Date: 28/07/2006
To: "Emanuele Di Lorenzo" edl@gatech.edu
From: "Ocean Modelling" omod@noc.soton.ac.uk
Subject: Your Submission to Ocean Modelling

Ref.:  Ms. No. OCEMOD-D-06-00036
Weak and Strong Constraint Data Assimilation in the inverse Regional Ocean Modeling System (ROMS): development and application for a baroclinic coastal upwelling system.
Ocean Modelling 

Dear Dr. Di Lorenzo,

Two reviews back and pretty favourable! Ref. 1, however, does argue that the early sections contain more material than perhaps this paper needs. Heshe goes so far as to recommend a split into two papers, but my reading wouldn't go that far - but some truncation might be useful. Whatever, this is clearly publishable, but tweaking will improve it. Back to you! I'll decide on how much (if any) reviewing it gets when it returns.
Dear Prof. Killworth

Thank you very much for the prompt return of the reviews! Attached is our revision. There is just one personal comment we would like to make.
We feel that splitting the manuscript and excluding section 3-4 (theory), as suggested by reviewer #1, would greatly diminish the scientific contribution, the quality and the audience of this paper. In a sense reviewer #1 is asking to put emphasis only on the application example; however this paper presents for the first time a weak-constraint representer-based assimilation platform in a primitive equation ocean model. In this context the theoretical aspects are critical and an integral part of the development. The mathematical treatment in matrix notation is novel and was adopted to (A) allow a close correspondence between theory and the algorithm developments and (B) to enable a straight comparison with 4DVAR strong constraint “state-space” assimilation platforms. 
Suggested possible changes: Section 3 is tightly integrated with the text of other sections and is already extremely condensed, so that any additional cuts would void its purpose. On the other hand section 4 is stand alone and could be made into an appendix upon your request.
Thank you very much. I look forward to hearing from you.
Warmest Regards,


Manu
Reviewer #1: 
- sections 3 and 4 essentially provide a revisited presentation of the mathematical framework of the strong and weak constraint data assimilation; sections 3.3 and 4 show how the ROMS tangent linear and adjoint model tools are adapted to resolve the inverse problem, but the key point of this algorithmic demonstration (i.e., the integral equation 3.33) is not required to understand the applications (section 5);

In fact, these two parts can be viewed as two separate papers and I therefore recommend to withdraw (or at least drastically condense) sections 2 to 4, while keeping only the essential elements needed to support the key points of section 5. This first part is indeed purely algorithmic, the formalism is complex (59 equations!), and there are very few aspects specifically related to the ROMS code or to the physics simulated by the model. I can easily admit that a detailed presentation of this material has to be provided somewhere for the users and for the developers of the ROMS code, but I don't believe that Ocean Dynamics is the appropriate journal to do this. By contrast, section 5 addresses a number of interesting scientific questions, and the results of the assimilation studies are worth being published in Ocean Modelling.  
As a conclusion, I recommend to only publish (after some revision) the second part of the manuscript dedicated to the assimilation experiments and to the physical discussion of the results. The comments listed below should be taken into account during the revision of the paper.

We would like to address the general comment raised by reviewer #1 concerning the inclusion of the mathematical treatment and theory behind the assimilation system (sections 3-4).

The reviewer suggests that the paper should be split and sections 3-4 on the theory should be left out. However she/he does admit that a detailed presentation of this material has to be provided somewhere for the users and for the developers of the ROMS code. We feel that “ocean modeling” is the appropriate journal, and that a self-contained discussion of the theory must be included in the current manuscript. ROMS is a model used for research purposes, not an operational system, and the “users” are scientists who must understand in depth these modeling frameworks. We feel that splitting the manuscript and excluding section 3-4,  would greatly diminish the scientific contribution, the quality and the audience of this paper, for the following reasons.

1) This is the first time that the representer based weak constraint assimilation platform has been implemented in a regional primitive equation ocean model. Therefore the primary goal of this paper is to introduce the development and the theory behind this new assimilation platform for ROMS to the ocean modeling community. Instrumental to this goal, we provide an example of applying this platform to a more realistic ocean model configuration for a coastal baroclinic upwelling system. However this paper is not meant to focus only on the discussion of the assimilation experiment, as the reviewer proposes. The discussion of the example is instructive but does not stand alone without the theoretical discussions. Indeed more in-depth studies of applications using real observations should be discussed, if this were to be an application-only paper. Given the novelty of this assimilation platform for the ocean modeling community, we feel that this paper must provide the readers with a self-contained description of the theory and applications of the representer-based 4DVAR framework.

