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Abstract

Today, spatial patterns of sea surface warmingrbedacreasingly evident in the context of
climate change processes. Therefore, adjustmekhamkiledge on temperature variability is
very important to predict and model biotic resp@nséhe Greifswalder Bodden is the main
spawning area of Western Baltic spring spawningitgr This shallow, semi-closed estuary
is highly susceptible to be affected by a changergperature regime. Time series of mean
daily sea surface temperatures (SST), mean dailyeanperatures and mean number of
sunshine hours were compared in weekly intervals ft976 to 2006. In addition, the effects
of large scale oceanographic and atmospheric indd&O and BSI) on the regional climate
development were analyzed over the same 30 yrepdRiesults indicate that mean SST and
mean air temperatures are highly correlated (R3)0Air temperatures however, correlate
with the number of sunshine hours only during tbenmer month. Overall, mean SST in
2006 was 1.1°C higher than in 1976. Additionallye teeasonal flux of SST differed
significantly between 1976 and 2006. Whereas overdecades only a minor increase was
observed for winter temperatures, a maximum ineredisnore than 2.8°C was observed for

spring and summer seasons with the exception dfoa period in June showing a slight
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decrease of SST. Additionally we observed a loweamSST in November during recent
years. Although mean SST in the Greifswalder Bodotmnelates with NAO and BSI during
winter (R ~ 0.7), both indices do not explain tharigbility of summer air and water
temperatures. This study clearly shows that strimugeases of sea surface temperatures
actually do occur in shallow inshore waters whegh lseasonal climate variability cannot
directly be linked to global indices. Although geaghically on a small scale, those regional
increases of SST can have immense ecological aodogtcal consequences, when they
affect the reproduction center of an important Bsbck. The regional climate change effects
in this case might affect reproduction successpoing spawning herring and should be

incorporated in future research and managemertrexcti
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Introduction

Depending on the type of emission scenario apphadimate models, average global surface
temperature increase per decade is estimated ge feom 1- 4°C until the end of the century
(IPCC, 2007). Recently however, concerns were phbli about increases of regional
temperature extremes exceeding predicted averammalgivarming by several magnitudes
(Clark et al, 2010). Especially on higher latitudes of thethem hemisphere, regional

climate change impacts might not only promote emé&reevents but also affect the seasonal

temperature gradients structuring biological preessn aquatic ecosystems.

Knowledge of the variability and trends of climaegimes is fundamental to predict biotic
responses to temperature rise (Drinkwater, 20063ti&l patterns of sea surface warming, as
it is evident today (IPCC, 2007; Christenseh al, 2007), will probably result in

geographically differing responses in marine eciesys.

Direct impacts can be expected for primary proaucbecause various phytoplankton species
are limited by specific temperature regimes (Fratnef Planque, 1996; Heatét al, 1996;
Corten, 2000). This might indirectly influence tpeoductivity of fish stocks by cascading
effects in the trophic web eventually changing f@s@ilability (Mollmannet al, 2005). On
the other hand global warming results in changeshef species composition and spatial
distribution of species (Bearet al, 2004) and, higher water temperatures during fish
reproduction might result in shorter egg incubatperiods (exemplary: Klinkhardt, 1986;
Wielandet al, 1994) and faster growth of hatched larvae (Bexket al, 2006; Oeberstt

al., 2009b). Portner & Peck (2010) discussed caudeeffiect understanding and described

different model approaches to assess the effediroéte changes on fishes and fisheries.
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However, mechanistic knowledge of climate effeatsfishery resources is still fragmentary
because climate change may affect fish populatthiisrently at various lifenistory stages
(Rijnsdorp et al, 2010). Brunel & Boucher (2007) showed that rgorant of different
demersal and pelagic fish stocks is related toatinthanges. Various studies demonstrate a
link between herring production and temperaturese3en (2001jound significant relation
between recruitment and temperature for Norwegmimg spawning herring and pointed out
that other herring stocks showed an enhanced te@nt at higher temperatures. Axenrot &
Hansson (2003) demonstrated that the North AtlaBgcillation index together with the
spawning stock and the young-of-the-year age dapkins 93 % of the variability of the age
2 herring in the Baltic Sea. Melvit al. (2009 observed a decline of the spring spawners in
the recent years and pointed out that general vgrtnend favors autumn spawning herring

in the western Atlantic.

