and ecosyste
properties. For example, the 1980s have be
characterized by strong cooling of the upper la
water column, whereas the 1990s experien
considerable warming. As thes&armingcooling
cycles modify the seasonal flow, stratification a
biogeochemical characteristics, further variability
introduced by mesoscale dynamics on the fl
structure (Suret al, 1996; Korotaevet al, 2003;
Zatsepin et al, 2005) and the bi@pchemical
characteristics (Oguz and Salihoglu, 2000).
particular, Yunevet al (2002) evaluated longerm
changes of surface chlorophwgiconcentration for the
deep basin of the Black Sewrh 1980to 1996. The
results showed its pronounced interarrlugtuations
but persistently higher values during Octebtarch
with respect to AprifSeptember.

To our knowledge, only few loAgerm
measurements are currently available on th
indicators of physical and ecosystem changes over
Black Sea.One of then is the measurements to tf
north of Constanta, Romania for which temperatt
salinity and surface chlorophydl (Chl a)
concentration variations during 20@R10 are
reported by Vasiliet al (2012). The other one is th
ongoing  weeklyto-monthly  tempeature  and
chlorophyll measurements at a coastal site along
southeastern Black Sea since 2001. The m

objective of the present paper is to evaluate this ¢
set in terms of the general trend of warming of up|
layer waters since the early 1990s awailability of

mesoscale features and their impacts on the I
startification and biological characteristics. Belo'
section 2 describes the data sampling and proces
methodology as well as the data quality issues. -
results are presented in secti 3 and a brief
discussion, and conclusions are provided in sectior

Material sand Methods

The study site was in located 1.5 km away frc
the coadép2npt| 40068 dIF.5nEr
longitude with a total depth of 200 m (Figure 1
Within 11 years measurent program (2€X0ll1), a
total of 296 temperature and chloropkgll(Chta)
concentration measurements was performed at a d
interval of roughy 1 m (Table 1). Some data gaps
several months exist during 2003, 2005, 2009 :
2010.

Depth, temperature and chlorophsll were
measured with the Sdgird SBE 25 including SBE
291K model pressure sensor-1000 psi), SBE 3F
temperat ur@IALe nsamrd (WeQ
model flourometre senso
were sent to the manufacturer for calibratimm an
irregular basis, usually one after several years. Fai
of having systematic yearly calibration of the sens
appears to intuce problems in chlorophyll (Glal)
measurements.

In situ temperature and  chlorophy
measurements are complemented by the sate
Advanced Very High Resolution Radiomet
(AVHRR) sea surface temperature (SST) and-S
viewing Wide Fieldof-view Sensor (SeaWiFS)
chlorophyll data both for the close vicinity c
measurement site (4142, 40%E) and the averaget
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Figure 1. The location map of measurement station in the Black Sea.
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conditions of the Black Sea (characterized by8IN
latitutes and 282°E longitudes). The satellite
chlorophyll data is based on 8 day averagekn®
resolution SEAWIFS Level 3 data set retrieved frc
http://gdatal.sci.gsfc.nasa.gov/daachin/G3/gui.cgi?
instance_id=ocean_month for the period of 01.J
1998- 11 Dec 2010. The corresponding SST satelli
data are retrievedtom http://oceanwatch.pifsnoaa.
govias/servletsflataset?catitem=29.

The in situ Chia data reveal values up to 4 nr
m? at all depths even those greater than 100
(Figure 2). Considering the fact that productivity
the Black Sea is limited to upper &9 and the depths
below 100 m is well below the 1% light level an(
characterized by either suboxic or anoxénditions,
nonzero Chia values below 10t can not reflect real
conditions and should be associated w
measurement errors, and need to be removed fron
data. To inprove the data quality, we first identifie
highest measured value within the 1200 m depth

range for each measurement set, and calibratec
subtracting it from the original measured values. T
procedure removed well spikes in the data.

calibration is applied to the satellite Ghl data.
Further di scussi oén 0
chlorophyll measurements is provided in Discussi
section.

Results
Temperature and Salinity Variations

The seasurface temperature, measured atn?2
depth (Figure 3a3b), undergoes sinusoidal chang
from lowest values in the range of1DAC during
March to thehighest values 2294C during July
August for all the years. The bulk of minimum valu
are concentrated on 7Z%0AC interval. Considering
that the layer ofthe Cold Intermediate Layer (CIL) i
customarily characterized by temperatures less t

Table 1.The number of measurements performed at each nyantetval of 20032011 period

Month/Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 Total
January 2 1 X 2 4 3 3 3 3 X 2 23
February 2 1 X 2 4 3 2 3 2 X 2 21
March 1 1 X 4 2 4 1 3 3 X 3 22
April 3 3 X 4 4 2 2 3 3 X 3 27
May 3 2 X 3 3 5 1 2 1 2 3 25
June 4 3 2 4 2 4 2 3 X X 4 28
July 3 4 5 4 1 4 2 3 X X 4 30
August 3 2 X 3 2 4 2 2 X X 4 22
September 4 3 2 2 X 3 1 2 X 3 3 23
October 4 2 5 3 X 4 1 2 X 2 3 26
November 3 4 3 4 X 4 2 3 X 4 4 31
December 2 X 3 3 X 2 2 2 X 1 3 18
Total 34 26 20 38 22 42 21 31 12 12 38 296

x: sign indicates no measurements

Chlorophyll-a (mg m?)

