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Nowcasting a n d  forecasting of  sound  
velocity s t ruc tu re  b y  ocean model ing 

Reiner Onken 

Execut ive Summary:  Because of its impact on underwater detection, the 
spatial distribution of sound velocity in the ocean and its time variability is 
of main interest in military oceanography. As an alternative to climatological 
mean condifions, oceanographic models are used for the extension in space and 
time of sparse measurements of the sound velocity profile. For the case of a 
varying environment in the Eastern Mediterranean Sea, it is demonstrated that 
the description of the present and predicted sound velocity structure by a dy- 
narnic ocean model is superior to climatology and to simple data interpolation 
schemes. For this study, part of survey data are assimilated into the model 
with the temporal and spatial scales of sound velocity variability taken into 
account which are imposed by ocean dynamics. The rest of survey data is used 
for validation of the model results. 
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Nowcasting a n d  forecas t ing  of  sound  
velocity s t ruc tu re  by  ocean model ing 

Reiner Onken 

Abstract :  The Harvard Ocean Prediction System (HOPS) is applied to 
an observed oceanographic data set in order to demonstrate that a dynamical 
ocean model is able to provide meaningful extensions in space (nowcast) and 
time (forecast) of the sound velocity field. The model is set up with a high num- 
ber of vertical layers in order to resolve sufficiently the details of sound velocity 
profiles. The high resolution observational data collected in February 1997 in 
the Antalya Basin (Eastern Mediterranean Sea) is serving for initialization of 
the model and for validation of the model results. 

For assessing the nowcast capability, HOPS is initialized by a subset of obser- 
vational data at half the horizontal resolution of the original sampling scheme. 
The sound velocity field is obtained by objective analysis. Observations are 
weighted by a correlation function that uses the Rossby radius as a natural 
scale of influence for dynamical processes in the ocean. The modelled sound ve- 
locity distribution is validated by comparison with the full resolution observed 
distribution at the respective locations, and it is shown that the objectively an- 
alyzed sound velocity matches the observations better than the sound velocity 
distribution obtained by a classical interpolation scheme with inverse distance 
weighting. 

For the forecast experiment, the observational data set is separated in two 
subsets which occupy the same positions but are different in time. HOPS is 
initialized with the earlier data set and integrated in time until the end of 
the survey. By comparing the forecasted and observed sound velocity during 
the course of the integration, it is verified that the predicted profiles, their 
vertical gradients, and the depth of the main sound channel axis provide a 
better rnatch with the validation data than making the assumption that no 
change has occurred during the forecast period. 

Keywords: eastern Mediterranean o sound velocity o nowcast o forecast o 
ocean modeling 
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Introduction 

A primary objective of miiitary oceanography is to determine the conditions for 
target localisation by underwater sound. Sound waves in the ocean are affected 
by reflection, scattering, refraction and absorption. These processes act in the wa- 
ter column (volume scattering, absorption, refraction), at the air-sea and bottom 
interfaces (reflection, scattering), or in the bottom halfspace (absorption). The im- 
portance of the different processes depends on the frequency of sound waves and on 
the situation under consideration, such as shaiiow or deep water. Bottom scatter- 
ing and absorption are due to permanent properties of a specific area. Interactions 
with the rough ocean surface depend on the actual weather condition which is easy 
to  observe. In the water column, sound propagation conditions are controiled by 
volume absorption and scattering due t o  marine iife, predictive models of which wiil 
be available one day as a result of present interdisciplinary effort, and by the sound 
speed structure which is a function of the physical parameters temperature, salin- 
ity and pressure only. In the foiiowing investigation, only the predictabiiity of the 
internal sound velocity field is taken into consideration. 

The most common method to  predict for an ocean area sound velocity as function 
of depth, is by selection of a representative profile from a historical data base. An 
appropriate profile must belong t o  the pertinent season. It will either be an instance 
of archived measurements or the average of measurements. For the purpose of 
sound propagation calculations, there is no indisputable preference for smoothed 
ciimatology against single historical profiles. Obviously, sound velocities from a 
historical data base do not reflect the response of the ocean t o  the actual weather 
situation and the current status of varying mesoscale ocean features. Predictions of 
sound velocity profues from ciimatology are usually not accompanied with confidence 
intervals. Approximate scales for spatial variations are never given. 

As soon as it is possible t o  measure sound velocity in the ocean area of interest, 
predictions are replaced by measurements. Expendable instruments can be used 
without affecting ship operations. On their way down to  the ocean bottom, they 
transmit measurement values through a thin copper wire that finaily breaks. Below a 
few hundred meter water depth, deviations of the sound velocity from climatological 
values are smail and may be neglected. Instead of expendable sound velocity meters 
(XSV), usuaily much less expensive bathythermographs (XBT) are deployed. In 
most ocean areas, the sound velocity profile can be calculated with sufficient accuracy 
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from a measured temperature profile and a mean historical salinity profile. Where 
the combination of actual and historical data seems to  be inadequate, instead of an 
XSV a dual parameter instrument (XCTD) is preferrable. Not only sound velocity 
can be calculated from the measured profiles of temperature and saiinity, but also 
density. .4n unstable density profile would be an indication for a measurement 
problem. The other way around, even unfamiliar looking temperature or sound 
velocity profiles become trustworthy if they are supported by a steady and stable 
density profile. 

Horizontal changes of the sound velocity field are obtained by repeated observations 
in a sampiing scheme. As the required spacing is closely linked t o  the dynamical 
scales of ocean motions, i.e. the horizontal scales of fronts and eddies, it is vital 
to  have some knowledge on these scales for the specific area of interest. In many 
situations a description of the status quo (a nowcast) of the three-dimensional sound 
velocity structure is not sufficient. It is desirable to have an imagination on how the 
sound velocity distribution wiil change in future - there is need for a forecast. The 
period for which a forecast is required depends on the task t o  be accomplished and 
on the time scales of environmental dynamics and may vary from hours over days 
t o  weeks or more. 

Ocean modeiing is a potential tool for nowcasting and forecasting the  structure of 
sound velocity in a specific area. The capabiiities for nowcasting involve making 
estimates on the shape of sound velocity profiles in undersampled regions which 
are consistent with the dynamical background. This is possible, if the predominant 
horizontal scales of oceanic motions are known. Forcasting involves the prediction 
of the evolution of sound velocity structure, which is driven by temporal changes 
of the temperature and saiinity fields. It is accompiished by solving numericdy 
the differential equations which describe the thermodynamics of seawater and fluid 
motions in geophysical systems. In the present paper, it wiii be demonstrated how 
a specific ocean model, the Harvard Ocean Prediction System (HOPS), can improve 
nowcasts and provide meaningfui forecasts of sound velocity structure. A hydro- 
graphic data set coiiected in winter 1997 in the Eastern Mediterranean wiii be used 
for initiaiization of HOPS and for validation of the model products. 

The paper is organized as foiiows: Some basic knowledge, which is necessary t o  
understand how an ocean model works, is conveyed in Section 2. This section may 
be skipped by readers familiar with that  subject. The hydrographic da ta  set is 
presented in Section 3 and the HOPS model domain and grid setup is described 
in Section 4. Section 5 demonstrates the need of sound velocity measurements by 
comparison of actualiy measured profiles with those obtained from ciimatology. The 
nowcasting capabiiities of HOPS are presented in Section 6, and in Section 7 it wiii 
be shown how HOPS can be utiiized for forecasting the  sound velocity structure. 
Section 8 contains the conclusions. 
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L 

Fundamentals of ocean modeling 

This section covers some basic aspects of ocean modeiing. The matter presented in 
Subsections 2.1, 2.2, and 2.3.1 is elementary and may be found in any textbook of 
ocean dynamics, for example [l], [2], or [3]. For additional information on procedures 
for numerical solutions (Subsection 2.3.2), the reader is referred to  [4] or [5], and 
more details on data assimilation techniques (Subsection 2.4) are found in [6]. 

2.1 The system of equations for a material element of seawater 

The physical state of the ocean can be completely described, if the basic quantities 
temperature (T), saiinity (S), pressure (p), density ( e )  and the zonal, meridional, 
and vertical velocity components of the velocity vector U = (u, v, w) (bold face 
letters denote vector quantities) are known a t  every location in three-dimensional 
space. In that  case, any other physical quantity, except for those depending on 
organic components, can be expressed in terms of the basic quantities. 

