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Abstract

The work aims at construction of chlorophyll a fields based on variational assimilation
of available satellite information for a few days in a transport model. Such information is
the most real-time, but most often it has omissions (sometimes significant) in its structure
due to the scattering effect of clouds, glares, etc. Therefore, obtaining reliable fields taking
into account the available information for the Black Sea is an important and urgent task.
In the numerical implementation of the transport model and variational method of mea-
surement data assimilation, the results of calculations based on the MHI dynamic model
for the Black Sea were used. In the numerical implementation of the variational assimila-
tion algorithm, iterative gradient methods are used, and the solution of the adjoint problem
is used to construct the gradient of the cost function in the parameter space. As a result
of the calculations, a field of chlorophyll a concentration was obtained for almost the entire
Black Sea area consistent with the measurement data. The paper implements a variational
algorithm for the satellite information assimilation, which made it possible to obtain a chlo-
rophyll a concentration field for the Black Sea area, taking into account incomplete cover-
age with observational data. The procedure can be used to determine concentration fields
of various suspended substances in the sea based on data distributed over time and space.
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AHHOTANUA

Lenpto paboThI ABISIETCS MOCTPOCHUE TMOJEH XJIOpOoHILIa a ITyTeM BapHAIlMOHHON acCu-
MIIIINH TOCTYITHOM CITyTHUKOBOM MH(OPMAINY 332 HECKOJIBKO CYTOK B MOZEIH MEPEHOCa.
Takast nHpOpManus ABIsETCS HanOoee ONEepaTHBHOM, HO dalle BCETO MMEET B CBOEH
CTPYKTYpE NPOIYCKH, MHOTJa CYIIECTBEHHBIE, BCIEACTBHE paccenBaromero 3¢dexra 06-
JIAYHOCTH, OJIMKOB U T. 1. [Io3TOMy monyueHne JOCTOBEPHBIX MOJIeH ¢ yueToM UMeIoIencs
uHdopMauuu Ui akBaTopuu UepHOro MOps SBJISETCS BaKHOW M aKTyaJbHOH 3ajmaueii.
IIpn yucieHHON peanu3aluy MOJAEIU NIEPEHOCAa M BapUALlMOHHOIO METOJA aCCUMUIISALUU
JIAaHHBIX WM3MEPEHUH HCIOJIb30BAIMCH PE3YJbTaThl PACUETOB 10 AMHAMUYECKOM MOAEIU
MI' qns Yeproro mops. IIpu uncneHHON peanu3alnuy BapUalMOHHOIO aJIrOpUTMa acCu-
MUJISIIUY IPUMEHSIOTCS UTEPALMOHHBIE MPAJUCHTHBIE METO/Ibl, a PELICHUE COIPSKCHHOU
3aJauyl NCTIOJI3YETCs [UIS OCTPOCHHMS TpaJieHTa (PyHKIMOHAa KadecTBa B IPOCTPAHCTBE
napamMeTpoB. B pesynbraTe mpoBEAEHHBIX PAacdyeTOB MOIYYEHO IOJ€ KOHLEHTPALMU XJIO-
podmuia a, coriacoBaHHOE ¢ AaHHBIMH M3MEPEHHH, MOYTH Ul Bcel akBaTopun UepHOTro
Mopst. B pabote peann3oBaH BapHAIllMOHHBIN QJITOPUTM YCBOCHHUS CIIyTHHKOBOHM MH(pOpMa-
IIMM, KOTOPBIA TO3BOJMI IOJYYUTH I0J€ KOHLEHTPAIMU XJIOpoQHiia a Uil aKBaTOPHH
YepHOT0O MOPS C YUETOM HETIOJIHOTO TOKPBITHSI JaHHBIMH Habmronenni. [Ipouenypa Moxet
OBITH MCIIONB30BaHA JJIS ONPEAEIICHHUS MOJIeH KOHIIGHTPAILUN Pa3IMYHbIX B3BEIICHHBIX Be-
LIECTB B MOPE 110 JaHHBIM, PACIIPEAEICHHBIM 110 BDEMEHU U IIPOCTPAHCTBY.

KaroueBble cjoBa: KOHIEHTpanua XJIOpoQriuia ¢, BapUAllMOHHBIN aJTOPUTM, COMpPS-
JKeHHas 3ajladya, aCCUMUIALMSA AaHHBIX U3MepeHuil, YepHoe Mope, IPOCTPAHCTBE HHO-
BpEMEHHAsI UHTEPIOJIAL U
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Introduction

Solving the problem of environmental orientation for the Azov-Black Sea
Basin requires the creation of systems that make it possible to receive real-time
information about the state of the environmental situation. The main constituent
elements of such systems are numerical dynamic models " [1], models of transport

Y Marchuk, G.I. and Sarkisyan, A.S., 1988. Mathematical Modelling of Ocean Circulation. Berlin:
Springer, 292 p.
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and transformation of various components of suspended solids *, as well as proce-
dures concerning assimilation of available information® [2—7].

