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Chapter 14

Sea surface fluxes

The governing equations introduced in Chapter 2 need boundary conditions. At the sea surface, they take the form of the
flux boundary condition. Momentum fluxes for the equations of motion, heat and material fluxes for the temperature and
other tracer equations, and fresh water fluxes for the continuity equation. These surface fluxes are the main driving force
of oceanic motions. This chapter explains how they are treated in MRI.COM.

Ideally, the realistic momentum, heat and fresh water fluxes based on observation should be used when a realistic
simulation is intended. However, because existing sea surface fluxes derived from observations include large errors and
the ocean models have their own errors, it is not common for an ocean-sea ice model in stand-alone mode to be driven
by fluxes without a feedback process. It is a common practice for an ocean-sea ice model to compute fluxes using a bulk
formula with sea surface meteorological elements derived from atmospheric reanalysis data and the surface temperature
and velocity of its own.

Section 14.1 describes momentum flux. How heat fluxes are treated is described in Sections 14.2 through 14.5.
Treatment of fresh water fluxes is described in Section 14.6, including the computations of the equivalent fluxes under
invariable first layer volume condition (Section 14.6.2). Sections 14.7 and 14.8 explain how heat and fresh water fluxes
are used in temperature and salinity equations. Several options are available for the choice of the bulk formula to calculate
momentum, latent and sensible heat, and evaporative fluxes. They are detailed in Section 14.9 along with a general
formulation for bulk transfer coefficients. How to give the attributes of external forcing data to the model is explained in
Section 14.10. Finally, some technical details are presented in Sections 14.11 and 14.12.

Here is a cautionary note. Although recent satellite observations enable us to obtain sea surface fluxes with high
resolution in space and time, even higher accuracy is necessary for practical uses. For example, a bias of several W m™2
in heat flux may greatly affect the thickness of sea ice, meaning that accuracy on the order of several W m~2 is necessary
to clarify climatic change (WGASF, 2000). Efforts in enhancing observations and evaluating sea surface fluxes based on
various methods have been expanded globally. In the future, a high-resolution ocean model and a new scheme for advection
and diffusion may be developed to improve the simulation capability. It is noted, however, that increased observation
frequency does not necessarily guarantee improved accuracy of the fluxes (for example, it is unlikely that the accuracy of
a bulk coefficient would be improved). Hence, it should be kept in mind that sea surface fluxes presently involve large
uncertainties.

14.1  Momentum flux (surface stress)

14.1.1 Formulation

Surface forcing to the momentum equation, or surface momentum flux into the ocean, is in the form of wind stress (or
stress from sea ice), and is treated as a body force to the first level velocity in the model algorithm

0 (T Ty)

9 rvi) =t , 14.1
6t(”1 vi) pohz, (14.1)

where (u1,v]) is horizontal velocity at the first level, Az 1 is the thickness of the first layer, pg is the reference density of
sea water (Table 2.1), and 7, and 7, are zonal and meridional stresses.
Surface stress is an area weighted average of stresses due to surface wind and sea ice:

(tx, Ty) = (1 = A)(Ta0,, Ta0,) + A(710, T10,)> (14.2)

where A is the area fraction of sea ice. 749 and 7y are air-ocean and ice-ocean stresses, respectively.
Wind stress (air-sea momentum flux) vector, 740 is computed by using the wind vector of the surface air, U,, the first
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14.1 Momentum flux (surface stress)

level velocity (surface current), a, and a bulk transfer coefficient Cp (see Section 14.9 for computation) as follows:

— — — —
7%) = paCD|Ua - aU|(Ug = aUs), (14.3)

where p,, is the density of air and « is the contribution of the surface current to the calculation of relative surface wind.
Usually, a is unity, but it can be tuned to reduce damping effect of the wind stress on the oceanic current (see Table 14.3).
See Chapter 17 for the computation of ice-ocean stress (170)).

14.1.2 Numerical implementation

On implementing Eq. (14.3), the time level of the surface velocity must be the starting time level of the integration.
Because the corrector substep is the main body of the LFAM3 time integration scheme (Section 4.3), we use the n-th step
surface velocity at the starting time level of the corrector substep.

" = paCp UL = U |(UL = alUy). (14.4)

The same treatment should be applied to the computation of ice-ocean stress. Note that surface fluxes including the
momentum flux are calculated in the predictor substep and the same fluxes are reused in the corrector substep.

In the bulk formulae implemented in MRI.COM, bulk transfer coefficients are computed on the tracer point. Those on
the velocity point are obtained as area-weighted averages from the surrounding tracer points.

14.1.3 Usage
a. Model option

By default, wind stress vector is given as external data and each component should be read from separate files. (Wind
stress data is always required, and thus files filled with zeros are necessary when wind stress is not applied.) The input data
should be in units of [dyn cm™]. When TAUBULK option is specified, the wind stress is calculated by using a bulk formula.
In this option, components of wind vector at 10 m in units of [cms™'] should be prepared as external data, instead of the
default wind stress data.

b. Input data

Time series of wind stress or surface wind vector data on a structured lattice should be prepared in the single precision,
direct access format with a constant time interval. The data may be interpolated in time and space in the model. Attributes
of the data are specified by nml_force_data. The name of the data and the units assumed by the model are listed on
Table 14.1. The name of the data should be "U-wind" and "V-wind" regardless of wind stress or wind vector. See Section
14.10 for details on how to specify external forcing files.

Table14.1 Wind data to be read from namelist nm1_force_data.

name units usage
X-ward wind stress U-wind dyncm™2 if not TAUBULK
Y-ward wind stress V-wind dyncm™ if not TAUBULK
X-ward wind speed U-wind cms! if TAUBULK
Y-ward wind speed V-wind cms! if TAUBULK

c. Namelist

At the initial stage of the model integration, wind stress or wind may be gradually set up from zero at the start and unity
after a specified period. The set up period is specified in namelist nm1_force_windsetup (Table 14.2).

Table14.2 Namelist nml_force_windsetup.

variable name units description usage
idays_wind_setup | day | wind setup period in days default : no tapering on wind
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Chapter 14  Sea surface fluxes

Contribution of the surface current to the calculation of relative surface wind in (14.3) may be tuned by namelist
nml_bulk_wind (Table 14.3). This is because the use of full surface current may lead to too strong damping on swift
surface current in some model settings.

Table14.3 Namelist nml_bulk_wind.

variable name units description usage
current_contri_factor 1 Contribution of the surface current to the | default= 1.0
calculation of relative surface wind

14.2 Heat flux

14.2.1 Formulation

There are four main components in surface heat flux: shortwave radiation (Qsg), longwave radiation (Q10), latent (Qr4),
and sensible (Qgy) heat flux. Specific expression for these fluxes is shown in the following sections. In addition to those
fluxes, the heat exchanges with the sea ice (Qjc.) and the heat transport due to surface fresh water fluxes (Fg,F) contribute
to surface heat flux. See Section 14.6 for fresh water fluxes and Chapter 17 for details of exchange with sea ice.

The total sea surface heat flux Qngr is given by

Oner = Osu + Q1o + Qra + Osy + Qice + po¢ p Fiyp, (14.5)

where pg and ¢, are density and specific heat of sea water. Note that downward heat flux is defined as positive.

14.2.2 Numerical implementation

The components of net heat flux (14.5) are broken into three terms,

Oner = Qs + QorHER + PoC p Fip. (14.6)

Shortwave radiation (Qgsp) penetrates into the ocean interior. Other terms (Qorger) are absorbed in the first layer. Fresh
water transport term (poc Fv?/F) needs separate treatment because it should be consistent with the continuity equation and
included in the solution procedures of the tracer advection term.

14.2.3 Usage
a. Model options

The HFLUX option must be selected to treat surface heat fluxes explicitly in the model.

b. Input data

Time series of shortwave and longwave radiation, surface air temperature, surface specific humidity, surface wind speed,
and sea-level pressure on a structured lattice should be prepared. The data may be interpolated in time and space in the
model. Attributes of the data are specified by nml_force_data. The name of the data and the units assumed by the
model are listed on Table 14.4. See Section 14.10 for details on how to specify external forcing files at run time.

Table14.4 Heat flux data to be read from namelist nm1_force_data when HFLUX option is selected.

elements name units usage
Downward shortwave radiation ShortWave ergs"Tem™2 = x10° Wm™2
Downward longwave radiation LongWave ergs T cm™2
Surface air temperature TempAir °C
Surface air specific humidity SphAir 1
Scalar wind speed ScalarWind cms! unnecessary if TAUBULK
Sea level pressure Seal_evelPressure hPa also used for SLP
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14.3 Shortwave radiation flux

14.3 Shortwave radiation flux

14.3.1 Formulation

By default, the downward shortwave radiation (Qg"HW“) is read as external forcing data. A part of the downward shortwave
radiation (a, Qg;’iwn) is reflected at the sea surface, and the remainder penetrates into the ocean interior as the net shortwave
radiation flux (Qsg(z=1n) = (1 - ao)Qg;’JW“), where a,, is the albedo at the sea surface and 7 is the position of sea surface
in the fixed vertical coordinate. More than 50% of the radiation (in the near infra-red band) is absorbed within a depth of
1 m below the sea surface, but the remainder (in the visible and ultraviolet bands) penetrates further into the ocean interior
and affects the subsurface temperature structure.