A major objective of physical oceanography is t o  formulate laws in the form of 
mathematical equations which describe temporal changes of the basic quantities. 
These laws are based on axioms of physics expressing the conservation of momentum, 
mass, and internal energy. 

Conservation of momentum is expressed by the mornentum equation, which is ap- 
plied in the form of Newton's second law. I t  states that  the acceleration dU/dt  (i. 
e. the infinitesimal rate of change of velocity U within an infinitesimal period of 
time dt) of a material element of water is proportional to  the resulting force F and 
inverse proportinal to  its mass M. In the ocean, the resulting force F is the sum 
of the single forces F,, Fp,  Fg, F f ,  and F t ,  which are the Corioiis force due t o  the 
earth's rotation, the pressure gradient force caused by spatial pressure differences, 
the gravitational force, friction and tidai forces. Hence, the momentum equation 
reads 

d U  1 
- =  - ( F , + F , + F , + F j + F t ) .  dt M (1) 

The continuity equation describes conservation of mass. It states that  the rate of 
change of the density e of a material element is balanced by the divergence of the 
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velocity field div(U),  

Here, div(U) is the rate of change of the volume of the element due to  net compres- 
sion/expansion caused by different velocities at its sidewaiis. 

A special formulation of the mass conservation equation applied to  the mass of salt 
contained in seawater describes the rate of change of salinity S, 

where Ds is the net gain of salt due to  diffusion across the sidewds of the material 
element. Note that a divergent flow field (as in the continuity equation above) does 
not alter its salinity, because salinity is defined as the ratio of the mass of Salt and 
the mass of seawater, which remains constant in case of compression/expansion. 

Internal energy is the total amount of energy of a material element of seawater 
except for kinetic energy due to  the motion of the element, potential energy due to  
its vertical position in the gravity field of the earth, and chemical energy. In this 
special case, the internal energy can completely be described by the temperature T. 
According to  the first law of thermodynamics, the rate of change of temperature is 
balanced by diffusive transport of heat (DT) across the sidewaiis, the work done by 
pressure (PT) acting on the element, and internal heating due t o  the absorption of 
solar radiation (RT) inside the element. The heat equation then reads 

An additional equation, the equation of state, 

is needed for describing the relationship between density, temperature, salinity, and 
pressure. 

Equations (1)-(5) form a set of seven differential equations (note that (1) is a vector 
equation composed of three scalar equations) which is necessary for solving of the 
seven unknown basic quantities. As these equations describe the physics of the 
ocean only in its interior, they have t o  be replaced by boundary conditions a t  the 
seabed, the sea surface, and laterai boundaries, taking account of the special physical 
conditions a t  these locations. The general formulation of the boundary conditions 
is rather complicated. Therefore, in the foiiowing only the physical processes at the 
boundaries wiil be discussed. The momentum equations (1) must contain additional 
terms describing the momentum change due t o  interaction with the boundaries. 
At the seabed and a t  the coast, momentum is destroyed by friction, hence extra 
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frictional terms have to  be added. A gain of momentum occurc at the sea surface 
due to  atmospheric winds. The continuity equation (2) has to be re-formulated 
in the way that no velocities normal to  the boundaries can occur, except for the 
ocean-atmosphere interface where the vertical velocity is equal to  the rate of change 
of the interface position. Extra terms taking account of salinity changes due t o  
precipitation and evaporation have to  be added to  equation (3). Finaily, terms 
describing the effects of cooling and heating due to  fluxes of latent and sensible heat 
and radiation a t  the sea surface have t o  be added to  the heat equation (4). 

2.2 The system of equations for temporal changes a t  a fixed location 

Equations (1)-(4) contain the time t as independent variable - they are prognostic 
equations, which means that any solution provides a prediction of the future evo- 
lution of the ocean. However, the problem is that  (1)-(4) describe the evolution 
of the physical properties of a material element of seawater. In order t o  obtain a 
solution for a specific geographic area, it would be necessary t o  solve the equations 
individually for every material element of seawater residing in the area and also for 
those which may drift into it. Regardless of the question whether this is feasible, 
one is generally not interested in tracking the history of individual water particles. 
Instead, it is desirable t o  obtain solutions which describe the temporal evolution of 
the physical properties a t  a fixed location. To achieve that, the differential operator 
dldt  is substituted by a siim of differential expressions, which reads for any physical 

where x, y, z are the Cartesian coordinate axes directed towards east, north, and 
upwards, respectively. Applying (6) t o  (1) yields the so-cailed primitive equations 

for the three components of the  momentum equation ( l ) ,  where the superscripts 
x, y, and z denote the Cartesian components of the forces defined above. As the 
horizontal components of the gravitational force are zero, they have been dropped 
in (7) and (8). In addition, division of the equation by the volume has replaced the 
mass M by the density Q. The continuity equation (2) reads 
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where diz,(U) was replaced by the equivalent differential expression. Finaiiy, (3) and 
(4) describing saiinity and temperature changes are written as 

Equations (7)-(12) (together with ( 5 ) ,  which remains unchanged) are forming a 
set of equations for the the temporal change of the basic quantities u, v, w, Q, S, 
and T at a fixed position (the left hand side of the equations). The first term in 
parenthesis on the right hand side describes the advection of the respective property 
by the three-dimensional velocity field, and the other terms have the same meaning 
as in (1)-(4). For example, the temporal change of temperature at a fixed position 
(dT/dt in (12)) is controiied by u dT/dx, which is the west-east advection (u) of 
west-east temperature gradients (aT/dx), by the equivalent process in north-south 
(v . dT/dy) and vertical (w - dT/dz) direction, and by diffusion of heat, pressure 
work, and solar heating as described above. 

2.3 How to obtain solutions 

The above equations provide a fuli description of the posed problem, however, there 
is a major problem - the equations are noniinear, and there is no general theory 
available for analytical solutions of nonlinear partial differential equations. The 
nonlinearities are located in the first term in parenthesis on the right hand side 
of (7)-(12) containing products of the independent variables and their derivatives. 
In order to obtain solutions anyway, two approaches are common. The first is to 
simplify the equations in a way that they can be solved analyticaliy for a special 
situation. An important and widely used product of this approach is the geostrophic 
balance and its solution, the geostrophic currents. These wili be discussed below, 
because they are also relevant for ocean modeling. The second approach is to  seek 
numerical solu tions. 

2.3.1 Geostrophic currents 

A special situation leading to a simple solution is depicted by the foliowing assum- 
tions: 

We are confined to the interior of the ocean, i. e. far away from coastal 
boundaries, the sea surface and the seabed. Therefore, it can be assumed that 
the impact of frictional forces on oceanic motions is considerably smalier than 
the other forces and may be neclected, hence F; = F; = F; = 0. 
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6 LYe are interested only in horizontal flow patterns, hence aU terms containing 
the vertical velocity w or its derivatives. may be dropped. 

CVe are interested only in the time-invariant (stationary) part of the flow, 
hence aii time derivatives a l a t  = 0 and also the tidal force may be dropped: 
Ft = F,Y = F; = 0. 

If these assumptions are met, it can be shown that  the magnitude of the remaining 
nonlinear terms is significantly smalier than the magnitude of the other forces, and 
may be dropped as weil. In the same way, the vertical component of the  Corioiis 
force, F:, can be neglegted when compared to  the gravitational force. The momen- 
tum equation (7)-(9) then reads 

Obviously, the pressure gradient force and the Corioiis force balence each other in the 
horizontal direction, whereas in the vertical direction the pressure gradient force is 
balanced by the gravitational force. The meaning of these balances for the horizontal 
flow field becomes evident after substituting the fuii mathematical expressions 

for the components of the forces. Here, g=9.81 m c 2  is the acceleration due to  grav- 
ity, ap ldx ,  ap lay ,  and dp ldz  the pressure change in the three coordinate directions, 
and f = 2 0  sinv the Coriolis parameter with Q = 7.292 - IO-~S- '  being the angular 
velocity of the earth and <p the geographical latitude. Then, (13)-(15) become after 
some re-arranging 

(16) and (17) are forming the geostrophic balance relating the  horizontal components 
of the flow, the geostrophic currents, u and v, t o  the  horizontal pressure gradients. 
Note that  the east component, u, is balanced by the north-south pressure gradient 
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dp/dy and the north component, a, by the east-west pressure gradient Bpldx in a 
way that (on the northern hernisphere where f is positive) high pressure is always on 
the right when looking downstream. Hence, low pressure regions are accompanied by 
counter-clockwise (cyclonic) and regions of high pressure by clockwise (anticyclonic) 
horizontal flow. 