The poor recruitment of the autumn-spawning Nogh Berring recently observed was linked
to ocean warming (Paynet al, 2009; DickeyCollas et al, 2010), but, the mechanisms
behind this link are still unclear (Brunel & Dick&pllas, 2010). In contrast to this Groger

al. (2010)suggested that the recruitment of North Sea hedepgends on climate oscillations

and is independent of the spawning stock.

Year-class strength of Atlantic herrinG@lgpea harengysappears to be determined mostly
prior to metamorphosis of the larvae (Heath & Gailel997; Nash & Dickey-Collas, 2005).
The variability in the production of larvae largedgcounts for major fluctuations in stock
abundance (Naslet al, 2009), but, significant relations between spagnstock and

recruitment were not found (Lougt al, 1985).
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The Western Baltic spring-spawning herring (WBS§Jjragates on several coastal spawning
grounds, of which the Greifswalder Bodden togethign the Strelasund is considered as very
important (Biester, 1989). The shallow waters @& 8trelasund and the Greifswalder Bodden
(mean depth of 5.6 m) with limited connection te thpen Baltic Sea is especially sensitive
against climate change impacts because surfaceetatape is strongly coupled with the
atmosphere above it. This is especially evidentnatilatitudes, where migrating cold fronts
and warm fronts can cause relatively large shiftssiuirface temperature (IPCC, 2007
Therefore, the reproduction success of WBSS herrmght be directly influenced by
increasing water temperatures during the spawneag® because year-class strength of
WBSS herring is already determined when the laar@20 mm long and 20-40 days old,

depending on temperature (Oebextsal, 2009a).

The principal objective of this paper is to detevenwhether a) the seasonal temperature
regime in the Greifswalder Bodden changed sigmfigabetween 1976 and 2006 and b)
whether the change of water temperatures can blaiegg by regional factors such as air
temperature and / or the duration of sunshine ratih@n oceanographic factors such as

currents and upwelling events.

Materials and methods

Different sources were used to estimate the medy water temperature in the Greifswalder
Bodden between 1976 and 2006 (Figure 1). The “Lsauaé fir Umwelt, Naturschutz und
Geologie Mecklenburg-Vorpommern” has conducted mmesmsents of the surface water
temperature at fixed stations within a spatial damgpgrid (“Mel3netz Klstenmonitoring

MV”) in  the Greifswalder Bodden since 1976 http://www.lung.mv-
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regierung.de/insite/cms/umwelt/wasser/kuemo/ kuenessnetz.htin In rare occasions

when sampling was not possible, mean water temperatvas estimated by linear
interpolation based on neighboring data pointsetecdbe the temperature development from
1976 to 2006 for each defined day of the year. ifberval between subsequent sampling
points varied between 1 and 166 days within the& 8ix month of the year. Large intervals
between subsequent sampling points can resultderestimations of the water temperature,
especially, if measurements were taken out betwsmrember and March/April. Additional
data sources were only used as a back up in raes @assuming that interpolation between
sample points in the Greifswalder Bodden represeritee trend of the temperature

development with higher accuracy.

Periods of ice coverage in the Greifswalder Boddeme made available by the Federal
Maritime and Hydrography Agency, Hamburg (BSkyw.bsh.d¢. The time series range
over a period from 1976 to 2009 and presents thedgsof ice coverage at six locations in
the area of the Greifswalder Bodden. During thesgods water temperature could not be
measuredn situ, but it can be assumed that water temperatures ketow 0 °C. The periods
of ice coverage were defined as data points witdngerature value of zero.

Measurements of surface and bottom temperatures besn carried ouh situ during the
herring larvae surveys (Oebermst al. 2009b) since 1992. The time interval between the
measurements varied between 5 and 7 days respgdbeveen April and June. Previous
studies showed that surface and bottom temperaturd® Greifswalder Bodden are highly
correlated (Oeberst al 2009a).

Surface temperature values are available from Igatelata taken between 1990 and 2006
which represents the surface temperature of therup20 cm (www.bsh.de). One data point
represents the mean temperature of an area oN1x61.4’ E. From periods with sea ice or

cloud cover present, there are no data availabka Bampled at the same time were
6
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averaged. Mean temperature measured at diffenemtstiduring the same day showed clear
diurnal gradient due to the solar altitude. Therefonly data were used that were sampled
before 8 p.m. In addition, water temperature datmfa depth of 3 m, continuously measured
stationary at a pile close to the Oderbank betwi9v to 2006 were used as alternatives if
the intervals between available data points wereertitan 14 day&igure 1).

