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To assimilate the thermohaline parameters’ pseudo-measurements in the model, applied is the method
of adaptive statistics, the characteristic feature of which consists in adjusting the three-dimensional
errors’ dispersions of the temperature and salinity forecast to the water circulation in the basin. The
three-dimensional fields of the temperature and salinity pseudo-measurements are reconstructed in the
100-500 m layer based on the altimetry data and the Argo buoys’ limited measurements. The method
is approved and validated by comparing the sea fields reconstructed in the reanalysis for 2012 with
the Argo measurements. It is revealed that on the horizons 100, 113 and 125 m, the dispersions of
differences (residuals) between the temperature pseudo-measurements and its model values somewhat
exceed the model dispersion; whereas on the horizons within the 150-500 m layer, they are smaller.
The daily standard deviation of the model level (relative to that reconstructed using the altimetry data)
is smaller than the deviation calculated in the forecast; and during the March — September period, it is
lower than the standard deviation resulted from the pseudo-measurements’ assimilation by the simpli-
fied method. Resolution of the mesoscale vortices in the currents’ fields is higher in case the method
of adaptive statistics is used.
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Introduction. The methods of the measurement data assimilation applied in
the hydrodynamic ocean models for solving the problems of retrospective analysis
provide realistic reproduction of the oceanographic fields. At present, the most
commonly used methods include the variational assimilation of observational data
[1-3] and the Kalman filter [4, 5], namely, two its varieties for calculating the ma-
trices of the forecast errors’ dispersions: the simplified method [6-8] and the one
based on the ensemble of realizations [6, 9 and 10]. The Kalman ensemble filter
requires high power computer installation and does not always guarantee obtaining
of optimal weighting coefficients [10].

The algorithm of the Kalman discrete-continuous filter [4 and 11] implies that
during the intervals between observations, the state vector components and the er-
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ror covariations’ matrix are forecasted using the matrix operator in the hydrody-
namic model by the moment the immediate observation data are received. At the
observation moments, the prognostic values of the state vector components are cor-
rected by the weighted differences between the observations and the prognostic
state vector components interpolated from the grid nodes to the observation points.
Besides, the error covariation matrix is also corrected [11 and 12]. The simplified
covariation function of the temperature (salinity) forecast errors was applied in [13]
to develop the method of adaptive statistics used for reproducing climatic circula-
tion. This method was also used in [14] to carry out a retrospective analysis of the
Black Sea fields. Note that in [13] the characteristic (typical) dispersions of the
temperature and salinity forecast errors depended on the vertical coordinate, were
calculated by the single-type differential equations and applied at assimilating
thermohaline climate fields in the model. In contrast to the indicated paper, in [14]
the three-dimensional typical dispersions of the forecast errors were assessed that
permitted to reconstruct the sea hydrophysical fields in the reanalysis for 1985—
1993 at the model resolution 5 x 5 km. However, the method for estimating typical
dispersions applied to the reanalysis from 1993 up to present with lack of tempera-
ture and salinity measurements by the Argo buoys during this period taken into
account, as well as the tool for taking these estimates into account in the differen-
tial equations need to be specified.

The purpose of the research was to carry our special numerical experiments
(including analysis of the results) aimed at perfecting the adaptive statistics meth-
od, its subsequent application in reanalysis of the Black Sea fields and the model
assimilation of the originally reconstructed three-dimensional temperature and sa-
linity fields in the 100-500 m layer m in the deep-sea part of the basin.