At the first glance, the geostrophic relationship appears to  be easily applicable for 
practical use. As p is a known function of S, T, and p according to  ( 5 ) ,  and f is 
constant for a given latitude, it would only be necessary t o  measure the distribution 
of salinity, temperature and pressure in the ocean (for example by CTD), and then 
calculate u and v. But there arises a serious problem - the pressure gradient terms, 
dpldx and dpldy,  denote the change of pressure along a horizontal level surface, 
that  is a surface of constant gravitational potential. As the position of these surfaces 
is not known sufficiently (i. e. in the ocean it is not clear what "horizontal" means), 
it is impossible t o  calculate pressure gradients with the required accuracy. One 
might argue that the sea surface could be used as level surface, however, the sea 
surface itself is distorted by geostrophic currents and is generaiiy not horizontal. 
Therefore, it is common practise t o  postulate that  there exists a depth, a level of no 
motion, where the pressure surfaces are horizontal and the geostrophic velocity is 
zero. The geostrophic velocities are then proportional t o  the horizontal gradient of 
the verticaiiy integrated specific volume anomaly, which is equivalent t o  evaluating 
the horizontal pressure gradients relative t o  this level. 

2.3.2 Numerical solutions 

The only way to  solve the set of differential equations (7)-(12) without making any 
simpiifying assumptions is by seeking numerical solutions, which in most cases is 
performed using the grid point method. This methods makes use of the fact that  
any function F([) (where t is an arbitrary independent variable) can be expanded 
in an  infinite Taylor series a t  any location 5 = (0, 

where A{ means a finite interval of the variable [, 2! = 1.2,  and 3! = 1 - 2 . 3 .  Thus, 
the first derivative at  t = €0 can be written as finite difference equation 

with R ( ~ )  being the remainder of the Taylor series containing second and higher 
order derivatives. To demonstrate in an example how this algorithm can be used for 
solving a differential equation, it wiii be applied t o  the heat equation (12) a t  a fixed 
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location (x = xo, y = yo, z = zO) in space a t  time t = to. For simplicity, the terms 
DT, PT, RT are omitted and the remainder of the Taylor series as weil. 

T(t0 + At) - T(to) 
X 

At (21) 

T(XO f Ax) - T(xo) + v T(YO t Ay) - T(y0) + w T(zo + Az) - T(Q)] 
ax AY Az 

Solving (21) for T(to + At) yields 

T(to t At) ~5 T(to) (22) 
- A ~  [ U T ( ~ o  + Ax) - T(xo) T(YO + Ay) - T(ya) + w T ( z ~  + Az) - T(zo)] 

Ax + v 
AY AZ 

1 

hence, if T(to) represents the actual temperature, the finite difference formulation 
enables a forecast for t = to + At  based on the actual flow field (u, v, w) and the 
actual temperature gradients. Note that the Taylor series expansion in (19) and 
(20) is an exact relationship, whereas (21), (22) are approximate solutions, because 
the remainders of the Taylor series were dropped. In this case, the truncation error 
of the finite difference equation is of second order, because the Taylor series was 
truncated after the first derivative. By taking account of the higher order terms, 
the truncation error may be reduced. 

Equation (22) provides a solution only for the time t = to + At a t  the position 
(xo, yo, zo). In order to  obtain solutions everywhere, a t hree-dimensional grid is 
defined on the geographical area of interest, separating the model domain into a 
finite number of (not necessarily equaiiy-spaced) grid cells (Figure 1). Each ceii 
has the widths Ax, Ay, Az in x, y, and z-direction, respectively. The dependent 
variables (in this case u, v, w, and T )  are defined in every ceii and (22) is then solved 
for every celi independently. If the model domain is divided in 

I grid intervals (1,2,3,. . . , i - 1, i , i + 1,. . ., 1) in x-direction 
J grid intervais (1,2,3,. . . , j - 1, j, j + 1,. ., J) in y-direction and 

K grid intervals (1,2,3,. -. , k - 1, k, k + 1, . . , K )  in z-direction, 

then every ceii may be identified by the triple subscript ( i ,  j, k), and (22), written 
as 

has t o  be solved for aii combinations of i, j, and k, where the superscript n denotes 
the actuai and n + 1 the future time level. 

In principle, the grid increments Ax, Ay, and Az, may be selected arbitrarily de- 
pending on the spatial resolution wanted by the modeler. In contrast, there exists 
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Figure 1 Arrangement of grid cells in a numerical grid. The number of grid cells 
in x, y, and z direction is 1, J ,  and K ,  respectively. Only a fruction of the cells is 
shown. The triple (i + 1, j - 1, k + 1) of the cell in the central block is an exumple 
for a cell address. 

an upper bound for the time interval A t  depending on the choice of the spatial grid 
increments and on the magnitude of the flow field. Hence, if for a given situation at 
time t = to a forecast is wanted at time t = t l  > to, the period of time between to 
and t l  must be separated in a finite number of time intervals At  and the solution of 
(22) at t = t l  is achieved by time stepping, calculating the temperature distribution 
at t = to + At  from the distribution at t = to, that at t = to + 2At from the previous 
time level t = to + At ,  etc. until ti is reached. 

The procedure as described above is applied to the entire set of equations, thus, for 
every time step, I x J x K solutions of (7)-(12) and (5) have to be calculated, a task 
which can only be performed by computers. In addition, it should be noted that 
the numerical schemes used in (22) and (23) are elementary and were only selected 
in order to demonstrate how numerical procedures work. In practise, far more 
sophisticated higher order finite difference schemes are used and applied to staggered 
grids, i. e. instead of just one grid for all variables, different grids depending on the 
type of the variable are used simultaneously. 
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2.4 How a forecast model works 

Nowadays, there are many types of forecast models in use aii over the world appiied 
to a wide Spectrum of spatial and temporal scales. Acccording to their task, they are 
different with respect to the physical processes included, the formulation of the finite 
difference equations may vary, and they use different grids. For example, the forecast 
time scale of a model designed for predicting the evolution of large scale circulation 
patterns in response to climate change on earth is of the order of decades. As climate 
changes occur on global scales, it is sufficient to  use a low resolution spherical grid 
covering the whole earth. It is not necessary to include high frequency physical 
processes, but special care has to  be taken to model the interactions between ocean 
and atmosphere correctly. By contrast, the forecast time scale for a regional model 
designed for short range prediction of currents in a shelf sea area is of the order of 
days. Therefore, it has to take account of processes occurring on similar timescales, 
e. g. tides, the actual weather conditions, etc., and high resolution is required t o  
resolve the bathymetry and coastlines properly. In addition, special care has to  be 
taken to  parameterize adequately the effects of sub-gridscale processes. Although 
the design of forecast models is task specific, the procedure in order to  carry out the 
task is essentially the same. This is sketched in Figure 2 and wiii be discussed in 
the foiiowing. 

The very first step to  set up a forecast model is creating the model code in a way that 
solutions of the govering equations can be calculated by computers. This involves 
the discretization of the differential equations, i. e. the finite difference formulation 
as shown above, and the encoding in any computer language. This is a rather 
complicated and expensive task, which is already done in ready to  use models. 
However, the next step, the setup of the model domain and the grid, has t o  be done 
on one's own by every user according to  the posed problem. 

