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Abstract

The vertical coordinate adjustment algorithm and vertical mixing algorithms embedded in the HYbrid Coordinate Ocean Model (HYCOM) are described and evaluated in low-resolution climatological simulations of the Atlantic Ocean. The hybrid vertical coordinates are isopycnic in the deep ocean interior, but smoothly transition to level coordinates near the ocean surface, to sigma coordinates in shallow water regions, and back again to level coordinates in very shallow water. The goal is to preserve isopycnic coordinates throughout as much of the deep ocean volume as possible while employing other types of coordinates where isopycnic coordinates are sub-optimum. The model can also be run with isopycnal vertical coordinates (MICOM mode). Vertical mixing schemes included in version 2.1 of the model are the nonlocal K-Profile Parameterization model (KPP), the Mellor-Yamada level 2.5 model (MY), the slab Price-Weller-Pinkel dynamical instability model (PWP), and two versions of the Kraus-Turner slab mixed layer model, a full version (KTA) and a simplified version (KTB). Two interior diapycnal mixing algorithms supplement the slab mixed layer models: implicit (KPP-like) and explicit (MICOM-like). If the model is run in MICOM mode, isopycnic versions of the Kraus-Turner mixed layer model (KTC) and the explicit diapycnal-mixing algorithm provide the vertical mixing. Climatological Atlantic simulations using 22 vertical layers demonstrate that very similar results are obtained using four of the mixing algorithms: KPP, MY, PWP, and KTA, the latter with penetrating shortwave radiation switched on. The penetrating radiation influences the density jump at the Kraus-Turner mixed layer base, and thus influences entrainment and detrainment in a manner that improves the performance of this model. Momentum mixing by the two non-slab mixing algorithms (KPP and MY) produces realistic Ekman spirals in the surface Ekman layer, validating their performance. Fields from simulations performed using KTA (without penetrating radiation) and KTB, and also from simulations performed in MICOM mode, display much larger differences among each other and from the other four mixing models than the differences that were observed among the other four mixing models. Fields simulated using hybrid vertical coordinates with the “best” vertical mixing schemes have modestly smaller rms differences with Levitus climatology than do fields simulated using MICOM mode. Simulations performed using 32 vertical layers indicate that sensitivity to vertical resolution is greater than sensitivity to vertical mixing, at least among the four “best” vertical mixing algorithms.

1. Introduction

The HYbrid Coordinate Ocean Model (HYCOM) is a primitive equation ocean general circulation model developed from the Miami Isopycnic-Coordinate Ocean Model (MICOM). MICOM has become one of the primary ocean models in use today, having been subjected to validation studies (e.g. Chassignet et al., 1996; Roberts et al., 1996; Marsh et al., 1996) and used in numerous ocean climate studies (e.g., New and Bleck, 1995; New et al., 1995; Hu, 1996, 1997; Halliwell, 1997, 1998; Bleck 1998 and references therein). HYCOM was developed to address known shortcomings of the MICOM vertical coordinate scheme. MICOM vertical coordinates are isopycnic, except for model layer 1 which is a non-isopycnic slab mixed layer. The model was equipped with a Kraus-Turner type model (Turner and Kraus, 1967; Niiler and Kraus, 1977) that employed the modified TKE parameterization of Gaspar (1988). There are significant limitations to this vertical coordinate scheme. Isopycnic coordinates do not provide adequate vertical resolution in regions with weak stratification. This includes the surface mixed layer where MICOM model layers with reference isopycnic densities smaller than the mixed layer density exist as zero-thickness layers at the mixed layer base. Since these layers cannot provide vertical resolution in the surface mixed layer, it is necessary to use slab models to govern mixed layer entrainment and detrainment. Also, MICOM vertical coordinates are sub-optimum for use in the coastal ocean and shallow seas where topographic variability is very large. Collectively, these limitations prevent MICOM from becoming an “all-purpose” OGCM that can be used to model all possible ocean environments. Other commonly used OGCMs have similar limitations because they also rely on a single vertical coordinate system.

Another major limitation of all OGCMs is the parameterization of vertical mixing. Model simulations are typically conducted using one set of parameterizations to govern vertical mixing, including the strong mixing in the nearsurface mixed layer, the relatively weak mixing in the ocean interior, and in some cases the enhanced mixing in the bottom boundary layer. Model studies are generally conducted without documenting the sensitivity of scientific results to the vertical mixing parameterizations that were used. For example, all MICOM studies have been conducted using the Kraus-Turner mixed layer model plus the McDougall and Dewar interior diapycnal-mixing model. Important properties of the ocean, such as the baroclinic structure of ocean gyres, the formation of mode waters and deep waters, plus regional and global thermohaline overturning cells are strongly influenced by vertical mixing. The accuracy with which ocean models reproduce these and other important phenomena will depend in part on the vertical mixing parameterizations that are employed. Although the mixing parameterizations are far from perfect, results of model simulations are usually reported without attempting to understand how the parameterizations may be influencing the results. One example of the importance of understanding errors and biases caused by vertical mixing is when an ocean model is used as part of a coupled climate model. Accurate simulation of long-term climate change resulting from increased greenhouse gases will depend in part on getting vertical mixing correct in the ocean model. 

Since there is no perfect set of vertical mixing algorithms currently available for ocean models, it is important to consider the next best strategy, namely to alter vertical mixing parameterizations and document the sensitivity of scientific results to these changes. This argues for the creation of an OGCM where the user has a choice of multiple state-of-the-art vertical mixing algorithms. A choice of mixing models is also desirable to let the analyst choose the best one for the particular ocean environment that is being modeled. For example, the best models to use for long-term, low-resolution climate simulations may not be the best for regional simulations of synoptic ocean variability, for simulations of the ocean response to strong storms and hurricanes, or for other scenarios. A model with multiple embedded mixing schemes can also be used as a test bed to compare the performance of state-of-the-art mixing models and identify those that are most realistic.

HYCOM was developed from MICOM with both goals in mind: (1) to create a model with a flexible vertical coordinate system that is quasi-optimal in all oceanic regimes, and (2) to create a model containing a suite of state-of-the-art vertical mixing algorithms. The HYCOM vertical coordinate scheme was developed to preserve the advantages of isopycnic vertical coordinates (e.g. the absence of spurious numerically induced diapycnal mixing) to the greatest extent possible in the open ocean. HYCOM vertical coordinates thus remain isopycnic in the open, stratified ocean. However, they smoothly transition 
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 coordinates in weakly-stratified regions such as the upper-ocean mixed layer, to terrain-following sigma coordinate in shallow water regions, then back to level coordinates in very shallow water to prevent layers from becoming too thin. The zero-thickness MICOM layers at the mixed layer base are available in HYCOM to provide vertical resolution within the surface mixed layer and enable the use of non-slab turbulence closure schemes. HYCOM contains two mixing algorithms that provide mixing from surface to bottom, three models that provide mixing only in the surface mixed layer, and two interior diapycnal mixing algorithms to be used in conjunction with the latter three mixed layer models. It is also possible to specify that isopycnic coordinates be used instead of hybrid vertical coordinates. In this configuration, which is referred to as MICOM mode, vertical mixing is provided by the same isopycnic Kraus-Turner mixed layer model and interior diapycnal mixing model that were embedded in MICOM version 2.8.

Initial HYCOM development efforts focused on the hybrid vertical coordinate adjustment algorithm for the open ocean, specifically the transition between the isopycnic coordinate interior and the 
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 coordinates domain near the ocean surface. Bleck (2002) describes the initial development and validation of the hybrid coordinate algorithm in a low-resolution global simulation using a highly simplified Kraus-Turner mixed layer model.

The present study has two goals: The first is to document the substantial model algorithm development that has occurred since the initial study of Bleck (2002), in particular the addition of sigma coordinates to the vertical coordinate algorithm and the inclusion of several new vertical mixing algorithms. The present version of HYCOM (2.1) is the first released version that contains the complete suite of algorithms that were available in MICOM, such as the full suite of boundary conditions and the capability to run the model on a fully global grid. The second goal of this study is to document model sensitivities to changes in the vertical coordinate representation (hybrid versus isopycnic) and to changes in the vertical mixing parameterizations that are used. Low-resolution simulations of the Atlantic Ocean are performed to address this goal. By comparing simulated fields to Levitus climatology (Levitus et al., 1994; Levitus and Boyer, 1994), a modest improvement is documented when hybrid vertical coordinates with the “best” mixing schemes are used instead of MICOM mode. However, errors due to other factors such as low model resolution, the use of monthly forcing fields, biases in the forcing fields, and other errors and biases in the model result in relatively large differences between simulated fields and Levitus climatology. As a result, it was not possible to select the best vertical mixing algorithm since changing the algorithm produced comparatively small differences in simulated fields.

Since low-resolution simulations are analyzed, only the open-ocean transition between 
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 and isopycnic coordinates is studied in detail. Analysis of sigma coordinate performance and validation of other new and improved capabilities included in HYCOM 2.1, such as boundary conditions and the nested domain capability, will be addressed in future studies.

2. Model Algorithms

2.1. Overview

Most model development that has occurred since the analysis of Bleck (2002) involves the inclusion of new vertical mixing schemes.  Substantial changes have also been made to the hybrid vertical adjustment algorithm. The new and modified algorithms are summarized in the following sections while technical details are presented in the Appendices. These algorithms are all present in the latest release of HYYCOM (version 2.1). Other changes and additions related to the vertical mixing algorithms, including new air-sea flux parameterizations, penetrating shortwave radiation and the implicit solution method for the vertical diffusion equation, are also described. Many additions and improvements have been included in HYCOM version 2.1 that are not related to the vertical mixing and hybrid coordinate algorithms, such as advanced nesting capabilities. Detailed description of these other algorithms will be presented in future studies.

The vertical mixing options present in HYCOM version 2.1 are summarized in Table 1. There are six primary vertical mixing algorithms, of which four are slab models and two are non-slab models. The two non-slab models govern vertical mixing throughout the water column. Since the slab models do not provide mixing throughout the water column, a choice of interior diapycnal mixing algorithms are available for use with the slab models.