Basic relations of the Kalman filter and the method of adaptive statistics.
Let us pay attention below to the procedure of assimilation in the model of the
temperature and salinity observation data. The data are received at the discrete

points of time (t, =IAt,,, where At are the periods; 1 =1, 2, ...) and at N points

of space. The formulas of the temperature optimal estimate correction f()?,tl) (in
the terms of the mean square criterion) and the covariance functions of the temper-
ature estimates’ errors P; (X,X',t;) = E[ST (X,t,)-oT (X',1,)] (E is the averaging op-
erator) at these moments in an explicit form are as follows:

TEA)=TEE)+Y A& HSTE L) 1 1)
PR =P KAL) - ALK (7,7 ), @

In expressions (1)—(2)
ATE ) = ALEE), ALK ), AR () || =
=[ P (X X )+ Re (X X 1) TP x PR, %), rp=1,2, .., N, (3)
ST (% 1) =T (% t) =T (% ). @)
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In formulas (1)-(4), the signs “*” and “**” indicate the values of the functions
before and after correction, respectively; the apostrophe sign denotes the vector
transportation. The square brackets with the superscript —1 in formula (3) identify

the inverse matrix multiplied by the column-vector P (X,%,,t/), the elements of
which are the covariance functions of the temperature estimates’ errors
P (X, %,.t;) and the covariance functions of the temperature T(X,,t;) measure-

ments” Ry (X, X,,t;) errors. The horizontal components of the currents’ velocity

vector are not corrected directly by the measurements.
The main difficulty in implementing the Kalman filter consists in calculating
the covariance functions of the estimates’ errors. In accordance with [12, p. 182],
let us represent these functions in the following form:
P (X,X',t) = oy (X, t)op (X )R (X — x’|,|y - y'|, z). (5)
In expression (5), o+ (-) is the root-mean-square (RMS) of the temperature es-

timates” errors; P (x—x',|y—y’z) is the normalized autocorrelation function of

the errors’ fields depending on the distance between the points in the grid region of
the numerical model.

To assimilate the reproduced temperature and salinity three-dimensional fields
in the model, applied is the original procedure for synthesizing the limited meas-
urement data of the Argo buoys and the anomalies of the altimetry level [15]. Due
to this procedure, the three-dimensional fields of the temperature and salinity pseu-
do-measurements for 1993-2014 have been reconstructed in all the points of the
model grid in the 100-500 m layer of the deep-sea region limited by the isobath
500 m. RMS of the reconstructed fields’ are also estimated by means of their com-
parison with the measurements. The temperature and salinity pseudo-measurements
are proposed to be considered in the first approximation as independent, and, in such
a case, the correlations (5) in each point of the grid are reduced to dispersions.

Dispersions of the temperature and salinity estimates’ errors were calculated
through numerical solution of the corresponding differential equations which are
derived using the equations of heat and salt transfer-diffusion. The method of ob-
taining differential equations of dispersions of the temperature and salinity esti-
mates’ errors is more completely described in [12]. The differential equation of the
dispersion of the temperature estimates’ errors is given in the following form as an
example (the functions’ arguments are omitted):

oo + oo + ootV + Oorw _ Oy %+ kyAc? +L(afT -c2).  (6)
ot OX oy oz 0oz oz REL

The equation for the dispersion of the salinity estimates’ errors cﬁ()?,t) is of

the same form. The single-type equations are the approximated ones as in the de-
duced equations neglected are the mutual dispersions of the temperature (salinity)
estimates’ errors and the velocity vector components multiplied by the derivatives
of the temperature (salinity) estimates over the axes x, y and z, and also the mean
squared derivatives of the temperature (salinity) estimates’ errors. In the right-hand

side of equation (6) kT,kH are the vertical and horizontal coefficients of the turbu-

lent exchange; A is the Laplace operator; the third summand is the source taking into
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account seasonal variability of typical dispersions of the temperature (LZ,T (X,t,) (sa-

linity csfs (X,t,)) forecast errors in the Black Sea.

With the above-mentioned features of the reconstructed on the model grid tem-
perature pseudo-measurements taken into account, ratio (1) in the first approximation
can be represented in the following form

a2 (%)
[ 2 (X, t) + 02 (K1) |

where T°bs(>"<,t|* ) are the reconstructed three-dimensional fields of the temperature