The penetrating shortwave radiation is expressed as a function of depth (z) in a fixed frame Qgy(z) and its vertical

convergence dQsy(z)/0z warms the sea water.

06 L1 90w (14.7)

ar pocp Oz

where py is the density of sea water and ¢, is the specific heat of sea water. There are three options regarding how the
vertical profile of shortwave penetration is specified.

a. Standard scheme of penetration

According to Paulson and Simpson (1977), the shortwave radiation flux penetrating into the ocean interior is given by
using the fraction of the near infra-red band (R) and the attenuation distances for the near infra-red band () and the
visible and ultraviolet band ({>) as,

Osu(z) = Osu(0)[Rexp{(-n +2)/{1} + (1 = R) exp{(-n +2)/ {2}, (14.8)

where we set R = 0.58, {1 = 35cm, and {, = 2300cm, using the optical properties of Water Type I based on the
classification by Jerlov (1976). Qs (0) is the net solar radiation flux at the sea surface.

b. A penetration scheme that takes into consideration of the insolation angle

The SOLARANGLE option enables us to include the effect of the insolation angle on the shortwave radiation flux in the
oceanic interior. This scheme is based on Ishizaki and Yamanaka (2010). In this case, if the depth (z) on the r.h.s. of
Equation (14.8) is replaced by the penetrating distance from the sea surface, the shortwave radiation is given by

Osn(2) = Qsu(0)[Rexp{(-n +2)/({1sin6,)} + (1 - R) exp{(-n +2)/({25in 6,,) }], (14.9)

where 6,, is the penetrating angle in the ocean interior. When SOLARANGLE option is specified in coupled models, Equation
(14.9) is replaced by
Osu(z) = Osn, (2) + Osh, (2), (14.10)

where Qgp, (z) and Qsp,(z) are the shortwave radiation fluxes due to direct (beam) and diffuse solar radiation. Those
fluxes are expressed as follows:

Osn,(2) = Qsn, (0)[Rp exp{(-n +2)/ ({1 sin6y) } + (1 = Rp) exp{ (-1 + 2)/ ({2 sin O1) }], (14.11)
Osn,(2) = Qsty (0)[Ra exp{(=n +2)/{1} + (1 = Ra) exp{(—1 +2)/{2}], (14.12)

where R;, and R are the ratios of near infra-red to total radiation in direct (beam) and diffuse solar radiation, respectively.
Osm, (0) and Oy, (0) are the net direct (beam) and diffuse solar radiation fluxes at the sea surface.

c. A penetration scheme that takes into consideration of chlorophyll concentration

Recent studies indicate that solar radiation absorption and local heating within the upper ocean are strongly influenced by
the chlorophyll concentration. By specifying CHLMA94 and NPZD options, we can use a shortwave penetration model with
the chlorophyll concentration (Morel and Antoine, 1994). In this scheme, the shortwave radiation flux penetrating into the
ocean interior is given by

Osn(z) = Qs (0)[Rexp{(-n +2)/{o} + (1 = R)(Viexp{(-n +2)/{1} + Vaexp{(-n + 2)/ 2})]. (14.13)
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Chapter 14  Sea surface fluxes

The first exponential is for the infra-red waveband (> 750 nm), which is not influenced by biological materials and
attenuates with a distance of ¢y = 26.7 cm. The second and third exponentials are for the visible and ultraviolet bands (<
750 nm). Vi, Va, {1, and ¢, are calculated from an empirical relationship as a function of chlorophyll concentration (chl
[mg - m™3]) as follows:

Vi =0.321 +0.008C +0.132C% +0.038C> - 0.017C* - 0.007C?, (14.14)
Vo =0.679 — 0.008C — 0.132C2 — 0.038C> + 0.017C* + 0.007C3, (14.15)
£ = 1.540 - 0.197C +0.166C% — 0.252C3 — 0.055C* +0.042C>, (14.16)
£ =7.925 — 6.644C +3.662C* — 1.815C° — 0.218C* + 0.502C°, (14.17)

where C = logo(chl). Itis noted that V| + V, = 1.
When SOLARANGLE option is added to the options mentioned above, the shortwave radiation is slightly modified by

Osn(2) =Qsu(0)[Rexp{(-n+2)/({osinb,)}

+ (1= R)(Viexp{(-n+2)/({isinby)} + Vo exp{(-n +2)/({25in6)})]. (14.18)
In coupled models, Equation (14.18) is replaced by
Osn(2) = Osm, (2) + Osn,(2), (14.19)

where Qgsp, (z) and Qsp,(z) are the shortwave radiation fluxes due to direct (beam) and diffuse solar radiation. These
fluxes are expressed as follows:

Os,(z) =Osu, (0)[Rp exp{(-n +2)/({psinb,,)}

+ (1= Rp)(Viexp{(-n+2)/({18in0y)} + Vaexp{(-n +2)/({2sin6,,) })], (14.20)
Osn,(2) =Q0sn,(0)[Ra exp{(-n +2)/{o}
+ (1= Ra)(Viexp{(-n+2)/{1} + Vaexp{(-n +2)/ D], (14.21)

where R;, and R, are the ratios of near infra-red to total radiation for direct (beam) and diffuse solar radiation, respectively.

d. Albedo schemes

There are five options for the sea surface albedo. The first option is a constant value, which should be specified as alb in
namelist nm1_albedo_ocean.
The second option is based on Large and Yeager (2009) and is given by

o = 0.069 — 0.011 cos(24), (14.22)

where ¢ is latitude.
The third option is based on Barker and Li (1995) and is given by

3.12 0.074x
= 0.06 +0.0421x +0.128x — 0.04x* ( ) 5 14.23
o " orn AL Y568+ U T 104300/ (14.23)
where x = 1 —sin 6, (6, is a height angle of the Sun), and U is the surface wind speed [m s~
The fourth option is based on Briegleb et al. (1986) and is given by
0.026
a, = — +0.15(sinf, — 0.1) (sinf, — 0.5) (sinf, — 1.0) . (14.24)
(sin@,) " +0.065
The fifth option is based on Taylor et al. (1996) and is given by

0.037 (14.25)

Qo = .
1.1 (sin@,)"* +0.15

14.3.2 Numerical implementation

Shortwave flux is computed on T-cells, which means that variations of horizontal cross section due to topography (S) must
be taken into account. The vertical profile of the shortwave penetration can be expressed as a function of the vertical depth
from the sea surface. Discrete form of the absorption of shortwave heat for a grid cell (i, j, k — %) is

n+l n n n
OV = OV, ek A Qi i iSigkey = Qe 41 7ked ) (14.26)
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14.3 Shortwave radiation flux

14.3.3 Usage
a. Model option

* SOLARANGLE must be selected to take the solar penetration angle into consideration

* CHLMA94 must be selected to take the effect of chlorophyll concentration into consideration. The chlorophyll
concentration will be taken from either the biogeochemical model with NPZD option or climatology (name =
ChlorophyllClimatology) with CHLCLIM option.

When CHLCLINM option is selected, time series of 2-D chlorophyll concentration should be prepared. The data may be
interpolated in time and space in the model. See Section 14.10 for how to specify external forcing files.

b. Namelist

Namelists related to shortwave radiation are listed on Tables 14.5 through 14.7.

Table14.5 Namelist nml_albedo_ocean.

variable name units description usage
alb no (real8) constant albedo
albedo_scheme_name | no (character) | name of ’constant’ or “const’ :
albedo scheme constant given by alb (default)
"CORE’ or ’Large and Yeager 2009’ :
Large and Yeager (2009)

"MRI-ESM1’, ’Barker and Li 1995’ or ’Barker95’ :
Barker and Li (1995)

"Briegleb et al 1986’ or ’Briegleb86’ :
Briegleb et al. (1986)

"Taylor et al 1996’ or *Taylor96’ :
Taylor et al. (1996)

albedo_choice no (integer) | choice of 1 : constant given by alb
albedo scheme | 2: Large and Yeager (2009)
(obsolete) 3 : Barker and Li (1995)

Table14.6 Namelist nml_solarangle.

variable name units description usage
interval_shortwave_sec sec time interval of short- | required
wave data
1 _variable_zenith_ang logical | use zenith angle with | default=.true.

daily variation
1_const_zenith_ang_mean | logical | use average zenith angle | validif 1_variable_zenith_ang=.false.
from sunrise to sunset
1_const_zenith_ang_noon | logical | use zenith angle at noon | validif1_variable_zenith_ang=.false.
1 diurnal_var shortwave logical | daily variational ampli- | default =.false., If this is true,

tude of solar flux is cal- | interval_ shortwave_sec = 86400
culated in this module
1 _penetr_ang_considered | logical | introduction of trans- | default = .true.
mitted angle based on
Snell’s law

Table14.7 Namelist nml_frac_nearir.

variable name units description usage
gsratio_nearIR | no (real8) | ratio of near infra-red band to the total | default = 0.58
shortwave flux (R)
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Chapter 14  Sea surface fluxes

14.4 Longwave radiation flux

14.4.1 Formulation

Net longwave radiation into the ocean Qg‘g is the residual between the downward longwave radiation Qi‘(’)“’“ (external data

given by user) and the upward black body radiation of sea water with the sea surface temperature (Ogy,f),
01 = (1 - 1)QIN™ — €,,0 (Bsurt +273.15)*. (14.27)

Here, e,, is the emissivity for sea water, which should be specified by user, r is the reflectance of longwave radiation,
and o = 5.67 x 107 erg - s™' - cm™2 - K™ is the Stefan-Boltzmann constant. The longwave reflectance is calculated as
r =1 —a —t, where a and ¢ are the absorbance and the transmittance, respectively. Assuming that a = e,, from the
Kirchhoff’s law and ¢ = 0, we give the reflectance r by 1 — e,,.