The choice of the geographical boundaries of the model domain depends on the ge- 
ographical area of interest; they are defined in terms of four parameters, Xo, X l ,  po, 
and 91, denoting longitude and latitude circles bounding the domain in the west, 
east, south and north, respectively. Because of the curvature of the earth, the 
so-defined area is not a rectangle, which causes trouble when defining a Cartesian 
grid. If the area is smaU enough that curvature effects may be neglected, a common 
method to  overcome this problem is to map the area on a horizontal plane, for in- 
stance by Mercator projection. Otherwise, spherical coordinates have to  be used. 
The horizontal grid is defined by separating the model domain in I x J (see above) 
grid ceils. The size of the grid cells depends on the wanted horizontal resolution and 
on the available computer power, making oneself clear that the required computer 
resources are proportional to  the number of grid cells. In order to  cover the fuii 
vertical range of the ocean, the definition of the vertical grid requires some previous 
knowledge on the bottom topography in the model domain. The vertical grid may 
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Figure 2 Working procedzrre of a foremst model. 
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Figure 3 Armngement of grid cells in z- (top) and sigma coordinates (bottom) in 
the x - z  plane of an arbitmrily chosen model domain with 20 km horizontal resolu- 
tion. The number of layers is the same in both cases. White cells contain water, 
dark celb land. The original bottom topogmphy (10 km ~esolution) is indicated by 
the green line. 
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then be arranged in a way that the water column is divided in K layers of vertical 
extent Az, where Az is ailowed to vary with depth but does not vary horizontaily 
(Figure 3). In this case, the vertical coordinates of the model are horizontal and are 
cailed z-coordinates. The major disadvantage of these coordinates is that steep to- 
pography is not weii resolved and shaiiow water regions are represented by only a few 
layers. Alternatatively, sigrna coordinates may be used dividing the water column at 
every horizontal position in h' layers between the sea surface and the bottom, hence 
the same number of vertical levels is provided everywhere and the shaiiow areas are 
resolved by the same amount of verticai levels. As the vertical extent of the layers 
varies from place to  place according to the water depth, such coordinates are also 
called terrain following coordinates. In a z-coordinate model, the implementation 
of bottom topography is simply performed by defining dynamicaily inactive "dead" 
grid celis (the dark ones in Figure 3). Analogously, coastlines are generated by 
defining "dead" and "aiive" grid ceiis in the horizontal plane, representing land and 
water points, respectively. 

At time level n+ 1, the prognostic variables can only be computed, if they are known 
at the previous time level n (cf. (23)). Therefore, an initialization is required for 
aii variables a t  time level n = 0. This is done by defining the three-dimensiond 
initial mass field in terms of an initial distribution of T and S and then calculating 
e. The initial T and S values may either be obtained from actud measurements 
or from ciimatological data bases. They may also be constructed artificiaily, if it is 
intended to  study a speciai situation. If direct measurements of the velocity field 
are available, these may be used as initial velocities, but , because measurements 
contain errors and high-frequency and large wavenumber contributions which are 
not resolved by the model, the velocities must be adjusted in a way that they satisfy 
dynamical constraints imposed by the model physics. In practise, one makes use 
of the fact that seawater is nearly incompressible, hence assuming &/dt = 0. The 
continuity equation ((2), (10)) then simplifies to  

which means that the divergence, that is the net flux through the six sidewaiis 
of every grid ceii, must be zero. In order to  achieve that, the divergent part of the 
velocity field is calculated by iterative methods and then removed from the measured 
velocities. If no direct measurements are available, one has no choice but computing 
the geostrophic velocities from the pressure field. In any case, if T and S originate 
from actual measurements, the initialization fields also represent a nowcast for the 
time t = to. 

The next three steps, time stepping, integration and assimilation occur in a loop, 
which is executed as many times as the user wants. After initialization, the model 
advances forward in time by one time step At to  model time t = to + At. Integration 
means solving the model equations (7)-(12) and (5) for the prognostic variables at 
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Figure 4 Intermittent updating of a forecast model by data assimilation (sketch). 
The numem'cal solution (black line) of an arbitrary prognostic quantity X at an 
arbitrary position is corrected by obserz~ations (gveen dots) at time steps 20 . A t ,  40. 
At, . - . ,100 - At. The correction is indicated by red lines. Blue asterisks denote the 
interpolation error. Note the strong weighting of observation.~ where the interpolation 
error is small. 

model time, and assimilation is a procedure for updating the actual solution of 
the model with data from measurements sampled in real time at t > to. Such a 
"correction towards reality" is desirable, because the model solution may be incorrect 
due to  many reasons, some of which will be addresses below: 

Bad fields for initialization. This may be caused by using wrong climatologies, 
too coarse measurements, inadequate averaging procedures, or by assuming a 
wrong level of no motion for the calculation of the geostrophic initial currents. 

Unresolved physical processes, i. e. processes occurring on scales smailer than 
the grid scale are underrepresented or not well parameterized. 

Atmospheric forcing (wind, heating, cooling) is not well enough known. 

Insufficient formulation of boundary conditions. 

The truncation error of the finite difference equations may add up during the 
course of the integration. 
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The algorithms for assimilating data into models were originaiiy developed for 
weather forecast models and have then been adopted for ocean forecasting. At 
runtime, the numerical solution of such models is corrected with incoming observa- 
tions from weather stations. Problems arise due the fact that  the observations are 
unevenly distributed in space and time, because the positions of the stations do not 
coincide with the grid points of the model, and a t  a given time observations are 
only available from a subset of stations. Ln addition, the horizontd resolution of the 
station network is normaiiy lower than the resolution of the model. Therefore, a t  
discrete time levels, the observations are first interpolated in space and time on the 
model grid. Simultaneously, a map of the interpolation error provides information on 
the reliability of the interpolated observations a t  every grid point, depending on the 
number and distance (in space and time) of observations contributing t o  the  value 
of the  physical variable a t  this point. The updating of the numerical solution is then 
performed a t  every grid point by melding the predicted vaiue with the interpolated 
one, giving high weight t o  the interpolated observations where the interpolation er- 
ror is smail, and more weight t o  the  numerical solution where the interpolation error 
is higher (Figure 4). By this method, the numerical solution is forced t o  satisfy the 
observations where observations are available, and is less affected in regions of coarse 
sampling. 
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The hydrographic data set 

The hydrographic data set comprises 107 CTD (Conductivity-Temperature-Depth) 
casts couected by NRV Alliance and TCG Cubuklu in the Antaiya Basin (Eastern 
Mediterranean) during leg 1 of the POYRAZ97 survey from 8 to 13 February 1997. 
Aii casts extend from the sea surface to a maximum depth of about 1000 m, the 
verticai resolution is 1 m. A complete description and analysis of the data set is 
provided by [7] and [8]. Therefore, only the necessary details wili be given here. 

Leg 1 was divided in two surveys (referred to as leg 111 and 112) 8-11 February and 
11-13 February, respectively, and covering the same geographical area twice within 
about a week (Figure 5). CTD casts were taken on a regular grid with meridional 
spacing of lO'(18.52 km) and zonal spacing 201(z5 30 km). CTD cacts on leg 112 
were taken nominaiiy at the same positions as on the previous leg. 

For the nowcasting and forecasting experiments the data set is divided in four subsets 
(Figure 6). As the leg 1 survey was conducted by two vessels, there is an overlap of 
about 18 hours between legs 111 and 112. Therefore, subset A comprises ali CTD 
casts taken before 11 February 16:OOh (UTC) and subset B aii casts taken after that 
time. Subset A wili be used for initialization of HOPS and B for vaiidating the 
model forecast. For validation of the nowcast, subset A (excluding the Line of casts 
along 30°40'E) is further subdivided in Al  and A2, where Al is a subset of A at 
half the horizontal resolution and Al is the complement. 
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R Turkey 

Figure 5 Positions of CTD casts on leg 1/1 (dots) and leg 1/2 (open circles) of 
the POYRAZ97 survey. Water depths are indicated by 200 m, 1000 m and 2000 m 
depth c0ntour.s. 
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Figure 6 Top: Data subsets rl (dots) and B (open circlcs). CTB  cnsts of A were 
takerz bcfore I I  Februnry lfi:OOh, those of H later. Bottom: Dnta subsets .41 (yreen 
d0t.s) urzd AS (red) arc snbset.~ of .4. .4 1 ruas sclected «t half thc nomirznl horzzorztal 
re.solutzorz of .4 nnd -4," i.s thc conzplernerzt. The ye1lo.u: area irzr1lcntc.s the casts used 
for comp(lri.sorz with climatoloyy (se< Sectlon 5). 
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HOPS model domain and grid setup 

The HOPS model domain comprises a rectangular area centred a t  31°30'E, 35030tN, 
which encompasses the area of the POYRAZ97 survey. In west-east direction it 
is divided in 116 and in south-north direction in 86 grid intervals Ax = Ay = 
4 km, respectively (Figure 7 (top)). Hence, the western and eastern boundaries 
are approximately Xo = 28'56'E, X1 = 34'04'E, and the Southern and northern 
boundaries <po = 33'57'N, <pl = 37'03'N, respectively. The horizontal grid size of 
4 km was selected in order to  resolve small eddies and the front of the Asia Minor 
Current (cf. [7] and [8]). 

In the vertical, the water column is divided in 77 layers. Double sigma coordinates 
([9]) are used, which are similar t o  sigma coordinates (cf. Figure 3), but with higher 
resolution in the  upper ocean and near the bottom (Figure 7 (bottom)). The high 
vertical resolution of nominaiiy 10 m in the upper about 450 m was found necessary 
for resolving adequately minima and maxima of the sound velocity distribution. 

