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Authors' responses

We thank to the editor and the anonymous reviewers for comments motivatingi@refisur paper
which we are ready to perform based on their suggestions. We provide point-by-point regptmses
reviewersO comments in the following, supplying the proposed updates and with fenadijtres.
Throughout this document, bold and italic fonts are used for the captions and revemnersnts,
respectively. Our responses are in normal fonts.

Authors' response to RC#1

Major comments

1. Temperature and salinity observations are assimilated and the evaluatiopaaftgms made only with
temperature and salinity. The assimilation of temperature and salinity \@is®rs, however, impacts
all other model fields. The evaluation of the observational impacts shouktidneled at least to currents.

In order to discuss this point, we provide a figure (Fig. 13) comparing salinity oveithidusrent fields
at 5 m. depth, obtained from experiments FB0OO1 (left) and FB0O02 (right) for the exemplaoy Gaden
2009 at 00:00. The salinity differs significantly between the two experimepexialy along the
southeastern coast, while there is very little change in both qualitattvequantitative terms in the
horizontal circulation, namely the current speed and direction, in the affected tiegfi can be attributed
to data assimilation. The effect of data assimilation is more pronoumd¢eins of the property fields,
which alternatively indicates changes in stratification and vertical mixing along the rsoctiast.

Moreover, the same figure, but for the nature run is provided in the appendix as requéséechajpr
comment A of the Reviewer#2. The circulation in the nature run (Fig. A2, introdueeddppear more
intense compared to FBOO1 and FB002, however, without resulting in a significant chatige |
horizontal circulation patterns.

We can deduce that the impact of the assimilation on the circulagonssvery small, if not negligible,
compared to the differences of the experiments with the nature run.
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Fig. 13 Comparison of the 5 m. salinity fields on 7 Janl2099 at 00:00 between FBO0O1 (left) and FB0O02 (right). The
corresponding circulation patterns are shown by current vectors.

2.1t seems that using the Ferrybox system for observing temperatusalanty near the surface is more
feasible than using floats or gliders. On the other hand, does the improuedtestf temperature and
salinity fields near the surface significantly improve the supporthfermost important applications of
oceanographic forecasts in the Marmara Sea?



We agree with this comment in general. We will introduce a smadlgpaph in the revised text,
explaining the needs and our rationale as expressed in the following.

The Marmara Sea has unique dynamics of its circulation, generated by volursetihaxegh the straits,
interaction with the atmosphere and buoyancy effects in a strongly stratifigdrenent. All these
factors play crucial roles in the dynamical response of the system. Blackn8eAegean Sea water
masses transported through the Marmara Sea determine its vertical stmbtahein turn impacts its
internal dynamics. In principle, all of the above influences on the circulation dysaave to be tested,
by considering the individual and combined effects of the assimilation of different types of data.

To begin with the present study, we only considered elementary water propergegatbiss that

relatively easily could be obtained from available platforms. The preserE O attempts to initiate
a first and essential step in the much needed extended studies of advadedithgnas well as data
assimilation. We also note that there are not many near-real-time dlzses\available in the Marmara
Sea at present; building the necessary infrastructure to incorporate variouymesenftobservations
still needs further serious efforts.

The proposed initial observing system should result in better forecasts irofesater properties of the
upper layer, which promises to improve forecasts in the Aegean Sea. To further ithgréwecasts,
the assimilation of data on water properties, sea level and currergsrecty floats and fixed stations
(e.g. ADCPs, tide gauges and/or altimeter measurements), the use of tlasseements to better
estimate volume fluxes through the Bosphorus and Dardanelles Straits would be.iRppdepriate
use of such extended measurements tested by continued OSSEOs could alsetterpestimates of the
lower layer circulation driven by the density gradients.

3. There are many technical details about specific solutions implemented in the dataasissimil
scheme, but impacts those solutions are not tested in the study.

While implementing our solutions in this study, we benefited from the experience provided by similar
studies in the literature, although we carefully adopted a version needed in our application. We agre
with the reviewer that the impact of the present choices and other possible solutions showgd be test
possibly by us and/or others in continuing studies in the region.

4.1 think that the style of writing should be improved. It is very difficult to read and interaret m
sentences providing important information.

We will do our best to improve the text in the revised version. The differences will be demonstrated
comparing the discussion paper and revised version.

Minor comments

1. Page 2, line 2: The Ohigh resolutionO of what?

The original phrase is OUntil recently, the need for high resolution in ths steade it infeasible to
model the complete TSS due to the computational cost.O

We clarify the phrase as OUntil recently, building a model solving for the hydrodyrartiiescomplete
TSS was not considered a feasible undertaking, implying high computationalotdkts required
horizontal and vertical resolution enabling to represent the sharp stratifiaatidhe extremely compltgx
topography of the straits and shelf regions, largely differing from those of the larger neiglhlasrregO
2. Page 2, line 3: What are Ointegral modelsO?

O.. integral models of the system ...O

Werephrase the phrase above as O...models of the whole system...O



3.Page 2, line 12: The OSSE abbreviation is introduced, but it is not explained.
We change it as OWe follow the Observing System Simulation Experiments (OSSE) ...0
4.Page 3, line 14: same as comment 2.

OThe high complexity of the system requires integral modeling approaches to represent the links
between its different compartments.O

We replace the above sentence with OThe high complexity of the system requires models that
simultaneously solve for the whole system in its smallest resolved details and lypemasenting
multiple scales of interest.O

5. Page 3, lines 19-20: This sentence is not related to the scope of the study.

We omit the sentence Olt was developed by the Alfred Wegener Institute as the first globalonizga
using an unstructured mesh.O

6. Page 4, line 11: What is Ocovariance informationO in this context?

We replace the term OinformationO with OdistributionO to be more prexidiscussion addresses the
issues related the prior distribution after resampling the ensemble to cdhmpuatyariance. The EAKF
preserves the prior covariance distribution during sampling. The ensemble covariasee o quantify
the relation between pairs of state variables or an observation and\asgtite in the linear Gaussian
context of the ensemble Kalman filter.

7.Page 4, line 12: What is Oprior informationO in this context?