The two non-slab mixing models are the nonlocal K-Profile Parameterization model of Large et al., (1994) (KPP), and the level 2.5 turbulence closure algorithm of Mellor and Yamada (1982) (MY). The slab models include the dynamical instability model of Price et al. (1986) (PWP) and three versions of the Kraus-Turner model. There are two hybrid versions: an accurate (but relatively inefficient) version (KTA) along with a simplified (less accurate but more efficient) version (KTB), with the latter version used in the global simulation of Bleck (2002). An isopycnic version of the Kraus-Turner model (from MICOM 2.8) is used when the model is run with isopycnic vertical coordinates (MICOM mode). HYCOM is also equipped with two hybrid interior diapycnal mixing algorithms, explicit (MICOM-like) and implicit (KPP-like), for use with the hybrid slab mixed layer models. An explicit interior diapycnal-mixing algorithm extracted from MICOM 2.8 McDougall and Dewar (19XX)  is provided for use when the model is run in MICOM mode.

2.2. Hybrid Vertical Coordinate Adjustment Algorithm

Bleck (2002) provides a thorough discussion of historical, philosophical and physical underpinnings of hybrid coordinate modeling. Additional information concerning historical hybrid coordinate development is found in Bleck and Boudra (1981) and Bleck and Benjamin (1993). The description in the present paper outlines how the algorithm is implemented in HYCOM version 2.1, emphasizing changes and additions made to the algorithm used by Bleck (2002). Technical details of the full HYCOM 2.1 algorithm are presented in Appendix A.  This includes the transitions between isopycnic and 
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 coordinates in the open ocean, between open ocean coordinates and sigma coordinates in shallow water, and between sigma coordinates and 
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 coordinates in very shallow water. Since the present analysis describes low-resolution, open-ocean simulations, the focus is on the 
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-isopycnic coordinate transition. The performance of HYCOM 2.1 in sigma-coordinate domains will be addressed in subsequent studies.

In HYCOM 2.1, a constant minimum thickness 
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 is specified separately for each model layer 
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. The MICOM layers that exist as zero thickness layers at the mixed layer base must maintain at least the specified minimum thickness in HYCOM. As a result, layers that remain substantially less dense than the mixed layer throughout the year remain fixed and level near the ocean surface, producing a permanent 
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 coordinate domain. Vertical coordinates are always non-isopycnic from the surface down through at least the first model layer that has an isopycnic reference density exceeding the density of the mixed layer. The transition between isopycnic and 
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 cross-sections during summer and winter is illustrated from the low-resolution climatological Atlantic simulations (Fig. 1). 

A major challenge to an ocean hybrid coordinate scheme is to properly reproduce the buildup and erosion of the seasonal thermocline, particularly at high latitudes where the seasonal cycle of mixed layer thickness is very large. Considerable freedom exists in placing model coordinates in the water column. If small values of 
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 are specified, then a high-resolution 
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 coordinate domain will be concentrated near the surface. This provides high resolution near the surface where mixing is very important, but will allow a domain to develop where layers alternate between isopycnic in summer and non-isopycnic in winter when the mixed layer base deepens far beneath the 
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 domain. If large values of 
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 are specified, then the 
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 coordinate domain will be thick and have low vertical resolution. This provides relatively even resolution throughout the deep winter mixed layer as the mixed layer base remains above the bottom of the 
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 domain, which also prevents layers from seasonally transitioning between isopycnic and non-isopycnic. However, this choice reduces resolution near the surface and also reduces the thickness of the permanent interior isopycnic coordinate domain. This tradeoff can be reduced by specifying a 
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 coordinate domain with high resolution at the surface that decreases with depth (increasing 
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 with increasing depth). In the present analysis, we have adopted this strategy and have chosen intermediate values for 
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. It is only in the far North Atlantic and to a lesser extent in the subtropical mode water formation region where the mixed layer base penetrates beneath the 
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 domain.

The vertical coordinate adjustment algorithm is the final algorithm executed during each model time step. It first attempts to restore layer density to the isopycnic reference density wherever possible. If a layer is less dense that its isopycnic reference density, the model attempts to move the interface at the bottom of this layer downward so that the flux of denser water across this interface restores isopycnic density. For a layer that is too dense, the model attempts to move the upper interface upward. In general, cabbeling prevents the perfect restoration of isopycnic conditions when temperature and salinity are fluxed across the relocated interface. For this reason, HYCOM 2.1 gives the user the option to mix any two of the three thermodynamical variables temperature, salinity, and density, with the third being diagnosed by the equation of state. If temperature and density, or salinity and density, are selected as the two fluxed variables, then an accurate restoration of isopycnic conditions is possible. The tradeoff is that either temperature or salinity will no longer be perfectly conserved. An iterative algorithm has been added to the code to improve the restoration to isopycnic conditions when temperature and salinity are adjusted (Appendix A). Also presented in Appendix A is a description of the unmixing algorithm required for compatibility with the full hybrid KT mixed layer model.

2.3. Hybrid Coordinate Vertical Mixing Algorithms

2.3.1 Surface Fluxes

Since the analysis of Bleck (2002), the bulk parameterization algorithm of Kara et al. (2000) for evaporation and air-sea heat fluxes has been included in HYCOM. Surface radiative heat flux is separated into shortwave and longwave components so that penetrating shortwave radiation can be distributed over model layers. Surface buoyancy flux components (turbulent, longwave, and shortwave) are calculated as required when KPP mixing is used. Surface heat and mass fluxes are distributed over model layers within the individual vertical mixing algorithms. When the momentum equation is solved and before vertical mixing is performed, surface momentum flux is distributed entirely over the uppermost model layer. It is also possible to relax either or both surface 
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 and 
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 to climatology in addition to the changes forced by the surface fluxes.

The two-component (red and blue) exponential decay model of Jerlov (1976) is used to calculate penetrating shortwave radiation in HYCOM. In the full Kraus-Turner model (KTA), penetrating shortwave radiation can be invoked as an option. In the other Kraus-Turner models (KTB and KTC), this radiation is not permitted to penetrate beneath the mixed layer base. In all other mixing algorithms, penetrating shortwave radiation must be used without regard to mixed layer thickness. Water clarity is represented by the Jerlov water type, which is assigned integer values from 1 through 5, with 1 representing the clearest water. Given the incoming shortwave radiation flux
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 at the surface, the flux passing through model interface 
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where 
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 is the fraction of light that is red, 
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 is the penetration depth scale of red light, and 
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 is the penetration depth scale of blue light. The parameters for all five Jerlov water types are presented in Table 2.

2.3.2. K-Profile Parameterization

The K-Profile Parameterization (KPP; Large et al., 1994; 1997) model provides mixing from surface to bottom, smoothly matching the large surface boundary layer diffusivity/viscosity profiles to the relatively weak diapycnal diffusivity/viscosity profiles of the interior ocean. It works on a relatively coarse and unevenly spaced vertical grid, and it parameterizes the influence of a larger suite of physical processes than other commonly used mixing schemes. In the ocean interior, the contribution of background internal wave breaking, shear instability mixing, and double diffusion (both salt fingering and diffusive instability) are parameterized. In the surface boundary layer, the influences of wind-driven mixing, surface buoyancy fluxes, and convective instability are parameterized. The KPP algorithm also parameterizes the influence of nonlocal mixing of T and S, which permits the development of countergradient fluxes. 

The KPP model is semi-implicit, requiring multiple iterations. For the first iteration, vertical profiles of diffusivity/viscosity coefficients are calculated at model interfaces from the initial profiles of model variables. The one-dimensional vertical diffusion equation at each grid point is then solved to mix the model variables. For the second iteration, the vertically mixed profiles of model variables are used to estimate new diffusivity/viscosity profiles, which are then used to mix the original profiles of model variables. This procedure is repeated until the mixed profiles of model variables differ insignificantly from the mixed profiles obtained from the previous iteration. HYCOM tests revealed that two iterations provide a reasonable balance between accuracy and computational overhead.

Details of the implementation of KPP mixing in HYCOM 2.1 are presented in Appendix B. Further details on physical assumptions and parameterizations used to construct the model are provided in Large et al., 1994. The solution procedure, which involves the formulation of a matrix problem and the inversion of a tri-diagonal matrix, is described in Appendix C.

2.3.3. Mellor-Yamada Level 2.5 Turbulence Closure

HYCOM 2.1 has been equipped with the Mellor-Yamada Level 2.5 turbulence closure algorithm.  The MY model provides mixing from surface to bottom. It simultaneously provides relatively weak diapycnal mixing within the ocean interior, strong mixing associated with the surface boundary layer, and enhanced mixing near the ocean bottom. The one-dimensional model included in HYCOM is essentially the same algorithm that was used in the Princeton Ocean Model (POM). In this model, there are two three-dimensional prognostic variables: 
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 (turbulence kinetic energy, or TKE) and 
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 (TKE times the turbulence length scale). These fields must be treated as full prognostic variables. POM contains code that horizontally advects and diffuses these fields, and also that temporally averages the fields as part of the leapfrog time integration scheme.

Only the one-dimensional model from POM has been implemented in HYCOM. Reliance is then placed on the existing HYCOM algorithms to perform horizontal advection and diffusion, along with the time averaging. Also, when the hybrid coordinate adjustment algorithm relocates vertical interfaces, fluxes of 
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 and 
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 across these interfaces are also calculated when MY mixing is selected. In the MY algorithm, these prognostic fields are carried at model interfaces. For other HYCOM algorithms to update these variables, they must be stored as layer variables. The solution to this dilemma was to carry the two prognostic variables simultaneously on two vertical grids (Fig. 2). After executing the one-dimensional MY algorithm, the output profiles of viscosity and scalar diffusivity are used in the solution of the one dimensional vertical diffusion equations for momentum and scalars, respectively. Instead of importing the solution algorithm from POM, the same implicit procedure used to solve the vertical diffusion equation for the KPP model (Appendix C) is also used in HYCOM to solve the vertical diffusion equation for MY mixing. Details of the HYCOM 2.1 implementation are provided in Appendix D. Additional information on the model and the physical assumptions upon which it is based is contained in the POM Users Guide (Mellor, 1998) and in Mellor and Yamada (1982).