14.4.2 Numerical implementation

There is no special issue on the numerical implementation. The net longwave flux is absorbed in the first layer of the
model. Before used to update the first level temperature, it is summed into an array (qothr) which gathers all heat flux
components except for shortwave. Note that the sea surface (first model level) temperature at the starting time level is used
to evaluate upward longwave flux in any time integration scheme.

14.4.3 Usage
a. Namelist

Emissivity (e,,) of black body radiation from the sea surface may be specified by user at run time with namelist
nml_emissivity_sea_water (Table 14.8).

Table14.8 Namelist nml_emissivity_ sea_water.

variable name units description usage
emissivity | no(real8) | emissivity of upward longwave radiation | default= 1.0
from sea water

14.5 Latent and sensible heat fluxes

14.5.1 Formulation

The bulk method is used to calculate latent and sensible heat fluxes. In the bulk method, latent heat flux (Q4) and sensible
heat flux (Qgy) are calculated using bulk transfer coefficients Cg and Cpy (see Section 14.9),

Q14 = = paLCr|AU|(gs — qa), (14.28)
Osv =— pacpaCH |A[7|(TY - 64). (14.29)

Here, p, is the air density, L is the latent heat of evaporation, g, is the specific humidity of the surface air, gy is the
saturated specific humidity of the sea surface temperature, 6, is the surface air potential temperature (K), 7 is the absolute
sea surface water temperature (K), and AU = l7a - afﬁs is the vector difference between the surface wind and the first level
velocity (surface current). As explained in relation to the wind stress (Section 14.1), « is the contribution of the surface
current to the calculation of the relative wind vector. The quantity ¢, is the specific heat of air.

14.5.2 Numerical implementation

There is no special issue on the numerical implementation. The latent and sensible heat fluxes are absorbed in the first
layer of the model. Before used to update the first level temperature, they are summed into an array (qothr) which gathers
all heat flux components except for shortwave. Note that the sea surface (first model level) temperature at the starting time
level is used to evaluate fluxes in any time integration scheme.
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14.6 Freshwater flux

14.5.3 Usage
Model option

MRI.COM can provide two calculation methods for bulk transfer coefficients. One of them must be specified when HFLUX
option is chosen.

» BULKNCAR for Large and Yeager (2004; 2009)
e BULKECMWF for ECMWF (2016b)

See Sections 14.9.2 and 14.9.3 for details.

14.6 Freshwater flux

14.6.1 Formulation

Freshwater flux through the sea surface (F") is caused mainly by precipitation (P), evaporation (E), river discharge (R),
and formation-melting of sea ice (/):
FY =P-E+R+1, (14.30)

Precipitation and river discharge are given as input data. MRI.COM conventionally considers precipitation on the sea
as rainfall and precipitation on sea ice as snowfall. It is possible to separately specify rainfall data and snowfall data
(P = Prain + Psnow; Table 14.9). Note that rainfall on the sea ice in this case passes through the sea ice and falls directly on
the sea. Fresh water flux due to sea ice formation-melting is given by the sea ice model. Evaporation is computed by a
bulk formula in the ocean model and it should be consistent with the latent heat flux:

E = paCe|AU|(qs — qa) = —Q1a/L. (14.31)

Note that evaporation (E) is defined as positive upward.
Fresh water flux is treated as the surface boundary condition for the surface height equation:

on

ot "
Fresh water is added to/subtracted from the surface grid cell. Thickness of grid cells in the whole vertical column should
be modified to adapt to this change in the surface height. Concentration of materials (tracer species) in a grid cell should
be updated by taking into account of these volume changes. Knowledge about the contents of materials in the fresh water
flux is required for the computation, which is explained below.

+FY. (14.32)

14.6.2 Material fluxes due to fresh water flux

Rainfall, evaporation, and river discharge (P, — E + R) are assumed to have the first level temperature (6g,¢) and zero
salinity. We assume that the snow temperature is 0°C and its salinity is 0. Melting heat of snowfall is supplied from the
top layer of the ocean model. In addition, fresh water flux is simply added to the first layer volume. Thus, the downward
temperature and salinity transports to the first layer due to the fresh water flux are given as follows:

FI?/F = (Prain —-E+ R) * Osurf + F]H - FSGnowMelt’ (14.33)
Fye = Fy. (14.34)

where F' Ig and F' f are temperature and salinity transport due to the water exchange between the ocean and sea ice,

respectively. Those fluxes are calculated in the sea ice model (Eqs. (17.252) and (17.255)). The salinity transport is
induced only by the water exchange between the ocean and sea ice, and other water inflows are assumed to have zero
salinity. These downward transports of temperature and salinity are treated as downward vertical advection terms at the
top of the first ocean model layer (Eqgs. (14.36) and (14.39) ).

14.6.3 Numerical implementation

a. Suppressing long-term drift of sea water volume

Because the global mean of FW should not necessarily be zero and there is no feedback mechanism in an ocean-sea ice
system to balance the fresh water budget, the globally averaged volume of the ocean may continue to increase or decrease.
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To avoid this, the integral of the globally averaged freshwater flux is set to zero by selecting WADJ option,
FY =FY —FW, (14.35)

where FV is the global mean of FV (= P — E + R), where E includes sublimation over sea ice. Note that exchange with
sea ice is not included in the computation of FW .

14.6.4 Usage
a. Model options

* WFLUX should be specified to explicitly treat fresh water fluxes in the model. In this case, precipitation data must
be prepared as input data.

* RUNOFF enables river discharge to be treated. River run-off data should be given as external data.

* WADJ imposes conservation of sea water volume of the ocean - sea ice system.

b. Input data

When WFLUX and RUNOFF options are specified, time series of precipitation and river run-off data must be prepared,
respectively. Users can use namelist nml_force_snowfall (Table 14.9) to control whether snowfall data is read
individually or not. The freshwater flux read from “Precipitation” data is regarded as rainfall if the users explicitly specify
the snowfall data. Data on a structured lattice should be prepared in the single precision direct access format with a
constant time interval. Attributes of the data are specified by nml_force_data. Name and units assumed by the model
are summarized in Table 14.10.

The data may be interpolated in time and space in the model. See Section 14.10 for how to specify external forcing files.

Table14.9 Namelist nml1_force_snowfall.

variable name units description usage
1 read_snowfall| logical | Read snowfall data in addition to precipitation (rainfall) data default = .false.

Table14.10 Water flux data to be read from namelist nm1_force_data.

element name units usage
precipitation Precipitation gsem™? WFLUX
river discharge RiverDischargeRate gsem™ RUNOFF
snowfall Snowfall g s~Tem™2 WFLUX; required when 1_read_snowfall =.true.
(Table 14.9)

c. Namelist

The river run-off data around Antarctica may be treated as the discharge of iceberg if sea ice is present in the grid. Namelist
nml_mkflux specifies this behavior (Table 14.11).

Table14.11 Namelist nml_mkflux. See also Table 14.13.

variable name units description usage
1 glacier logical | if a rivermouth grid has sea ice then river | default = .false.
discharge is converted into iceberg input
from glacier

Continued on next page
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14.7 Treatment in the temperature equation

Table 14.11 — continued from previous page

variable name units description usage

1_after_rivermouth_spread | logical | river discharge is converted into iceberg af- | default = .false.

ter a smoothing operation of river discharge
data

When WADJ option is selected, the global summation of surface fresh water fluxes, which is used for determining the
offsetting flux, can be made MPI parallel independent by choosing 1_strict_waterflux_adjust = .true. in namelist
nml_waterflux_adjust (Table 14.12).

Table14.12 Namelist nml_waterflux_adjust.

variable name units description usage
1 _strict_waterflux_adjust | logical | water flux adjustment is made MPI parallel | default = .false.
independent

14.7 Treatment in the temperature equation

14.7.1 Formulation

The contributions of surface forcing (F ZH ), shortwave radiation flux (Qgg) and the heat transport due to fresh water flux
(14.33, F, V“),F) to the first layer temperature are expressed as

a6 FPAA 1 0 F¢ AA
— = .+ st PR Gy (14.36)
ot lk=14 AV pocp, Oz AV

where AA and AV are the horizontal area and the volume of the first layer of a T-cell, respectively. The term (F, Zg ) consists

of the net sea surface heat flux except for the shortwave radiation flux (Q orrEg), restoring of SST (0gyf) to a specified

value (6%), and heating associated with freezing of supercooled water Qiu[’em(ﬂ :

FZHAA _ QorHERAA B ﬂ (Osurt — 0F)AA + goupercool (14.37)
AV pocpAV - yg AV ' ' .