The same response as to comment #6. We replace the term OinformationO with OdistributionO
8. Page 4, line 13: Which covariances are updated?

We replace the term with Oanalysis covariancesO.

9. Page 4, lines 20-24: Is vertical diffusion the most important for correatiylating the depth of the
interface? Vertical diffusion should be governed by slowly varying large-Bekle and perturbing it at
the high frequency may add processes that may be unphysical.

The depth of the interface in the TSS is mainly determined by the volume threaeigh the straits at
seasonal time scales. On daily time scales, however, the wind forepnalter the interface depth
significantly, especially when there is a severe storm passage oveystee §Book et al., 2014).
Moreover, enhanced vertical mixing around the interface may contribute to theem@tange between
strongly stratified upper and lower layers by entrainment processes (...zsoy et al. 2001).

We agree with the reasoning of the reviewer on vertical diffusion. However, vehaesurb is the
background vertical diffusivity K_vO which is at least two orders of magnituddesitian the spatially
varying vertical diffusivity K_v. We are aware that more care is needed for lergeriments. However,
within the period of the experiments, we havenOt identified any instabilitppiexgetiue to the growth
of the perturbation.

10.Page 4, line 35: Localization may introduce strong dynamical imbalances. This contrasts the
sentence on lines 11-13.

This is correct. However, since we can only afford 30 ensemble membergdboalis required for a
svstem that pnroduces forecasts with small RMSE. The localization dtli-nadius has been chosen



empirically to minimize RMSE while maintaining a prior RMSE to spredid that is approximately
unity. A larger ensemble size would allow us to use less stringentziatati, further reducing RMSE
while also reducing dynamical imbalances. The fact that the assamitycle is stable over a number of
days suggests that the dynamical imbalance is not large enough to dona@retianced model dynamics.

11.Page 6, lines 29-30: | do not understand this sentence.

OThis approach was chosen because FESOM in the Marmara Sea is sensitive to eqiméy plaus
salinity boundary conditions.O

We prefer to add an appendix to document the properties of the nature run and itsceiffiera the
forward model as requested by Reviewer#2. Very briefly, the nature run is supposed tabbst the
realization of the system whereas forward model is chosen as a differertamtidlesame model with
different resolution or different physics. In our study, different surface salinity boundary ocoadhtive
been implemented in the two configurations of the same model constitutifaplaed model and the
nature runs. Both solutions appear realistic and equally plausible but differemgchrother, displaying
sensitivity to the applied boundary conditions.

12.Page 9, line 3: Argo floats and gliders are not instruments.

Rephrased the following part Oit is not easy to deploy instruments such as argo or glider since there
heavy ship traffic.O to read as follows: Oit is not easy to deploy, for instance, argo floats or gliders cl
to the surface since E.O

13.Page 9, lines 18-20: How is the sampling rate of 1 minute obtained output frequency of 1 hour.

In the manuscript, it is explained as OE from hourly NR outputs at varying spatial location along the
track of the ferries.O That means the synthetic observations falling into the same one hour interval ¢
sampled from the same output but on different locations mimicking the motion of the ferries in time.
We modify the above phrase as OEfrom hourly NR outputs at varying spatial locations so as to reme
within one minute time intervals along the track of the ferries.O

14.Page 9, line 24: What is the meaning of stochastic in this context?

In stochastic EnKF, the observations are perturbed for each ensemble member before assimilation.
this work, the EAKF scheme used in the present work is deterministic since observationstaad ide
for each ensemble member.

15.Page 9, line 25Do you want to say that errors of observations are uncorrefated

Obviously, repeated observations from the same instrument are expected to have some correlated €
component. Here, we neglect the correlated error, as is done in many geophysical assimilation
problems, because of the expense and difficulty of dealing with it explicitly. Employing an accurate
estimate of the correlated error, or explicitly modeling the correlated error is difficult but would
certainly lead to some improvement in our forecast fits to observations. Note that temperature and
salinity errors are from unique instruments and might be expected to have less correlated error. Here
temperature and salinity errors are assumed to be uncorrelated and they are set different following a
existing observing system presented by Grayek et al. (2011).

16.Page 10, line 16: Updates are smaller than what? It looks like temperature and salinity are
compared by magnitude, but they are two different physical parameters.

The salinity updates at 20 m. are smaller than the salinity upddtesupper layers, although we refrain
from presenting an extra figure in order to reduce clutter. Since the corrections arourat@@enerally
smaller than those at 5 m. for both temperature and salinity and we only thebssv the updates for
temperature at 20 m.



17.Page 11:The bottom paragraph should be reformulated by using the correct terminology

We rewrite the paragraph is as:

OThe DART offers tools to control the data used without any difficulty. Eaclotypeservation can
either be assimilated or withheld to evaluate the resulting analya&ST Blso provides a rudimentary
guality control capability that can reject observations that are too diffeoemthe ensemble mean prior
estimate. Synthetic observations are not used in the assimilationg@@jéc, " v > TE(x," y). Here, y
is the observation and x b is the corresponding prior mean of the ensemble of forwararfpEnat
expected value, E, is computed as:

E(," y) S +#, (1)
where# stands for the standard deviation. T is chosen as 3 for both temperatureiratydisahese
experiments.O

18.Page 12, lines 1-4: | do not understand why there are outliers in an OSSE experiment? Are
observations wrong, or some assumptions are not valid?

The outliers are completely an outcome of our choice considering the cesiistis in the Marmara Sea.

In Aydo! du et al. (2018), validation of the long-term simulations has been performed and present
Comparison with the CTD observations shows that the errors may increase up to 35 for salinity

and temperature respectively, in the area of interest but not more. Therefeeeavimit for the synthetic
observations and do not assimilate them if they exceed these error rafgessyéct to the prior
ensemble mean. The difference between the nature run and ensemble medngladdgeending on the
perturbations applied, therefore, there are some observations which we marlees. dindé approach is
chosen to stick with the realistic applications of the data assiamlwhere a quality check is generally
required.

19.Page 15, line 4: Innovations are better than what?