2.3.4. Price-Weller-Pinkel Dynamical Instability Model

HYCOM 2.1 has been equipped with the Price, Weller, and Pinkel (1986) dynamical instability model to provide vertical mixing. Mixing is performed in three steps: (1) relief of static instability in the upper-ocean mixed layer, (2) bulk mixed layer entrainment based on a bulk Richardson number, and (3) vertical shear instability mixing between adjacent layers based a gradient Richardson number. Details of the HYCOM 2.1 implementation are provided in Appendix E. Additional information on the model and the physical assumptions upon which it is based is contained in Price et al. (1986).

2.3.5. Hybrid Kraus-Turner Mixed Layer Models

The Kraus-Turner mixed layer is a vertically homogenized slab of water whose depth is diagnosed from the turbulence kinetic energy (TKE) equation converted into a diagnostic equation by setting the time-dependent term to zero; i.e., by assuming a balance between sources and sinks of TKE in the water column. The greatest difficulty in incorporating a Kraus-Turner mixed layer model within a hybrid coordinate ocean model is to properly handle the mixed layer base (MLB), the depth of which is a model prognostic variable. Since the MICOM slab mixed layer is identically layer 1, the MLB always coincides with a model vertical coordinate. This is not true in a hybrid coordinate model, so special bookkeeping is required to keep track of MLB depth along with discontinuities in thermodynamical and dynamical variables that occur at the MLB. The buoyancy change across the MLB must be known to estimate the contribution of entrainment to the TKE balance. Jumps in the values of other properties must be known to calculate changes in the values of those properties within the mixed layer caused by entrainment. 

The problem is illustrated for temperature in Fig. 3. With the MLB found in model layer 
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, values of model variables between the MLB and interface 
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 above equal the homogenized mixed layer values while different values exist between the MLB and interface 
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 below. Since the model carries only the vertically averaged values within layer 
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, a special “unmixing” algorithm was included in HYCOM 2.1 to estimate values of model variables in the upper and lower sublayers within layer 
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. During the development and testing of the unmixing scheme, it became clear that it had to be designed to reduce as much as possible numerically induced property exchanges between the mixed layer and the deeper ocean. In test simulations of the Atlantic Ocean, it was found that model performance was very sensitive to unmixing errors, particularly at high latitudes. Substantial effort was invested in making the unmixing algorithm as accurate as possible, which eventually improved the realism of model simulations in the high latitude North Atlantic.

The primary KT model contained in HYCOM 2.1 (KTA) uses the full unmixing algorithm to provide the most accurate possible update of mixed layer properties. To avoid the physical unreality of unmixing, and for computational efficiency, Bleck (2002) developed a highly simplified version of the model that avoids unmixing by making mixed layer thickness a diagnostic rather than a prognostic variable. This model (KTB) is also included in HYCOM 2.1. Details of the implementation of the KTA and KTB models are provided in Appendices F and G, respectively. Since both the KTA and KTB models govern mixing associated with the surface mixed layer only, it is necessary to also use one of the two hybrid interior diapycnal mixing algorithms provided in HYCOM 2.1. These algorithms are summarized in the following section.

When HYCOM is run in MICOM mode, a third (isopycnic) Kraus-Turner mixed layer model (KTC) is used. The KTC model embedded in HYCOM is the same model that was employed in MICOM 2.8. Since the mixed layer coincides with model layer 1, no special bookkeeping or unmixing is required to estimate entrainment and detrainment. The well-documented difficulty with the isopycnic Kraus-Turner model involves mixed layer detrainment. Since the density of water detrained from the mixed layer must match the target isopycnic reference density of the model layer accepting the water, a special algorithm had to be developed. Although all of the Kraus-Turner models use the same TKE balance equation to determine entrainment/detrainment, the different procedures used to solve the numerical difficulties of each model lead to substantially different performance characteristics, which will be documented later.

When hybrid Kraus-Turner mixed layer models are used, HYCOM executes a convection subroutine that relieves instability beneath the mixed layer. When water in a layer becomes more dense than water in the layer below, both layers are instantaneously homogenized.

2.3.6. Hybrid Interior Diapycnal Mixing Algorithms

HYCOM is equipped with three interior diapycnal mixing algorithms to use with slab mixed layer models that do not provide mixing throughout the entire water column. The first is a hybrid explicit model that is a modified version of the algorithm used in MICOM version 2.8. The hybrid version works almost exactly as the MICOM version. The code modifications are all related to the different properties of the two vertical coordinate systems. The second model is an implicit model derived from the KPP mixing algorithm (Section 2.3.2, Appendix B). It is essentially the full KPP model with the surface boundary layer parameterizations stripped out. The third model is the same isopycnic explicit model that was included in MICOM 2.8. It is used when HYCOM is run in MICOM mode. The uses of these models with the primary mixing models are summarized in Table 1.

2.4. MICOM Mode

To facilitate the comparison between HYCOM and MICOM, the capability of running the HYCOM code to mimic MICOM was built into the code. If MICOM mode is selected, the hybrid vertical coordinate adjustment is not performed at all. Vertical mixing is then performed using the same Kraus-Turner mixed layer model and the same interior diapycnal mixing algorithm that were included in MICOM version 2.8. Temperature and salinity are advected and diffused in layer 1 (the slab mixed layer), while salinity alone is advected and diffused in deeper layers (with temperature diagnosed from the equation of state). In HYCOM 2.1, this capability is implemented by choosing the number of model layers that are to be treated as hybrid. If all vertical layers are chosen to be hybrid, then the model operates in full hybrid mode. If none of the layers are chosen to be isopycnic, then the model operates in full MICOM mode and the vertical coordinate system behaves exactly as it did in MICOM. If a subset 
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 of the total number of model layers are chosen to be hybrid layers, then the top 
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 layers are treated as hybrid while the remaining layers are treated as isopycnic. For MICOM mode to work in shallow water regions, the user also has to set the number of model sigma layers to zero.

2.5. Advection/Diffusion of Thermodynamical Variables

When HYCOM is run in MICOM mode, horizontal advection/diffusion is performed as described in the previous section while the hybrid vertical coordinate adjustment algorithm is not executed. When HYCOM is run with hybrid vertical coordinates, the user selects which two of the three thermodynamical variables are advected and diffused, with the third being diagnosed from the equation of state. The user also selects which two variables are fluxed across interfaces that have been relocated by the hybrid coordinate algorithm. These options were included because the effects of cabbeling can cause problems in some situations when both temperature and salinity are advected and diffused can lead to problems with the adjustment of vertical coordinates by the hybrid coordinate algorithm, particularly if the user selects to flux both temperature and salinity across the moving vertical coordinates.. (See the separate documentation of the hybrid coordinate algorithm.) When salinity only is advected/diffused, these problems do not appear, but the tradeoff is that temperature is no longer conserved. In low-resolution simulations of Atlantic Ocean climate, the non-conservation of temperature did not have a large influence on simulated fields.

3. Model Evaluation

3.1. Experiments

Seasonal Atlantic Ocean circulation variability is simulated in a domain from 20S to 62N on a grid with two-degree horizontal resolution and 25 vertical layers. The monthly climatological surface fields used to drive the model are vector wind stress, wind speed, air temperature, air specific humidity, net shortwave radiation, net longwave radiation, and precipitation. These fields were derived from the COADS climatological fields. At the northern and southern boundaries, model fields are relaxed to Levitus climatology within a band that is six grid points wide. The relaxation time scale increases from 20 days to 120 days away from the boundaries. Although precipitation is provided as a forcing field, surface salinity is also relaxed to Levitus climatology to reduce the influence of biases and errors in the precipitation field. The baroclinic time step is 1.6 hr.  Horizontal diffusion of momentum is provided by a 50/50 mixture of Laplacian and biharmonic diffusion. 

Fourteen model experiments are analyzed in the present study involving different combinations of vertical mixing algorithms, vertical resolution, and other model properties. The properties of these simulations are summarized in Table 2. The impact of vertical resolution is evaluated by comparing 22 and 32 layer simulations. Other model properties evaluated are vertical coordinate type (hybrid versus MICOM mode), penetrating shortwave radiation in the KTA model, and the impact of advecting and diffusing 
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 (and also in the hybrid coordinate adjustment algorithm). For each experiment, the model was first spun up from zonally averaged Levitus climatology for thirty years. The model was then run for one year with fields saved every 6 days for analysis.
3.2. Performance of the Vertical Mixing Algorithms

3.3. Model Sensitivity to Vertical Mixing and Vertical Coordinate Choices

3.4. Model Sensitivity to Vertical Resolution

3.5. Comparison of Simulated Fields to Climatological Observations

4. Discussion

Acknowledgements

Appendix A. The Hybrid Vertical Coordinate Adjustment Algorithm in HYCOM 2.1

A1. Vertical Coordinate Adjustment in the Open Ocean

Before describing the complete HYCOM version 2.1 adjustment algorithm governing the transition among 
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, isopycnic, and sigma coordinates, the algorithm controlling the transition between isopycnic and 
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 coordinates in the open ocean will be described. Consider three consecutive isopycnic layers labeled 0, 1, and 2 in a stratified water column. Suppose that specific volume 
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 differs from its isopycnic reference value 
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. To restore isopycnic conditions, it is necessary to re-discretize the water column in a manner that preserves the overall height of the column, represented by the integral 
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, while changing 
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 to 
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. Conservation of the integral requires that one or more layer interfaces must be relocated to different pressure levels. If layer 1 is too dense (
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), the upper interface is moved upward to transfer less-dense water from layer 0 to layer 1. If layer 1 is too light (
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), the lower interface is moved downward to transfer denser water from layer 2 to layer 1. This method does not work for the model layer in contact with the bottom if it is too light. A special algorithm described below is included to handle this case by extruding water into the layer above.
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 are discussed separately. For the first case where the layer is too dense (
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), the upper interface is moved and mass is exchanged between layers 0 and 1. Conservation of 
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 requires that the upper interface be moved to the new pressure interface
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Since the weight assigned to 
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 is negative, 
(2)

 will not necessarily yield a solution  GOTOBUTTON ZEqnNum897229  \* MERGEFORMAT  for large differences between 
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 and 
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. This is no problem because the minimum thickness constraint is applied to layer 0 by replacing 
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where 
[image: image64.wmf]0
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 is a specified minimum layer thickness. Of course, moving the interface to 
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 instead of 
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 no longer permits isopycnic conditions to be restored.