Estimates of the monthly mean water temperatur¢hefrectangle north of the island of
Rugen (center 13° 30’ E, 54° 30’ N) were used Far period from 1976 to 1990 in cases of
large intervals between subsequent data pointsst@feet al, 2008, http://www.io-

warnemuende.de/ projects/baltic/index.htin)these cases temperature values were assigned

to the middle of the month. Based on a synthes@vaflable data a time series was created
describing the change of the water temperature t®%6 to 2006.

In addition, daily mean air temperatures and thalmer of sunshine hours on three stations in
the area of the Greifswalder Bodden (GreifswaldpBsiand Greifswalder Oie) were used to
explain the development of the mean water tempersitbetween 1976 and 2006. The data
were made available by the German National Metegichl Service (“Deutscher
Wetterdienst”). Mean values of temperature datalloftations were used during the analyses
because of differing starting points (Putbus from/1976, Greifswald from 1/1/1978,
Greifswalder Oie from 1/7/1999) and occasional mgsdata at single stations. It was
assumed that the change of the water temperatiinenva period of x days beginning with
day t is influenced by the mean air temperature thedmean sunshine duration during the
same period. Different periods (10 and 30 daysewesed to reduce the effect of variability
of daily values.

The patterns of atmospheric variability over thertNdAtlantic region is represented by the
North Atlantic oscillation (NAO) which is widely esl to study climate effects. Since 1865
the monthly NAO index is based on the different@a@malized sea level pressures (SLP)

between Ponta Delgada, Azores and Stykkisholmukjge, Iceland (Hurrell, 1995) and is

7
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publicly available online Http://www.cqgd.ucar.edu/cas/ jhurrell/DataAn additional index

was used for studying climate effects related ® rtiean air and water temperatures of the
Greifswalder Bodden which directly reflects the ampof climate in the central Baltic Sea,
the Baltic Sea Index (BSI, Lehmam al 2002). The BSI is defined as the difference in
normalized sea level pressure anomalies betweenpdisgions 53° 30" N, 14° 30" E

(Szczecin, Poland) and 59° 30’ N, 10° 30’ E (Oslorway).

Following notations were used:

t date of the beginning of the period

X duration of the period in days

T, (1) Mean water surface temperature at day t
T,(t) Mean air temperature at day t

S,(t) Number of hours with sunshine

T, (t,x) Mean water surface temperature fromttot+x-1
T.(t,x) Mean air temperature during the period from t to{4

S (t,x) Mean number of hours with sunshine during the ifriom t to t+x - 1

The beginning of the period was always definechaditst day of each month. Consequently,
the 31" day of the month was not taken into account astitated by the sequence for x = 10
days: 1/1/1976, 11/1/1976, 21/1/1976, 1/2/19762/A%976, 21/2/1976, 1/3/1976, etc. In all
cases only 28 days were used in February.

Multiple linear regression models and time seriemlyses have been applied using

STATGRAPHICS (Statgraphics Centurion, Version XVatBoint, Inc.). Time series models
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where linear trends were adjusted, mean was remawvedapper of =% was used to evaluate

long term periods and autocorrelation processésamata.

Results

Shifts in seasonal sea surface temperatures

Estimates of the mean daily water surface tempexatiy(t), of the Greifswalder Bodden in
2005 showed similar seasonal development as séayioneasurements taken at the pile close
to the Oderbank and the satellite data respectiiFabyure 2). HoweverT,(t) did not reflect
the high variability within short periods due tetimterpolation between the sampling points.
Similar results were also found for other yearsigeadifferences of estimates of the mean
water temperature were found based on the measpongs provided by the different
sources which were sampled at the same day or tathpalose (2 — 5 days). Mean
temperatures in the Greifswalder Bodden and estsniait the Arkona Sea differed by more
than 5 °C in spring due to faster heating of theifSwalder Bodden ,but, differences of more
than 2 °C were observed in both winter and sumiemperature data were relatively close
by in autumn. Water temperature close to the Oadrlf&ig. 1, pile) increased slower in
spring and reached lower maximum values in sumineaddition, water temperature was
lower in the Greifswalder Bodden in winter. Diffaces of more than 2 °C were observed in
many cases. Based on satellite data, estimatest#grwater temperatures were lower by up
to 3 °C in most cases. However, estimated valudsotly sources were comparable in spring
and summer. Mean water temperature was estimassdilwan satellite data, data logger close
to the Oderbank anth situ measurements in the Greifswalder Bodden in Novenabe

December.
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A pronounced seasonal developmenTgt) with year to year variations was observed in the
shallow Greifswalder Bodden (mean depth of 5.6 raximum depth of 13 m{Fig. 3). In
January and Februaiiy,(t) varied between 0 °C and 4 °C followed by a rapehrly linear
increase in spring up to values between 18 °C dntC2n summer. In autumn a nearly linear
decrease was observed. Figure 3 also illustragebigh inter-annual variability of,(t) at the
particular season. Variations within a range of *C4were observed in most periods with

maximum variations in March, August and December.