The heat flux (QorrEer) has been converted to temperature transport using the reference density (o) and specific heat (c )
of sea water. The second term on the r.h.s. is a restoring term to a specified SST. The parameter y¢ is a restoring time
(in units of seconds) and should be read from input file (see Chapter 13). The restoring term is converted to temperature
transport by multiplying the (fixed) thickness of the first layer of a T-cell (Az 1 ).

By default, surface temperature forcing consists only of the restoring term. By specifying HFLUX option, sea surface
heat fluxes are treated explicitly. The heat transport due to fresh water flux are included when WFLUX option is specified.

14.7.2 Numerical Implementation

The heat transport due to fresh water flux (FV?,F in 14.36) is incorporated in the advection schemes. Shortwave absorption
is treated separately from other heat flux terms. Heat flux components except for the shortwave radiation are gathered in
an array (qothr) and added to the tendency of the first layer temperature.

Heating of supercooled water (qupercml) is calculated as follows:

1 .
qupercool = v (Osurf — Ofreeze) it Osurf < Ofreeze- (14.38)

When the temperature of the first layer is below the freezing point, the temperature is set to the freezing point and this
heat comes from the latent heat release of the new sea ice formation. This is done in the sea ice model. Because the sea
ice part uses the forward scheme to proceed in time, the sea surface temperature at the "current" time level must be given
to the sea ice part from the ocean part. The result is that the temperature below the freezing point at the "current” time
level is modified and adjusted to the freezing point by the sea ice part. This treatment is not compatible with the leap-frog
time stepping employed by the ocean part. Specifically, treating this temperature adjustment process in a form of heat flux
exchange may result in a numerical instability. Though the modification of sea surface temperature in the sea ice part is
inconvenient for some purposes, we keep this treatment until a revision of time-stepping scheme is considered. (That is,
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the sea water temperature is directly corrected in the sea ice model, and its heating tendency is calculated in the ocean
model afterward.) See Sec. 17.2.3 for sea ice formation by freezing of supercooled water in the sea ice model.

14.8 Treatment in the salinity equation

The fresh water flux (Fy ) modifies the volume but not the salt content of the surface layer, changing the salinity of the
surface layer (see also Chapter 7). Since fresh water flux is not related directly to the sea surface salinity, the model sea
surface salinity might be far from the observed value. Hence, an adjustment is sometimes needed to restore the model sea
surface salinity to the observed one (see the last term on the r.h.s. of the next equation). Generally, the model salinity is
restored to the observed climatological sea surface salinity since no reliable data set of historical sea surface salinity is
available at present.

14.8.1 Formulation

The contributions of explicit surface forcing (FZS ) and the salt transport due to formation and melting of sea ice (14.34,
F, Vf,F) to the first layer salinity are expressed as

s FSAA  FppAA
—_— = ... + - + > 14'39
ot lk=1 AV AV (1439

where AV, AA are the same as those in (14.36).
The explicit surface forcing (F’ f ) consists of restoring of SSS (Ssyf) to a specified value (S*) and salinity correction by

the sea ice model Si¢¢:
FSAA  AZ) (Syp - §7)AA

sice, 14.40
AV s AV (14.40)

The parameter 1/7; is a reciprocal of a restoring time (in units of seconds) and should be read from input file (see Chapter
13). The restoring term is converted to salinity transport by multiplying Az 1,88 in (14.37). Users have a variety of
options for SSS restoring (see Table 14.14).

The salinity correction by the sea ice model Si® is calculated as follows:

. 1
S = 17 (Sice = Seurt) = ro___ (14.41)

where Squrr is SSS at the current time step, Sice is the modified SSS in the sea ice model, and F’ fo is a salinity flux between
ocean and sea ice without the water exchange [cm psu s~!] (positive upward) (Eq. 17.95). Sice = 0 in an ocean only model
without a sea ice model.

14.8.2 Numerical Implementation

The salinity transport due to fresh water flux is incorporated in the advection schemes. The first layer salinity is calculated
by taking into consideration of the volume change of the grid cell due to the continuity equation.

14.8.3 Usage
a. Model option

* WFLUX treats fresh water fluxes explicitly in the model. Salinity will be affected by fresh water fluxes.
» STABLERUN restores sea surface salinity to climatology when salinity is lower than 5 pss

b. Namelist

Namelists related to salinity flux at the sea surface are listed on Tables 14.13 and 14.14.
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Table14.13 Namelist nml_mkflux. See also Table 14.11.

variable name | units description usage
rs_local how salinity for iceberg and snow is extracted 1 : taken from the local grid
0 : taken from global sea surface

Table14.14 Namelist nml_sss_restore.

variable name units description usage

sss_rst_diff max pss the maximum of the difference between model | default = 100 pss
and reference sea surface salinity

1 nosss_rst_seaice logical | no surface salinity restoring below sea ice default = .false.

1 nosss_rst_cstice logical | no surface salinity restoring at the coastal grid | default = .false.
with sea ice

1 _sss_rst_cnsv logical | set globally integrated surface salinity restoring | default = .false.
to zero

1 _strict_sss_rst_cnsv | logical | global summation of surface salinity restoring | default =.false.
flux is done serially so that the result becomes
MPI parallel independent

14.9 Bulk transfer coefficient

This section briefly describes how to calculate sea surface fluxes using a bulk formula. For details, readers are referred to
Kantha and Clayson (2000), Large and Yeager (2004) and ECMWF (2016b). Bulk transfer coefficient for air-ice interface
is given in Section 17.2.1.

14.9.1 Formulation of bulk formula

Transfer processes through atmosphere and ocean boundaries are governed by complicated turbulent processes. Tradition-
ally, these turbulent fluxes are parameterized as a bulk transfer law. This method does not explicitly solve the interaction
between the atmosphere and the ocean, and attributes all unknown processes to bulk transfer coefficients.

Momentum (|770>|), sensible heat (Qgy), latent heat (Qr4), and water vapor (E) fluxes are written in terms of turbulent
components as follows:

[Taol = — pawit = pau?, (14.42)
OSN = = PaCpaWb = PaCpaltsbs, (14.43)
Qra = — paLEWG = paLEl.g.. (14.44)

E = - pawq = patiaqs = Qra/LE, (14.45)

where a bar over two variables denotes a covariance between the turbulent component of vertical velocity (w) and that of
each physical property, wind speed (u), air potential temperature (6), and specific humidity (q). p, is air density, u, is
friction velocity, 6. = Qsn/(paCpatt+) is the temperature scale in the boundary layer, g. = Qra/(paLgus) = E/(pait) is
the scale of specific humidity in the boundary layer, c,, is the specific heat of air, and L is the latent heat of water vapor
evaporation.

Sea surface fluxes are also represented using bulk formulae as follows:

20, = PaConlUa = Us|(Ua = Uy), (14.46)
TA0, =paConlUs = Us| (Ve = Vi), (14.47)
Osn = = pacpalUa = Us|Crn(Ts = 0a), (14.48)
Q14 = — paLE|Us — Us|Cen(gs — qa)- (14.49)

E =palUq = Us|Cen(gs — qa), (14.50)

where lju = (U,,V,) is the wind vector at a height of zy, ljs = (Us, V) is the current vector at the sea surface, 740, and
Ta0, are the zonal and meridional component of wind stress 17)0, respectively, and T is the absolute sea surface water
temperature (K). The subscript "a" means the value at a height of z = zy,, and the subscript "s" means the value at the sea
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surface. Specific humidity at sea surface g, is calculated by Eq. (14.122). The contribution factor (@) of the surface
current to the calculation of the relative wind vector explained in Section 14.1 is omitted here for brevity.

Parameter Cpy, is called a drag coefficient. Cyy and Cgy, are transfer coefficients for heat and water vapor and are called
the Stanton coefficient and the Dalton coefficient, respectively. These can be estimated by observed atmospheric elements
(wind velocity, air temperature, and humidity) at a height in the boundary layer, not by observed turbulent fluxes, using
the following Equations (14.51), (14.52), and (14.53) and the similarity law of Monin-Obukhov mentioned below,

2

Con = ———, (14.51)
|Ua _Us|2
c +04
Cuy = - WPl ____ , (14.52)
|Ua_Us|(Ts_9a) |Ua_Us|(Ts_0a)
E EUES
B = [Pa = 2ed (14.53)

|Ua = Us|(gs = qa) |Ua = Us|(gs — qa)

The similarity law of Monin-Obukhov assumes that physical properties in the atmosphere-ocean boundary layer (a layer
with a thickness of several tens of meters located below the lower mixed layer of the atmosphere) have similar vertical
profiles when they are scaled with the stability parameter and sea surface fluxes. Vertical profiles of wind speed (U), air
temperature (), and humidity (g) can be written as follows:

kz dU(z) z
v =oulz) (1454
kz dO(z) z
o _‘bH(Z)’ (14.55)
kzdg(z) [z
— _¢E(£), (14.56)

where « = 0.4 is the von Karman constant, and £ is the Monin-Obukhov length scale

ui uié’v
= = (14.57)
kQp Kkgweo,

In (14.57), Qp = —g w6, /0, is the buoyancy flux, 6, is the virtual temperature (6, = 6 (1 + ¢, q); see also (14.134)),
and wé, is the net heat flux including the water vapor flux:

WO, = wl (1 + cyr q) + Cor Owg. (14.58)

In (14.54) to (14.56), { = z/ L is the Monin-Obukhov similarity variable, and ¢»s g g are nondimensional functions for
wind velocity, air temperature, and specific humidity. The nondimensional functions are assumed to be mathematically
simple functions.