Following Bleck and Benjamin (1993), the user chooses the absolute minimum thickness 
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 is then calculated in a manner that insures a smooth transition between the isopycnic and non-isopycnic domains. The function 
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When the upper interface must be raised, lighter water is entrained to increase 
[image: image75.wmf]1
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 to a value 
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However, application of the minimum thickness requirement can make it necessary for the upper interface to be lowered (
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) and thus modify layer 0. Conservation of 
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The preservation of minimum layer thickness by increasing the thickness of layer 0 always overrides all attempts to restore isopycnic conditions.

For the second case where layer 1 is too light (
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), the lower interface is moved downward and mass from layer 2 is entrained into layer 1. Conservation of 
[image: image82.wmf]dp

a

ò

 yields the new pressure level to which the interface must be relocated:
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To maintain the minimum thickness of layer 2 
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 is replaced by
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where 
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 is determined from the cushion function
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with 
[image: image90.wmf]µ
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If layer 1 is the deepest layer with nonzero thickness and it is too light, interface 2 cannot move downward to restore isopycnic conditions and a special algorithm must be executed: Since only interface 1 can be moved, this interface is moved downward to restore isopycnic conditions in layer 1. An “unmixing” algorithm is employed to achieve this goal. The water in layer 1 must be restratified into two sublayers such that the density of the upper sublayer exactly equals the density of layer 0, the density of the lower sublayer is close to the desired reference density, and the density averaged over the two sublayers equals the original layer density. Given
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Thermodynamical variables in the lower sublayer are then calculated using
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for 
[image: image94.wmf]T

, and the same equation for 
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 and 
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. (Actually, two of the thermodynamical variables are diagnosed using (11)

 with the third estimated from the equation of state). The closeness of lower sublayer density to the reference density is sacrificed if necessary to achieve two goals: 1) to prevent the thickness of layer 1 from decreasing by more than 50% using
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where 
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, and 2) to prevent runaway changes in 
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for 
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 and the analogous equation for 
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A2. Effects of Cabbeling

In practice, if 
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 and 
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 are fluxed across the relocated interfaces, then perfect restoration of isopycnic conditions is not possible 
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 due to the nonlinear equation of state. For this reason, HYCOM 2.1 allows the user to choose which two of the three thermodynamical variables 
[image: image107.wmf]T

, 
[image: image108.wmf]S

, and 
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 are fluxed across the moving interface. In each case, the third variable is calculated using the equation of state. When 
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 is one of the fluxed variables, then cabbeling is not a problem. When 
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 and 
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 are fluxed, cabbeling prevents the restoration of isopycnic conditions. To reduce the effects of cabbeling in HYCOM 2.1, the following iterative procedure is included to insure in most cases that 
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 is smaller than a prescribed tolerance after applying the vertical coordinate adjustment algorithm. The new 
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 value that results from raising the interface is
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With 
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 estimated in the same manner, a new estimate of 
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 is made using the model equation of state. If 
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In this step, 
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 is not permitted to exceed 
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. The resulting specific volume 
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 is then re-calculated, and if the prescribed tolerance is not achieved, then 
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 is re-calculated by the same procedure. The procedure is repeated up to five times if necessary. 

Although uncommon, there is a more significant problem that can arise from cabbeling. It is possible for the change in 
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 after 
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 and 
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 are fluxed to not have the expected sign. For example, in model layers just beneath the Mediterranean salt tongue, cases were observed where raising interface 1 unexpectedly decreased 
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. Repeated application of the vertical coordinate adjustment algorithm then acts to drive 
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 farther from its reference value and produces unacceptably large vertical coordinate migration. This phenomenon does not have a catastrophic effect on model performance, but does lead to a very uneven distribution of vertical coordinates and a large depth range where the model fields are not isopycnic. Code is included in HYCOM 2.1 to suppress the vertical coordinate adjustment when the change in 
[image: image130.wmf]1
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 does not have the expected sign. This suppresses the large vertical coordinate migration, but cannot restore isopycnic conditions to the model layer being altered. This phenomenon was not a problem in the present study given the initial and boundary conditions that were used.

A3. The Complete Adjustment Algorithm Governing the 
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-Isopycnic-Sigma Coordinate Transitions

The complete hybrid coordinate adjustment algorithm in HYCOM 2.1 also includes the transition between the open-ocean 
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 and isopycnic coordinates to sigma coordinates in shallow water and back to 
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 coordinates in very shallow water. This is very simple to implement. First, the user specifies the number of model layers 
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 that are to become sigma coordinates along with the absolute minimum thickness 
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 that is permitted for the sigma coordinates. The minimum thickness of sigma coordinates is given by
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where 
[image: image137.wmf]D

 is the total water depth. A new minimum thickness for each model layer is then calculated using
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In a given model layer, the transition to sigma coordinates occurs where the water depth becomes sufficiently shallow to make 
[image: image139.wmf]sn
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. The transition back to level coordinates occurs where the water depth becomes sufficiently shallow to make 
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. Thus, the proper coordinate transformation is assured if 
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 is replaced by 
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 before executing the vertical coordinate adjustment.
A4. Implementation Issues in HYCOM Version 2.1

When the hybrid coordinate algorithm is called, it is executed separately at each grid point. Thermodynamical variables are adjusted first at the pressure grid points. Before adjusting the vertical coordinates, the initial one-dimensional profiles of temperature, salinity, and density, plus the one-dimensional array of interface pressures, are saved. If the primary Kraus-Turner mixed layer model is selected, an unmixing algorithm must be performed so that the thermodynamical adjustments are consistent with the KT model. The model layer containing the mixed layer base is divided into two sublayers, and the mixed layer base is temporally considered to be an additional vertical coordinate. Thermodynamical variables in the two sublayers are then estimated using the same “unmixing” algorithm that is used in the KT model. The unmixing algorithm is described in detail in Appendix F.

Once the profiles are saved, the vertical adjustment of vertical coordinates is performed at the pressure grid points using the previously outlined procedures. The subsequent adjustments of model thermodynamical variables and momentum must conserve their vertically averaged values and, for the thermodynamical variables, restore density as close to the isopycnic reference value as possible. The algorithm included in HYCOM 2.1 remaps each variable from the old to the new vertical grid in a manner that satisfies these two conditions, and furthermore does not depend on the direction (top to bottom or bottom to top) in which it is executed, in contrast to a pure donor cell scheme. The interface pressures on the old grid are 
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 while the pressures on the new adjusted grid are 
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, where 
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 is the number of model layers. Note that 
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 unless the full Kraus-Turner mixed layer model is used, in which case 
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 to account for the two sublayers within the layer containing the mixed layer base. The old temperature profile is mapped onto the new adjusted vertical coordinates using
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In practice, the summation is performed between 
[image: image149.wmf]1
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 to 
[image: image150.wmf]2
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 in order to eliminate layers on the old vertical grid that do not overlap layer 
[image: image151.wmf]n

 on the new grid.

After adjusting the thermodynamical variables, the momentum components are adjusted to assure that vertically averaged momentum is conserved at each grid point. The old and new vertical coordinates obtained at pressure grid points are first interpolated to the 
[image: image152.wmf]u

 grid points. The adjustment of 
[image: image153.wmf]u

 is then performed using an equation of the form 
(18)

. The same procedure is used to update  GOTOBUTTON ZEqnNum503895  \* MERGEFORMAT  at the 
[image: image155.wmf]v

 grid points. 

Appendix B. KPP Vertical Mixing in HYCOM 2.1

B1. Diapycnal Diffusivity in the Ocean Interior

To summarize the implementation of KPP mixing in HYCOM 2.1, model variables are first decomposed into mean (denoted by an overbar) and turbulent (denoted by a prime) components. Diapycnal diffusivities and viscosity parameterized in the ocean interior as follows:
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where 
[image: image158.wmf](
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 are the interior diffusivities of potential temperature, salinity (which includes other scalars), and momentum (viscosity), respectively. Interior diffusivity/viscosity is assumed to consist of three components, which is illustrated here for potential temperature:
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where 
[image: image160.wmf]s
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 is the contribution of resolved shear instability, 
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 is the contribution of unresolved shear instability due to the background internal wave field, and 
[image: image162.wmf]d

q
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 is the contribution of double diffusion. Only the first two processes contribute to viscosity.

The contribution of shear instability is parameterized in terms of the gradient Richardson number calculated at model interfaces:
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where mixing is triggered when 
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. Vertical derivatives are estimated at model interfaces as follows: Given model layer 
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 bounded by interfaces 
[image: image167.wmf]k

 and 
[image: image168.wmf]1

k

+

, the vertical derivative of 
[image: image169.wmf]u

 at interface 
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is estimated as
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where the denominator contains the thickness of layers 
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 and 
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. The contribution of shear instability is the same for 
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 diffusivity, 
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 diffusivity, and viscosity 
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where 
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The diffusivity that results from unresolved background internal wave shear is given by
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Based on the analysis of Peters et al. (1988), Large et al. (1994) determined that viscosity should be an order of magnitude larger:
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Regions where double diffusive processes are important are identified using the double diffusion density ratio calculated at model interfaces:
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where 
[image: image185.wmf]a

 and 
[image: image186.wmf]b

 are the thermodynamic expansion coefficients for temperature and salinity, respectively. For salt fingering (warm, salty water overlying cold, fresh water), salinity/scalar diffusivity is given by
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and temperature diffusivity is given by
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where 
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.  For diffusive convection, temperature diffusivity is given by
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where 
[image: image194.wmf]n

 is the molecular viscosity for temperature, while salinity/scalar diffusivity is given by
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B2. Diagnosis of the Surface Boundary Layer Thickness

The diagnosis of 
[image: image196.wmf]b

h

 is based on the bulk Richardson number
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where 
[image: image198.wmf]B

 is buoyancy, d is depth, the subscript 
[image: image199.wmf]r

 denotes reference values, and where the two terms in the denominator represent the influence of resolved vertical shear and unresolved turbulent velocity shear, respectively. Reference values are averaged over the depth range 
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, where 
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. At depth 
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, the reference depth 
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 represents the thickness of the surface layer where Monin-Obukhov similarity theory applies. In practice, if model layer 1 is more than 7.5m thick, reference values in 
(31)

 are set to those of layer one. Otherwise, averaging is performed over the depth range  GOTOBUTTON ZEqnNum965224  \* MERGEFORMAT .