2) The presentation of the theory underlying the representer-based 4DVAR, section 3, is formulated in matrix notation. This is a novel treatment that has not been used in previous literature on the representer method, which deals with the continuous form of Euler-Lagrange Equations. This matrix treatment is not distinct from the algorithm development and is necessary to ensure a close correspondence between the theory and the ROMS implementation, which follows the mathematical layout of the paper. The various matrix operators introduced in the theory are the actual ROMS models (TL, AD, NL, RP), as stated in section 2. This matrix notation also allows a discussion of the analogy with the strong constraint “state-space” 4DVAR (see paragraph below), an analogy that remains obscure in the current literature.

2) Section 3 not only presents the theory behind the representer based inverse system of ROMS, but it also provides a parallel treatment and discussion of  (A) the “observation-space” weak-constraint 4DVAR (the representer method) and (B) the better known “state-space” 4DVAR.  This allows the reader to understand the similarities and differences between these two approaches. The reason for emphasizing this parallelism is that the strong constraint “state-space” 4DVAR has been the default choice in variational assimilation in ocean modeling and is better understood in the modeling community. Therefore we think it is crucial to provide the reader with a self-contained description of the theory to allow transition towards new, experimental, assimilation platforms.  

Possible changes to accommodate Reviewer #1: 
Section 3 is tightly integrated with the text of other sections and is already extremely condensed, so that any additional cuts would void its purpose. On the other hand section 4 is stand alone and could be made into an appendix if requested.
-  in the section 5, the application of these tools to the coastal configuration is discussed and the results are interpreted in relation to the physics of the ocean; there is no test shown about the algorithmic issues discussed in the previous sections, such as the symmetry of the representer matrix. 

The algorithm tests were performed in several configuration including the 3D double gyre, coastal upwelling and other. Tests included symmetry checks, chi-square testing, etc. These tests are mentioned at the beginning of section 5 in the first paragraph. We added an additional line stating that the symmetry of the representer matrix is precision “1.0e-11” .


Major comments
1) The introduction of the paper should be revised according to the new content of the paper, indicating clearly the objectives of the paper and focusing on the key problems which are addressed by the assimilation experiments. As it stands now, the introduction is just a short review of assimilation approaches and applications to ocean models.
As stated above, the primary goal of this manuscript is to present the first representer-based weak-constraint assimilation platform for a primitive equation ocean model. Therefore we feel that it is appropriate in the introduction to review, and emphasize, previous assimilation approaches and applications to ocean models.

2) In the weak constraint assimilation experiments, the error assumed on the model dynamics should be discussed and interpreted in more details. Does it affect the primitive-equations ? the surface or lateral boundary conditions ? the model parameters ? For instance, is there an error assumed on the surface heat fluxes (which are set to zero in the model simulations) ? How sensitive is the assimilation system to C(t',t'') which, in the present case, has been prescribed without cross terms between different state variables ? 
We modified and expanded the following sentence in the discussion of the error covariances section 5.4:
“For 
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 we assume a Gaussian covariance in space and white in time. The decorrelation length scales are 30 km in the horizontal and 50 m in the vertical. The temporal decorrelation was set to 5 days, which is the typical persistence timescale estimated for the system. For the diagonal elements of 
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 we assume that the corresponding error in the state variable has variance equal to the one computed from the statistics of the nonlinear integration. With this assumption we implicitly assume that the model error and initial condition errors 
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 have the same statistics. This assumption is discussed further in section 5.5, together with the an explanation of the sources errors.   Boundary conditions are prescribed to be the same in all the experiments and therefore assumed to be perfect. “

The discussion of different shapes or functional forms of the model error covariance C(t’,t’’) is beyond the scope of this paper, as stated in section 5.4. Exploring the sensitivity to C(t’,t’’) is a vast research topic by itself and cannot be properly addressed in this context, where we illustrate the basic functionality of the newly developed weak constraint 4DVAR assimilation platform. However we did provide (section 5.3) a discussion and illustration of how the representer functions build cross-term covariances and dynamical constrained (not contained in C(t’,t’’))  in the representer matrix. We are currently implementing different specifications of C(t’,t’’) that include cross-terms and dynamical balance, however this aspect of the work should be presented elsewhere. 