TR =T(t) + re@)-TxH, @

pseudo-measurements at a point of time {;; afm (X,t,) is the dispersions of recon-

struction errors. Being corrected by formula (7), the temperature varies abruptly. In
order to get smooth change of the hydrophysical fields, while solving the model
equations numerically, the source of the following form (hereinafter the “cap” over
the model temperature T(X,t;) will not be used) was included in the right-hand

sides of the heat transfer-diffusion equations:
2 /= W *
- or (X,t))
Q X!t = _,T* - L *
rx) RELY[ o7 (%,t) + 021 (X,t)) ]
After pseudo-measurements are assimilated in the considered approximation,

the dispersions of the temperature estimate (forecast) errors are corrected by the
formula

[T°bs(>‘<,t.)—T(7<,t|)]. (8)

ANl {C A I {CA N R AN I
[t (Rt +olr (Kt) | [ of () +02:(%Y) ]

Formulas (1)—(8) and expression (9) representing temperature are to be supple-
mented with the analogous formulas and the equation for salinity.

or(X4) =07 (X,4) -

Brief information on the applied assimilation model. To assimilate the re-
constructed three-dimensional fields of the temperature and salinity pseudo-
measurements, a version of the numerical eddy-resolving model developed in the
Marine Hydrophysical Institute (MHI) was used (its full version is presented in
[16]). Here the equations of heat and salt transport-diffusion are given in the fol-
lowing form

dT ol

— = —k"AT + (KTT)), - —+ 0, 10
dt +( z)z aZ+QT ( )
dS H A2 S

E:_k AS+(k SZ)Z+QS’ (11)

where A? is the bi-harmonic operator; 1(z) =Swr[aexp(-z/b))+(1—a)exp(-z/b,)];
Swr is a short-wave radiation on the sea surface; Q;, Qs are the assimilation
sources (8). The coefficients of turbulent exchange of momentum (v, ), heat (kT)

and salt (ks) down the vertical were calculated using the Philander-Pacanowski
approximation [17].
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The model horizontal resolution is 5 x 5 km (238 x 132 points), 38 horizons
were used over the vertical: 2.5; 5; 10; ...; 30; 40; 50; 63; 75; 88; 100; 113; 125;
150; ...; 200; 250; 300; 400; ... and 2100 m. In the bi-harmonic operators, the coef-
ficients of the momentum turbulent exchange and the heat and salt turbulent diffu-
sion were assumed to be equal to v,, = 5-10% cm®/s, k" = 10'® cm*/s, respectively.

The atmospheric fields were used from the ERA-Interim reanalysis [18].
To continue comparison, let us represent the source of the simplified method
of the temperature pseudo-measurements’ assimilation in the following form

. _ 1 obs o _ N
QT(X’t')_REL1[1+77T2(z,tMec)][T ) T(X'tl)], 4

where 7:%(z,t,..) is the monthly average values of “the measurements errors” [19,

p. 130-131] equal to the ratio of the squared RMS of the temperature pseudo-
measurements to dispersion of natural variability of the measured temperature
fields. The similar source is represented for salinity.

The differential equations of the MHI model [16] were supplemented with two
single-type equations similar to (6) for which the following boundary conditions
were used: on the basin surface, on solid lateral boundaries and on the river banks
and in the straits; besides, the dispersion flows at the bottom are equal to zero. At
the initial time, the values of typical dispersions were preset. The advection sum-
mands of the transport-diffusion equations of the forecast errors’ dispersions were
approximated using the TVD-scheme [20]. Such a scheme guaranteed calculation
of positive-determined scalar functions. In the Laplace operators of both equations,
the coefficient of the horizontal turbulent diffusion of the errors’ dispersion was
assumed to be equal to ky = 10° cm?/s.

Selection of the relaxation parameter in the transport-diffusion equations of
the forecast errors’ dispersions. Typical dispersions of the temperature O-*ZT Can

and salinity ofs(i,tl) forecast errors are assessed according to the method repre-

sented in [14]. In contrast to the above-mentioned paper, the authors of the present
one used (for the same purpose) an ensemble of the temperature and salinity values
resulted from calculating the sea fields for 20 years (1993-2012) based on the MHI
model [16] without assimilating the measurement data. The atmospheric fields
were preset by the results of the ERA-Interim reanalysis [18]. Such an approach is
methodologically close to obtaining the ensemble of the model state vectors for
assessing the covariations’ matrix in the developed parallel algorithm of the en-
semble optimal interpolation described in [21].