Now we integrate equations (14.54), (14.55), and (14.56) in the vertical direction and gains the following equations:

" z 1 ’ ,

U(z)—U(ZO)=”7/ ;W(j—:)dz, (14.59)
0, (%1 N

9(1)_9(ZOT)=7/ ;m;(zz)dz, (14.60)

0. %1 2\,
9() - qzor) == | —ox(=)dz, (14.61)
K Jo 2 L
where zo, zot, and zog are roughness lengths for each physical property. These are the aerodynamic roughness lengths,
which are the heights at which each physical characteristic value coincides with the value at the sea level boundary when
extrapolated downward based on the Monin-Obukhov similarity law. In short, U(zg) = Uy, 8(zor) = Ty, and g(z0g) = ¢s.

Egs. (14.59), (14.60), and (14.61) are rewritten as follows:

U(R)-Us == |In = Wy (£, §M)], (14.62)
K | 20

0(z) — Ty L N -Yu(l, §H)], (14.63)
K | 20T
g« . z

q(z) —qs =— |In— = ¥Ee((, KE)], (14.64)
K | <20E

-165 -



14.9 Bulk transfer coeflicient

where

’

¢ ] 4d
V@ wane) = [ 1= owne@)]) G (14.65)

{M . H.E

The lower ends of the integral in (14.65), {as, (g and (g are calculated as zo/ L, zor/L and zog/ L, respectively. When
the stability of the boundary layer () is already known, bulk transfer coefficients can be estimated from the equations
(14.51, 14.52, 14.53) using these roughness lengths and the relationships U, = U(z1), 04 = 0(z1), 94 = 9(z1),

K2

Cph =

. (14.66)
[ln h_ Y1 (Lns KM)]
20

K2

(14.67)
[m o \I'M(gh,gM)] [m <h
20 Z0T,0E

ChnEn = .
~Yu £(LnCH.E)

14.9.2 Large and Yeager (2004; 2009): BULKNCAR

In neutral stability, ¢as g = 1 gives a good approximation for Eqs. (14.54), (14.55) and (14.56). Then, the equation
(14.65) gives Wps . g = 0. The bulk transfer coefficient is a function of the roughness length (zo,zor, and zog for each)

only and is expressed as follows:
2

K
Cpnh = > (14.68)
Zh
In —
20
&2
CHNW,ENh = T (14.69)
Zh Zh
In —] [ln ]
| 20 Z0T,0E
_ 1 Conn (14.70)
1 - _C1/2 In ZOT,OE]
DNh 2
1 /2
«C
—__ "DNh (14.71)
Zh
In ]
Z0T,0E

Normally, these neutral bulk transfer coefficients are estimated at a height of 10 m. Non-neutral bulk transfer coefficients
at an arbitrary height (z5) are connected with the neutral bulk transfer coefficients at a height of 10 m as follows:

G
Cph = 1 DNTO -, (14.72)
1+ ;CDNIOC[_)II\]/IZO (ln - ‘PM(Q:))]
( Cor )1 2
CHN10,EN10 C
DN10
CHn,Eh = , (14.73)

1
L+- CHNl() ENI()CDNI() (111 -Yu E((h))]

where z19 means z = 10 m. If we approximate {7 g g by zero in Eq. (14.65), the equations above are independent from
the roughness length.

The neutral bulk transfer coefficients at a height of 10 m (Cpni1o, Cunio, and Cgnio) are often estimated, according to
the stability, as a function of velocity at 10 m. In the bulk formula based on Large and Yeager (2004; 2009), the bulk
transfer coeflicient at 10 m in the neutral stability is given as follows:

2.70 Uion 10776 -1
s 22401424+ U 314807 x 1071008, Ujon < 33ms
10°Cpnio = { 2.1?213 Uyox > 33ms! (14.74)
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10*Cenio = 34.6y/Copnio, (14.75)
18.04/Cpnio, stable £ > 0,

103Cunio = 14.76

HNIO { 32.7+/Conio,  unstable £ < 0, (14.76)

Each turbulent flux is estimated at a height where wind speed is observed by transforming air temperature and humidity
from the height where they are observed (zy and z,, respectively) to the height where wind speed is observed. The
observed heights are specified in namelist nm1_srfflx_dbase (see Table 14.20).

Each physical property is estimated at a height where wind speed is observed in the following operations. First, calculate
the virtual temperature 6, according to (14.134) with air temperature at z¢ and specific humidity at z,, as follows:

v=0(z0)(1 + cvs q(zq)) (14.77)

Next, calculate the bulk transfer coefficient at 10 m in the neutral stability assuming that the first guess for the 10 m wind
speed in the neutral stability is Ujon = |AU(z,)| = |Uq(z4) — Us| (Equations (14.74) to (14.76)). The first guesses of the
scales for the friction velocity, air temperature, and specific humidity are estimated assuming that these bulk coefficients
are at the observed height and stability,

-
l 20l _ oo 1AT (2], (14.78)
C
0, = QSN = B0 (g(z9) - Ty), (14.79)
PaCpl«  {/CpNig
E C
g = —— = 02 (g(z4) - ), (14.80)

Palts /CpNio

where g is the saturated specific humidity at sea surface temperature 7.

Next, perform the iteration using the three Monin-Obukhov similarity variables, ¢, = 2,/ L, {9 = 2o/ L,and {, = 24/ L,
and an integral of the nondimensional profile function for the vertical gradient of each physical property, W, ({) for
momentum and Wy (¢) for scalars.

The Monin-Obukhov similarity variables are calculated as follows:

KgzZ | O« q«
(== [—+—_} (14.81)
up 10y (q(zg) +c3y
The integral of the non-dimensional profile function is expressed as
Yy (§) =¥hu({) =-5¢, (14.82)
if it is stable (£ > 0), and
1+X 1+Xx2
W (2) =210 [ —2 ) 410 [~ ) — 2tan' (x) + Z, (14.83)
2 2 2
1+Xx?
lI’H(g“)=21n( i ) (14.84)
if it is unstable (£ < 0). In the above,
X =(1-160)"4 (14.85)

Using these values, convert the wind speed to that at 10 m in the neutral stability, and convert the temperature and
specific humidity to those at a height where the wind speed is observed,

-1
Usow = |AT (2] [ 1+ YEDNO |y, ——‘PM(:,,,)]) : (14.86)
0(zu) =6(z0) In 2—9 +W¥h(du) - ‘PH(ée)] , (14.87)
q(zu) = q(zq)——[lnz—+‘PH({u) ‘PH({q)] (14.88)
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where 719 means z = 10 m. Estimate the bulk coefficient at 10 m in the neutral stability using Ujgn, and then obtain the
bulk coefficient at a height (z,,) where wind speed is observed,

CbNio

2’
1 -2 Zu ]
1+ -G C In—-V¥ "
 Con10Cpyj (In m (L)
Con )1/2

Chnio (C
Ciu = ~ DN10 i (14.90)

1 -1/2 Zy '
1+-C C In—-¥
1+ CmioCno | In 0 H(Lu) 7

CDu ) 12

CgN1o (C
Ciy = — DN10 _ (14.91)

1 -1/2 Zu
1+-C C In—-¥ w
|1+ Ceno DNIO( - H (& ))_

Cpu =

(14.89)

Repeat the procedures to calculate the bulk coefficients using these bulk coefficients with temperature and specific
humidity at z = z,, and recalculate virtual temperature (14.134) and the scales for friction velocity, temperature, and
specific humidity (Equations of (14.78), (14.79), and (14.80)). Note that Large and Yeager (2004) recommend to use a
bulk water temperature a meter of more beneath the sea surface as sea surface temperature 7 in Eq. (14.48) because their
formulation is based on fitting to observation data using a bulk water temperature not a skin temperature.

14.9.3 ECMWF (2016): BULKECMWF

Bulk formulae of Integrated Forecasting System (IFS) developed in European Centre for Medium-Range Weather Forecasts
(ECMWF) (ECMWEF, 2016b) are also available in MRI.COM. Bulk transfer coefficients are calculated by Eqgs. (14.66)
and (14.67). Turbulent surface fluxes are calculated as follows:

740, = PaCon|Urel| (Ug — Us), (14.92)
740, = PaCon|Urel| (Ve = Vs), (14.93)
Osv = = PaCpalUret|Cun(0ys — 6y,), (14.94)
Q14 = — paLE|Urel|Cen(gs — qa)s (14.95)

E = pa|Uel|Cen(qs — qa), (14.96)

where |Uy| denotes wind speed in the atmosphere bottom layer. This wind speed is calculated as follows:

1
|Urel] = (IUa—Us|2+w$)2, (14.97)

where w+ is a vertical velocity scale which parameterizes vertical motion associate with the free convection due to heating.
The sensible flux Qgy (14.94) is calculated from the virtual temperature 6,, and 6, ;. Those are the virtual temperature in
the atmosphere bottom layer and that at the sea surface calculated with skin temperature Ty, respectively. Note that the
skin temperature usually differs from sea water temperature in the top layer of the ocean model. Details about calculation
of wy, the virtual temperature and T, are described afterward.