The surface boundary layer thickness (which is distinct from mixed layer thickness) is the depth range over which turbulent boundary layer eddies can penetrate before becoming stable relative to the local buoyancy and velocity. It is estimated as the minimum depth at which 
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 exceeds the critical Richardson number 
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. The Richardson number 
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 is estimated in 
(31)

 as a layer variable, and thus assumed to represent the Richardson number at the middle depth of each layer. Moving downward from the surface,  GOTOBUTTON ZEqnNum240841  \* MERGEFORMAT  is calculated for each layer. When the first layer is reached where 
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 is estimated by linear interpolation between the central depths of that layer and the layer above.

The unresolved turbulent velocity shear in the denominator of (31)

 is estimated from
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where 
[image: image212.wmf]s
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 is a constant between 1 and 2, 
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 is the ratio of entrainment buoyancy flux to surface buoyancy flux, 
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 is von Karman’s constant, and 
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 is the salinity/scalar turbulent velocity scale. The latter scale is estimated using
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where 
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 and 
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 is the convective velocity scale with 
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 being the surface buoyancy flux, and 
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. Expressions to the right of the arrows represent the convective limit. In HYCOM, 
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 values are stored in a two-dimensional lookup table as functions of 
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 to reduce calculations.

If the surface forcing is stabilizing, the diagnosed value of 
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 is required to be smaller than both the Ekman length scale 
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 and the Monin-Obukhov length 
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.

B3. Surface Boundary Layer Diffusivity

Surface boundary layer diffusivity/viscosity profiles are calculated at model interfaces and smoothly matched to the interior diffusivities and viscosity. Boundary layer diffusivities and viscosity are parameterized as follows:
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where 
[image: image230.wmf],
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 are nonlocal transport terms. The diffusivity/viscosity profiles are parameterized as
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where 
[image: image232.wmf]G

 is a smooth shape function represented by a third-order polynomial function
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that is determined separately for each model variable. The salinity/scalar velocity scale 
[image: image235.wmf]S

w

 is estimated using 
(33)

. The potential temperature and momentum velocity scales  GOTOBUTTON ZEqnNum913858  \* MERGEFORMAT  are also estimated from equations analogous to 
(33)

, but with the two constants replaced by  GOTOBUTTON ZEqnNum464550  \* MERGEFORMAT  and 
[image: image238.wmf],

mm
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, respectively. Since turbulent eddies do not cross the ocean surface, all 
[image: image239.wmf]K

 coefficients are zero there, which requires that 
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. The remaining coefficients of the shape function for a given variable are chosen to satisfy requirements of Monin-Obukhov similarity theory, and also to insure that the resulting value and first vertical derivative of the boundary layer 
[image: image241.wmf]K

-profile match the value and first derivative of the interior 
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 profile for the same variable calculated using (30)

.
(26)

 through (25)

 and (20)

 through 
Application of this procedure is illustrated here for potential temperature only. The matching yields
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After determining the coefficients in 
(36)

, the  GOTOBUTTON ZEqnNum144913  \* MERGEFORMAT  profile is calculated using
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where
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At model interfaces within the surface boundary layer, the 
[image: image247.wmf]K

 profile for potential temperature is provided by 
(38)

. At model interfaces below the boundary layer, the  GOTOBUTTON ZEqnNum428907  \* MERGEFORMAT  profile equals the interior diffusivity (
[image: image249.wmf]K

qq

n

=

).

The nonlocal flux terms in (34)

 kick in when the surface forcing is destabilizing. The KPP model parameterizes nonlocal flux only for scalar variables. Although nonlocal fluxes may also be significant for momentum, the form that these fluxes take is presently not known. (Large et al., 1994). The nonlocal fluxes for scalar variables are parameterized as
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where 
[image: image251.wmf]z

 is a stability parameter equal to 
[image: image252.wmf]/
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 and 
[image: image253.wmf]L

 is the Monin-Obukhov length. The terms 
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 and 
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 are surface fluxes while the term
[image: image256.wmf]''
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 is the contribution of penetrating shortwave radiation.

B4. Implementation

Given the 
[image: image257.wmf]K

 profiles for 
[image: image258.wmf]T

, 
[image: image259.wmf]S

, and momentum at the pressure grid points, the one-dimensional vertical diffusion equation is solved at each grid point by formulating a matrix equation and inverting a tri-diagonal matrix (Appendix C). After solving the equation for all variables at the pressure grid points (including velocity components interpolated from the momentum grid points), the KPP procedure is repeated beginning with equation (19)

 using the new profiles of all variables. The user can choose how many of these iterations are performed. In practice, two iterations are generally found to be adequate. Mixed layer thickness is diagnosed at the pressure grid points based through vertical interpolation to the depth where density exceeds the surface layer density by a prescribed amount.

After completing the mixing at pressure grid points, mixing is performed at the momentum grid points. Instead of repeating the entire KPP procedure, the 
[image: image260.wmf]m

K

 profiles estimated at the pressure grid points during the final iteration is horizontally interpolated to the 
[image: image261.wmf]u

 and 
[image: image262.wmf]v

 grid points, then the vertical diffusion equation is solved.

Appendix C. Implicit Solution of the Vertical Diffusion Equation for K-Profile Models

The solution procedure in HYCOM version 2.1 follows the procedure used by Large et al. (1994). Decomposing model variables into mean (denoted by an overbar) and turbulent (denoted by a prime) components, the vertical diffusion equations to be solved for potential temperature, salinity, and vector momentum are
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Boundary layer diffusivities and viscosity parameterized as follows:
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where the 
[image: image266.wmf]g

 terms represent nonlocal fluxes. For example, the KPP model includes nonlocal terms for 
[image: image267.wmf]q

 and 
[image: image268.wmf]S

, but not for momentum. The following solution procedure is valid for any mixing model in HYCOM that calculates the diffusivity/viscosity profiles at model interfaces, whether or not nonlocal terms are parameterized. 

The following matrix problems are formulated and solved:
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where superscripts 
[image: image270.wmf],1

tt

+

 denote model times, and 
[image: image271.wmf]M

 is the vector of a momentum component, either 
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 or 
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. The matrices 
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 are tri-diagonal coefficient matrices, while the vectors 
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 and 
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 represent the nonlocal flux terms. Given 
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 model layers with nonzero thickness, where an individual layer 
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of thickness 
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 is bounded above and below by interfaces located at pressures 
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 and 
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, the matrix 
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A

 is determined as follows:
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with
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where 
[image: image285.wmf]0.5

k

p

+

 represents the central pressure depth of model layer 
[image: image286.wmf]k

. The nonlocal flux arrays are calculated using



[image: image287.wmf](

)

(

)

(

)

(

)

(

)

(

)

111

1

11

2.

SSkSk

SkSkSkSkSk

k

t

HKpp

p

t

HKppKppk

p

g

d

gg

d

++

++

D

=

D

=-££K

éù

ëû


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (46)

The solution is then found by inverting the tri-diagonal matrix 
[image: image288.wmf]A

. The matrix problems are formulated and solved in the same manner for potential temperature and momentum components.

Appendix D. The Mellor-Yamada Level 2.5 (MY) Turbulence Closure in HYCOM 2.1

D1. Summary of the Algorithm

To implement MY mixing in HYCOM 2.1, viscosity and scalar diffusivity are first parameterized as follows:



[image: image289.wmf],

MM

HH

KqlS

KqlS

=

=


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (47)

where 
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 and 
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 are expressed as
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and
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with
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being a Richardson number. In these expressions, 
[image: image295.wmf]q

 is the turbulence velocity scale, 
[image: image296.wmf]l

 is the turbulence length scale, and 
[image: image297.wmf]r

 is the potential density. The variables 
[image: image298.wmf]2

q

 (turbulent kinetic energy) and 
[image: image299.wmf]2

ql

 are prognostic variables in this model. The equations for these variables, written here as a function of the generalized vertical coordinate 
[image: image300.wmf]s

 for the purpose of HYCOM implementation, are
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and
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where 
[image: image304.wmf]q

L

 and 
[image: image305.wmf]l

L

 represent the sum of all local processes. Equations 
(52)

 have the same form as the equations for (51)

 and  GOTOBUTTON ZEqnNum999474  \* MERGEFORMAT  and 
[image: image307.wmf]S

 in generalized vertical coordinates. Terms two through four in both equations represent horizontal advection, horizontal diffusion, and fluxes across the generalized vertical coordinates when these coordinates are relocated (
[image: image308.wmf]0

s

¹

&

) by the hybrid coordinate adjustment algorithm. For 
[image: image309.wmf]T

 and 
[image: image310.wmf]S

, the local processes are surface forcing and vertical diffusivity. For 
[image: image311.wmf]2

q

 and 
[image: image312.wmf]2

ql

, the local processes are boundary forcing and vertical diffusivity plus three additional forcing and damping mechanisms described in the following section.

D2. Implementation Issues

The strategy for implementing this turbulence closure model in HYCOM is to solve the same local equations for 
[image: image313.wmf]2

q

 and 
[image: image314.wmf]2

ql

 that are solved in POM. The local equations are
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and
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where 
[image: image319.wmf]q

F

 and 
[image: image320.wmf]l

F

 represent local boundary forcing and the remaining four terms of each equation represent vertical diffusion, generation by vertical shear, conversion to and from potential energy, and dissipation. The parameter 
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 is the wall proximity function given by 
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, and where 
[image: image324.wmf]h

is sea surface elevation and 
[image: image325.wmf]H

 is water depth. The local solution procedure implemented in HYCOM is essentially the same one used in POM. Values of the several constants used in HYCOM are the same as those used in POM, and they are given by Mellor (1998).