Let T, ., is a time series of the prognostic temperature three-dimensional

fields reconstructed based on the results of the forecast with a 1 day resolution for
the period m years [1, 20] and the horizontal resolution 5 x 5 km in the grid points
of the model: i [1, 238] on the axis X, j [1, 132] on the axis y, k [1, 38] on the axis z.
In this case, the yearly summed up square of the temperature deviations from the
mean-time value was taken as a typical dispersion of the temperature forecast er-
rors for each day within the conventional year d [1, 365]:
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, 12 _ 2
G*Ti,j,k,td :Ez:[-ri,j,k,td _Ti,j,k,td] f (13)
m=1

where the temperature mean value is calculated by the formula
20

= 1

Ti ik, =%;T{‘},kvtd. (14)

The typical dispersion of the salinity forecast errors was assessed in a similar way.

The diagram on Fig. 1, a shows that the heightened values of the basin-

averaged salinity typical dispersion are concentrated in the 100-150 m layer. It is

known that the constant halocline and the main pycnocline lie within the 50-100 m

depths [22]. The higher values of the salinity typical dispersion in the layer 100

150 m can be explained by the fact that the temperature and salinity profiles (model

POM [23] and MHI model [16], respectively) constructed using the prognostic data
are somewhat smoothed in this layer as compared to the observations.
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Fig. 1. Temporal variability of the mean daily values of typical dispersions of the salinity (a) and
temperature (b) forecast errors averaged over the horizons within the 0-500 m layer

Distribution of the heightened (over depth and time) temperature typical dis-
persion values (Fig. 1, b) is explained by the features of the thermodynamic pro-
cesses in the sea upper layer which are characteristic of the upper mixed layer
(UML) formation, and arising of a new cold intermediate layer (CIL) and maintain-
ing of the previously formed one. Distribution of temperature dispersions from the
surface to the depth 40-60 m in January, November and December indicates for-
mation of UML. The significantly increased dispersion is observed from May to
December on the depths within CIL. It is conditioned by the following processes:
formation of seasonal thermocline, deepening of the CIL upper and lower bounda-
ries, dividing of the layer into several parts in autumn and the CIL renewal in win-
ter. In the 100-500 m layer, the temperature dispersion is smaller by two orders
and decreases monotonically with depth.

Spatial distribution of the salinity and temperature typical dispersions on the
horizons within the 100-500 m layer for a specific date of a conventional year is
characterized by localization of their heightened values in the central part of the sea
and their reduced ones — in the region adjacent to the 500 m isobath.
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To choose the parameter, three prognostic model calculations for 2012 (with-
out assimilation of the temperature and salinity pseudo-measurements) were done
with simultaneous numerical solution of the equations similar to (6) at REL = 3, 10
and 15 days. The value of the relaxation parameter, at which the order of the hori-
zontal advection and that of the source on the right-hand side of the equation simi-
lar to (6) are comparable, was chosen to carry out numerical experiments including
model assimilation of the temperature and salinity pseudo-measurements. The cor-
relation between the positions of the circulation structures and the salinity forecast
errors’ typical dispersion is well seen in Fig. 2, a, ¢ and d. The same correlation is
observed between the location of the current structures and the temperature fore-
cast errors’ dispersion. The calculation results permitted to choose the relaxation
parameter value equal to 10 days.

N
46.5

46
4551

28 29 30 31 32 33 34 35 36 37 38 39 40 41 28 29 30 31 32 33 34 35 36 37 38 39 40 41 E

Fig. 2. Currents (a) and typical dispersion of the salinity forecast errors calculated with REL1 = 3 (b),
10 (c) and 15 days (d) at the horizon 100 m on 15.09.2012.