 
3) In the description of the experimental prototcol of the twin experiments (page 27, top), it is mentioned that the initial background state is obtained by integrating the non-linear model initialized with the climatological conditions for January. Does it mean that the error in the "false" ocean comes only from an erroneous initial condition ? Is it consistent with the assumptions made about the model error that is prescribed for determining the weak constraint solution?
In the representer method, all the dynamics are linearized and the full state tangent model RP-ROMS is used in the outer loop. The synthetic observations are generated by the nonlinear model and therefore contain dynamical information that cannot be resolved by RP-ROMS. This leads to a dynamical model error in RP-ROMS. To clarify this point we added text in the description of the assimilation results (section 5.5) as follows: 
“This basic trajectory is then used to produce the “first guess” 
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 using the linearized model RP-ROMS. This first guess has errors in the initial condition, which are specified from climatology, and errors in the model dynamics, which arise from the linearization used in the full state tangent linear model RP-ROMS. This error exist because the synthetic observations are generated using NL-ROMS and therefore contain dynamics that are not explicitly resolved in RP-ROMS. As discussed in the previous section, we assume that the model error terms in the state vector have similar statistics as the errors in the initial condition. An a posteriori check of the inverse solution will show that such an assumption is acceptable for the experiments presented here; however assumptions on model errors in real applications are difficult and must be carefully considered depending on the type of application.” 

Further down in the section, we also added a sentence to point out that the strong constraint solution performs worse that the weak constrain because it cannot explicitly account for these errors:
“These hot spots (referred to the strong constraint initial condition reconstruction) result from aliasing the model errors into corrections to the initial condition. In the weak constraint, where these errors are explicitly accounted for, the fields remain smoother throughout the assimilation window.”
Minor comments  
4) Abstract, 3rd line: "... assimilation for high-resolution basin-wide and coastal oceanic flows.": there is no "basin-wide" application described in this paper.
It is true that there is no basin-wide application presented in this paper. However the goal of this paper is to introduce the development and preliminary application of a representer-based 4DVAR for ROMS, a regional ocean model widely used in both coastal and basin wide applications. As such this inverse modeling framework is now available to all applications of ROMS, coastal and basin-wide.

5) Abstract, p 4: in the list of operational systems, a reference to the TOPAZ system implemented at NERSC and based on the EnKF should be added.
A reference “in press” has been added. Thanks for pointing this out. We could not find any published work. 
Bertino, L. and K. A. Lisæter, 2006: The TOPAZ monitoring and prediction system for the Atlantic and Arctic Oceans. European Operational Oceanography: Present and Future, EuroGOOS Conf. Proc. in press.

6) Equation (2.3): a justification should be given to explain the small perturbation focing f(t) term in the r.h.s.
We have removed f(t) in eq. 2.3. This term was meant to be eliminated in the original version as it is addressed later when we introduce the term e(t). 

7) Section 3, p 9: " ... the number of iterations required depends on the degree of nonlinearity ...": is it really so simple?  If there are multiple minima in the cost function, a convergence to a local (non-optimal) solution may be reached after a small number of iterations. This point might be considered  to analyse the causes of the lack of convergence discussed in section 5.7.
We decided to remove the statement about the number of iteration, as we did not fully explore the dependency of iterations on the type of problem that one is solving. 
In section 5.7, the convergence issue associated with the full state tangent model is a different matter. The discussion is focused on how iterating on the full state tangent model does not recover the nonlinear trajectory because of linear instabilities that arise when the dynamics are strongly nonlinear. It is not related to multiple minima in the cost function because the convergence test does not involve any assimilation or cost functional.

8) Section 5, title (and in the text): the authors consider that their topography is "complex". Figure 1 rather shows an "idealized" topography. 
We use the term complex in reference of the fact that topography is variable in both the zonal and meridional direction with the presence of canyons and seamounts. For this reason we would be inclined to retain the phrase “complex” instead of “idealized”, since “idealized” may lead the reader to think of the simple textbook example of a sloping bottom upwelling case, which is not the case.

9) Section 5, introduction: the actual motivation to use a coastal upwelling baroclinic system rather than the double gyre case isn't clearly explained. 
We added a sentence, in section 5, to further clarify why we decided to present the baroclinic jet as an example rather than the double gyre:
“This configuration (the baroclinic jet) allows assessing the performance of the assimilation system using the most common model configuration options that are enabled in coastal applications or ROMS.”

10) Section 5, p25, last sentence: it is stated that "The convolution in the inner loop is obtained using the diffusion operator ...": please provide some more explicit details.
We added a sentence that provides additional  description of the method and more references: 

“The convolution of 
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 with the adjoint state variables in the inner loop computed using the diffusion operator approach described in Weaver and Courtier (2001). This approach essentially solves the diffusion equation as a way to impose the Gaussian shape of the covariance by spreading in space the information of the model grid points over the desired length scale. The decorrelation length scale is controlled by varying the number of time steps. The use of this approach in the representer based inversion is further illustrated in Chua and Bennett (2001) and Muccino et al. (2006). “
Also please note that in the same sentence, there is a reference to Weaver and Courtier (2001), who describe in great depth how a diffusion operator can be used to implement a Gaussian covariance function. The details of the ROMS implementation follow these descriptions exactly.. 


11) Section 6, line 4: reference to Moore (2004) instead of (2001) ?
Sorry for that, we have corrected to Moore et al. 2004. 
  