Existing HYCOM algorithms are employed to calculate changes in 
[image: image326.wmf]2

q

 and 
[image: image327.wmf]2

ql

 due to the two nonlocal terms and the 
[image: image328.wmf]s

&

 term in 
(52)

. Horizontal advection and diffusion of (51)

 and  GOTOBUTTON ZEqnNum999474  \* MERGEFORMAT  and 
[image: image330.wmf]2

ql

 are performed in subroutine tsadvc.f, while the 
[image: image331.wmf]s
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 flux terms are estimated in the hybrid vertical coordinate subroutine hybgen.f. Both 
[image: image332.wmf]2

q

 and 
[image: image333.wmf]2
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 are carried at the two leap frog time steps, and time smoothing is performed in the same manner as for other model scalars.

One significant problem had to be overcome to implement the algorithm in this manner. In the POM Mellor-Yamada algorithm, the variables 
[image: image334.wmf]2

q

 and 
[image: image335.wmf]2
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 are carried at vertical interfaces while HYCOM scalars are carried as layer variables. The strategy employed is to define a separate vertical coordinate system on which the one-dimensional solutions for 
[image: image336.wmf]2
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 and 
[image: image337.wmf]2
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 are performed. This MY vertical coordinate system is illustrated alongside the HYCOM vertical coordinate system in Fig. 2. MY interfaces are located at the central depths of HYCOM model layers. There is one additional layer and one additional interface present in the MY coordinate system. With 
[image: image338.wmf]2

q

 and 
[image: image339.wmf]2
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 defined on MY interfaces, implementation of the POM local solution procedure in HYCOM is straightforward. Since MY interfaces are located at the central depths of HYCOM layers, values on MY interfaces are assumed to represent values in the associated HYCOM layers. The resulting layer arrays are then passed to the HYCOM routines that calculate the horizontal advection, horizontal diffusion, and 
[image: image340.wmf]s

&

 flux terms of (52)

.
(51)

 and 
Instead of employing the POM procedures to solve vertical diffusion equations for other model variables, the procedure used for the KPP mixing algorithm is employed in HYCOM. Specifically, the vertical viscosity and scalar diffusivity profiles from (54)

 are used in the tridiagonal matrix algorithm described in Appendix C.
(53)

 and (47)

 obtained from the local solutions of 
Appendix E. The Price-Weller-Pinkel (PWP) Dynamical Instability Model in HYCOM 2.1

The first step is to apply the surface boundary conditions. Surface momentum fluxes are applied when the momentum equation is solved, with the surface fluxes acting to accelerate the water in model layer 1 only. When the PWP subroutine is called, the first step is to distribute the surface fluxes of heat and mass in nearsurface model layers, including penetrating shortwave radiation. If static instability is present near the ocean surface after applying the surface fluxes, it is relieved as follows: If model layer 2 is less dense that layer 1, the water in both layers is completely mixed. If the water in layer 3 is less dense than this mixed water, it is completely mixed with the water from layers 1 and 2. This process is repeated until a model layer is encountered that is denser than the mixed water above.

The PWP algorithm is executed at 
[image: image341.wmf]p

 grid points where thermodynamical variables are mixed. A special algorithm is then executed to mix momentum components on 
[image: image342.wmf]u

 and 
[image: image343.wmf]v

 grid points. The first step is to perform an initial diagnosis of mixed layer depth. Moving down from the surface, the mixed layer depth is set to the depth of the first interface across which the density jump exceeds a prescribed value. The mixed layer base always resides on a model interface in the PWP model. Momentum components are horizontally interpolated to 
[image: image344.wmf]p

 grid points. All model variables on 
[image: image345.wmf]p

 grid points, including the interpolated momentum components, are homogenized within the mixed layer.

To perform bulk Richardson number mixing, this number is calculated using
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where 
[image: image347.wmf]h

 is the diagnosed mixed layer thickness. Density and velocity differences are taken between the mixed layer and the model layer immediately below. If 
[image: image348.wmf]0.65
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, the mixed layer entrains the layer immediately below it and all variables are homogenized within the new mixed layer. The process in then repeated, with the mixed layer entraining additional layers, until 
[image: image349.wmf]0.65
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R

³

.

To perform gradient Richardson number mixing, this number is estimated using 
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and mixing is performed if 
[image: image351.wmf]0.25
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. At each interface, 
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, 
[image: image353.wmf]u
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, and 
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D

 are estimated as the difference between the layer above and the layer below, while 
[image: image355.wmf]z

D

 is estimated as the average thickness of the layers above and below. 

The following procedure is used to perform the shear instability mixing. The number 
[image: image356.wmf]g

R

 is estimated at all vertical interfaces between the one upon which the mixed layer base resides and the bottom. The interface with the smallest value of 
[image: image357.wmf]g

R

 is identified. If this value is less than 0.25, the layers above and below the interface are partially mixed so that the value of 
[image: image358.wmf]g

R

 is increased to 0.30. New values of 
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R

 are calculated, and then the new interface with the smallest value of 
[image: image360.wmf]g

R

 is identified. If this value is less than 0.25, the two adjacent layers are partially mixed in the same manner. This process is repeated until the minimum value of 
[image: image361.wmf]g

R

 over all layers exceeds 0.25.

After this mixing process has been completed, the depth of the mixed layer base is again diagnosed as the depth of the first interface below the surface where the density jump exceeds a prescribed value. The final vertical homogenization is performed for thermodynamical variables and other scalars that are stored at 
[image: image362.wmf]p

 grid points.

After completing the mixing process at pressure grid points, the depth of the mixed layer base is horizontally interpolated to 
[image: image363.wmf]u

 and 
[image: image364.wmf]v

 grid points, and the velocity components are homogenized within the mixed layer. On both sets of grids, the model interface closest to the interpolated mixed layer depth is identified as the mixed layer base, and vertical homogenization is performed between the surface and the identified interface.

Although the PWP algorithm provides for shear instability mixing beneath the surface mixed layer, it does not provide for background mixing due to other processes such as internal wave breaking. When the PWP model is selected, the hybrid explicit (MICOM-like) diapycnal-mixing algorithm is also activated to provide this additional mixing.

Appendix F. The Full Hybrid Kraus-Turner Mixed Layer Model (KTA) in HYCOM 2.1

A key step in the implementation of KT mixing in a hybrid coordinate model is unmixing the water column within model layer 
[image: image365.wmf]k

 that contains the mixed layer base (MLB). The first step is to make a first guess of the value of each model variable in the upper sublayer between the MLB and the model interface 
[image: image366.wmf]k

 above (Fig. 1). Between individual implementations of KT mixing, water properties in layer 
[image: image367.wmf]k

 change due to processes such as horizontal advection, diffusion, and penetrating shortwave radiation. Since inaccurate estimates of upper sublayer values can lead to erroneous property fluxes across the MLB, information from the previous call to the KT mixing algorithm is saved to help make these estimates.

The primary hybrid KT mixed layer model (KTA) in HYCOM 2.1 is implemented as follows: Thermodynamical variables are mixed first at the pressure grid points. A search is conducted to determine the model layer 
[image: image368.wmf]k

 that contains the mixed layer base. Temperature and salinity are then averaged over layers 1 through 
[image: image369.wmf]1

k

-

. Before proceeding further, convection is performed if necessary. The density associated with the averaged values of temperature and salinity is calculated, and if it is greater than the density of layer k, the MLB is moved to the base of layer 
[image: image370.wmf]k

 (interface k+1). Temperature and salinity are then averaged from the surface through layer 
[image: image371.wmf]k

, and if the resulting density is greater than the density of layer 
[image: image372.wmf]1

k

+

, the MLB is moved down to interface 
[image: image373.wmf]2

k

+

. This process is repeated until a layer with greater density than the mixed layer is encountered.

If convection occurs, the MLB will reside on a model interface, so no unmixing is required. In practice, whenever the MLB is located within one centimeter of a model interface, it is moved there and no unmixing is required. If the MLB is located within a model layer, the following unmixing algorithm is performed. If 
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 is the model layer that contained the MLB during the previous time step, then the following first guesses are made for upper sublayer temperature and salinity:
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If 
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where the hats denote values saved during the second previous call to the KT mixing subroutine due to the leap frog time step. The upper sublayer variables are therefore assumed to have changed by an amount equal to the change that occurred in the full layer 
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 variables. Lower sublayer variables are then estimated using
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and
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where 
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 is the pressure level of the MLB. Spurious extrema of 
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If 
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 has to be adjusted, then 
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 is recomputed using
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After the unmixing is completed, the density profile is provided to the TKE algorithm to calculate the new mixed layer depth. There are two possibilities here: First, density could be averaged over the mixed layer to provide a homogeneous slab mixed layer profile with a discontinuity at the mixed layer base. Second, the unmixed density profile above the mixed layer base (including the upper sublayer) could be provided to the TKE algorithm. This turns out to be a significant consideration. Since the previous time step, differential advection and diffusion within the mixed layer results in an inhomogeneous profile in the mixed layer. Homogenizing the mixed layer prior to calling the TKE algorithm then alters the energetics of the mixed layer, and generally leads to a different MLB depth being calculated by the KTA algorithm. Tests conducted in the Atlantic Ocean revealed that providing the inhomogeneous profile to the KTA algorithm improved the realism of the simulated fields, in particular at high latitudes.

Temperature and salinity are homogenized over the maximum of the old and new mixed layer depths, and the surface fluxes are distributed over the new depth. The final step is to store the layer number 
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 containing the mixed layer base, the upper sublayer temperature and salinity, and the layer 
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average temperature and salinity to be used as the old values the next time the KTA algorithm is executed.