Bottom topography data at  5' x 5' horizontal resolution were obtained from [10]. Ln 
order to  minimize the truncation error of the finite difference equations over steep 
topography, the arrangement of vertical levels must satisfy the hydrostatic consis- 
tency condition ([II]). In the present case, this was achieved by iterative smoothing 
of the topography by a median filter until no changes occurred and subsequent ap- 
plication of a local smoother in areas where the hydrostatic consistency condition 
was not yet satisfied (for details see [9]). The final product together with the raw 
topography is shown in Figure 8. 
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Figure 7 Horizontal (top) and vertical grid (bottom) of the HOPS model domain. 
The red line denotes the position of the vertical section shown in the bottom panel. 
Note the change of depth scale below -500 m. 
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Figure 8 Raw and smoothed bottom topography. Smoothing is necessary in order 
to minimixe the truncation error over steep topogmphy. Note the reduced shelf slope 
after smoothing. Water depths are in metres. 
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5 
S hortcom ings of climatologies 

Before, in the next section, we demonstrate and compare methods for nowcasting 
the sound velocity field from a iimited set of observations, the importance of a t  
least sparse measurements is pointed out by comparison with two commonly used 
standard climatologies, named GDEM (General Digital Environmental Model) and 
MODB (Mediterranean Ocean Data Base). 

GDEM is a worldwide monthly climatology with variable horizontal resolution. It 
was created using aU temperature and saiinity profiles available from MOODS (Mas- 
ter Oceanographic Data Set), which is the oceanographic data base of the United 
States Navy. MOODS contains about seven million observations and is based on 
over 70 years of data. For the Mediterranean, GDEM is available a horizontal res- 
olution of 10'. For the present study, it was obtained from NAVOCEANO (Naval 
Oceanographic Office, Stennis Space Center, Mississippi) via the Internet address 
"http://www.navo.navy.mil/". For a technical discussion of how GDEM was derived 
from MOODS, the reader is referred to [12]. 

MODB is a seasonal climatology of the Mediterranean Sea a t  15' resolution pro- 
vided by the University of Lihge (Belgium). It is available on the Internet a t  
"http://www.modb.oce.ulg.be/". From MODB, there exist three successive releases 
MED2, MED4, and MED5, from which the first is used for this study. MED2 is 
based on the BNDO (Bureau National des donnees oceanographiques) fiie contain- 
ing bottle profiles coUected in the Mediterranean since the begin of the century, and 
on worldwide CTD and bottle data of the NODC (National Oceanographic Data 
Center). A fuil description of the data  set, the analysis technique and the results is 
provided by [13]. 

For comparison, the measured sound velocity profiles from data  subsets A l  and A2 
(cf. Fig. 6) are plotted together with those obtained from the GDEM February and 
MODB-MED2 winter ciimatologies in Figs. 9 and 10 a t  their respective locations. 
As the positions of the measured profiles match exacly those of GDEM, it was 
possible to  assign an individual GDEM profiie t o  every measured one, except for 
subplots 83 and 93, where no GDEM profile was available. For MODB-MED2, due 
t o  the lower resolution, each measured profile was combined with its next neighbour 
from climatology as long as the difference in position did not exceed 5' in latitude 
or longitude, which was tht: case for subplots 61, 62, 83, 93, and 95. 
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Figure 0 Sound vebocity profiles from measurements and climatology. Red: mea- 
sured profiles of data subsets A l ,  A2.  Blue: profiles from GDEM February climatol- 
ogy. The centre of each subplot corre.sponds to the positions of the profiles, numbers 
in the lower right corner of the ~ubplots serve for identification. 
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Figure 10 Sound velocity profiles from measurements and climatology. Red: mea- 
sured profiks of data subsets A l ,  A2. Blue: profiles from MODB-MED2 winter 
climatology neare.st to the measured ones. The centre of each subplot corresponds 
to the positions of the measured profiles, numbers in the iower right corner of the 
subplots serve for identification. 
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Figure 11 Same as Fig. 9 but for temperature. 
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Figure 12 Same as Fig. 9 but for salinity. 
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Figure 13 Sound velocity profsles from measured temperature combined with cli- 
matology salinity. Red: measured profiles of data subsets A 1, A 2. Blue: profiles 
calculated from CTD temperature and GDEM February salinity. The centre of each 
subplot correspond.5 to the positions of the measured profiles, numbers in the lower 
right corner of the subplots serve for identification. 
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A discussion on the difference between the profiles can be held short - the sound 
velocity profiles from both ciimatologies do not match a t  ail those from actual mea- 
surements. The deep and near surface sound channels, which are weii pronounced 
in almost every measured profile, are not reproduced by GDEM in any case, and 
MODB-MED2 reveals only in a few cases something which might be cailed a sound 
channel, but at  a wrong depth. In addition, the ciimatological sound velocity de- 
viates by up t o  10 m s-' from the measured one in the upper about 400 m depth 
range. Fig. 11 reveals the cause for the deviations; the GDEM temperature over 
that depth range is far too low, in many cases the difference exceeds 2 K. For com- 
pleteness, the corresponding picture is also shown for saiinity (Fig. 12). In the same 
way as with temperature, the climatology saiinity is too low. Similar pictures were 
also obtained from MODB-MED2, but they are not shown here, because they do 
not add anything new. 

One might argue that the large differences between measurements and climatology 
are due to  the fact that the hydrographic conditions in the Antalya Basin in Febru- 
ary 1997 were anomalous. This may be true, but this is also the point: The ocean 
exhibits high variabiiity in space and time, also interannuaily. Thus, the stratifica- 
tion of temperature and salinity of February 1997 is expected to be different from 
the situation in the same month of another year. As a ciimatology is representing 
a long-term mean based on averaging many measurements, the natural horizon- 
tal, vertical, and temporal variabiiity is removed. Therefore, it is unlikely that  a 
climatology matches a real situation obtained from direct measurements. 

As sound velocity depends on temperature, saiinity, and pressure, it should, when- 
ever possible, be determined from simultaneous measurements of the three basic 
quantities by CTD or XCTD. If, for any roasons, this is not possible, it is a good 
compromise t o  measure only temperature by XBT, and to  recalculate the sound ve- 
locity from XBT temperature and climatological salinity profiles. This is iiiustrated 
by Fig. 13, where the sound velocity was calculated from the CTD temperature pro- 
file, the GDEM salinity profile a t  the corresponding position, and pressure. SmaU 
disagreements between the blue and read curves are mainly caused by vertical res- 
olution, which is lower in GDEM than from the measurements. 

Report no. changed (Mar 2006): SR-292-UU



Nowcasting of sound velocity structure 

In the present situation, nowcasting means t o  provide the best estimate of the three- 
dimensional distribution of sound velocity on 11 February 16:00h using data set A. 
To explore the nowcasting capabilities of HOPS, the reduced data set A l  is used for 
calculating the sound velocity structure at the A2 positions applying two different 
methods. The first method (denoted Method 1) is not based on HOPS. It is a linear 
horizontal interpolation scheme with inverse distance weighting. The HO PS method 
(Method II) is an optimized linear interpolation, which makes use of the knowledge 
of the horizontal scales governing the dynamics of this region. The products of both 
methods are compared to  each other and validated against the measured profiles at 
the A2 positions. 

As the CTD casts of subsets A l  and A2 (Figure 6) are nornindy arranged on a 
equally-spaced latitude/longitude grid, it is convenient for Method 1 to  assign a pair 
of indices (j ,  i )  in matrix notation to  each cast (Figure 14), where j is the row index 
and i the column index. Sound velocity profiles at 10 rn vertical resolution are then 
evaluated from temperature, salinity, and pressure of aii A l  (green) casts, and the 
sound velocity at the A2 (red) positions is calculated a t  every level according t o  the 
horizontal interpolation scheme 

where Vjli is the interpolated sound velocity a t  the A2 position denoted by the 
pair of indices (j ,  i), and V,,,-1, V,,;+i, Vj-l,i, Vj+i,; are the A l  sound velocities at 
t he neighbouring western, eastern, Southern and northern cast, respectively. The 
weighting coefficients 

are inverse proportional t o  the distances dl between the A2 and the neighbouring 
four A l  casts. 