The means oTw(t) of 10 day periods;T, (t10) were used to describe the variation between

1976 and 2006. Different trends (mean change ipe&iCyear) of theT, (t10) were found for
the period from the first to the tenth day betwdanuary and June (February not presented)
(Figure 4). Low positive trends of, (t10) were observed in January and March. These
trends did not significantly differ from zero due & slight increase in relation to the high
inter-annual variability of T (t10). A significant positive trend was observed at the
beginning of May whereas no trend was found in Jbog in eight of ten years between 1997
and 2006T,(t,10) was above the mean of the total period in Aprd &fay. In spring also
the highest differences between minimum and maxinefinT, (t10) were observed with

values above 8 °C. In contrast to this the diffeemnwere below 5 °C during the first five ten

day periods of the year and between middle of Ndwsrand beginning of December.

Trends of theT, (t10) by 10 days and 30 days intervals from January égenber are

presented in Figure 5. Positive trends were obdgedweging most periods with maximum
trends in spring and autumn. From the end of Mayhto middle of June as well as from

lateNovember to early February trends were closeaeim. The mean increase of water
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temperatures from 1976 to 2006 ranged from 1.50°G tC between February and May as
well as between July and October. The seasonalafeuwent of the trend indicates that spring
water temperatures did increase faster duringasiedecade compared to the beginning of the

time series. Consecutively the increase of wataptratures between end of May and middle

of June was lower during the last decade becaggsfisant trends of T, (t10) were not
observed in the same period. The period of strasgease ofT, (t,10) shifted from May —

June to April — May from 1976 to 2006. After theripd of stable T, (t10)in early June it

increased again from 1976 to 2006 with a mean ofentban 2 °C. Similar results were
observed for the trends based on 30 day periodanMalues based on these longer periods
resulted in lower maximum trends and lower fluatuatbetween the subsequent periods.
Although in this case significant trends of waemperature changes between 1976 and 2006

were not found in June and between November andhdan

To reduce the effects of strong inter-annual varitgpfive year periods were used to describe
the long term change in mean water temperat(jg,t10)calculated based on ten day

periods, over the seasons (see Fig. 4). Data gbeheds 1976 — 1980, 1986 — 1990, 1996 —
2000 and 2001 — 2005 are given in Figure 6. Theo@drO76 — 1980 was used as baseline. A
strong increase of water temperatures was obsdovetie winter season between 1986 and
1990 in relation to the baseline period due to iogvcoverage. With a maximum of 2 °C at
the end of April the increase of spring water terapges was higher than the five year period
before. The maximum difference between end of Jamek end of July was -1.5 °C. The
temperature in late summer and at the end of taewas similar to the standard period with
a maximum difference of -1 °C in late November. Total mean water temperature between

1986 and 1999 was 0.5 °C higher than between 19886.

11
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A further increase of water temperatures was olesebetween 1996 and 2000. The mean
temperature was 2.8 °C higher in late Februaryemnty March and again at the beginning of
May. In June the temperature was similar to thedsted period and at the end of June a slight
difference of -0.7 °C was observed. The water teatpee was then again higher between
July and beginning of November with a maximum défece of 1.9 °C followed by a short
period of lower temperature. The mean annual wataperature in that period was 1.0 °C
higher than the baseline 1976 — 1980. The seagpadient of the mean water temperature
between 2001 and 2005 was similar to the periodrbefThe difference at the beginning of
the year was partly smaller, but the temperaturesummer increased again to a maximum
difference of 2.4 °C. In late June the water terapge was -0.5 °C lower than earlier in the
month. The annual mean temperature between 2002Giwas 1.1 °C higher than between
1976 and 1980. The five year periods which are presented here all show seasonal
developments of the mean water surface temperatdmeh are located between the

surrounding periods demonstrated.