We compute the innovation regardless if the observations are assimilated or not. Here, we compare
FBOO01 and FB0OO2 cases, and conclude that the difference between the synthetic observations and t
corresponding ensemble prior mean is smaller in FB002, implying improved forecast as a result of tF
assimilation.

20.Fig. 11: Salinity differences have very large gradients. | suspect that they form strorg densi
gradients impacting currents. Currents should be included in the evaluation of the assimilation.

We added a new figure (Fig. 13) to compare the velocity fields in day 7. We couldn't identify any stro
impact of the assimilation on the currents as discussed in our response to major comment #1.



Authors' response to RC#2

Major comments:

A. Unless this has been published elsewhere, it would be useful to have a brief analysis of the physi
situation in the NR at the time of the assimilation experiments, if possible

Hopefully, these details will be published in another manuscript that is presently submittshto O
Science (Aydbdu et al. 2018 in the references). Yet, to enable a review of the earlier results, we pref
to provide an appendix using the following figures along with further technical details of the nature ru
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Fig. Al Daily mean of sea surface temperature (SST) anditya{5SS) and volume temperature (VT) and sali(Vg) in
the Marmara Sea.

SALINITY (psu)
2009-01-07 00:00
Sm.

0.5 m/s—

20 25 30 35
b psu

_ 27°30'E 28°00'E 28'30E 29°00'E 29°30'E 30°00°E
Fig. A2 5 m.salinity fields in 7 January 2009 at 00:00 simulateth@nature run. The corresponding circulation islave
by arrows. Corresponding fields for the FBO01 and FB002 experiments are ishbign13 for comparison.

B. | had an overarching question in my mind throughout my reading of the manusdtigt.cembined
effect of i.c. perturbations (a mix of short-term time lag and interannuahlvitity) and diffusivity

perturbations able to explain at least part of the model-data differencesy wiibervational error? This
guestion can be posed for

(B1) simulated data

The B1 question is a question of consistency of the innovations with Enspnelle + obs error: it is
partially covered in the ms. (e.g. Fig.8), but not exploited.

Coming back to question B1: | have been frustrated that Fig.8 shows RMSE (of theialnod the
variable) and spread (of the dimension of the variable, *squared*). It would have beantbestew
*MSE* (not RMSE) and spread (assuming that this is *prior* Ensemble spread): then youhegald



tested whether the (prior) innovation variance was more or less of theadereas the (prior) "Total
spread” (= your estimate of prior error + your estimate of obs errod)d the squaring visually, and the
orders of both quantities do not match each other, especially for salinityevéehat this should even
briefly be discussed.
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Fig. 8 Time seriesf mean squared innovations, spread and total spread of salinity (topyraperature (bottom) for
FBOO1 (left) and FBOO2 ight). The statistics are computed in the location of theeovations used in the corresponding
assimilation cycleThe spread is the square root of the variance. Bptalad is the observational error added to theadpre
Y-axis shows the range of eastatistics indicated in the legend. Bottom panel ehdgure shows the number of available
observations (Nposs) in each assimilation cycle. For the asiimilxperiment, FB0O02, Nused and Nout show the number
of assimilated observations and outlieespectively. For the experiment without assimilati®BQ01, they are the number of
observations which would be assimilated or rejected, respectivelat specific assimilation cycle if assimilation was
performed.

We agree and thank to the reviewate checked the calculation of the spread and found ouittisat

the standard deviation, not the variance. The statistics are accurate but units shopkluenidC, for

the salinity and temperature respectively. Therefore, they are comparable with the comgspondi
RMSE. We corrected the mistake on the legend as well as in the caption and provide the revised vel
of the Fig. 8. The resulting total spread is therefore, the square root of the sum of the variance and
observation error. We will revise the manuscript accordingly.

The ensemble spread is initially provided by the perturbation of the inmaltature and salinity fields
and maintained by the background vertical diffusivity perturbation. However, the growing Po8&

out different salinity boundary conditions chosen for the forward model and the nature run. Im anot
word, the perturbations maintaining the spread are capable of sustaining ihew&ssérvations are
assimilated. On the other hand, assimilation will significantly redbeeerrors due to the physical
processes simulated by chosen model schemes. We will revise the manuscript accordingly.

(B2) any existing real observations (e.g., SST).
The B2 question is about the realism of errors: it was not covered in the ms (only the conclusion
mentions "lack of data").

The error assessment of the model using CTD observations is performed in thard&ea and
presented in another study (Ayatu et al 2018). We think the errors in the present work compare wel
with those and are therefore expected to be realistic. Lack of datatismeel only for data assimilation
purposes. We will summarize this aspect in the appendix that we@shatle according to what has been
implied in major comment #A.



C. Why did you limit yourself to 7 days? Some of the error processes, especially those assdticiated w
mixing and stratification, could act on longer time scales.

The main challenge to perform longer experiments is commensurate with the computational cost of
running ensembles using such a high-resolution model. However, given the present results, we are
motivated to perform longer experiments which take into account also the suggestions addressed by
reviewers.

D. The localization cut-off scales are very short. CanOt this trigger fast unphysical responses, f
instance via temperature-sea level covariances?

Agree, that is possible. However, the cut-off radius has been chosen to minimize RMSE while
maintaining a prior RMSE to spread ratio that is approximately unity. On the other hand, the spuriou
correlations related to larger cut-off radius may also trigger unphysical behaviors in energetic basin
such as the Marmara Sea. But we havenOt identified any unphysical behavior within the period of th
experiments related to dynamical imbalances.

Minor comments:

1. Page 4, lines 11-XXHow is "prior covariance information” related to "dynamical balarites

We replace the term OinformationO with OdistributionO to be more precise. The enserablesdsvari
the statistical representation of the prior constraints (Odynamical balancesO) generatextibly frar m

a linear model, a sufficiently large ensemble would be able to represent all the balance®srHmwe
model is nonlinear and cost forces us to use a small ensemble. This means that the essgheble s
covariances do not exactly represent the dynamical balances. The ensembile filter algorithm and
inflation we use are designed to maintain the prior ensemble covariance as much as possible. Th
benefits of preserving the prior distribution are extensively discussed in Anderson (2001) compared 1
ensemble filters such as kernel or Gaussian resampling filters. However, given the errors iplhe sam
covariances, localization is effective in reducing forecast RMSE compared to observationzatiocal
also disrupts the prior sample covariance, so can result in reduced dynamical balance.