Mixing is then performed for momentum components on the u and v grid points. Momentum is mixed from the surface to the maximum of the old and new mixed layer thickness, denoted by 
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, that is interpolated from pressure grid points. If 
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 is within one centimeter of a model interface 
[image: image400.wmf]1

k

+

 at a u grid point, then u is homogenized from the surface through layer 
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. If the MLB is located in layer 
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, unmixing is performed. It was found that model simulations are not sensitive to the accuracy of the estimates of 
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Another important consideration is that the mixed layer base is a material surface that can be advected by the flow field. This advection is partly accounted for by an algorithm added to the model continuity equation. If the MLB is contained within layer 
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, respectively, the Kraus-Turner prognostic mixed layer base located at 
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The vertical motion at the MLB is assumed to be the linearly interpolated value between model interfaces 
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 and 
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. It is also necessary to add the vertical motion resulting from time smoothing of pressure interfaces, so the interface adjustments 
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 represent the sum of the continuity and time smoothing adjustments. As a result of this vertical adjustment, a mixed layer base located at a model interface would always remain at the depth of this interface if no vertical mixing or diabatic heating/cooling occurs.

Appendix G. The simplified Hybrid Kraus-Turner Mixed Layer Model (KTB) in HYCOM 2.1

Due to the complexities of devising an unmixing scheme that reduces numerically induced property exchange between the mixed layer and ocean interior, a simplified alternative KT model (KTB) was developed by relaxing the requirement that the MLB be a prognostic variable. The tradeoff is between improved computational efficiency and an increase in numerical errors. 

The KT algorithm computes the change of mixed layer thickness over a small time interval 
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, and thus requires the old mixed layer information as the initial condition. This depth, which can be viewed as the cumulative result of past applications of the KT algorithm at a given point, can either be carried as a prognostic variable (as in KTA) or diagnosed ad-hoc. The KTB scheme uses the latter option.

Beginning at the top of the water column (layer 1), the algorithm searches for the first layer 
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 whose density exceeds the average density 
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 of the overlying layers combined (layers 1 through 
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). This layer is assumed to contain the mixed layer base. Layer 
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 is divided into sublayers with different densities. The density 
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. Density conservation during sublayer formation yields the depth of the interface separating the sublayers, which is taken to be the mixed layer depth. This pressure interface is given by
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where 
[image: image430.wmf]1

,

kk

pp

+

 are the upper and lower interface pressures of layer 
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Assignment of temperature/salinity values for the depth interval 
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 follows the above philosophy of assuming homogeneity between the surface and 
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, lower sublayer values of temperature and salinity follow from the requirement that their column integrals be invariant during the redistribution process. Specifically, we set  GOTOBUTTON ZEqnNum997675  \* MERGEFORMAT  and 
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with 
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 defined by (65)

.

Given the nonlinear nature of the equation of state, the upper and lower sublayer densities must be recomputed after temperature and salinity have been homogenized over layers 1 through 
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 and unmixed in layer 
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. After this, the density profile, characterized by homogeneous conditions between the surface and pressure 
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 and a density discontinuity at that pressure, is provided to the TKE algorithm to calculate the new mixed layer depth. Temperature and salinity are homogenized over the new mixed layer depth, and the surface fluxes are distributed over the same depth range. The resulting temperature and salinity profiles are then projected back onto the original hybrid coordinate profile. The sublayer information is not saved.

It is important to note that the sublayer formation and deletion cycle by itself does not cause a drift in the 
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. Initial experiments with this scheme indicate that best results are obtained by assigning 
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	Mixing Model
	Abbreviation
	Description
	Available Interior Diapycnal Mixing Algorithms
	Additional Choices

	K-Profile Parameterization
	KPP
	Non-slab, non-local, surface boundary layer plus interior diapycnal mixing
	N/A
	

	Mellor-Yamada Level 2.5
	MY
	Non-slab, TKE balance throughout water column
	N/A
	

	Price-Weller-Pinkel
	PWP
	Slab, Richardson number dependent
	Hybrid explicit to provide interior background diapycnal mixing
	

	Full Hybrid Kraus-Turner
	KTA
	Slab, vertically integrated TKE balance
	1. Hybrid explicit (MICOM-like)

2. Hybrid implicit (KPP-like)
	With or without penetrating shortwave radiation

	Simplified Hybrid Kraus-Turner
	KTB
	Slab, vertically integrated TKE balance
	1. Hybrid explicit (MICOM-like)

2. Hybrid implicit (KPP-like)
	With or without penetrating shortwave radiation

	Isopycnic Kraus-Turner (MICOM mode only)
	KTC
	Slab, vertically integrated TKE balance (from MICOM 2.8)
	Isopycnic explicit (from MICOM 2.8)
	


Table 1. Vertical mixing options present in HYCOM version 2.1.

	Jerlov Water Type
	r
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	1
	0.58
	0.35
	23.0

	2
	0.62
	0.60
	20.0

	3
	0.67
	1.00
	17.0

	4
	0.77
	1.50
	14.0

	5
	0.78
	1.40
	7.9


Table 2. Parameters for the penetrating shortwave radiation calculations based on Jerlov water type.

	Experiment
	Vertical

Coordinate
	Vertical Layers
	Mixed

Layer

Model
	Diapycnal Diffusion
	Penetrating

Shortwave Radiation
	Variables

Advected
	Variables Mixed in Hybrid Coordinate Adjustment

	KPP22
	Hybrid
	22
	KPP
	N/A
	Yes
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	KPP22B
	Hybrid
	22
	KPP
	N/A
	Yes
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	MY22
	Hybrid
	22
	MY
	N/A
	Yes
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	PWP22
	Hybrid
	22
	PWP
	Explicit A
	Yes
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	KTAI22
	Hybrid
	22
	KTA
	Implicit
	No
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	KTAIP22
	Hybrid
	22
	KTA
	Implicit
	Yes
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	KTAE22
	Hybrid
	22
	KTA
	Explicit A
	No
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	KTBI22
	Hybrid
	22
	KTB
	Implicit
	No
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	MIC22
	Isopycnic
	22
	KTC
	Explicit B
	No
	
[image: image490.wmf]0

s

, 
[image: image491.wmf]S


	N/A

	KPP32
	Hybrid
	32
	KPP
	N/A
	Yes
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	KTAIP32
	Hybrid
	32
	KTA
	Implicit
	Yes
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	MY32
	Hybrid
	32
	MY
	N/A
	Yes
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	PWP32
	Hybrid
	32
	PWP
	Explicit A
	Yes
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	MIC32
	Isopycnic
	32
	KTC
	Explicit B
	No
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	N/A


Table 3. Characteristics of the fourteen model experiments. Experiment names consist of the mixed layer model abbreviation followed by an “E” if explicit interior diapycnal mixing is used and an “I” when implicit interior diapycnal mixing, then followed by the number of layers. There are two special cases in the names. Experiment KPP22B is a repeat of experiment KPP22 with 
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 advected and mixed in the hybrid coordinate adjustment algorithm. Experiment KTAIP22 is a repeat of experiment KTAI22 with penetrating shortwave radiation switched on.

	Experiment
	Winter Sea Surface Height (m).
	Winter Sfc. Heat Flux (W/m
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)
	Summer Sfc. Heat Flux (W/m
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	Winter Sfc. Layer Temp. (C)
	Barotropic Streamfunction

(Sv)
	29W 
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 Cross-Section

	KPP22B
	0.028
	27.5
	8.5
	0.44
	2.70
	0.059

	MY22
	0.012
	25.6
	7.3
	0.21
	1.15
	0.076

	PWP22
	0.016
	22.8
	9.7
	0.26
	1.35
	0.086

	KTAI22
	0.028
	24.4
	19.6
	0.54
	1.76
	0.106

	KTAIP22
	0.020
	20.8
	10.1
	0.28
	1.45
	0.065

	KTAE22
	0.032
	25.9
	20.8
	0.59
	1.69
	0.118

	KTBI22
	0.039
	29.1
	34.0
	0.64
	2.22
	0.122

	MIC22
	0.070
	42.5
	25.5
	1.00
	5.06
	0.241

	KPP32
	0.027
	27.5
	14.6
	0.49
	1.87
	0.123

	KTAIP32
	0.055
	25.2
	11.1
	0.47
	2.23
	0.114

	MY32
	0.031
	59.6
	18.6
	0.56
	1.54
	0.102

	PWP32
	0.030
	45.2
	13.7
	0.56
	1.80
	0.154

	MIC32
	0.060
	42.4
	29.4
	0.80
	2.56
	0.262


Table 4. RMS differences in several fields between experiment KPP22 and the thirteen other model experiments.

	Experiment
	Layer 1 Temperature (C)
	29W 
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s

 Cross-Section

	KPP22
	1.46
	0.21

	KPP22B
	1.72
	0.20

	MY22
	1.42
	0.22

	PWP22
	1.56
	0.22

	KTAI22
	1.52
	0.19

	KTAIP22
	1.47
	0.19

	KTAE22
	1.54
	0.19

	KTBI22
	1.72
	0.27

	MIC22
	1.69
	0.26

	KPP32
	1.40
	0.18

	KTAIP22
	1.52
	0.18

	MY32
	1.47
	0.21

	PWP32
	1.46
	0.18

	MIC32
	2.04
	0.24


Table 5. RMS differences in two fields between Levitus climatology and the fourteen model experiments.