Method II is based on standard objective analysis techniques (see [14]). Ln contrast 
to  Method 1 it takes account of ali observations instead of only the neighbouring ones, 
and assumptions have t o  be made for the correlation between the sound velocity a t  
the interpolated position and the observed sound velocity, and for the correlation 
of the observations among themselves (see below). The sound velocity V, a t  any 
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Figure 14 Index schenze applied to the .4 1 (green) orzd A 2  (red) CTD casts (cf. 
Figure 6). 

horizontal position (x,, y,) is op t imdy linearly interpolated (in a least squares sense) 
by the formula 

IV 
vr = p r m  (g ai;v8) , 

m=l  
(27) 

where N is the number of CTD casts of Al ,  and V, is the observed sound velocity 
of the s-th cast at position (x,, y,). 

P rm = C(VT, Vm) (28) 

is the correlation matrix between the sound velocity at the interpolated position and 
the m-th cast and 

a m ,  = C(Vm , V8) + E6ms. (29) 
Here, C(Vm, V,) is the correlation between the m-th and s-th cast, E the error 
variance of aii casts and 6,, the identity matrix. 

For sufficiently large data sets, the correlation function C may be calculated from 
the data. In the present study, however, a simple analytical function 

Report no. changed (Mar 2006): SR-292-UU



is used instead, where d is horizontal distance. The crucial point is the definition 
of the e-folding (or correlation) scale r and the zerecrossing scale '4, because these 
parameters determine the relative weight of every measured sound velocity profile. 
A natural e-folding scale is the internal Rossby radius of deformation (or simply, 
the Rossby radius) RD. Its physical meaning is that  for motions at  this horizontal 
scale the buoyancy force (hidden in the gravitational force F, of equation (1)) and 
the Coriolis force are of the same order of magnitude. For larger scale motions, the 
Coriolis force is dominant and a t  scales smaiier than RD prevails the buoyancy force. 
In practice, RD is approximately equal to  the radius of mesoscale eddies, which is 
a meaningful correlation scale. If no information on eddy sizes is available, RD can 
be estimated from CTD casts as 

which requires to  approximate the measured density profile by a representation of 
two homogeneous layers with densities ~ 1 ,  e 2  in the upper and lower layer, respec- 
tively. In the present situation, a mean density profile was calculated from aii A l  
CTD casts. The thickness of the upper layer was estimated as H = 150 m, and the 
densities as ~1 =1029 kg m-3 and e 2  =1031 kg m-3 , which yields RD = 20 km. 

An inherent shortcoming of Method II is that  it produces unreasonable values a t  
locations, which are too far away (that is more than the zero-crossing scale) from 
observations. Therefore, it is a convenient method t o  define a background field which 
is previously subtracted from the observational values, and the objective analysis 
is performed only on the anomalies. Subsequently, the background field is added 
t o  the anomaiy field. By this method, the final product approaches the value of 
the background field a t  locations which are far away from observations, because the 
objectively analyzed anomalies tend t o  become very smaii there due to  the reduced 
correlation expressed by (28). Usually, climatologies are serving weii as a background 
field, in the present case, however, the available winter climatologies GDEM and 
MODB-MED2 (see Section 5) for this region were found to  be considerably colder 
and less saline then the POYRAZ97 survey. Therefore, the horizontal mean value 
of aii observations was used as background field a t  each horizontal level. 

In the same way as for Method 1, sound velocity of all A l  CTD casts was calculated 
at 10 m vertical resolution and then evaluated a t  the A2 positions applying equation 
(27). As RD = 20 km is only a first guess for the correlation scale i', the calcula- 
tions were repeated for different scales between i' =15 km and i' =25 km each in 
combination with a zero-crossing scale between A = 1.5r and A = 2.5i'. The best 
result, i. e. sound velocity profiles with minimum deviation from the A2 validation 
profiles at  the respective position, was obtained for i' = 22 km and A = 44 km. 
As the HOPS objective analysis scheme also aiiows a time-difference weighting of 
the observational data, 10 February 1997 00:OOh is selected as the instant for the 
analysis and a temporal correlation scde of ~ = 1 0 0  days was applied; thus aii A l  
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Figure 15 Nowcast of sound velocity projles at po.sition.s of A2 casts from interpo- 
lation of A l  casts (cf. Figures 6 and 14) using Method I (bbue profibes) and Method 
II (green). The A2 vabidation profiles are red. AII profiles correspond to the Centre 
position of each subplot, num6er.s in parentheses correspond to the indices in  Figure 
14. For the meaning of the coloured axes back pane1.s .see text. 

data are approximately weighted equaiiy in time. 

The nowcasted profiles, together with the corresponding ones frorn Method 1 and 
the validation profiles, are displayed in Figure 15 a t  29 positions corresponding to  
the red indices in Figure 14. For assessment of their quality, the mean difference 

between the nowcasted profiles V I  or V I I  and the vaiidation profile Vo was calculated 
for both methods. Here, h' is the nurnber of common depth levels of ail three profiles 
(note that  water depth may limit the length of profiles), and z k  is depth. At those 
locations where O I r  was less than O I  the axes back panels of the respective subplot 
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in Figure 15 is yellow. Hence, at 18 out of 29 locations Method II yields better 
results than Method 1. Even after averaging Or, Or1 over all 29 locations including 
the bad ones, Ol1 is stiil siightly smaller than OI. At most locations, the blue and 
green curves iie very close together. This is because the Method 1 algorithm provides 
already reasonable results by inverse distance weighting of the neighbour profiles, 
which also make the major contribution to the sound velocity estimate of Method 
II. At other locations, both methods yield rather bad results, for example at (7,1), 
(10,6), (8,8), or (9,9). This is due to the circumstance, that the distance between A l  
casts (37 km meridionaliy, 60 km zonaily) does not resolve the Rossby radius and 
the contribution of less weli correlated profiles is increasing making the interpolated 
profiles less reliable. For the assessment of the reliability, Method II also provides 
error maps of the interpolated fields, which are based on the statistics of the input 
data. 

Alitogether, for nowcasting the structure of sound velocity, the HOPS method is 
superior to simpler interpolation schemes, because it takes account of horizontal 
correlation scales controlied by dynamics and provides an error estimate for the 
interpolated values. The HOPS nowcast products will be optimal if the horizontal 
distance between the input profiles is equal or less than the Rossby radius. Hence, 
for a successful nowcast of the sound velocity structure of a particular region it is 
essential to take account of the Rossby radius for the design of the survey pattern. 
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Forecasting of sound velocity structure 

In order to  explore the forecasting capabilities of HOPS in support of ocean acoustics, 
the model is initialized by data  set A and then integrated forward in time until the 
end of leg 112. The forecasted sound velocity profiles are validated against the 
measured profiles of data  subset B at  their respective time and position. 

7.1 HOPS initialization 

Initiaiization of HOPS requires t o  define initial values of temperature, salinity and 
the three velocity components for every ceil of the three-dimensional grid, i.e. at  
116 x 86 x 77 = 768152 locations (cf. Section 4). This is accomplished by the 
foilowing steps: 

Temperature and salinity of data  subset A are mapped on the horizontal model 
grid by objective analysis a t  101 depth levels located a t  0, 10, 20, ..., 1000 m 
depth. In order to enable a smooth startup of the model, horizontal gradients 
are reduced by selecting a horizontal correlation scale of r = 30 km and a 
zero-crossing scale of 11 = 60 km, which are about 50% larger than the values 
previously used for the nowcast experiments. For the time-difference weighting, 
a temporal correlation scale r=100 days related t o  8 February 1997 00:OOh is 
selected. This is also the model initiaiization time to. As a background field, 
the mean value of all observations is used a t  each level. 

in-situ density is calculated from the temperature, salinity, and pressure field. 

Dynamic topography, which is the vector potentiai for geostrophic currents, is 
calculated from the density distribution. 

r Temperature, salinity, density, and dynamic topography are mapped on the 
model vertical double sigma levels by linear interpolation. Below 1000 m depth, 
the 1000 m values are used, because the CTD casts do not extend beyond that  
depth. 