2. Page 4, lines 11 and 13: "the covariances are updated in every assimilation cycle": IsnOt this
contradictory with "it preserves the prior covariance information"?

We replace the term information with distribution. Analysis covariances are updated in every
assimilation cycle.

3. Page 4, line 25: The generally adopted procedure to perturb diffusivity parameters does not use a
centered Gaussian pdf

We were not aware of it. We thank to the reviewer for the information and will further dig in the
literature if we use the same perturbation methodology.

4.Page 14, line 5: "is similar" -> "behaves similarly"
Agreed.

5. Page 15, lines 8-9: "...correct the subsurface fields": Fig. 9 is in data space (surface), so one cann
see a subsurface effect from that figure.

We replace the term 'subsurface' with ‘water column above the pycnocline, which is actaally m
there.



Authors' response to editor' comments

1.P. 2, 1l. 26-28. The depth of the transition between the two layers is not mentioned (see also Fig. 4
and associated comments).

We add the depth of transition to the end of the sentence OThe exchangq of cgntrasting water mass
forms a highly stratified water column structure throughout the system ...O as Owith a pycnocline arc
20 m. depth.O

2.Fig. 7. What are exactly the increments shown there (I understand there is one set of increments fi
each element of the assimilation ensemble

The ensemble mean increment and innovation of the ensemble are used throughout this study.

3. Eqg. (9. I understand sigmaz2y is the assumed variance of the observational error. But what exactly
sigma2xb ? (I presume it is defined from the prior ensemble. But how exactly?). Anyway, you must a
respond to minor comment 18 of referee 1

#°,,is the variance of the prior ensemble estimate to the observation y (the forward operator ensemb
We reformulated the paragraph as requested by reviewer #1 in minor comment 17.

4. The spatial area over which the diagnostics shown in Fig. 8 have been computed does not seem t
mentioned.

We add to the caption the sentence C)The statistics are computed in the location of t®nbservd
in the corresponding assimilation cycle.O

5.1 presume most of the readers (but maybe not all ...) will easily locate the Bosphorus and the
Dardanelles on the various maps. But it may not be the same as concerns the Gulf of 1zmit (p. 16, .

Agreed. We can name the region as it as 'the northeastern Marmara Sea' and will mark tycatiens
of the Figures.
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Abstract. An observing system simulation experiment (OSSE) is presented in the Marmara Sea. A high resolution ocean
circulation model (FESOM) and an ensemble data assimilation tool (DART) are coupled. The OSSE methodology is used to
assess the possible impact of a ferrybox network in the eastern Marmara Sea. A reference experiment without assimilation is
performed. Then, synthetic temperature and salinity observations are assimilated along the track of the ferries in the seconc
experiment. The results suggest that a ferrybox network in the Marmara Sea may improve the forecasts signi cantly. The salin-
ity and temperature errors get smaller in the upper layer of the water column. The impact of the assimilation is negligible in
the lower layer due to the strong strati cation. The circulation in the Marmara Sea, particularly the Bosphorus out ow, helps
to propagate the error reduction towards the western basin where no assimilation is performed. Overall, the proposed ferrybox
network can be a good start to design an optimal sustained marine observing network in the Marmara Sea for assimilation

purposes.

1 Introduction

The Marmara Sea is one of the compartments of a water passage known as the Turkish Straits System (hereafter TSS). Th
TSS connects the Black Sea and the Mediterranean by two narrow straits, namely the Bosphorus and the Dardanelles, alon
with the Marmara Sea.

Salty and dense Mediterranean waters and brackish Black Sea waters form a two-layer exchange ow through the TSS. In
combination with the complex topography, ow structures in different scales generate a challenging environment for oceano-

graphic studies.
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etal., 2017; Gurses et al., 2016; Stanev et al., 2017).

In this study, to the best of our knowledge, we present the rst data assimilation experiments performed in the Marmara
Sea. In the region, in-situ observations are generally scarce and collected by dedicated projects (Unliiata et al., 1990; Ozso
etal., 2001; Besiktepe et al., 1994;gful et al., 2002; Chiggiato et al., 2012) for a limited area and time. Moreover, the spatial
resolution and frequency of satellite observations are still not suf cient to monitor the system continuously. For these reasons,
a sustainable marine monitoring network is required in the Marmara Sea. We propose a ferrybox network mounted on existing

public transportation infrastructure.

used widely in the atmospheric community for four decddesiesigrot-to designnew observation toolor error assessment

in large models and parameter estimation (Arnold Jr and Dey, 1986; Masutani et al., 2010). Atlas (1997) summarizes the
criteria established by the atmospheric community to perform credible OSSE. Halliwell Jr et al. (2014, 2015) gave an example
of an ocean OSSE in the Gulf of Mexico by following those criteria. Aydio et al. (2016) studied a shery observing system

in the Adriatic Sea taking the same criteria into account.

This paper is organized as follows: In the next section, the main characteristics of the TSS relevant to this study are sum-
marized. In section 3, the model and data assimilation scheme that we used are documented. Section 4 is devoted to the OSS
design. The nature run and forward model are introduced. Ferrybox network design is also detailed and the methodology for
impact assessment is outlined. The results are discussed in section 5. The summary and conclusions are presented in the lg

section.