An extensive review of measurement data assimilation methods is presented
in [8]. In this paper, a variational assimilation algorithm is implemented to assimi-
late satellite information on the concentration of chlorophyll a in the upper layer
of the Black Sea. A characteristic feature of satellite information is that it often
contains some omissions, for example due to clouds.

The use of surface values of chlorophyll concentration in the transport and dif-
fusion model makes it possible to complete the missing information in the mea-
surement data. In the algorithm, the applied model plays the role of a space-time
interpolant, and the resulting solution of the problem on the time interval used is
consistent not only with the model itself, but also with the measurement data.
The initial field of chlorophyll concentration was chosen as a desired parameter.
When implementing the search procedure for the extremum of the functional that
characterizes the deviations of the model estimates from the measurement data,
the solutions of the main, adjoint problems and the problem in variations are used
to construct the gradient of the functional and organize the iterative process.
With difference discretization of the above problems, TVD approximations are
used [9]. As input information for the transport model, the results of calculations
based on the MHI hydrothermodynamic model [1, 10] with a spatial step of 1.6 km
and with realistic atmospheric action were used [11]. 27 horizons are used vertical-
ly with the time step of 1.5 min. To simulate the dynamics of chlorophyll a fields
in the aquatic environment, the advection and diffusion equation is used.

Transport and diffusion model

Let us write the equation of the impurity transport model in the following
form:
0 oC

=AyV2C +— 4, —, 1
H Pt (D

oc N oC) . o(vC) N o(wC)
ot Ox oy 0z

where C — concentration; Ay, Ay — coefficients of horizontal and vertical turbulent
diffusion, respectively.
On the sea surface (z = 0), the following condition is used:
oC
A, —=0. 2)

Oz
At the bottom and solid boundaries, the no-flow condition is taken. In the area of
straits, the first type Dirichlet condition is used (homogeneous in this calculation).
The concentration field C°(x, y, z) is set for the initial moment of time.

2 Marchuk, G.1., 1986. Mathematical Models in Environmental Problems. Amsterdam: Elsevier
Science Publishers B.V., 216 p.

3 Penenko, V.V., 1981. Methods of Numerical Modelling of Atmospheric Processes. Leningrad:
Gidrometeoizdat, 352 p. (in Russian).
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The finite-different discretization of equation (1) is implemented on grid C
[12]. TVD schemes [9] are used to approximate the advective terms. Vertical tur-
bulent diffusion coefficient 4y is set in accordance with [13], with Ay = 107 cm?/s.

Variational algorithm of identification
Let us consider a functional of the following form:
Ip= l(P(RC —cmens) | plre,, - cmeaS)J 3)
0 2 t t P tr t 50 >
t

which characterizes deviations of model concentration values from measurement
data. In expression (3), R — operator of designing the model solution at the observa-
tion point; P — operator of zero expansion of the residuals of the forecast specified
at the measurement points; # — time points at which the measurement data are
received; the scalar product is defined in the standard way in My = M x [0, TT;
M — area in which the model is integrated on the time interval [0, T7; S’ = S° x [0, 77,
S° —sea surface; I', =T x [0, T], I’ — boundary of area M.

Minimization of expression (3) with the constraints of formulas (1)—(3) is re-
duced to finding the extremum of the functional of the following form:

[=1g+| L, UCTCIE 0 4, 0€ 0 4, € Ok | 4
o Ox Oy 0z Ox ox Oy dy 0o 0Oz M,
+(a_c’ C*) +(c-co. )y, 4)
6n rt

where I', =T x [0, T], I" — boundary of area M.

By varying expression (4) and then integrating by parts, taking into account
the boundary conditions and the continuity equation, the following expression can
be obtained:

s1=(c-co, )y, (5)

where C* — Lagrange multipliers, which are chosen from the solution of the follow-
ing adjoint problem:

*

_oct auct ot awc
ot Ox oy 0z Ox ox Oy oy 0z 0Oz
——prC,, - C;;jeaS),

—=0,z=0:—=0,z=H:—=0, t=T:C"=0.

on oz Oz

The initial approximation is set to zero, and the next approximation can be
found by the following formula:

Cl=Cl+1V¢, 1,

where T — iterative parameter.
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Results and discussion

The flow rates for the period from 14 May 2016 to 17 May 2016 were calcu-
lated using the MHI model [1, 10] with a horizontal resolution of 1.6 km in latitude
and longitude, taking into account the realistic atmospheric action for 2016
(according to ERAS data with a spatial resolution of 0.25°) [10]. The reanalysis
data [14] interpolated onto the model grid were used as initial fields. The obtained
flow fields were used as input information.