Analysis of the results of the numerical experiments including assimilation
of the temperature and salinity pseudo-measurements in the model by the
method of adaptive statistics. Numerical experiments aimed at reconstruction of
the Black Sea hydrophysical fields in 2012 were performed using the adaptive sta-
tistics method. The initial fields (temperature, salt, current velocity vector compo-
nents and sea level for 01.01.2012) from the reanalysis for 1993-2012 were used
along with the model assimilation of the altimetry derived temperature and salinity
profiles of a zero sea level gradation [24]. The data of the temperature and salinity
pseudo-measurements were assimilated in equations (10) and (11) at each time step
t, =IAt, where At is the 5 min. time step in the numerical model and | = 1, 2, ...

The model dispersions of the temperature and salinity forecast errors were also cor-
rected according to the relations similar to (9) at each time step. Dispersions of the

errors o2 (X,t,) and afms(i,t,) arising in reconstructing pseudo-measurements

omT
on the horizons within the 100-500 m layer were equal to the averaged over
a month square RMS of the reconstructed temperature and salinity relative to the
Argo buoys’ measurements.
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Choice of the relaxation parameter in the sources of the heat and salt
transport-diffusion equations. To select the relaxation parameter, five reanalyses
for 2012 were carried out with REL1 = 3, 6, 12, 24 and 36 hours. The parameter
optimal value was chosen by analyzing RMS (estimated for 2012) of the model
temperature and salinity values and the measured ones on each horizon up to 1000 m.

Table 1
Root-mean-square (RMS) of the model-reconstructed salinity fields: 1 — using
the method of adaptive statistics, Il - using the simplified method, 111 —in the

prognostic calculation; the root of the measured (o) salinity values’ dispersion
over the horizons for 2012

RMS, %o

Horizon, | ] o

m REL1 REL1 m |
3hr 6 hr 12 hr 24 hr 36hr | 12hr

3 0.135 0.154 0.137 0.140 0.132 | 0.159 0.141 | 0.170
5 0.201 0.199 0.194 0.196 0.189 | 0.200 0.214 | 0.252
10 0.171 0.169 0.169 0.164 0.163 | 0.170 0.186 | 0.205
15 0.148 0.143 0.143 0.135 0.136 | 0.147 0.156 | 0.178
20 0.128 0.120 0.118 0.109 0.110 | 0.126 0.137 | 0.143
25 0.134 0.124 0.120 0.113 0.115 | 0.129 0.133 | 0.125
30 0.141 0.131 0.128 0.122 0.124 | 0.133 0.139 | 0.117
40 0.201 0.191 0.190 0.187 0.184 | 0.201 0.199 | 0.205
50 0.388 0.368 0.367 0.353 0.339 | 0.404 0.343 | 0.417
63 0.625 0.589 0.582 0.537 0.511 | 0.660 0.582 | 0.630
75 0.493 0.457 0.463 0.455 0.446 | 0.575 0.558 | 0.707
88 0.522 0.490 0.496 0.491 0.494 | 0.615 0.580 | 0.696
100 0.398 0.394 0.400 0.436 0.442 | 0.408 0.534 | 0.617
113 0.343 0.340 0.331 0.362 0.369 | 0.348 0.459 | 0.504
125 0.272 0.268 0.259 0.285 0.293 | 0.279 0.380 | 0.414
150 0.164 0.159 0.153 0.158 0.161 | 0.169 0.248 | 0.249
175 0.112 0.108 0.104 0.105 0.105 | 0.114 0.166 | 0.161
200 0.092 0.089 0.086 0.087 0.087 | 0.093 0.112 | 0.121
250 0.061 0.060 0.057 0.058 0.058 | 0.061 0.082 | 0.073
300 0.041 0.041 0.038 0.039 0.038 | 0.041 0.051 | 0.048
400 0.024 0.024 0.023 0.023 0.022 | 0.024 0.031 | 0.027
500 0.017 0.019 0.016 0.021 0.020 | 0.017 0.023 | 0.017

It follows from Table 1 that the salinity fields in the seasonal halocline layer (0
30 m) in all the calculations, except for the first one, are reconstructed quite satisfac-
torily. Significant differences between the model and the measured fields are ob-
served within the constant halocline (50-125 m). The RMS values, having been as-
sessed over the horizons within the 100-500 m layer and compared, and with the root
of dispersion of natural variability of the measured salinity fields taken into account,
permit to conclude that the value REL1 = 12 hr is more preferable.