7
12

_1056743965.unknown

_1060466388.unknown

_1076180483.unknown

_1080638181.unknown

_1080649560.unknown

_1080660769.unknown

_1080664810.unknown

_1080682645.unknown

_1080682795.unknown

_1080673940.unknown

_1080674457.unknown

_1080673543.unknown

_1080673719.unknown

_1080673452.unknown

_1080660849.unknown

_1080660957.unknown

_1080664792.unknown

_1080660875.unknown

_1080660802.unknown

_1080658835.unknown

_1080659591.unknown

_1080660713.unknown

_1080659579.unknown

_1080653637.unknown

_1080658807.unknown

_1080649570.unknown

_1080639145.unknown

_1080639387.unknown

_1080641899.unknown

_1080643047.unknown

_1080641319.unknown

_1080641339.unknown

_1080641301.unknown

_1080639256.unknown

_1080638234.unknown

_1080638733.unknown

_1080638219.unknown

_1076181764.unknown

_1076184574.unknown

_1076431550.unknown

_1080638056.unknown

_1080638148.unknown

_1080638164.unknown

_1080638108.unknown

_1080581007.unknown

_1080637983.unknown

_1080581107.unknown

_1080581652.unknown

_1079819074.unknown

_1079819107.unknown

_1079820329.unknown

_1076453096.unknown

_1079818928.unknown

_1076425888.unknown

_1076426050.unknown

_1076427479.unknown

_1076427795.unknown

_1076428565.unknown

_1076426193.unknown

_1076426001.unknown

_1076420262.unknown

_1076421106.unknown

_1076421122.unknown

_1076420667.unknown

_1076184706.unknown

_1076181919.unknown

_1076182352.unknown

_1076183636.unknown

_1076182344.unknown

_1076181839.unknown

_1076181909.unknown

_1076181778.unknown

_1076181698.unknown

_1076181727.unknown

_1076181746.unknown

_1076181711.unknown

_1076181643.unknown

_1076181655.unknown

_1076181343.unknown

_1076181560.unknown

_1076181360.unknown

_1076181331.unknown

_1074281998.unknown

_1075063863.unknown

_1076176444.unknown

_1076180382.unknown

_1076180445.unknown

_1076177762.unknown

_1076178222.unknown

_1075101598.unknown

_1075101935.unknown

_1075122820.unknown

_1076078391.unknown

_1075122807.unknown

_1075101919.unknown

_1075101360.unknown

_1075101587.unknown

_1075064498.unknown

_1075101289.unknown

_1075064509.unknown

_1075063881.unknown

_1074282832.unknown

_1074284452.unknown

_1075060167.unknown

_1075063173.unknown

_1075063195.unknown

_1074284614.unknown

_1075060152.unknown

_1074284596.unknown

_1074283284.unknown

_1074284350.unknown

_1074283273.unknown

_1074282498.unknown

_1074282819.unknown

_1074282276.unknown

_1074248516.unknown

_1074259846.unknown

_1074261890.unknown

_1074268491.unknown

_1074281205.unknown

_1074281989.unknown

_1074268838.unknown

_1074262033.unknown

_1074262643.unknown

_1074262644.unknown

_1074262175.unknown

_1074261952.unknown

_1074261180.unknown

_1074261691.unknown

_1074261805.unknown

_1074261381.unknown

_1074261116.unknown

_1074261137.unknown

_1074260236.unknown

_1074252781.unknown

_1074257675.unknown

_1074258390.unknown

_1074256975.unknown

_1074252464.unknown

_1074252763.unknown

_1074252243.unknown

_1074248093.unknown

_1074248334.unknown

_1074248421.unknown

_1074248232.unknown

_1074246533.unknown

_1074247817.unknown

_1074247831.unknown

_1074248027.unknown

_1074247172.unknown

_1074247178.unknown

_1074245273.unknown

_1074246485.unknown

_1060467685.unknown

_1056914476.unknown

_1056915397.unknown

_1060456644.unknown

_1060457457.unknown

_1060457697.unknown

_1060466014.unknown

_1060457741.unknown

_1060457580.unknown

_1060456828.unknown

_1060456859.unknown

_1060456927.unknown

_1060456816.unknown

_1060456099.unknown

_1060456585.unknown

_1060456618.unknown

_1060456122.unknown

_1060456239.unknown

_1057095111.unknown

_1057095353.unknown

_1057095502.unknown

_1060456070.unknown

_1057095708.unknown

_1057095501.unknown

_1057095201.unknown

_1056915623.unknown

_1057094955.unknown

_1057095061.unknown

_1057094937.unknown

_1056915621.unknown

_1056915620.unknown

_1056914988.unknown

_1056915143.unknown

_1056915311.unknown

_1056915341.unknown

_1056915209.unknown

_1056915058.unknown

_1056915125.unknown

_1056915030.unknown

_1056914680.unknown

_1056914847.unknown

_1056914889.unknown

_1056914716.unknown

_1056914630.unknown

_1056914659.unknown

_1056914614.unknown

_1056794261.unknown

_1056806735.unknown

_1056914241.unknown

_1056914297.unknown

_1056914376.unknown

_1056914474.unknown

_1056914276.unknown

_1056896164.unknown

_1056896245.unknown

_1056807161.unknown

_1056794564.unknown

_1056796056.unknown

_1056796379.unknown

_1056796803.unknown

_1056794707.unknown

_1056795381.unknown

_1056794624.unknown

_1056794368.unknown

_1056794563.unknown

_1056794562.unknown

_1056794319.unknown

_1056750340.unknown

_1056751712.unknown

_1056792947.unknown

_1056793030.unknown

_1056793108.unknown

_1056793131.unknown

_1056792969.unknown

_1056788305.unknown

_1056792896.unknown

_1056751856.unknown

_1056788271.unknown

_1056751726.unknown

_1056750420.unknown

_1056751669.unknown

_1056750374.unknown

_1056745519.unknown

_1056747519.unknown

_1056748891.unknown

_1056749064.unknown

_1056749219.unknown

_1056749218.unknown

_1056748943.unknown

_1056747968.unknown

_1056748371.unknown

_1056746131.unknown

_1056746173.unknown

_1056745643.unknown

_1056744967.unknown

_1056745305.unknown

_1056744202.unknown

_1056399326.unknown

_1056466954.unknown

_1056741344.unknown

_1056742458.unknown

_1056743571.unknown

_1056743700.unknown

_1056743948.unknown

_1056743608.unknown

_1056743437.unknown

_1056743499.unknown

_1056743410.unknown

_1056742083.unknown

_1056742326.unknown

_1056742429.unknown

_1056742280.unknown

_1056741604.unknown

_1056741799.unknown

_1056741499.unknown

_1056741522.unknown

_1056741464.unknown

_1056723376.unknown

_1056731637.unknown

_1056740682.unknown

_1056741279.unknown

_1056732690.unknown

_1056728470.unknown

_1056731252.unknown

_1056731283.unknown

_1056731120.unknown

_1056728439.unknown

_1056721761.unknown

_1056722090.unknown

_1056723357.unknown

_1056721984.unknown

_1056467313.unknown

_1056467816.unknown

_1056711807.unknown

_1056467796.unknown

_1056466990.unknown

_1056402714.unknown

_1056444794.unknown

_1056466411.unknown

_1056466598.unknown

_1056466604.unknown

_1056466597.unknown

_1056446365.unknown

_1056456127.unknown

_1056456203.unknown

_1056446374.unknown

_1056445283.unknown

_1056445306.unknown

_1056445417.unknown

_1056444851.unknown

_1056402924.unknown

_1056444721.unknown

_1056444783.unknown

_1056402952.unknown

_1056402882.unknown

_1056402912.unknown

_1056402875.unknown

_1056400285.unknown

_1056402183.unknown

_1056402562.unknown

_1056402573.unknown

_1056402248.unknown

_1056400339.unknown

_1056400366.unknown

_1056400312.unknown

_1056399934.unknown

_1056400130.unknown

_1056400202.unknown

_1056400020.unknown

_1056399358.unknown

_1056399697.unknown

_1056399762.unknown

_1056399429.unknown

_1056399334.unknown

_1056277920.unknown

_1056290517.unknown

_1056377655.unknown

_1056396129.unknown

_1056397499.unknown

_1056399083.unknown

_1056399219.unknown

_1056398843.unknown

_1056397440.unknown

_1056397466.unknown

_1056397289.unknown

_1056380298.unknown

_1056380639.unknown

_1056395718.unknown

_1056395929.unknown

_1056395972.unknown

_1056395881.unknown

_1056388746.unknown

_1056395619.unknown

_1056380734.unknown

_1056382304.unknown

_1056380698.unknown

_1056380490.unknown

_1056380568.unknown

_1056380600.unknown

_1056380505.unknown

_1056380372.unknown

_1056380464.unknown

_1056380339.unknown

_1056378212.unknown

_1056379220.unknown

_1056380276.unknown

_1056379084.unknown

_1056378051.unknown

_1056378094.unknown

_1056377678.unknown

_1056376316.unknown

_1056377091.unknown

_1056377408.unknown

_1056377516.unknown

_1056377575.unknown

_1056377583.unknown

_1056377492.unknown

_1056377233.unknown

_1056376856.unknown

_1056376899.unknown

_1056376694.unknown

_1056375997.unknown

_1056376115.unknown

_1056376164.unknown

_1056376083.unknown

_1056363726.unknown

_1056375742.unknown

_1056363334.unknown

_1056289114.unknown

_1056289652.unknown

_1056290289.unknown

_1056290516.unknown

_1056289718.unknown

_1056289428.unknown

_1056289538.unknown

_1056289318.unknown

_1056285250.unknown

_1056288960.unknown

_1056289065.unknown

_1056285438.unknown

_1056286930.unknown

_1056278883.unknown

_1056279020.unknown

_1056285194.unknown

_1056278835.unknown

_1056145771.unknown

_1056200221.unknown

_1056232401.unknown

_1056276385.unknown

_1056277514.unknown

_1056277841.unknown

_1056277216.unknown

_1056277287.unknown

_1056277487.unknown

_1056277231.unknown

_1056276865.unknown

_1056276252.unknown

_1056276276.unknown

_1056276309.unknown

_1056276132.unknown

_1056207958.unknown

_1056232035.unknown

_1056232092.unknown

_1056229457.unknown

_1056229828.unknown

_1056208034.unknown

_1056207311.unknown

_1056207353.unknown

_1056207700.unknown

_1056206134.unknown

_1056198197.unknown

_1056199174.unknown

_1056199471.unknown

_1056199534.unknown

_1056199396.unknown

_1056198250.unknown

_1056193109.unknown

_1056198002.unknown

_1056198045.unknown

_1056196426.unknown

_1056192835.unknown

_1056192896.unknown

_1056192919.unknown

_1056192860.unknown

_1056145798.unknown

_1049668343.unknown

_1056143809.unknown

_1056145153.unknown

_1056145269.unknown

_1056143842.unknown

_1056143466.unknown

_1056143808.unknown

_1056143421.unknown

_1049664136.unknown

_1049668095.unknown

_1049668340.unknown

_1049668342.unknown

_1049668254.unknown

_1049667306.unknown

_1049668040.unknown

_1049668065.unknown

_1049667929.unknown

_1049664301.unknown

_1049664783.unknown

_1049664914.unknown

_1049643428.unknown

_1049643609.unknown

_1049662658.unknown

_1049642447.unknown