The satellite data are often characterized by some omissions observed in their
structure due to, for example, clouds or other factors that significantly affect the quality
of incoming information processing. The presence of clouds over the Black Sea can
be evaluated based on the information concerning pseudocolor composite MODIS-
Aqua (URL: https://earthdata.nasa.gov/labs/worldview/?p=geographic&1=MODIS),
which also characterizes the suspended matter concentration in the upper sea layer.
As on 15 May 2016, the spatial structure of such fields is characterized by an in-
creased concentration of chlorophyll a in the area of the Danube mouth and
the area adjacent to the Dnieper-Bug Estuary. In addition, the composite contains
areas of developed clouds in the eastern part of the sea. The increased concentra-
tion of impurities along the western coast is stipulated by the dynamics of the wa-
ters, namely the Main Black Sea Current. Figure 1 shows the composite as
on 16 May 2016. Same as on May 15, the maximum concentration of chlorophyll a
is located near the western coast of the Black Sea, and the eastern part of the sea
along the Caucasian coast is covered with cloudy fields. On the contrary, clouds
cover the central part of the sea on May 17.

#

£ .

Fig. 1. Pseudocolour composite MODIS-Aqua, 16 May 2016, the contrasts
on the sea are determined by changes in the suspended matter concentration
(https://earthdata.nasa.gov/labs/worldview/?p=geographic&I=MODIS)
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Fig. 2 shows the chlorophyll a concentration field on 15 May 2016 according
to the website http://dvs.net.ru/mp/data/201507vw.shtml.

The maximum values near the western coast reach 18-20 mg/m’. The values
of the central part of the sea are 2-3 mg/m’. Figure 3 shows the chlorophyll a con-
centration field on May 16. Omissions in the data correspond to the clouds over
the Black Sea in this period (see Fig. 1).
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Fig. 2. Chlorophyll a concentration field on 15 May 2016 (available at:
http://dvs.net.ru/mp/data/201507vw.shtml)
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Fig. 3. Chlorophyll a concentration field on 16 May 2016
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Fig. 4 similarly shows the data on May 17, which are available mainly for
the eastern part of the sea.

Fig. 5 shows the result of the variational assimilation procedure.

In its structure, the presented field is in clear line with the image of
the pseudocolor composite shown in Fig. 6. The remaining data omissions are
determined by the assimilable information. Thus, zero concentration along
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Fig. 5. Chlorophyll a initial concentration field on 14 May 2016
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Fig. 6. Pseudocolour composite MODIS-Aqua, 14 May 2016

the Caucasian coast is stipulated by the lack of data for this area in assimilable
fields. Most probably, the data omissions on May 17 are stipulated by the quality of
the primary processing of satellite information, in which data with increased con-
centration were erroneously rejected.

As a result of the variational assimilation procedure, an initial field that is well
consistent with the available information on the concentration of chlorophyll a and
suspended matter in the upper sea layer, was obtained. The resulting field contains
the main features of the spatial distribution of concentration with increased values
in the area of the Danube and the Dnieper-Bug Estuary and along the western coast
of the Black Sea. The spatial structure of the field is characterized by the influence
of dynamic structures of a vortex nature on it. To the west of the Bosporus, there is
a mushroom-shaped structure, which is partially present in the data on May 15
and 16 and is clearly visible in the composite on May 14 (Fig. 6). The resulting
chlorophyll a concentration field is consistent with the model and with the informa-
tion used for subsequent time moments on the sea surface due to the minimization
of the functional of expression (5). 3—4 iterations are sufficient to reach the extre-
mum of the functional on a given time interval.

Conclusion

The performed calculations showed the effectiveness of the algorithm used
in initializing the initial chlorophyll a concentration field in the Black Sea.
The transport model is used as a space-time interpolant, and the solution of the ad-
joint problem is necessary to construct a gradient in the parameter space for itera-
tive descent. The concentration fields obtained in this way are consistent with
the measurement data distributed over time and space and the available information
for the corresponding period of time. The results of the work can be used in order
to solve environmental problems concerning the Azov-Black Sea Basin.
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