The values of the temperature fields’ RMS are the highest (Table 2) at the depth
20 m corresponding to the seasonal thermocline. It is difficult to determine unambig-
uously the optimum value of the relaxation parameter based on the results of estimat-
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ing the temperature fields’ RMS in the 100-500 m layer. Reliability of reconstruction
and seasonal variability of the hydrophysical fields in the layer 0-88 m are condi-
tioned mainly by quality both of the model and the fields of atmospheric forcing. The
RMS estimates resulted from the reanalyses and from the prognostic calculation in-
dicate inaccurate reconstruction of thermodynamics of the sea upper layer. Since in
the equation of the seawater state the basic contribution is done by salinity, let us ac-
cept the value REL1 = 12 hr for the heat transport-diffusion equation. The results of
the reanalysis carried out with this value of the relaxation coefficient were used for
subsequent study of the reconstructed hydrophysical and statistical fields.

Table 2
Root-mean-square (RMS) of the model-reconstructed temperature fields:
I — using the method of adaptive statistics, 11 — using the simplified method,

I11 - in the prognostic calculation; the root of the measured (6) temperature
values’ dispersion over the horizons for 2012

RMS, °C
Horizon, [ I oC
m REL1 REL1 1 o
3hr 6hr 12hr 24hr 36hr 12hr

3 1.860 1.898 1.916 1.957 1.973 1.917 1.969 5.330
5 2.360 2.365 2.409 2.444 2.462 2.385 | 2431 6.337
10 2.436 2.442 2.473 2.486 2.500 2447 | 2.456 6.452
15 3.786 3.765 3.809 3.782 3.774 3.820 | 3.768 5.503
20 5.129 5.073 5.116 5.064 5.050 5.173 | 5.090 4561
25 4,555 4,454 4,559 4,448 4,418 4,640 | 4.563 3.758
30 2.979 2.906 3.033 2.985 2.948 3.108 | 2.987 2.394
40 1.928 1.919 1.994 1.954 1.949 1.997 1.884 0,.946
50 1.171 1.197 1.233 1.219 1.214 1.212 1.117 0.669
63 0.726 0.768 0.770 0.773 0.764 0.763 | 0.739 0.655
75 0.497 0.522 0.544 0.558 0.556 0.508 | 0.615 0.624
88 0.347 0.368 0.390 0.413 0.420 0.350 | 0.508 0.483
100 0.258 0.251 0.249 0.267 0.273 0.291 | 0.363 0.321
113 0.197 0.182 0.168 0.165 0.165 0.208 | 0.226 0.185
125 0.111 0.104 0.101 0.099 0.101 0.117 | 0.144 0.121
150 0.049 0.049 0.049 0.050 0.051 0.050 0.095 0.065
175 0.035 0.035 0.034 0.035 0.035 0.036 0.076 0.045
200 0.032 0.031 0.028 0.029 0.029 0.032 0.055 0.037
250 0.022 0.022 0.022 0.022 0.022 0.022 0.033 0.024
300 0.015 0.014 0.013 0.014 0.014 0.014 0.027 0.014
400 0.007 0.007 0.007 0.007 0.007 0.007 0.016 0.006
500 0.006 0.006 0.006 0.008 0.009 0.006 0.016 0.007