UMD MBS
~O0O00O0O~0000OO0O«

Time (Days)
Figure 2. Observed Chh distribution at 150m depth based on the unclibrated data. Such high values prevail for
water column and are considered as the measurement error. Thus, threy are subtracted from the original data.
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8/C, the observed range of temperatuiedicates
persistence of a decatteng relatively warm winters
in regards to the formation and persistence of (
during the masurement period. The warme
temperatures are generally confined at-278C

interval. Temperatures are subject to almost lin
increase/decrease betweeen the periods of these
extreme ranges of values. According to the mont
averaged data, the ye@@01 and 2010 turns outto b

30

characterized by the warmest winter and sumr
conditions and the years 20@R04 the coldest wintel
and summer conditiong=igure 3b). Their difference
may be as high as-2/C. The montly averaged dat
conform well with the corresponding monthly
averaged AVHRR satellite data (Figure 3c).

More interestingly, temperature variatioas 50
m depth Figure 4) may occasionally exhibit relativel
high values, even in excess of AL5 They imply
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Figure 3. Annual variations of temperature for the years 2@
2m depth, (bmonthly-averaging of the available measurem

011 obtained from (a) compilation of all measurement
ents for all years, and (c) monthly averaged AVHRR ¢

data. The dash line in figure 3b shows the monthly averaged variations obtained from the entire data set.
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occasional deepening of thmixed layerby either
strong wind events or passage of anticyclonic edc
from the measurement site. The fact that majority
these events are accompanied with relatively |
salinity values (about 17.5 psu) implies the preval
role of anticyclonic eddies for shcrelatively deep
and broad thermocline/halocline structures. Thi
events are more typical during autumn months ¢
followed by rapid cooling and abrupt temperatL
drops back to the low values during thebsequent
winter seasons.

Two contrasting casder the temporal evolution
of vertical temperature structure may be illustrated
periods of 2003 and 2042011 (Figure 5aand D).
The former data set corresponds to a particularly ¢
year (as inferred for the entire sea from the AVHF
data), but themeasurements cover only the seco
part of the year (Figure 5a). Nevertheless, 1
available summerautumn data deliniate a well
defined broad CIL with temperatures betweelC 7
and &C extending to about 100m depth. This layer
situated below the surfacemixed layer with
temperatures in excess ofDwithin the upper 20m
and the subsequent thermocline zone with a thickr
of 1520 m. The CIL is preserved for the entir
summerautumn period but shallows towards the e
of the year due to accumulating exdff of vertical
mixing across the base of the seasonal thermocl
We note that the relatively warm and shallow surfe
mixed layer is maintained until the end of Octob:
and then temperature drops fromAT8at the end of
October to 1AC during the firstweek of December.
These temperature changes accompany v
deepening of the mixed layer in response to a str
cooling of surface waters.

The temperature structure for the year 20
appears to be the only case within the entire data

20

for representing wellpreserved CIL structure durin
the year. The rest of the data shows a contras
structure with either its weak or no development,
which a typical example is shown for 202011 in
Figure 5b. Starting by the early October, the surfa
mixed layer undergoes a gradual cooling wi
temperature dropping to A2 by the end of
December. At the same time, it deepens gradu
with the lowest temperature of AD isotherm located
roughly at 75m by the end of January, and(®
isotherm at 100m by the ed of February 2011.
March 2011 offers an interesting case of a ww
homogeneous layer within the entire 289 deep
water column. It was caused by a weaknoderate
but persistent cooling that brought the upper hC
layer temperature to 8% and made icomparable to
the ambient temperatures of the subsurface Ie
further below. Starting by midpril, warming of
surface waters gradually builds up the seasc
thermocline with similar features developing
described before for the case of sumiaetumn
2003. The major difference, however, is the abse
of the CIL below the thermocline except a bulk
water with relatively cold temperatures between 7
8.0C limited to Apri-May, 2011. It should be relate
to quasilateral protrusion of a relatively coldiater
parcel from offshore regions by means of t
meandering Rim Current structure.