The three-dimensional field of geostrophic currents is evaluated applying a 
level of no motion of 800 m according to  [15] and [16]. 
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Figure 16 Initial distributions of temperature P C] and horizontab velocity at 200 
m depth from the model and from observations. Maximum speeds are c6ose to 40 
cm s-'. The white crosshair indicates the centre of the Antalya Anticyclone. 
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As an example, the top panel of Figure 16 shows the distribution of temperature 
and velocity a t  200 m depth. Major features are the two strong, warm anticyclones 
- the Antalya Anticyclone in the centre of the Antalya Basin and the Anaximander 
Anticyclone between the Anaximander Seamounts and the Turkish coast (cf. Figure 
5). and a train of four cold cyclones south of the anticyclones and in the Cilician 
Basin. A comparison with the observations from leg 111 (bottom panel; identical 
with Figures 6 and 13 of [i]) reveals that  the model initial distributions match nearly 
esactly the observed fields. Smali differences are due t o  different grids and different 
methods for calculating the geostrophic velocity in the model and from observations. 
However, this does not imply that  the dynamical situation of the model is the 
same as in reaiity, because the objective analysis output approaches the background 
field in regions with unsufficient data  coverage. This artefact generates the isolated 
cold cyclones, which in reality are perhaps part of a meandering current, and the 
circular shape of the Anaximander Anticyclone, which is also not manifested by the 
measurements. 

7.2 Integration and intermittent assimilation 

The integration of the  forecast model starts on to=8 February 00:OOh and is carried 
out for seven days using a time step of 5 minutes. An output of the calculated fields 
is performed every 72 time steps, i. e. in sis-hour time intervals. No external forcing 
is applied because of the lack of adequate data, that  is the surface fluxes of heat, 
freshwater, and momentum imposed by wind forcing, are zero. On the other hand, 
the analysis of the meteorological da ta  measured on .4lliance (cf. [7]) has shown, that  
the wind speed was rather low during that  period of time, which makes significant 
wind-mixing events uniikely. Somewhat more critical is the assumption of zero heat 
and freshwater Aux, which are estimated by [i] to  be of the order of -40 kVm-2 
and 5 mm day-'. These fluxes have obviously lead to  surface buoyancy loss and 
subsequent convective overturning down to about 150 m depth. The overturning, 
however, is restricted to  the already unstratified centre of the Antalya Anticyclone, 
and the corresponding changes in temperature and salinity are such smali that  a 
significant impact on the dynamical behaviour of the region can be excluded. 

For a smooth startup of the model integration, horizontal gradients of temperature 
and saiinity were reduced by applying rather large correlation scales (see above). 
A disadvantageous consequence of this procedure is tha t  it also affects the shape 
of the initial sound velocity profiles - the characteristic minima and maxima in 
the profiles, which are important for the propagation of sound, were smoothed. 
This would prohibit a successful forecast of sound velocity structure, because the 
initial structure was already wrong. Therefore, during the course of the integration, 
the observed temperature and saiinity profiles of data set A were assimilated into 
the model solution from 8 February 06:OOh t o  12 February 16:OOh in 6-hour time 
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Figure 17 Sozsnd velocity profiles at positions of casts of subset A. Red: measured 
validation profiles of subset A. Blue: model initial profiles at t = to. Green: profiles 
assimilated into the model solution at time t = ti when the casts were taken. The 
centre of each subplot corresponds to the position of the profiles, numbers in the 
lower right corner sewe for identification. Yellow axes back panels indicate that the 
assimilated profiles are closer to the validation profiles than the initial ones. 
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intervals, but now using dynamically consistent values of r=20  km and 11=30 km - 

for the correlation scale and the zero-crossing scale, respectively. The temporal 
correlation scale was set to r=12 hours. Hence, the same profiles, which were already 
used for model initialization, are serving now for keeping the model solution on 
track; in contrast to the initial setup, however, the small values for r, A and T 

enable that the model sound velocity profiles a t  the positions of the CTD casts of 
data set A are matching more closely the measured profiles in space and in time, and 
an improvement of the quaiity of the forecast can be expected. This is iiiustrated 
by Figure 17, where the model initial sound velocity profiles Vto(z) (blue curves), 
the assimilated profiles Vt,(z) (green) and the measured profiles VA(z) (red) are 
combined each in one graph, which is centred at  the position of the respective CTD 
cast of subset A. In order to  decide which ~rofiles aaree better with the red validation - 
profiles, the mean differences = IVt,(z) - V,(z)I between the blue and the 
red and O1,A = 1 &, (z)  - VA(Z)( between the green and the red were evaluated, 
where the overbar denotes averaging over aU depth levels. The axes back panels of 
those subplots where OiSA < OO.A, are yeilow, i. e. in 31 out of 34 locations the 
assimilation leads to  more realistic profiles at  the position of the observed casts. To 
be more quantitative, 00,* and were averaged over ali 34 subplots yielding 
mean values of = 0.17 m S-l and Oi,A = 0.08 m s-l . Thus the difference 
between initial and validation profiies is reduced by about 50% by assimilation. 

7.3 Validation 

In order to assess whether a meaningful forecast may be expected from the model, 
the observed changes of temperature and velocity at  200 m depth between leg 111 
and leg 112 (Figures 16, 18) are compared with the respective model initial situation 
and the forecast of 12 February 18:OOh. The most significant observed changes are 

(i) The Antalya Anticyclone changes size from eliiptical to more circular. 

(ii) The centre of the Antalya Anticyclone is displaced to the southwest by about 
20 km. 

(iii) The shape of the cyclonic eddy previously centred at  about (31°20tE, 35040tN) 
changed t o  a more elongated cyclonic feature with two cold centres. 

Quaiitatively, changes (i)-(iii) are also reproduced by the model, but with respect 
t o  the foliowing items the forecast is different from the leg 112 observations: 

(1) The high velocity band of the Antalya Anticyclone is narrower. 

(II) The iinaximander Anticyclone seems to  separate from the coast. 
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Figure 18 Forecasted distributions of temperature P C] and horixontal velocity at 
200 m depth for 12 February 18:OOh and corresponding observations from leg 1/2. 
The white crosshair is at the same position as in  Figure 16. 
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(111) The elongated cyclonic feature (iii) extends less far to the west and its merid- 
ional extent is less. 

(IV) A small anticyclone has developed close to the coast east of the Antalya An- 
ticyclone. 

(V) There is evidence for cooiing in the Antalya Anticyclone and along the coast. 

From items (1)-(IV) it is highly probable that the parameters controlling the horizon- 
ta1 diffusion of either temperat ure, salinity, momentum, or vorticity were selected 
not adequately. Items (II) and (IV) may be due to  wrong settings of coefficients 
controlling coastal and bottom friction, and a too large vertical diffusion coefficient 
might have lead to (V). Generally, it would be possible to find a suitable combina- 
tion of these parameters, which would lead to a better match of the forecast with 
the observations, however, this would require a large number of additional model 
runs. It should also be mentioned that some of the misfits between forecast and 
validation are certainly caused by lack of observational data for model initialization. 
More data in the south and west would have yielded a dynamicaily more correct 
representation of the Asia Minor Current front and the Anaximander Anticyclone 
in the model, and in consequence of that more realistic model dynamics. 

Three different sets of sound velocity profiles are displayd in Figure 19. The red 
profiles are the validation profiles from data subset B, and the green ones are the 
forecasted profiles at the respective position. As the model produces an output 
only every 6 hours, the forecasted profiles are interpolated in time to  the instant 
t = t2 when the validation casts were taken. Finally, the blue profiles are those 
from data subset A, which have been assimilated into the model solution during the 
startup phase at  t = t l .  They are identical with the green ones in Figure 17. A first 
test for assessment of the quality of the forecast is to check whether the forecasted 
profiles are closer to  the validation profiles than the assimilated ones. Therefore, 
the mean differences = IVA(z) - VE(z)l between the blue and the red and 
02.B = (Vt9(z) - VB(z)J between the green and the red were evaluated and yeilow 
axes back b&tels indicate those subplots where 02.B < OASB. This condition is 
satisfied in 18 out of 34 subplots, hence the model piediction is slightly better than 
making the assumption that no change occurred during the forecast period. This 
is also-confirmed by taking the mean-of OAYB and O2,B over all subplots yielding 
OA,B = 0.46 m s-l and 02,8 = 0.44 m s-l. 