Comparison of the actual and model dispersions of the forecast errors. The
numerical experiments on the horizons within the 100-500 m layer have resulted in
obtaining the model daily average dispersions of the temperature (salinity) fields’
forecast errors calculated by the equations similar to (6) and corrected by the formu-
las similar to (9); also obtained are the dispersions of the differences (residuals) be-
tween the temperature (salinity) pseudo-measured value and the model one. It is seen
in Fig. 3, a that the values of the typical temperature dispersion are higher than those
44 PHYSICAL OCEANOGRAPHY VOL. 25, ISS.1 (2018)



of the residuals which, in their turn, exceed the values of the model dispersion. At
that the model dispersion varies in time rather smoothly. Its fields correspond to the
sea dynamics. Let us pay attention to the values and seasonal variation of the residu-
als characterizing actual deviations of model temperature from the pseudo-
measurements. It is evident that in January — February and September — December,
the values of the residuals’ dispersions are close to those of the model dispersion.
The values of the considered statistical characteristics on the horizon 100 m are
slightly higher than on 113 m, whereas seasonal variation of the residuals’ dispersion
is the same. However, its values exceed those of the model dispersion. The values of
all the statistical characteristics on the horizons within the 100-500 m layer decrease
with depth. The residuals’ dispersion on the horizons within the 150-500 m layer

becomes smaller than the model one.
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Fig. 3. Seasonal variability of the horizon average typical and model dispersions of the forecast errors
and the average dispersion of the temperature (a) and salinity (b) residuals at the horizon 113 m

The values of the typical salinity dispersion are higher than those of the model
and residuals’ ones (Fig. 3, b). The residuals’ dispersion exceeds the model one on
the horizons 100-200 m, although approaches it with the depth increase. The resid-
uals’ dispersion becomes smaller than the model one within the layer 250-500 m.
Excess of the values of the salinity residuals’ dispersions over the model dispersion
values on a larger number of horizons, as compared to temperature, is conditioned
by the high RMS values of the salinity pseudo-measurements.

Comparison of the reconstructed structures of the sea hydrophysical fields.
Let us compare the maps of currents and dispersions of the typical and model fore-
cast errors (Fig. 4). It is seen in Fig. 4, a that the structures with smaller values of
typical dispersion correspond to anticyclones, and those with higher values — to the
cyclonic gyres. The same correspondence is observed between the model disper-
sion values and circulation structures on the horizon 100 m (Fig. 4, b). Fig. 5, a
demonstrates that the smaller modules of the salinity and temperature residuals are
characteristic of the cyclonic gyres, whereas the larger ones — of the anticyclones
and periphery. The noted features of the applied method provide mutual agreement
between the statistical parameters and the reconstructed hydrophysical fields of the
sea. The heightened values of the model dispersion in the cyclonic gyres and the
cyclones mean higher significance of the data in the model (the sources similar to
(8)), while the decreased dispersion values in the anticyclones and over the basin
periphery — stronger influence of the model in reconstructing the hydrological
fields.
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Fig. 4. Currents and typical dispersion of the salinity forecast errors at the horizon 75 m (a); currents
and model dispersion of the salinity forecast errors at the horizon 100 m (b) on 15.07.2012
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Fig. 5. Distribution of the salinity residuals’ module (a), the residuals’ module of temperature (c),
salinity (b) and temperature (d) at the horizon 100 m on 15.09.2012
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Application of the adaptive statistics method for assimilating the temperature
and salinity pseudo-measurements in the reanalysis for 2012 permitted to recon-
struct some meso-scale eddies in the current fields, though these vortices were not
obtained as a result of the prognostic calculation and at applying the simplified as-
similation method. It is observed in three regions of the sea (Fig. 6). On the current
map (Fig. 6, b) in its southwestern part, the cyclonic-anticyclonic vortices’ dipole
system is distinctly pronounced,; it is also seen on the sea level map (Fig. 6, a). On
the circulation map resulted from the reanalysis including the model assimilation of
pseudo-measurements by the simplified method, instead of the vortices’ dipole sys-
tem there is one cyclonic vortex (Fig. 6, d). Difference between the results of the
currents’ calculations obtained by two methods is noticeable in the vicinity of the
Sevastopol anticyclone. The current system here consists of three vortices (Fig. 6,
b) — two anticyclones and a cyclone — that is closer to the salinity field (Fig. 6, c)
and sea level (Fig. 6, a) structures. Finally, the level local lowering in the northeast
curve of the Rim Current (Fig. 6, a) indicates a cyclonic vortex which is more
clearly pronounced in Fig. 6, b as compared to Fig. 6, d.