During the major part of the year, mean water teaipees were higher in the period of 2001
to 2005 compared to the period from 1976 to 198@ ifcrease was more than 2 °C in spring
as well as in summer. The increase of the watepéeature was observed in all five year
periods with different extend in different periodd the years. Negative temperature
developments were found in June and early winteramwater temperature was 1.5 °C lower
in July between 1986 and 1990 and 0.5 °C lower &etw2001 to 2005 compared to the

period from 1976 to 1980.

Long term trends of seasonal air temperatures andlyer of sunshine hours

12
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Trends of mean air temperatures of the subsequedays periods between 1976 and 2006,
T, ¢ 10), strongly varied (Figure 7). Positive trends were observed dwmigg with a
maximum increase of 4.2 °C from 1976 to 2006 followed by veralistrends end of May to
the beginning of June and strong positive trends from @uyeptember. The trends of the
mean number of sunshine hou§(t,x) also highly fluctuated within the year using 10 day
periods (Figure 8). Positive trends were found end of March followed $trong negative
trend in the middle of April. Again, strong changes from a neg#bivzepositive trend within
short periods were observed from the beginning to the middlelyf

An increase of the time interval from 10 to 30 days as base linetforaiag mean values
resulted in a more stable seasonal development of trends. Howevath wibh strong

positive trends and low positive trends alternated. The higltiyggrends in January,
February and April corresponded with the high positive trend;gt,x) during the same
month. However, the trends in March are different. Again similar dpeedats of air and
water temperatures were observed between July and September. A higle peend of

S (t,x) was only observed in March. During the other month the trends cl@se to zero.

The seasonal development of the mean air temperature of five year pdritids)), based

on ten day steps between 1976 and 2006 were comparable to éhepdent of the mean
water temperature (Fig. 9). The fluctuations among periods wergstrdsut, the increase in
spring and summer as well as the decrease in November were constaetlyedb Lower

temperatures were also observed in June. The development of the undagr of sunshine

hours of five year periodsS, (t10), from 1976 to 2006 were quite different (Fig. 10). A

strong increase ofS (t10) has been observed in summer since 1981 — 1986 (not shown

13
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here). During spring, autumn and winter trends wereobserved until 1990 — 1995. During

the following periodsS, (t10) started to increase in spring.

Significant autocorrelation was found for lags betw 1 and 7 as well as between 11 and 25
based on time series model, suggesting that tetyperaalues within about half a year and

factors of one year were auto correlated as ikpeeted for strong seasonal developments.
Partial autocorrelations were significant for lage@and two as well as between 4 and 15. This
implies that it would take a rather complicatedoaegressive model to describe the observed

data, which is not surprising given its non-statign(trending) nature. The period with the
highest ordinate (expressedﬂglsai2 +b?) where n is the number of observations anahd b

are the coefficients of the i-th Fourier frequenags period 36 with an ordinate of 51672.
This period corresponds with a year based on esillt6 decades. In addition, three periods
were found with ordinate > 100 (period of 85.8 whaorresponds with ~2.4 years, ordinate =
138; period of 18 which corresponds with 0.5 yeawsiinate of 161; period = 12 which

corresponds with 0.33 years, ordinate of 110). @xigis of all other periods were less than
100. Similar relations were found for the meantamperature of 10 day periods. In addition,
periods of 10 and 6 years had ordinates above 16hwsuggest a minor low frequency

effect.
Relations between water surface temperature, anperature and hour of sunshine

Multiple linear regression models showed that at8186 of the variability of mean water

temperature within the period of 10 day3,(t10), can be explained by mean air

14
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temperature,T (t10), the change of the air temperatuB{T, (t10)] and the mean number of
hours with sunshine§, (t10) based on 1107 datasets.

T,(t10) = 0.857 + 0.955T, (t10)- 0.074 D[T, (t10)] + 0.144 S (t.10)

The p-values of all regression parameters were < 0.0001, buffétots of D[T, (t10)] and

S (t10) are small because the coefficient of determination decreases only teaf/&u=
0.91 if the model is reduced §,(t10) = 1.124 + 1.003T, (t10).

The relation betweerT, (t10) and T,(t10) based on 10 day periods is presented in Figure
11. Relatively stable deviation of, (t10) from the estimated mean was observed for
T (t10) > 9 °C. The higher variability foll, (t10) < 9 °C and especially fofl, (t10) = 0

°C can be explained by ice coverage. In these cds€sl0) was estimated with 0 °C.