2 Overview of the Turkish Straits System

The Marmara Sea with the Bosphorus and the Dardanelles Straits constitute the Turkish Straits System (TSS) which connect:
the Black Sea and the Mediterranean. The exchange of contrasting water masses forms a highly strati ed water column structure

Mediterranean in the upper layer and the salty and dense Mediterranean Sea water occupies the lower layer of the water colum
(Unliiata et al., 1990). In addition to the strong strati cation, the complex topography of the two narrow straits and an internal
sea with shallow shelves and deep depressions presents a unique and challenging environment for oceanographic studies.
The Bosphorus is an elongated narrow strait connecting the Black Sea and the Marmara Sea. The upper layer ow is
dominated by the Black Sea water with salinity about 18 psu. The lower layer water originates from the Mediterranean and

reaches the Black Sea with a salinity of about 37 psu. The interface depth between the two layers is mainly determined by the
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salinity gradient. In summer, a three layer temperature structure appears. A warm upper layer due to the atmospheric heat ux
overlays a cold intermediate layer that propagates from the Black Sea. Warmer Mediterranean water constitutes the bottom
layer (Alt ok et al., 2012). The constriction in the mid-section and the sill in the southern section of the strait apply a hydraulic
control on the ow and produce a surface jet at the Marmara Sea exit (Sozer and Ozsoy, 2017). The velocity of the Bosphorus
jet can exceed 2 m/s (Jarosz et al., 2011). Therefore, the jet is one of the key factors in uencing the dynamics of the Marmara
Sea. It enhances the mixing by entraining lower layer water (Unliiata et al., 1990), energizes the Marmara Sea circulation in
the eastern basin (Besiktepe et al., 1994) and produces mesoscale eddies due to the potential vorticity balance (Sannino et a
2017).

The wind is another important factor in uencing the dynamics of the Marmara Sea. Many strong cyclones pass over the
Marmara Sea especially in winter (Book et al., 2014). Northeasterly winds dominate the atmospheric circulation throughout
the year.

The third important dynamical constituent is the density-driven baroclinic ow in the lower layer (Higgte\vi®98). The

velocny of the ow in the lower layer can reach 1 m/s (Jarosz etal., 2012).

3 Ensemble modelling and data assimilation in the TSS

The ocean model used in this study is the Finite Element Sea-ice Ocean Model (FESOM). FESOM is an unstructured mesh
ocean model using nite element methods to solve the hydrostatic primitive equatlons with the Boussinesq apprOX|mat|on
(Danilov et al., 2004; Wang et al., 2008y

anunstracturednesh-Gurses et al. (2016) applied FESOM to the TSS and performed realistic simulations of the complete
system using atmospheric forcing. The TSS model domain extends zonally fronkE2@.33 E and meridionally from 38. N

to 43 N. The mesh resolution is as ne as 65 m in the Bosphorus and 150 m in the Dardanelles. In the Marmara Sea, the
resolution is always ner than 1.6 km and is not coarser than 5 km in the Black Sea and the Aegean Sea. The water column
is discretized by 110 vertical z-levels. Vertical resolution is 1 m in the rst 50 m depth and increases to 65 m at the bottom
boundary layer in the deepest part of the model domain. The mesh has 70240 nodes at the surface layer and more than 3 milliol
nodes for the 3D state variables i.e. temperature, salinity, zonal and meridional velocity.

Aydogedu-etal{2618fydogdu (2017)performed inter-annual simulations using a similar model setup. Two six years sim-
ulations using different surface salinity boundary conditions have been completed and evaluated. It is shown that the model is
able to simulate main characteristics of the system qualitatively. It simulates the two layer structure of the TSS, successfully.
Moreover, dynamical properties such as sea level difference between different compartments and dynamics related to high fre-
quency atmospheric events are well-captured. However, the error growth in temperature and salinity throughout the simulation

is also demonstrated which motivates the need for data assimilation in the TSS.



10

15

20

25

30

35

In this study FESOM has been coupled with an ensemble-based data assimilation framework, Data Assimilation Research
Testbed (DART). DART is an open-source community facility developed at NCAR (Anderson et al., 2009) that provides data
assimilation tools to work with either low-order or high-order models for different research activities (Raeder et al., 2012;
Karspeck et al., 2013; Schwartz et al., 2015; Hoteit et al., 2013).

DART includes several different stochastic and deterministic ensemble Kalman lItering algorithms. In this study, we use the
Ensemble Adjustment Kalman Filter (EAKF) as described in Anderson (2001). The EAKF is a deterministic ensemble Kalman
Iter, where the observations are not perturbed randomly before they are assimilated. One of the main advantages of the EAKF

to representll the balances

For,

andcostforcesus to use

andin ation we usearedesignedo maintaintheprior ensemble&ovariance

dynamicabalancesTheensemblelter

algorithm

the system.

One of the main issues to take into consideration in ensemble data assimilation is the lIter divergence. It can result from
insuf cient ensemble variance which leads to assigning more weight to the prior information which in turn may cause rejection
of information from observations. As a result, the analysis departs from the observations (Anderson, 2001). There are tech-
niques to prevent lter divergence such as in ating the covariances (Anderson and Anderson, 1999). In the standard DART,
in ation of the prior ensemble leads to multiplying the prior covariances by a constant slightly larger than 1. Instead of DART's
multiplicative covariance in ation, we have applied random perturbations to the background vertical diffusivity for each en-
semble member since one of the main sources of error in the model is the vertical mixing and the position of the interface
between the upper and lower layers. The background vertical diffusivity.,, which is implicity represented in the, of
the tracer equations is randomly perturbed all over the domain every timestep by tting a gaussian with a mean of 0 and a

Houtekamer and Mitchell (1998) shows that spurious correlations in the prior information can be avoided by using large
ensembles. Since it is computationally expensive to use large ensembles in large geophysical models, they proposed a spati
localization technique to overcome spurious small correlations associated with remote observations. The impact of an obser-

vation on state variables is reduced as a function of distance from the observation with impact going to zero at a nite cutoff
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Figure 1. Flow of FESOM/DART system. Reproduced after Anderson et al. (2009) with modi cations for the TSS application

value. In DART, the cutoff value can be set as a constant value in radians. The localization function is the fth order piecewise
continuous, compactly supported as presented in Gaspari and Cohn (1999). The horizontal cutoff radius, which is the half-
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width of the Gaspari-Cohn kernel, is used to deal with the high spatial variability of the water masses along the TSS. Moreover,
the water column in the TSS is strongly strati ed in the vertical. Therefore, vertical localization is also applied to update of the
state in the upper layer of the water column with less impact in the lower layer. As a result, the localization is an ellipsoidal
volume centered on the observation being assimilated with a horizontal radius of two cutoff value and vertical radius of two
cutoff value normalized by a factor. This approach is chosen not to face with problems, such as the breaking of the strati cation
during the integration.