An additional quaiity test is to  check whether the model predicts correctly the 
tendency of temporal sound velocity changes. Accordingly, Figure 20 compares 
Oz,A(z) = K2(z)  - VA(z), which is the difference curve between the forecasted 
profiles a t  t  = t2  and those assimilated from data subset A at t = t l ,  and the 
difference profile O E , ~ ( Z )  = VB(z) - VA(z), which is the corresponding validation 
quantity between the casts of data subsets B and A. The correlation coefficient 

Report no. changed (Mar 2006): SR-292-UU



Figure 10 Sound velocity profiles at positions of subset B casts. Red: validation 
projles of subset B. Blue: initial profiles of subset A. Green: forecasted profiles at 
t = t z  when the validation casts were taken. The centre position of each subplot 
corresponds to the positions of the projiles, numbers in the lower right comer of the 
subplots sewe for identification. Yellow axes back panels indicate that the forecasted 
profiles are closer to the validation profiles than the initial ones. 
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Figure 20 Temporal changes of sound velocity. Red: diflerence 6etween profiles 
of data subsets B and A. Green: diflerence 6etween corresponding model profiles. 
The centre of each subplot corre.sponds to the position of profiles, numbers in the 
lower right serve for identification. The number in the lower left is the correlation 
coeficient between the di fference profiles. Yellow axes back panels indicate positiue 
correlation. 
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Figure 21 Vertical gradient of sound velocity from forecasted (green) and validation 
profiles (red) of data subset B. The centre of each subplot corresponds to the position 
of profiles, numbers in the lower right serve for identification. The number in the 
lower left is the correlation coeficient between the green and red profiles. 
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Figure 22 Depth of sound velocity minimum. Red: validation depth from data 
subset B. Blue: initial depth from data subset A. Green: forecasted depth at t = t z  
when the validation casts were taken. The centre position of each subplot corresponds 
to the po.sition.s of the profiles, numbers in the lower right corner of the subp1ots serve 
for identification. Yellow azes back panels indicate that the forecasted depth is closer 
to the validation depth than the depth from the initical profgles. 
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between both curves is written in the lower left corner of each subplot, and yeiiow 
axes back panels indicate subplots where the  correlation is positive. Hence, in 28 out 
of 34 locations the positive correlation indicates that  the tendency of the predicted 
sound velocity change is similar to  that  occurring in nature. This is also expressed 
by the mean correlation taken over aii 34 subplots being 0.53. 

The propagation of sound is strongly controiled by refraction, which depends solely 
on the sound velocity gradient. As the vertical gradients are several orders of mag- 
nitude larger than the horizontal, it is essential for a good forecast to  predict them 
correctlj-. The forecasted vertical gradients al/'t,/Bz and those from the validation 
profiles 81iB/Bz are compared in Figure 21. To make both quantities comparable, 
the gradients from the original casts were filtered by applying a 25-point moving av- 
erage four times in order t o  remove high-wavenumber fluctuations due to the higher 
vertical resolution (1 m). Figure 21 shows that  the forecasted and the filtered mea- 
sured gradients are of the same order of magnitude and weil correlated. At 26 out of 
34 locations the  correlation is higher than 0.8, and the mean over ail subplots is 0.83. 
This means that  a t  least a t  low frequencies, where the wavelength of sound waves 
is of the same order as the model vertical resolution, the sound rays would foiiow 
similar paths in the forecasted and the measured environment. For comparison, the 
correlation between the gradient profiles from data subsets A and B is 0.81. Thus, 
the forecast product is again better than the no-change assumption. 

A relevant parameter for sound propagation is the depth of the sound velocity 
rninimum, which is the depth of the axis of the main sound channel. A 
comparison of zc in ,  z~~~ and :gin, i. e. the minimum depths from the model 
forecast, the initial data subset A, and the validation data  subset B, is displayed 
in Figure 22 by coloured bars. Yellow axes back panels indicate subplots where 

min - .min O2,B = lzgin - zginl < O A , ~  = IzA ,B 1, which is true in 17 out of 34 cases. 
However, it should be noted that  in most situations where this condition is not 
satisfied, t he difference between t he forecasted minimum depth and the validation - 
depth is rather smaii. Averaged over aii 34 subplots, OAVB=35.4 and 0 2 , ~ = 3 2 . 2 ,  
thus in the mean, the predicted depth is better than the depth from the no-change 
assumption. 
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Conclusions 

In the present study it has been shown that ocean modeling is a valuable tool for the 
assessment and prediction of sound velocity structure in the ocean. The Harvard 
Ocean Prediction System (HOPS) was applied to a unique data set enabling the 
validation of model nowcasts and forecasts. 

The nowcast experiment has shown that horizontal interpolation of sound velocity by 
objective analysis is superior to a method that takes account only of the neighboured 
sound velocity profiles by means of inverse distance weighting. The superiority of 
objective analysis is due to  the fact that the distance of contributing profiles is 
weighted by a correlation function, the structure of which is determined by the 
Rossby radius as a natural e-foding scale for dynamical processes in the ocean. For 
future sea trials it is therefore recommended to  determine the Rossby radius for the 
geographical area first, and then to adjust the survey pattern in a way that  the 
horizontal resolution is close to the Rossby radius. This prohibits undersampiing 
and oversampling as well. 

The forecast experiment has demonstrated the capability of HOPS to  achieve a 
meaningful prediction of sound velocity structure. For a forecast period of a few 
days, it has been verified that the predicted evolution of sound velocity profiles 
is highly correlated with the measured evolution from the vaiidation data. It has 
further been shown that  the predicted profiles, their vertical gradients, and the 
depth of the main sound channel axis provide a better match with the validation 
data than making the assumption that  no change has occurred during the forecast 
period. However, for a successful prediction it is necessary to  run the model with 
h g h  vertical resolution in order to resolve minima and maxima of sound velocity 
adequately. Special care has to  be taken during the startup phase of the model; the 
temperature and saiinity profiles utiiized for model initialization should reflect the 
real sound velocity profiles as close as possible and smoothing must be minimized. 

For the model experiments, HOPS was applied to  a data set of an oceanic region 
exhibiting high spatial and temporal variability due to mesoscale eddies and rapidly 
propagating frontal meanders. Although the resolution of the observational data 
was sufficient in space and time, the HOPS nowcasts and forecasts certainly would 
have been improved if the survey area would have been extended to  the south and 
west. This would have enabled a better sampling of the Asia Minor Current front 
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and the Anaximander Anticyclone and consequently a dynamicaiiy more correct 
model initialization. Therefore, it is recommended for future experiments that  the  
observational da ta  serving as input for nowcasts and model initialization should 
cover a horizontal area which is a t  least a few Rossby radii wider than the area for 
which nowcasts and forecasts are requested. 
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a 
BNDO 

Glossary 

c 
CTD 
Ds 
DT 
d 
div 
E 
F 
F 
Fc 
F f 
F, 
FP 
Ft 
f 
GDEM 
9 
H 
HOPS 
I 
i 
J 
3 
Ii 
k 
I 
M 
MODB 
MOODS 
m - - 
NAVOCEANO = 

weighting coefficient 
Bureau National des donnees oceanographiques, 
Brest, France 
correlation function 
Conductivity-Temperature-Depth probe 
diffusion of salinity 
diffusion of heat 
distance 
divergence 
error variance 
arbitrary function 
force 
Corioiis force 
friction force 
gravitational force 
pressure gradient force 
tidal force 
Coriolis parameter 
General Digital Environmental Model 
gravitational acceleration 
layer thickness 
Harvard Ocean Prediction System 
number of grid ceils in x-direction 
index 
number of grid ceils in y-direction 
index 
number of grid celis (layers) in z-direction 
index 
index 
mass 
Mediterranean Ocean Data Base 
Master Oceanographic Data Set 
index 
Naval Oceanographic Office, 
Stennis Space Center, Mississippi, USA 

Report no. changed (Mar 2006): SR-292-UU



NODC = 

s - - 
T - - 
u - - 
UTC = 
t - - 

5 - - 
X - - 
XBT = 
XCTD = 
xsv = 

National Oceanographic Data Center. 
Washington D. C., USA 
time level 
pressure 
pressure work 
remainder of Taylor series 
Rossby radius 
absorption of solar radiation 
index 
salinity 
index 
temperat ure 
velocity vector 
Coordinated Universal Time 
time 
eastward velocity component 
sound velocity 
northward velocity component 
vertical velocity component 
eastward coordinate 
arbitrary physical property 
Expendable Bathythermograph 
Expendable Conductivity-Temperature-Depth probe 
Expendable Sound Velocity probe 
northward coordinate 
vertical coordinate 
error variance correlation matrix 
correlation matrix 
e-folding scale of correlation function 
finite interval 
identity matrix 
mean difference 
difference 
zero-crossing scale of correlation function 
geographical longitude 
arbitrary independent variable 
density 
temporal correlation scale 
geographical latit ude 
angular velocity of the earth 
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