Furthermore, the ice coverage reduced the direct relation between the aatandurface

temperature.

Effects of North Atlantic Oscillation (NAO) and BalSea Index (BSI)

The North Atlantic oscillation index (NAO) and Baltic Sea IndexSiBare significantly
positively correlated between December and March based on monthdgan@iab. 1, Fig.

12). Both indices are also significantly positively correlateith wnean air temperature,
T (t30), and the mean water surface temperatufg(t30), during the same period.

Correlation coefficients of these parameters were lower and mostly mdficsigt between

spring and autumn. Neither NAO nor BSI are significantly correlatigd the mean number

of sunshine hours,§ (t30). On the other handr (t30) and T, (t30) are significantly

correlated with S (t30) between May and September (Fig. 13). Similar results were
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observed for 10 and 30 day periods used for estigndhe means. Negative correlation

coefficients were found from October to March (digantly different from zero in
December). That means that increaseSaft 30) results in a decrease a@f(t30) during this
period. Opposite relation was found between Aprd &eptember with a maximum of 0.82 in

July where an increase o (t30) results in an increase of, (t30). The variability of
T (t130) and T,(t30) which are significantly correlated in all month, April and October
can't be explained by the variability of NAO, BShca S, (t30) likely due to the high

variability of T, (t30) and T, (t30) in combination with the used monthly period.

16
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Discussion

The study evidently demonstrated the strong relabetween mean sea surface temperature
of the Greifswalder Bodden and ambient air tempeestas well as the trend for increasing
spring temperatures. Both, positive and negatiemds of seasonal temperature change

among ten day periods were observed which did lm@ys significantly differ from zero.

Data of mean sea surface temperature were noablaih the Greifswalder Bodden for each
single day between 1/1/1976 and 31/12/2006. Therefmissing data were estimated by
interpolation between successive sampling datesul®eon seasonal development of the
water temperature corresponded with estimates basedher sources, however, data do not
reflect high day to day variability (see Fig. 2)arcularly where the distance between
sampling dates is more than 30 days. Mean valuleslated based on ten day periods are
particularly realistic in spring and autumn dueatmost linear trends and high resolution of
sampling dates during these seasons. Higher uhgrtd the estimated daily mean SST can
be expected in winter, especially during periodshwte coverage as well as in summer
because the maximum water temperatures were probablincluded due to large distances

between subsequent sampling dates.

A relatively constant increase of water temperawkfive year periods was observed from
January to October with short period in June winegative trend occurred like in November
— December. Maximum increase of the water tempexaiti2.4 °C in summer between the
periods 1976 - 1980 and 2001 — 2005 is higher tharobserved increase of 1.5 °C of the
mean water surface temperature in the Baltic Seaesthe mid-1980s (MacKenzie &

Schiedek, 2007). They stated that the probabilitgxdremely warm winters, summers and

years has increased by two- to fourfold in the 5980d 2000s relative to the probability in

17



Oeberst: Regional change of the seasonal temperature

nearly all previous decades. Similar developmergsewound in the Greifswalder Bodden
where the mean water surface temperature in Apid Blay was higher than the mean
temperature of the total period in eight of tenrgelaetween 1997 and 2006. The stronger
increase of the water tempeature in the GreifswaBtelden can be explained by the lower
capacity of temperature buffering due to the lowtHeof the Greifswalder Bodden and the
limited exchange with the Baltic Sea. On the oth@nd the stronger decrease of the water
temperature in winter is associated by the lowgracidy to store energy expressed as

temperature.

The temporal development of the mean water suttroperature of the Greifswalder Bodden
is highly correlated with the air temperature. Bdtite mean water surface temperature and
the mean air temperature of ten day periods shawveiiar trends from 1976 to 20q6ig. 6
and Fig. 9). The stable relations of the trendaio&nd water temperature in spring, where the
density of sampling points has been high at leestes1992, suggest that the interpolated
water temperature values present realistic estenatbout 91 % of the variability of the
water temperature can be explained by the vartglofi the air temperature. The increase of
the air temperature and the mean number of houtls sunshine also affect the water

temperature significantly, but, their proportion &xplain the variability of the water

temperature is low. This low effect is caused ley/niegative correlation betwedn(t,x) and