For interfacing FESOM and DART, a forward operator that maps model state vector into observation space, characterized
by a type of physical quantity, geo-referenced location and time was de ned. For the ferrybox type of observations we used
a simple, but theoretically justi able nearest-neighbor mapping. Speci cally, for each discrete observation value the forward
operator rst nds the closest horizontal grid point in the state vector and then the closest vertical location.

The details of the FESOM/DART coupling are shown schematically in Fig. 1. The interface to DART requires two model
speci ¢ routines that convert the model restart les to DART state vectors and vice versa. For the model to DART step the state
vector is provided from each ensemble member. The updated state vectors are then converted to the model restart les as a
initial ensemble for the next assimilation cycle within which FESOM is applied to integrate the model state forward to the next

analysis time. This process is repeated until the experiment nishes.

4 Design of the OSSE

The OSSE methodology used is shown schematically in Fig. 2. A proposed ferrybox network was assumed to be in the easterr
Marmara Sea using the existing transportation infrastructure. Therefore, we were able to the simulate the observations from the
ferrybox network by tracking the ferrylines in the Marmara Sea. The impact assessment of this network was performed using
the FESOM/DART ensemble data assimilation system.

4.1 The nature run and forward model

The OSSE methodology requires a representation of a reference true atmosphere or ocean which is called the nature run (NR]
The NR is used for generating the synthetic observations to assimilate and for assessing the quality of the assimilation. For a
fully objective OSSE the NR should be created using a simulation from a different model than the forward model (FM) used
in the assimilation in an attempt to simulate the inevitable model errors.

In the current study the fraternal twin method was used, where the NR and FM are based on the two different con gurations
of the same model. The difference between the NR and the FM con gurations is the surface salinity boundary condition, where
the former employed the relaxation boundary condition for the sea surface salinity whereas the latter uses the mixed salinity

This approach was chosen because FESOM in the Marmara Sea is sensitive to equally plausible salinity boundary conditions
This was demonstrated through long-term simulations using both con gurations, which were validated with the actual in-
situ observationgAydegdu-etal-2018{Aydogdu, 2017) The simulations were performed for period 1 January 2008 to 31
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Figure 2. OSSE methodology applied in the Turkish Straits System. The forward model (FM) is a different con guration of the model setup

used for the Nature Run (NR) as detailed in the text.

December 2013. It is demonstrated that they deviate from each other but both are still realistic during the OSSE period which

is 1-8 January 2009. The output of the NR was saved hourly during the OSSE period to generate synthetic observations.

JAN 2009 JAN 2010 JAN 2011 JAN 2012 JAN 2013

MEAN

Figure 3. Schematic representation of the methodology used to generate the initial ensemble. MEAN is the average of January over ve
years between 2009-2013
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The ensemble consists of 30 members. An initial ensemble is produced for 1 January 2009 as schematized in Fig. 3. The

the deviations of each day between 2-31 January 2009 from the inter-annual mean are calculated. Finally, these deviations ar
added to the temperature and salinity elds of 1 January 2009 to provide an initial perturbation for each ensemble member.
Fig. 4 shows the variance of the initial ensemble for salinity and temperature for the depths 5 m and 20 m. The horizontal
distributions of the variance are similar for both variables. The variance is larger in the exits of the straits. In particular, the
spread at the Bosphorus exit for the upper layer down to 15 m is larger due to the variability in the out ow. Correspondingly,
the Dardanelles in ow to the Marmara Sea increases the variance in the lower layer. Such a distribution of initial variance in
the Marmara Sea is appropriate to initialize the experiments since the assimilation of synthetic observations is performed in
the impact area of the Bosphorus out ow where the ensemble spread can be diminished by the assimilation.

26°E 27°E 28°E 29°E 30°E 26°E 27°E 28°E 29°E 30°E
(a) Salinity at5m

(b) Temperature at 5 m
009-01-0 DEP

41°N

26°E 27°E 28°E 29°E 30°E 26°E 27°E 28°E 29°E 30°E
(c) Salinity at 20 m (d) Temperature at 20 m

Figure 4. Salinity (left) and temperature (right) variance of the initial ensemble at 5 m (top) and 20 m (bottom) depth on 1 January 2009 at
00:00 UTC.
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4.2 The eastern Marmara Sea ferrybox network design

The Marmara region has the highest urban population in Turkey. It includes the metropolitan city of Istanbul which is divided
into two by the Bosphorus and surrounded by the Black Sea in the north and the Marmara Sea in the south. As a consequence
a network of ferries is an essential means of transportation. The main hub for the ferries is Istanbul which is connected to the
other cities around the Marmara Sea by several ferries (Fig. 5a).

in the Marmara Sea cover most of the eastern basin including the Marmara Sea exit of the Bosphorus. Using the ferry network
as a monitoring system would be an ef cient way to build a sustainable ocean observing network in the Marmara Sea.

Some existing state-of-the-art ferrybox networks are discussed by Petersen (2014). Usage has increased since the Europe:
network for ferrybox measurements profe@specially in the northern European seas. In the Mediterranean, there is a ferrybox
system between Piraeus and Heraklion operated by HCMR (Korres et al., 2014). A ferrybox is mainly includes temperature,
salinity, turbidity and chlorophyll-a uorescence sensors, and a GPS receiver for measuring position. Oxygen, pldr pCO
algal groups as well as air pressure, air temperature and wind sensors can also be installed (Petersen, 2014). The ferrybox of
servations can be used for analyzing the state of the ocean (Seppéla et al., 2007), comparison with other instruments (Sgrense
et al., 2007) and can also be assimilated to improve the state of the ocean models (Grayek et al., 2011).