The calculation procedures are summarized as follows.

Calculate the skin temperature (14.9.3a)

Read the free convection velocity scale (w+) at the previous time step

Calculate the wind speed in the atmosphere bottom layer (|Urel|)

Calculate bulk Richardson number (14.9.3b)

Read friction velocity (u.) at the previous time step

Initialize Monin-Obukhov length

Calculate the bulk transfer coefficients by iteration method (repeat the following procedures itr_z®_num times)
(a) Calculate roughness length zo o7 0f from the friction velocity (14.9.3c)

(b) Calculate the Monin-Obukhov length (14.9.3d)

(¢) Calculate the bulk transfer coeflicients (14.66 and 14.67)

(d) Calculate the friction velocity u, from the bulk transfer coefficient of momentum Cpy, (14.9.3¢)

Nk D=
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8. Calculate the surface turbulent fluxes using bulk transfer coefficients
9. Calculate the free convection velocity scale w; from the sensible and latent heat fluxes for the next time step
(14.9.3f)

The free convection velocity scale w; is assumed to be zero when its value at the previous step is unknown in the
procedure (2). When the friction velocity u. at the previous step is not available in the procedure (5), it is calculated by
Eq. (14.117) described afterward with Cpy = 0.001. The Monin-Obukhov length £ also requires initialization in the
procedure (6). Its initial value is calculated as follows:

I {CXP (Ripuir/3+1) = 1.5 (Ripuix < Ritim), (14.98)

£” Liim/2n (otherwise).

This bulk formulae assume that the marine meteorological properties are observed at the same height. The observed
height is specified by alt_wind_meter in namelist nml_srfflx_dbase. The other parameters alt_temp_meter and
alt_sphm_meter are neglected and not used in the current formulae. Users may specify coefficients of the hybrid vertical
coordinate in the bottom layer of the IFS atmosphere model. Then, the observed height is diagnosed from sea level
pressure and the virtual temperature in the atmosphere bottom layer according to the equation below (ECMWF, 2016a):

Rary0 ;
o = dryYv [1 P In (&)] ’ (14.99)
8 Ps = P: Pt

where R,y is the gas constants for dry air and p, and p; are the sea level pressure and pressure at the top interface of the
atmosphere bottom layer, respectively. The top-interface pressure p, is calculated as follows:

p: = A+ Bps. (14.100)

The coeflicients A and B are specified in namelist nm1_bulkecmwf.

a. Calculation of skin temperature

The current bulk formulae use the skin temperature T, and it usually differs from the top-layer temperature of the
ocean model. MRI.COM adopts a simple skin layer scheme implemented in the Japan Meteorological Agency’s global
atmosphere model. The skin temperature Ty, is calculated as follows:

Tain = T, + AT, (14.101)
7= + net
AT = max |0, Qs ( - O'Z)) %o | fw,-,,dl, (14.102)
10U, - U,
Sfwina = max 10-2, # s (14.103)

where T,, denotes the ocean top-layer potential temperature, Qsg(z = 1) (14.3) and Q;net (14.27) are net downward

shortwave and net downward longwave at the sea surface in units of W/m?, respectively, and |l7a - Ijsl is relative wind
speed in units of m/s.

b. Calculation of bulk Richardson number

The following equation gives the bulk Richardson number:

é) Zh(ev _evs)’ (14104)

Ripuir = (_
¢ 0 |Urel|2

v

where 6, and 6, denote the virtual temperature at the height of z = z;, and the sea level (14.134). They are calculated as
follows:

0y = 04(1+cyiqa), (14.105)
Ovs = Tskin (1 + cv1qs), (14.106)

where 6,, is mean virtual temperature within the atmosphere bottom layer, which is given by 6,, = 0.5(6,, + 6,.5).
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c. Calculation of roughness length

The roughness lengths over the sea are calculated by the following equation with the friction velocity u..:

2

Zo=aMl+QChﬁ, (14.107)
* g
4
20T ,0E = CVH,EM—, (14.108)

where apy; = 0.11,ay = 0.40,ar = 0.62, v is kinematic viscosity coefficient (v = 1.5 x 10™m?s™"), and acy, is the
Charnock coeflicient (a¢y, = 0.018).

d. Calculation of the Monin-Obukhov length

The Monin-Obukhov length is calculated from the bulk Richardson number Rip, ;. A stability parameter { = z/L is
associated with the bulk Richardson number as follows:

. [in (2) - Wi (2 2|

20H

[in(22) - vy (gh,fM)]z'

20M

Ripuix = (14.109)

When the bulk Richardson number calculated by Eq. (14.104) goes below the upper limit Rij;;, = 6, the Monin-Obukhov
length is calculated by solving Eq. (14.109) with iteration method. The inverse of the Monin-Obukhov length is iteratively
recalculated by the following equation:

20M

L () n ] R

20H

1 Ripuik [ln(z—h) -Yuy (fh,fM)]z

The iteration stops if the bulk Richardson number calculated by Eq. (14.109) matches the value calculated by Eq. (14.104)
within a predetermined error range or the iteration count exceeds the maximum number.

When the bulk Richardson number calculated by Eq. (14.104) is larger than Rij;,, or the Monin-Obukhov length
calculated above satisfies {5, = z5/ L > {1im = 0.5, the Monin-Obukhov length is given by the following equation:

1 _ Gim

14.111
Lz ( )
Stability functions Wy g g are calculated as follows:
Yy, bv.E(Cn> {1 .E) =¥ H,E(Cn) =M. .E(Cm 1 E)- (14.112)
Under unstable conditions (¢ < 0),
1+X)2(1 + X2
U (2) = g — 2 atan(X) +ln%, (14.113)
1+ X2
sz,E(g)zzln( * ) (14.114)
where X = (1 — 16£)'/*. Under stable conditions (£ > 0),
c bc
() = =b (¢ =5 ) exp(=dd) - a - =7 (14.115)
c 2 5 e
Ui E(Q) ==b (¢ - 3) exp(~d{) - (1 + 5ag) -, (14.116)
wherea = 1,b =2/3,c =5,and d = 0.35.
e. Calculation of friction velocity
The following equation gives the friction velocity with the bulk transfer coefficient of momentum Cpy:
1
s = C5 |Urel|- 14.117)
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f. Calculation of free-convection velocity scale wy

As noted above, the current bulk formulae take the free-convection velocity w+ into account for the wind speed of the
atmosphere bottom layer. This velocity scale is calculated as follows:

1

g 3
Wi = (Zi_Q{)V) s (14.118)
ba
E
oy = Osn + CviBq ’ (14.119)
PaCpa Pa

where ¢,y = ma/mw—1 = Ryap/Rary — 1 (see (14.135)), R, 4 p(my) and Rg,y (m,) are the gas constants (mean molecular
weights) for water vapor and dry air, respectively, z; = 1000 m, Qgsy denotes the sensible heat flux calculated by Eq.
(14.94), and E is the water vapor flux calculated by Eq. (14.96). We use the surface fluxes Qgy and E calculated at the
previous step there.

14.9.4 Usage
a. Model option

* BULKNCAR for Large and Yeager (2004; 2009)
* BULKECMWF and SKINGSAM for ECMWEF (2016b)

b. Namelist

Tables 14.15 and 14.16 show namelists available when BULKECMWF is specified.

Table14.15 Namelist nml_bulkecmwf)

variable name units description usage
itr_z0_num 1 The number of iteration of roughness length default =5
calculation
1 _bulkecmwf_calc_altitude | logical | Calculate the observed height of marine me- default = .true.

teorological properties

a_sfc_layer Pa Coefficient A in Eq. (14.100) default = 0.00316

b_sfc_layer 1 Coeflicient B in Eq. (14.100) default = 0.99763

1_GSAM_compatible logical | Use a parameter set used in the Japan Meteo- default = .false.

rological Agency’s global atmosphere model
GSM1705

Table14.16 Namelist nm1_bulkecmwf ocn_run)

variable name units description usage
1 _rst_bulkecmwf_ocn_in | logical | read initial restart for the friction ve- default=1 rst_in
locity and the free convection velocity
scale or not

14.10 Specification of input data

The attributes of external forcing data should be specified by namelist nm1_force_data. Table 14.17 explains variables
that are contained in this namelist block.
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Table14.17 Namelist nml_force_data related to surface forcing data.

variable name units description usage
name name of data object
txyu grid point on which data should be placed
12d logical | datais 2D or not .true. for surface data, de-

fault = .false.)
file_data file that contains reference vales for surface restoring
forcing
file_data_grid data file name of grid needed if linterp = .true.
imfrc grid number of data in x direction
jmfrc grid number of data in y direction
num_elm the number of elements contained in file
interval sec regular time interval of data —1 : monthly
—999 : steady forcing

num_data_max the number of record contained in the file
ifstart ifstart(6) | [ymdhms] of the first record of the input file
lrepeat logical | repeat use of climatological data or not default = .false.
linterp logical | interpolate horizontally or not default = .false.
ilinear interpolation method 1 : linear, 2 : spline
luniform logical | data is horizontally uniform or not default = .false.
loffset logical | data is offset or not default = .false.
offset offsetting factor
lfactor logical | data is multiplied or not default = .false.
factor multiplicative factor
ldouble logical | input data is double precision or not default = .false.
iverbose standard output of progress 1: extensive, 0: minimum
ldefined logical | data object with this name is defined or not default = .true.