Contrary to the case of 2003, the winter 20
reveals one of the warmest winters of the rec
decades in the Black Sea (Oguz, 2011). This is ¢
supported by the presemeasurements (Figure 5¢
which report winter (FebruatMarch) temperatures
being higher than AT. the ®ldest temperatures witl
7.9C extends roughly between 5 and 100m as a
remnant of the previous year. The subsequent wil
of 2002 offers an interediate case of the CIL
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Figure 4. Annual variations btemperature at 50m depth for the years 20011. Such a broad range of variations is
rather unexpect and has not been reported before, to our knowledge.
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Figure 5a. Temperature AC) variations within 150 m layer during Jubecember 2003. For tempatures greater thal
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formation with T~7.8C within the upper 10én layer.
This layer is preserved during rest of the y&agure
5c¢ further suggests considerable weakening of
temperature stratification within the upper 200
layer during December PQ which possibly arise dut
to an anticyclonic eddy temporally residing within tt
measurement site. A further supporting evidence
such an eddy is the presence of relatively low salir
(less than 18 psu) within the upper T@qFigure 6a).
The surfae mixed layer is characterized k
salinity values between 17.5 and 18.0 psu, wher
the sharp temperature gradient across the seas
thermocline zone is accompanied with

homogeneous layer of salinity between 18.0 and 1
psu Figure 6a). The CIL andfurther below attain
much stronger salinity variations that rough
increases to 20.5 psu at 150 m depth. The der
variations resemblenore closely to those of th
temperature as evident by the presence of a sti
seasonal pycnocline accompanying wiitle seasonal
thermocline (Figure 6b). 14.0 kg tisopycnal level
characterize the basé this pycnocline. On the othe
hand, the layer between 75 m and 150m dey
possesses high density stratification between 14.5
16.0 kg n? corresponding to shargalinity changes
and represents the permanent pycnocline zone ol
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Figure 6a. Salinity (psu) variations within 150 m layer from January 2001 to November 2002. The countours are
at an interval of 0.5 psu.
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Black Sea [Figure 6b). The vertical density structur
supports a preferential anticyclonic character of -
measurements site.

Chlorophyll -a Variations

The surface chlorophylineasuremats at 2m
depth show a rather sporadic relatively high valt
greater than 2.0 mg P (Figure 7). While the
measurements can hardly illustrate a system
annual structure, the accompanying data set retrie
from the SeaWiFS satellite sensor both for rrigne
measurement site and averaged over the Black
suggest comparable values that may suggest a li
open ocean character of the measurement site re
than a more productive coastal one. They displa
regular annual structure  of  chlorophyll
cenentrations varying in the range of 0.5 and 2.0 |

% that repeates systematically almost every y
(Figure 7). 1t reveals a robust structure of hig
chlorophylta concentrations during autumn followe
by declining concentrations in winter and tw
subsegant secondary peaks in late wingarly
spring (mostly end of Februasarly March) and
early summer (mostly in June).

The chlorophyll transects for various yea
(Figure 8ac) reveal some important features. The fil
one is a year around, relativeljigh subsurface
chlorophyll concentrations greater than 1 mg tmat
are generally confined within the laybetween the
depths of 20 m and 50 m. They further infer that 1
chlorophyltrich euphotic zone typically extends t
40-50 m depth, but may deepencasionally to more
than 75 m by the physical processes the
important of which is the mesoscale anticyclor
formations within the measurement site.

m Sumae o Seawifs

Chlorophyll-a (mg/m3)
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Discussion and Concluding Remarks

A decade long measurements during 22011
at a coastal site alorthe southeastern Black Sea (c
Trabzon) documents persistently warm winters exc
a relatively cold winter period during 20@D04.
Another characteristic feature of the site is
anticyclonic character identified by the position
isopycnal levels lanost twice deeper with respect t
those within the cyclonicalldominated interior
basin. This structure was also modified temporally
the passages of anticyclonic eddies. They w
observed more persistently during autumn mon
that is known to be doimated by a turbulent regim:
over the basin (Korotaegt al, 2003). The region is
indeed known to be characterized by a generi
strong Rim Current system that flows eastward o
the steep topography with a typical speed of 50 ¢rr
near the surface @zet al, 1992).

In one occasion, the measurement site is sub
to quasilateral protrusion of a relatively cold an
more dense water parcels from offshore regions
means of the meandering Rim Current structure.
broad range of temperature variagobetween &
and 20C is a rather unexpect feature and, to ¢
knowledge has not been reported before, and 1
have serious biological implications because it a
implies ventilation of deeper levels with hight
oxygen concentrations. A striking featueethe lack
of Cold Intermediate Layer during this perio
Instead, relatively warm surface tempertures arol
8.0-8.5/C, comparable to those observed below °
100 m, often gave rise to a vertically homogenec
layer over for the entire water column (300 m).
This homogeneous layer is however not observec
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Figure 7. Variations of chlorophyta concentration measured at 2m depth at the measurement site durirg0200deric
(vertical bars), and surface chlorohyll concentrations retrieved froiay8 average SeaWiFS diite sensor at 4N and 40
(red dots) and averaged for the Black Sea betweartil45N latitudes and Z8and 42E longitudes (blue dots).
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Figure 8a. Variations of chlorophy#a concentration (mg ™ within 150 m layer from January 2001 toWanber 2002.
Contours are drawn at every 0.5 mg and possess relatively high values up to 4.0 igkeept winter 2002.

Figure 8b. Variations of chlorophy#a concentration (mg ®) within 150 m layer during JurBecember 2003. Contours
are drawn Bevery 0.5 mg m.

Figure 8c. Variations of chlorophyta concentration (mg ) within 150 m layer from September 2010 to Decem
2011. Contours are drawn at every 0.5 mg m