The sampling rate of the data can can vary between systems. The data used in Grayek et al. (2011) is sampled at 10

intervals. For our OSSE, we use a sampling rate of 1 min. following Korres et al. (2014). The synthetic observations are

the track of the ferries. The depth of the sampling is set to 5 m, an average depth given by Grayek et al. (2011). A random
error, sampled by a gaussian around zero mean and standard deviation®fdr.temperature and 0.04 psu for salinity, is
added to each synthetic observation following Agda et al. (2016) in order to simulate realistic measurements taking the

instrumental error into account. These synthetic observations are the same for each ensemble member i.e. the kalman Itering

by Grayek et al. (2011) considering other sources of error such as representativeness.

Three different ferry routes are chosen from the map in Fig. 5a, and their tracks are approximated by observing from the
real-time Marine Traf & application (Fig. 5b). The longest duration for a cruise in the eastern Marmara Sea is about 3.5
hours between Ambarl -Topcgular (Table 1). Another transect used here is YeniKap -Yalova which takes about 75 min. and
has cruises every two hours from each port. This route directly crosses the Bosphorus out ow and has the highest number of
cruises a day. Therefore, we include six ferries in various periods of the day for YeniKap -Yalova transect. The last transect

chosen is Yenikap -Band rma crossing the Marmara Sea from north to south. The navigation on this line takes about 2.5 hours.

http://www.ferrybox.org
2https:/iwww.marinetraf c.com



Route Location Distance Speed Duration Departure Time

Yenikapi  28.956E-41.002N 09:45,15:45,21:45
j 46.2km (28.7mi.) 23 kn 75 min.
Yalova 29.274E-40.661N 07:15,13:45,19:45
Yenikapi  28.956E-41.002N 07:30
j 110.0km (68.5mi.) 27 kn 150 min.
Bandirma 27.967E-40.354N 18:30
Ambarli  28.676E-40.966N 20:00
j 70.0km (43.2mi.) 12kn 210 min.
Topcular  29.434E-40.690N 16:00

Table 1. The unidirectional ferry tracks used in this study. The locations, distance between the ports, speed of the ferries, the duration of the
cruise and time of departure from each port are listed.

Yenikapi-Yalova
----Yalova-Yenikapi
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Figure 5. a) The routes of the intercity ferrylines from Istanbul and to Istanbul suggested by the operating company IDO
(http://www.ido.com.tr). b) Approximate unidirectional ferry tracks. The legend shows the direction of the ferries. The section A-B is used
only for impact assessment against the NR. Triangular mesh of the model is underlaid.

This transect is the only one that has direct impact in the southern basin. The resulting synthetic temperature and salinity
observations sampled from the NR for the rst day are shown in Fig. 6.

4.3 Experiments

Two experiments are performed as an initial evaluation for the data assimilation studies in the Marmara Sea (Table 2). The rst
5 experiment FBOO1 is a reference experiment without assimilation. It is used to evaluate the errors when the synthetic observa-

10
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Figure 6. Synthetic a) temperature and b) salinity observations on 1 January 2009 sampled from the NR.

tions are not assimilated. In the second experiment, FB002, all the synthetic observations are assimilated in the corresponding
assimilation window. A six hours width is chosen for each assimilation window, since the area is under the in uence of the
Bosphorus jet which may develop high frequency variability in the water mass structure and circulation at the upper layer,

especially during severe storms and atmospheric cyclone passages.

Start Date End Date Assimilation A.Cycle Evaluation
FBOO1 | 01-JAN-2009 00:00 8-JAN-2009 00:00 NONE N/A YES
FB002 | 01-JAN-2009 00:00 8-JAN-2009 00:00 ALL 6 hr YES

Table 2. Summary of the OSSEs. Start and end date of both experiments are the same. There is no assimilation in FBO01 whereas all the
data are assimilated in FB002. Assimilation cycle is 6 hr for FB002.

The horizontal cutoff radius is set to 6.36 km and the vertical cutoff radius is considered as 15 m centered on the observation

Fig. 7b, respectively. As can be seen from the temperature corrections after the rst cycle, the whole track of the Yenikap -
Band rma route is not assimilated at once since the southern section of the data is not in the current assimilation window.
Moreover, the updates on the salinity elds are smaller around 20 m (Fig. 7b), compared to the upper layers (not shown) closer
to the observation locations.

4.4 Methodology for impact assessment

The DART offers tools to have the control on the data without any dif cultyallews-te-decideto-usea-setof-datafor

valuationdt-alse i-any-operatofails-during appinge atey orto eb vationBach
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18:00 at20 m depth.

observations are not used in the assimilation (rejectexy) if y >TE (x, Y). Here,y is the observation anxl, is the

corresponding prior mean of the ensemble of forward operators. The expectede/alkiepomputed as:
q___
Exe ¥)= &+ § )

The rst d|agnost|c we use to assess the impact of the observations is the RMS of innovations which are the root mean square
of the difference between the prior and observation. We also use horizontal maps of the innovations to determine the spatial
distribution of error.

The OSSE methodology allows various ways to evaluate the analysis since the NR is assumed to be the true state of the
system. We exploit this assumption to compare the experiments with the NR to understand the impact of assimilation better.

One diagnostic we use in this sense is to compare the NR and ensemble mean in the vertical. Although we don't assimilate
any data below 5 m and we limit the radius for vertical updates it is important to assess the vertical distribution of the errors
given the strongly strati ed water column in the Marmara Sea. For this purpose, we compute the difference between prior
ensemble mean and NR along the transect A-B (see Fig. 5) in the rst 50 m depth.

Second diagnostic is the RMS of difference between the prior ensemble mean and the NR computed in the rst 10 m of the
water column for the whole basin. The propagation of the error reduction can be traced from the spatial maps of this diagnostic.