Format of data files that should be prepared is shown in the following. Note that one data file should contain only one

element.

-

!
integer(4)
real(4)
real(8)

logical ::

I main data

end do
close(nu)

close(nu)
end if

integer(4), parameter ::
"num_data_max" is
11 imfrc, jmfrc
character(128)
:: precip(imfrc, jmfrc,num_data_max)
:: alonf(imfrc), alatf(jmfrc)
linterp

open (unit=nu,file=file_data,access=direct,recl=4*imfrc*jmfrc)
do n = 1, num_data_max
write(unit=nu,rec=n) precip(:,:,n)

I longitude/latitude of the main data

if (linterp) then
open (unit=nu,file=file_grid)
write(nu) alonf, alatf

Format of surface forcing data (trcref(_surf)_conf%file_data) ~

num_data_max = 365%4, nu = 99
the number of data

| data size

:: file_data, file_data_grid

! If input data is horizontally interpolated in the model.
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14.11 Surface data objects

External data either read from file or received from AGCM are stored in the data set object type type_surf_dbase
(Table 14.18). This object contains a sub object meteor_alt of type type_surf_meteor_alt (Table 14.19) that stores
the measurement height of marine meteorological variables. The name (ReadData for Reanalysis or FromCGCM for
AGCM) of the object and the measurement height of marine meteorological variables must be specified by namelist

nml_srfflx_dbase (Table 14.20).

Air-sea fluxes computed on the basis of external data are stored in the data set object type type_surf_product_ao
(Table 14.21). This object contains sub objects givn_ao and calc_ao of the object type type_surf_bulk_ao (Table
14.22). The object calc_ao stores elements related to the computation of fluxes based on the bulk formula and the object
givn_ao stores the corresponding elements received by other components, that is, atmospheric model. Similarly, air-ice
fluxes are stored in type_surf product_ai (Table 14.23), which contains sub objects givn_ai and calc_ai of the

object type type_surf_bulk ai (Table 14.24).

Table14.18 Contents of the object type_surf_dbase related to external surface forcing data.

variable name units description

name name of data object

meteor_alt type_surf_meteor_alt | Observation altitude of this data set

x_wind cmsec™! or dyncm ™ X-ward wind or wind stress

y_wind cmsec™! or dyncm™2 Y-ward wind or wind stress

temp_air °C surface air temperature

tdew_air °C dew point temperature

sphm_air 1 specific humidity

s_wind cmsec™! scalar surface wind

slpress hPa sea level pressure

sw_flx erg s Tem™2 upward or downward shortwave, summed
sw_flx visb erg s Tem™2 upward or downward shortwave, visible, beam
sw_flx_visd erg s Tem™2 upward or downward shortwave, visible, diffuse
sw_f1x nirb erg s Tem™2 upward or downward shortwave, near Infra-red, beam
sw_flx nird ergs ! cm™2 upward or downward shortwave, near Infra-red, diffuse
lw_flx ergs ! cm™2 upward or downward longwave

sst °C sea surface temperature

precip cms™! precipitation water flux

river_w cms! river discharge water flux

river_h ergs lcm™? river discharge heat flux

snowfall cms™! snow fall water flux

iceberg_w cms! iceberg discharge water flux

iceberg_h ergs ! cm~2 iceberg discharge heat flux

frac_ice 1 sea ice fraction

Table14.19 Contents of the object type_surf_meteor_alt that stores measurement height of meteorological ele-

ments of external data.

variable name | units description
alt_wind m altitude of wind
alt_temp m altitude of temperature
alt_sphm m altitude of specific humidity
Table14.20 Namelist nml_srfflx_dbase.
variable name | units description usage
name name of the external dataset ReadData (Reanalysis) or FromCGCM (AGCM)
(required)

Continued on next page
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Table 14.20 — continued from previous page

variable name units description usage
1_marine_meteor | logical | read marine meteorological data or not | required
alt_wind_meter m observed height of wind required if 1_marine_meteor = .true.
alt_temp_meter m observed height of temperature required if 1_marine_meteor = .true.
alt_sphm meter m observed height of specific humidity required if 1_marine_meteor = .true.

Table14.21 Contents of the object type_surf_product_ao that stores air-sea fluxes based on type_surf_dbase.
variable name units description
name name of data object
1_calc_wind_stress logical calculate wind stress for this data set
1 calc_bulk_fluxes logical calculate fluxes based on a bulk formula for this data set
sw_nt_ao ergs T cm™2 net shortwave, summed
sw_nt_visb_ao ergs !l cm™? net shortwave, visible, beam
sw_nt_visd_ao erg s~Tem™2 net shortwave, visible, diffuse
sw_nt_nirb_ao erg s~Tem™2 net shortwave, near Infra-red, beam
sw_nt_nird_ao erg s Tem™2 net shortwave, near Infra-red, diffuse
lw_nt_ao erg sTem™2 net longwave, air-ocean
tsfc_ocn °C sea surface (skin) temperature
wind_speed cmsec™! scalar wind speed
givn_ao type_surf_bulk_ao | given from other model or forcing data file
calc_ao type_surf_bulk_ao | calculated using bulk formulae
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Table14.22 Contents of the object type_surf_bulk_ao that stores elements related to computation of air-sea fluxes
based on bulk formula.
variable name units description
name name of data object
x_rel wind msec ! surface wind relative to surface current
y_rel_wind msec! surface wind relative to surface current
X_stress dyn cm 2 X-ward surface stress
y_stress dyn cm~2 Y-ward surface stress
frevl msec”! friction velocity
rel_wind msec ! surface wind relative to surface current
latent ergs~Tecm™2 | latent heat flux, air-ocean
sensible erg sTem™2 sensible heat flux, air-ocean
evapo cmsec™! evaporative water flux, air-ocean
Table14.23 Contents of the object type_surf_product_ai that stores air-ice fluxes based on type_surf_dbase.
variable name units description
name name of data object
1 calc_wind_stress logical calculate wind stress for this data set
1_calc_bulk fluxes logical calculate fluxes based on a bulk formula for this data set
sw_nt_ai erg s~Tem™2 net shortwave, summed, absorbed at the ice surface
sw_nt_in erg sTem™2 net shortwave, summed, penetrate into the ice interior
sw_nt_visb_ai erg sTem™2 net shortwave, visible, beam
sw_nt_visd_ai erg s Tem™2 net shortwave, visible, diffuse
sw_nt_nirb_ai erg s Tem™2 net shortwave, near Infra-red, beam
sw_nt_nird_ai erg s Tem™2 net shortwave, near Infra-red, diffuse
lw_nt_ai ergs ' cm™? net longwave, air-ice
tsfc_ice °C ice surface temperature
wind_speed msec! scalar wind speed
givn_ai type_surf_bulk_ai | given from other model or forcing data file
calc_ai type_surf_bulk_ai calculated using bulk formulae

Table14.24 Contents of the object type_surf_bulk_ai that stores elements related to computation of air-ice fluxes
based on bulk formula.

variable name units description

name name of data object

x_rel wind msec! surface wind relative to ice drift

y_rel_wind msec! surface wind relative to ice drift

X_stress dyncm™ X-ward surface stress

y_stress dyn cm™2 Y-ward surface stress

frevl msec™! friction velocity

rel_wind msec! surface wind relative to ice drift

latent W m™2 latent heat flux, air-ice

sensible W m™2 sensible heat flux, air-ice

sublim msec™! of sea water sublimation water flux, air-ice

ctntmp msec! bulk transfer coefficient X scalar wind

csntmp msec”! bulk transfer coefficient X scalar wind
14.12 Technical details

14.12.1

Recalculating and replacing fluxes in the coupled mode

The ocean model usually receives the surface fluxes calculated in the atmosphere model in the coupled mode (Chapter

21).

In coupled mode (SCUPCGCM option) or in child mode of nesting (SUB option) in which fluxes are taken from

the parent model (NGETFLUX option which is often used when the parent model is coupled with the atmosphere), this
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received fluxes may be replaced by the ones calculated on its own by using the surface atmospheric states taken from the
parent component, its surface oceanic states, and its bulk formula. User may also specify the grid points where fluxes are
replaced. This option is mainly intended to be applied to coastal region of a child model of nesting in which the fluxes
received from the parent component may not fully reflect the fine scale surface state due to complex topography. Without
an appropriate feedback mechanism at the sea surface, a child model may sometimes get unstable. This runtime option
is controlled by namelist nml_cgcm_recalc and nml_cgcm_recalc_replace, which is explained in Tables 14.25 and
14.26.