28 30 32 34 36 38 40 E 28 30 32 34 36 38 40 E

Fig. 6. Altimetry-derived sea level (a) currents and salinity at the horizon 100 m reconstructed using
the method of adaptive statistics (b, c) and the simplified method (d, e) for 9.05.2012
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The sea level is an important hydrodynamic function conditioning the surface
geostrophic currents. Comparison of the sea level calculated by the method of
adaptive statistics, using the altimetry data and in the forecast is shown in Fig. 7. It
is seen that location of the cyclonic gyres and the main anticyclones in the reanaly-
sis and in the altimetry sea level is similar since the temperature and salinity pseu-
do-measurements are bound to the altimetry level [15]. At the same time localiza-
tion of the above-mentioned structures in the prognostic calculation is different.
Note that the drop of the altimetry-derived level is much larger (32 cm) than that
reconstructed in the assimilation model (25 cm). The reason of the small level drop
and the vortices’” weak intensity consists in insufficient accuracy of modeling ther-
modynamics of the sea upper layer (0-100 m), since the temperature and salinity
pseudo-measurements are not assimilated in this layer due to their absence [15],
and formation of the thermohaline fields’ structure is mainly conditioned by quality
of the model and the atmospheric forcing fields.
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Fig. 7. Sea level reconstructed using the altimetry data (a), the method of adaptive statistics (b) and
the prognostic calculation (c) for 26.06.2012 and the RMS seasonal variability of the reconstructed
level (relative to the altimetry one) in three variants (d)

The dynamic sea level fields calculated for each day using the data on level
anomalies [25] permitted to assess RMS of the reconstructed sea level (relative to
the altimetry-derived one) in three variants of the model simulations. It is seen in
Fig. 7, d that the RMS values of the level in all the variants are quite high; at that
the highest ones are in the prognostic calculation. The values of RMS are close in
the variants implying assimilation of the temperature and salinity pseudo-
measurements both by the simplified method and the method of adaptive statistics.
In order to specify the temperature and salinity fields reconstructed by the reanaly-
sis, it is necessary to assimilate in the model jointly the altimetry-derived sea level
and the three-dimensional temperature and salinity pseudo-measurements in the
100-500 m layer.
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Conclusions. Specification of the previously proposed method of adaptive sta-
tistics consists in applying new estimates of typical dispersions of the temperature
and salinity forecast errors, and also in adapting the model errors’ dispersions to
the water circulation in the basin. The method was approved by reconstructing the
Black Sea hydrophysical fields in the retrospective analysis for 2012 including the
model assimilation of the three-dimensional fields of the temperature and salinity
pseudo-measurements within the 100-500 m layer of the deep-sea region bounded
by the 500 m isobath [15].

Application of the method of adaptive statistics provided agreement between
the hydrophysical fields and the statistical parameters. Spatial distribution of the
model forecast errors’ dispersion is characterized by localization of its heightened
values in the cyclonic gyres and cyclones, and the decreased ones — in the anticy-
clones. The modules of differences (residuals) between the pseudo-measurements
and the model values of temperature and salinity are smaller in the structures with
positive vorticity and larger — in those with negative one.

The method of adaptive statistics provided higher accuracy in reconstructing
the meso-scale vortex structures in the current fields than that of the simplified as-
similation. The synoptic vortices’ locations on the maps of the sea level recon-
structed in the reanalysis and using the altimetry data are similar. The diurnal RMS
of the model level, as compared to the altimetry derived one, is smaller than that
calculated in the forecast; and during the period March — September, it is lower
than the RMS obtained from the pseudo-measurements’ assimilation carried out by
the simplified assimilation method.

Comparison of the sea fields reconstructed in the reanalysis and the Argo
measurements made it possible to determine the maximum values of the annual
average RMS: for salinity — in the halocline (63 m), for temperature — in the upper
layer (0-100 m). To increase accuracy of reconstructing hydrophysical fields, it is
necessary to assimilate the data in the 0-100 m layer.
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