5 Results

Figure 8 shows the time evolution pfior RMS of innovations, ensemble spread and total spread for temperature and salinity.
The RMS of salinity innovations continuously grows in FBOO1. It uctuates around 2 psu and reaches to 2.4 psu at the end of

12
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shows the number of available observations (Nposs) in each assimilation cycle. For the assimilation experiment, FB002, Nused and Nout
show the number of assimilated observations and outliers, respectively. For the experiment without assimilation, FBO01, they are the number

of observations which would be assimilated or rejected, respectively, in that speci ¢ assimilation cycle if assimilation was performed.

sixth day. In FB002, assimilation of the observations decrease the RMS of innovations, signi cantly. The RMS of innovations
is generally below 1.2 psu. Although there is an increase of error in the rst two days a gradual reduction takes place in the

improved at the end of experiment FBO02 compared to FBU@&.rangeof errorsare comparableo the real modelerrors

with respecto in-situ observationss demonstratedy

has spread comparable to the RMS errors at the end of the experiments (larger in FB001). In other words, the ensemble didn't

13



10

collapse after a week of assimilation. We recall that the ensemble spread is maintained by perturbing the background vertical

diffusivity. The method seems promising at least for a week long period.
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Figure 9. Horizontal distribution of salinity (top) and temperature (bottom) innovations along the ferry tracks in 7 January 2009 for FBOO1

(left) and FBOO2 (right). Observations with a innovation out of the ran8ere considered as outliers.

As discussed in section 4.4, the data are subjected to a quality control before assimilation. The bottom panels of Fig. 8
shows the number of available observations (Nposs), number of used observations (Nused) and number of outlier observation:
(Nout). The decrease in the number of outlier observations in FBO02 points out an improvement also in the regions in which

the innovations are larger as can be deduced from Fig. 9.

There is a signi cant reduction in errors in the northern basin. Assimilation decreases the number of outlier salinity observa-

tions especially on the route between Yenikap and Yalova. Moreover, innovations are also improved to a lesser extent in the
southern basin where fewer observations are assimilated. The number of outlier temperature observations is very small in bott
experiments. Overall, the assimilation of temperature and salinity observations in the selected transects notably helps to correc
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Figure 10. Vertical distribution of salinity (top) and temperature (bottom) difference between the NR and the prior ensemble mean along the
cross-section A-B (see Fig. 5) in 7 January 2009 for FB0O1 (left) and FB0O02 (right).

The improvement of the analysis is also noticed in remote areas such as the A-B transect in the central basin (see Fig. 5).
Figure 10 shows the difference between the truth and prior state down to 50 m depth along the A-B transect after the last assim-
ilation cycle. Comparison of salinity differences in FBO01 and FB002 reveals the improvement in the northern section down
to 15 m depth. The southern part away from the coast also gets better. The middle of the transect still has large discrepancie:
in both experiments at the end of seven days. The correction in the remote area suggests a mechanism related to the out ov
of the Bosphorus and the surface circulation of the Marmara Sea. The water masses which are corrected by assimilation in the
eastern basin are pushed towards the west and reduce the error.

supports the mechanism suggested above. The distribution of RMS of differences in the non-assimilation case shows that the
Bosphorus out ow also has some capability to reduce the difference since the Black Sea water masses govern the upper laye
of the Marmara Sea (Fig. 11a and 11c). These two snapshots from the fth and the last day of the FB0OO1 show the error
reduction in some regions due to the dynamics. Therefore, the conclusion that the improvement is due to the assimilation is
not straightforward. However, comparison of the FBO01 and FB002 reveals the role of the assimilation of ferry tracks on the
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(right) are shown for 5 January 2009 (top) and 8 January 2009 (bottom). RMS of difference is higher than 2 psu in the gray areas.

error reduction, clearly. In the fth day, lower RMS of differences in FB0O02 (Fig. 11b) extend towardStHesfizmitin

the last day in FB002 (Fig. 11d) compared to FB0O1 (Fig. 11c). The central basin has lower errors almost everywhere in the
north-south orientation including the A-B transect shown before.

After seven days of assimilation, the temperature error in the Bosphorus plume is signi cantly reduced. The southern and

central basin has improvements as much as@Ibcally.
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Figure 12. RMS of the difference between NR and prior temperature at the rst 10 m. Comparison of FB0O1 (left) and FB002 (right) are
shown for 5 January 2009 (top) and 8 January 2009 (bottom). RMS of difference is higher @ anthe gray areas.

enatureruntha

6 Summary and Discussion

We have described data assimilation experiments performed in the Marmara Sea. The main characteristics of the TSS havi
been summarized. For the study, a general ocean circulation model, FESOM and an ensemble data assimilation framework
DART have been coupled. The implementation of the data assimilation scheme has been reported.

The TSSis an important water passage for the oceanography of the neighboring Black and Aegean Seas. It also has importar
impacts on their ecosystem by maintaining the exchange of water masses and nutrients. The high population in the cities
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surrounding the TSS and intense marine traf ¢ through the passages add social and economic reasons to monitor the TSS in
sustainable way.

Real observations in the TSS have been obtained by dedicated projects for short time periods or have limited spatial cover-
age. Moreover, the satellite measurements are still low-resolution for monitoring and assimilation purposes. In this study, we
proposed a sustainable marine monitoring network using the ferrylines in the eastern Marmara Sea. We think that equipping
the ferries which operate daily everyday from Istanbul to various cities around the Marmara Sea with temperature and salinity
sensors can provide immense amounts of data both in time and space. Given this motivation, we tested a ferrybox network
including some of the ferry transects in the basin.

The OSSE methodology has been used to assess the impact of ferrybox measurements. We tried to satisfy the main criteri:
determined by approximately forty years experience of the atmosphere and ocean communities. However, it was still not
possible to perform an OSE using real observations to compare with OSSE due to the lack of data during the experiment
period.

The results of the two experiments presented here are promising. We showed that the assimilation of the salinity and tem-
perature observations signi cantly improve the analysis in the Marmara Sea. The Bosphorus jet has an important role in the
propagation of the error reduction towards the western basin where no data is assimilated. Moreover, the Marmara Sea circula:
tion helps to improve the southern basin even for short timescales. The lower layer doesn't show any response to assimilation
since a vertical localization around the observations around 5 m is applied to keep the impact in the upper layer as much as

possible. Moreover, the strati cation between the upper and lower layers is too strong so that it prevents the interaction be-

In conclusion, the results encourage further data assimilation studies in the Marmara Sea. The investigations can be extende
to different observing systems, different areas of the sea or different dynamical focuses. Moreover, we believe the unique

dynamics of the system demonstrated its ability to be a good natural laboratory for future data assimilation studies.
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