S (t30) between autumn and spring and the opposite cdoelat summer (Fig. 13). That

means that the transport of temperature by airtduke different weather conditions is more
important that the intensity of sunshine. Thesaltesorrespond with observations based on
climate models which suggest that surface tempeyatsi strongly coupled with the
atmosphere above it, especially in mid-latitudelsere migrating cold fronts and warm fronts

can cause relatively large swings in the surfaogtrature (IPCC, 2007). These effects seem
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to be dominant in estuary like the Greifswalder & with shallow water and relative small
connections with the Baltic Sea. Omstetital (2004) showed that average air temperature
from Stockholm has been increased since about &8@Ghatincreased frequencies of anti-
cyclonic circulation and westerly winds have resdltin a slightly warmer climate with
reduced seasonal amplitude and reduced ice chamKenzie & Schiedek (200ppinted out
that the frequency of occurrence of extremely warrd cold years of the Baltic water has,
respectively, increased and decreased which isistens with changes in the frequency of
extremes of European air temperatures. Luterbasthadr (2004) showed that the late"28nd
early 2f-centrury European climate is very likely warmearthat of any time during the
past 500 years based on multi proxy reconstructiohsnonthly and seasonal surface
temperature fields. Mobegg al (2005) pointed out that no evidence for any eaperiods in
the last two millennia with warmer conditions thhé post-1990 period were found. North
Hemisphere Temperature anomalies also showed #&vpeosiend between 1976 and 2000
(Brunel & Boucher, 2007). The relations between N&@ mean air temperature as well as
the mean water surface temperature in winter sagteg winter temperatures of the
Greifswalder Bodden will slightly increase with dktions according the NAO (Hurrell,
1995). Conclusions concerning the developmentsraperatures between spring and autumn
cannot be drawn from the NAO, but, it is likely tithe mean water surface temperature
before 1970 was cooler because the negative Wik& was dominant between 1960 and
1972 and Northern Hemisphere Temperature anomaées observed during the same period
(Jones & Moberg, 2003). The more regional Balti@a $'lex, BSI, is correlated with the
NAO in winter (Tab. 1) but not in summer. Howewre BSI which describes the difference
of the normalized pressure system of the centrdldB&ea is also not suitable to explain the

variability the mean air and water temperaturénsadrea of the Greifswalder Bodden.
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Further developments of the water temperature énGheifswalder Bodden can be derived
from forecasts of the development of the air terajpge due to the high correlation between
both parameters. Climate models estimate meanaseref air temperature between 1.1 °C to
6.4 °C during the twenty-first century (IPCC, 200udh differences in the local development.

A mean increase of ~ 3.5 °C was estimated for #mog March to May in 2080 to 2099

against 1980 — 1999 by Christensen et al. (200@scbner & Meier (2004) forecasted an
increase of the surface temperature of the Babig ISetween 2 °C and 4 °C during the next

80-100 relative to the period 1961 to 1990 basedegional prognostic models. The low
correlation of NAO and BSI concerning the seasatealelopment ofT (t,x) and T, (t,x)

suggest that strong local variability of the atnfemc condition determines the development
of the mean water surface temperature in the Gvelteer Bodden and that conclusions
concerning the future developments must take imimant that climate predictions on a
regional scale are still of limited reliabilifilew & Hulme, 2000; Volz, 2004; JanRen, 200Me
study also revealed that the development of theaadnt water temperatures can differ
seasonally as the increase of more than 2 °C ingspnd summer and decrease in November

have shown.

The outcome of the climate models suggest thatrtean water surface temperature in the
Greifswalder Bodden will further increase in atsespring and summer. Therefore, possible
effects of the changing water temperature relabethé reproduction success of the spring-
spawning herring must be evaluated in the futursabse critical water temperature can be
reached earlier during the reproduction period tfi&ir & Peck, 2010). Furthermore, the
importance of the spawning areas outside of theentiimain spawning ground must be
investigated because it is likely the stronger exgfe with the open Baltic Sea results in a

slower increase of the water temperature.
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Tables

Table 1: Correlation coefficients of the linearnmegsions between monthly mean values of the
independent and dependent variables North Atlgdsicillation (NAO), Baltic Sea Index

(BSI), Mean air temperature T mean water temperature,fland mean number of hours

with sunshine (§ between 1976 and 2006. Correlation coefficieautgdr 0.38 significantly

differ from zero with error of first kindt = 0.05.