While we disagree with splitting the ms., we would like to thank you Reviewer #1 for taking the time to review the manuscript, for providing constructive comments, and for returning the reviews so promptly. 
Thank you.

Best Regards, E. DI LORENZO 







Reviewer #2: 
Page 3
In the introduction, I suggest the authors say that the adjoint method has been used in oceanography and meteorology, since some of the references they quote are from meteorology.
Done.

Page 4
4DVAR-based schemes are used in the global operational NWP systems of ECMWF, France, UK, Canada and Japan.  NCEP have not developed a scheme - the reference quoted described university work using the NCEP model that was not transferred back to NCEP.
We have corrected and pointed out that the development is done for the NCEP model and not for their prediction system.

Page 4
Perhaps the work of Rosmond and Xu deserves a more prominent mention since it uses representer methods as does this paper.
Yes, absolutely, nice work. We now cite Rosmond and Xu twice. The second citation is added in the section where we talk about previous work using the representer method. The sentence reads: “Rosmond and Xu (2006) have used the representer based inversion to add 4DVAR capabilities to the US Navy's operational 3DVAR data assimilation system.”  

Page 8
Delete "as" in  "refer to as IRM as the" 
Done.

Page 9 **
Using the commonly followed terminology of Ide et al. (1997) the authors seem to be confusing the guess and the background.  The background is the prior information (needed for the Bayesian interpretation used on page 10).  It does not change through the outer-loop.  There should be a term explicitly penalising differences from the background in the penalty function. 
The guess changes each outer-loop and provides the linearization state, and starting point of the minimisation.  But it should not be explicitly weighted.
The second term in penalty function (3.6) penalises differences perturbations from the guess, rather than the background.  It is therefore incorrect after the first pass of the outer-loop.  
Because of this error, I do not think the results in 5.7 are valid.
Yes, there was a terminology confusion/problem. What the reviewer says is correct and is exactly what is used in the representer method solution discussed in this paper.  The terminology problem arises because we used the term “background” to refer to the state used for linearization, which is not the way it is referred to in meteorology.  We have avoided this confusion by introducing the phrase “basic state for linearization” instead of “background”.  This change of terminology has been applied throughout the paper to ensure a consistency of the treatment.  

Page 20 *
C in (3.35) is as large as H^ in (3.20), which is said to be prohibitively expensive.  The authors should explain why (3.35) can be afforded, while (3.20) cannot.
We have added a paragraph below eq. (3.35) to explain why the convolution is affordable for given functional choices of the covariance. 
Sentence: “Note that the dimension of 
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 are extremely large and a direct computation of the convolution in (3.35) is prohibitive. However, as will be described in section 5.4, for particular functional choices of 
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 (e.g. Gaussian shape) this calculation is affordable, although still expensive.”
In section 5.4 we explain how we evaluate the convolution of (3.35).

We also relaxed the statement relative to eq. (3.20) by stating that solving (3.20) “may be” prohibitively expensive for most typical realistic applications of ocean models. 

Page 25
However in this paper, we only use 
Corrected, thank you! Obviously I am not an English native (

Page 25 *
The authors need to explain how they treat the time-correlations in C(t',t''). 
We had forgotten to mention this.  We added the following:
C(t',t'') ….  “ is white in time”

Page 26 *
In model-space 4DVAR, it is usual to precondition by an explicit change of control variables using the square-root of the background error covariance.   As a result of this, the transformed H^ in (3.10) is better conditioned: its ratio of largest over smallest eigenvalue is reduced.  I do not understand how C(t',t'') is being used to precondition in the method described here.    C(t',t'') largely determines the condition number, but it is not being used to precondition.
We deleted the phrase preconditioning because we really meant to say “conditioned”. We have no form of preconditioning in the observation-space 4DVAR at this time, we only have it in the model-space 4DVAR, which we have not presented here. We have modified the paragraph and stated that at this time there is no preconditioning done. However the inversion of the representer matrix is conditioned by the covariance C(t’,t’’). We are currently exploring “preconditioning” options for the observation-space 4DVAR by pre-computing a subset of the representer functions. However previous experience by some of the authors suggests that the computational expense of pre-computing the representer functions voids the benefits of having a better preconditioned representer matrix. Therefore we have not included preconditioning in the experiments presented in the paper.  

Page 26
It is not the Gaussian formulation of C(t',t'') that does not allow dynamical balances, it is the block-diagonal formulation of C(t',t'').
Yes, we added the term “block-diagonal” in the sentence referenced by the reviewer to avoid confusion. 
We would like to thank this reviewer for taking the time to go over the manuscript, for providing these good comments and for returning the reviews so promptly. Thank you.

Best Regards, E. DI LORENZO 
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