Independent NAO NAQ NAQ NAQ BSI BSI BSI| S | & Ta

dependent BSI| a4 |Tw S Ta Tw S Ta Tw Tw

Jan 0.55 0.75| 0.58| -0.06| 0.74| 0.64, 0.07| 0.22| 0.19| 0.83
Feb 0.73 0.66| 0.59| 0.15| 0.74| 0.65| 0.10| -0.08| 0.12| 0.85
Mar 0.66| 0.45| 0.27| -0.15| 0.68| 0.52| 0.09| -0.11| 0.14| 0.79
Apr 0.13] 0.28| 0.26| -0.03| -0.14| -0.10| 0.26| 0.29| 0.21| 0.57
May 0.17{ 0.21] -0.08| 0.04| 0.47| 0.15| 0.36| 0.49| 0.49| 0.73
Jun 0.28 0.19| 0.08| 0.13| -0.23| -0.14| -0.09| 0.74| 0.57| 0.77
Jul 0.25/ 0.03| 0.02| 0.03| -0.20| -0.25| -0.10| 0.86| 0.82| 0.93
Aug 0.41| 0.23] -0.04| -0.01| -0.33| -0.46| -0.23| 0.63| 0.40| 0.83
Sep 0.30 0.22| 0.13| 0.25| 0.10| -0.08| 0.45| 0.61| 0.46| 0.69
Oct 0.35] 0.22| 0.10| -0.16| 0.42| 0.15| 0.12| -0.01| 0.18| 0.75
Nov 0.32| 0.38| 0.20| -0.30| 0.59| 0.56| 0.30f 0.22| 0.42, 0.79
Dec 0.61] 0.53| 0.46| -0.22| 0.61| 0.39| -0.04| -0.62| -0.47| 0.66
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Figures

Figure 1. Map of the Strelasund and the GreifswaBielden with the sampling stationa {

surface temperature, “Landesamt fur Umwelt, Natwiscund Geologie Mecklenburg-
Vorpommern”;m : temperature of different depth levels, pile elts the Oderbank, Federal
Maritime and Hydrography Agency, Hambumyg; surface and bottom temperature, sampled

weekly; X: air temperature and number of hours with sunsiideeitscher Wetterdienst). Inset
shows the area inhabited by western Baltic spnpegveiing herring and the ICES

subdivisions.
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Figure 2: Daily mean water surface temperature (®Bie line) calculated by linear
interpolation between the available sampling po(@8(D), blue bars) and data of water
temperature from other sources (date from the glidse to the Oderbank (Pile, red line),

satellite data (Satellite, green line) and the Aik&ea (13_54, black bars) in 2005
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Figure 3: Changes of surface temperature in thésdralder Bodden between 1976 and 2006

(each color presents one year).
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Figure 4. Mean water surface temperature at thenbeg of the month (first to tenth day of

the month) from January to June (February not ptesgg with linear trend.
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Figure 5: Trend of mean water surface temperaffy&,x), between 1976 and 2006 based

on 10 day periods and 30 day periods from JanioaDecember
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Figure 6: Seasonal development of the mean watgsegature of ten day periods, (t.10),

based on the average of five years. Years from 1©7681 were used as standard period.

The different figures present the different fivaygeeriods.
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Figure 7: Trend of mean air temperatufg(t,x), between 1976 and 2006 based on 10 (Trend

10d) and 30 (Trend 30d) day periods from JanuaBeicember
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Figure 8: Trend of mean number of hours with sumsh§ (t,x), between 1976 and 2006

based on 10 (Trend 10d) and 30 (Trend 30d) dapgeifrom January to December
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Figure 9: Seasonal development of the mean aireestyre of ten day periodd, (t10),

based on the average of five years. Years from 1©7681 were used as standard period.

The different figures present the different fivaygeeriods.
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Figure 10: Seasonal development of the mean nuoflsmshine of ten day periods,
S (t10), based on the average of five years. Years fron6 16 1981 were used as standard

period. The different figures present the differiave year periods.

34



Oeberst: Regional change of the seasonal temperature

E[Tw(t,10)]

30

E[Ta(t,10)]
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Figure 12: Development of the winter North Atlartigcillation index, NAO, the mean air

temperature]T, (t,x), and the mean water surface temperatiyét,x), between 1076 and

2006 (left panel) and the relation between wint&\Nand T, (t,x) of the same period (right

panel).
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Figure 13: Correlation between mean number of haittssunshine,S (t,x), and air

temperature T, (t,x), based on 10 (Corr 10d) and 30 (Corr 30d) dayopsrbetween 1976

and 2006 from January to December
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