Table14.25 Namelist nm1_cgcm_recalc.

variable name units description usage
1_recalc_£flux | logical | Recalculating of fluxes default = .false.

Table14.26 Namelist nml_cgcm_recalc_replace.

variable name units description usage
1 recalc_replace_all logical | Replacing fluxes for all grid points default = .false.
file_recalc_replace character | File that contains mask that specify | real(8) 2D array (1/0) written with
grid points where fluxes are replaced. | direct access

14.12.2 Properties of moist air

In MRI.COM, a set of formulae given by Gill (1982) is used to compute properties of moist air. Physical constants of sea
water is listed on Table 2.1 of Chapter 2.

a. Saturation specific humidity

We consider computing saturation specific humidity in an environment with the sea surface temperature ¢ [°C] and the
pressure p [hPa].
The relation between the vapor pressure e [hPa] and specific humidity ¢ is give by

e/p=q/(e+(1-¢€)gq), (14.120)
where € is the molecular weight ratio between water vapor and air:
€ =my/my, = 18.016/28.966 = 0.62197. (14.121)
This is solved for the specific humidity as
g=€ce/(p—(1—-¢€)e). (14.122)

The relative humidity 7 is the ratio of the mixing ratio of the mass of vapor to the mass of dry air to the saturated one.
The mixing ratio () of the mass of vapor to the mass of dry air is given by

r=-4_ (14.123)
l-¢

Thus the relative humidity is computed using the specific humidity g and the saturation specific humidity g5 as

q(l—-gqs)
y=—22 (14.124)
qs(1-q)
The saturation vapor pressure e, [hPa] of pure water vapor over a plane water surface is given by
log g esw(t) = (0.7859 + 0.03477¢) /(1 + 0.00412¢), (14.125)
where ¢ is temperature between +40 °C.
In air, the partial pressure ey, of water vapor at saturation is not exactly ey, but is given by
e = fwesw (14.126)
The value of f,, is given by
fw =1+10"%p(4.5 +0.00067°), (14.127)
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where p is the pressure (in units [hPa]).

The saturation vapor pressure over a salt solution is less than over fresh water. For sea water, the reduction is about 2 %

(a factor of 0.98 should be applied to ey,,,).
The saturation vapor pressure ey; of pure water vapor over ice is given by

log; esi(t) =log;g esw(t) +0.00422 ¢.

(14.128)

The saturation partial pressure e, in moist air is f; times e;. Values of f; are given correct to 1 part in 10* by (14.127).

Thus
e;i = fwesi.
b. Specific heat of air
7 8¢q
= 5R(1-g+2%)
ra =3 1% 7¢

=1004.6 x (1 +0.8735¢) Jkg™' K!

c. Latent heat

The latent heat of vaporization is given by

L, =2.5008 x 10° — 2.3 x 10’ J kg~

The latent heat of sublimation is given by

Ly =2.839 x 10° — 3.6(¢ +35)> Tkg ™.

d. Air density (p,)

The equation of state of moist air of temperature 7 [K] under the pressure P [Pa] is given by

P

:—EP RT
RT(—q+aq/e /KT

Pa

where
T, =T(l-qg+q/e) =T(1+cyq)

is called the virtual temperature,

cor=-—1="20_1_06078,
€ My

and
R =287.04Jkg ' K!

is the gas constant of dry air.
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Chapter 15

Turbulence Closure Models

The surface boundary layer is made turbulent by wind injecting momentum, so vertical mixing may be induced even if the
stratification is stable. The stratification near the surface may be made gravitationally unstable by the surface buoyancy
loss, so the vertical convection may be induced. Though these phenomena occur in small scales, they are important for the
large scale oceanic processes. However, these are neither expressed by the fundamental equation of the general circulation
models*, nor resolved by large scale models. Therefore, general circulation models express the effects of small scale
turbulence by making some closure assumptions called turbulence closure in which mixing is expressed by synoptic states
(velocity and temperature (salinity) solution of the model).

There are mainly two approaches to the turbulence closure problem: statistical closure models and empirical approaches.
MRI.COM provides several options of statistical closure models, which are explained in this chapter. Note that an empirical
approach of K-profile parameterization proposed by Large et al. (1994) is most popular in the ocean-climate modeling
community. However, the current version of MRI.COM does not take this approach. In a future version, an interface to the
Community Vertical Mixing Project (CVMix; Griffies et al., 2015) will be implemented to test the empirical approaches.

Three statistical turbulence closure models are supported: So called Mellor-Yamada model (Mellor and Yamada 1982,
Mellor and Blumberg 2004) presented in Section 15.2, Noh and Kim (1999) model presented in Section 15.3, and a two-
equation turbulence closure model using generic length-scale (GLS) equation by Umlauf and Burchard (2003) presented
in Section 15.4. Table 15.1 summarizes features of turbulence closure models.

Table15.1 Features and equation numbers of turbulence closure models explained in this chapter.

Mellor and Yamada Noh and Kim Umlauf and Burchard
model option MELYAM NOHKIM GLS
prognosticated variables q2/2 (15.42) E(15.57) E (15.83), ¥ (15.84)
surface boundary condition for TKE specified (15.45) flux (15.61) flux (15.93)
formula for the length scale (15.49), (15.48) (15.75) (15.78)
stability function Solution of (15.39) | (15.72), (15.73) (15.99), (15.100)

15.1 Statistical closure model

In the statistical closure models, the physical properties in the basic equations of motion for a Boussinesq fluid are separated
into averaged components and perturbed components (Reynolds decomposition), and then the equations are time averaged.
The expressions for averaged velocity U, averaged pressure P, and averaged potential temperature © are

ou;

-0, (15.1)
8xi
DU, 9 1 0P p 8 [, 10U, 0U;
e = L (~lugu)) — — o — g Doy (R L 15.2
Dt +6jklkal Bxk( <uku/>) PO (9)6]' gjp() * axk[ VZ((()XJ' * Bxk )]7 ( > )
DO 0 0 00
E = E(—(uk9>)+ TM(KE), (15.3)

where D( )/Dt = Urd( )/0xi + 0( )/0t, g; is the gravity vector, fi is the Coriolis vector, €« is the alternating tensor,
v 1is viscosity, and « is diffusivity. Averaged quantities (resolved by the general circulation model) are represented by
capital letters, and turbulent components (unresolved by the general circulation model) are represented by lower-case

* 1t could be expressed by relaxing the hydrostatic approximation but this is for future work.
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letters. The statistical averages of the turbulent components are represented by ( ). The equation for salinity is similar to
that for temperature (15.3). If density is calculated from temperature and salinity, the whole expression would become
complicated. Therefore, density is assumed to be a function only of temperature here (we set p = 368, where 3 is the
coefficient of thermal expansion). Though these equations basically correspond to the MRI.COM governing equations
(2.16)-(2.20), they now have contributions from subgrid-scale processes ({uxu;) and (uz8)), which is the focus of this
chapter.

The equations (15.1)-(15.3) show that the statistical averages of the turbulent components ({uxu;) and (u;6)), which
are called as the second order moments, are necessary to calculate the evolution of large scale quantities. However, they
are unknown and their evolution must be solved explicitly if we do not use a parameterization to presume them on the
basis of the large scale quantities. Following Kantha and Clayson (2000), the equations for the second order moments are
expressed as follows:

= 522 AL G ot
=|- (ukul> — (uru ]>—] ——(gj<u 9>+g,<u,9>)+< (g;‘} +‘;Zf)> 24%%), (15.4)
%wi[wku,w-«u,j—%—v ej%,j>]+,%o<e—,>+wfk<w@>
_ [_wjuk)_@_( k9>_]_p_g,<92>—(,<+ )<a :xi> (15.5)
e

Thus, to solve the evolution of the second order moments, information about higher moments such as (uuu), (uu®), (u6>)
is necessary. The system of equations is not closed, and assumption must be made at some level to close the problem.

The expression closed in the second order of the turbulent components is named second moment closure and is frequently
used in modeling turbulence. Many models have been proposed to parameterize the higher order correlation terms in (15.4)
through (15.6) in order to close the problem at the second moment. Those models differ mainly in the manner how the
pressure-strain correlators are parameterized (Burchard and Bolding, 2001). After applying independent parameterizations
for the higher order terms, the majority of models adopt several similar simplifications such as algebraization and boundary
layer approximation that result in the "stability functions" of their own. Stability functions are determined by local shear
and stability and relate the vertical gradient of large scale fields with vertical turbulent fluxes. Procedures adopted by
major statistical closure models are summarized and compared by Burchard and Bolding (2001).

15.2 Mellor and Yamada model

Mellor and Yamada (1982) model is a classic model as well as a milestone in the efforts of finding practical solutions for
marine and atmospheric boundary layers. We show some details of the simplifying procedures made in this model as a
typical example. This is also intended to be an introduction to the problem of turbulence closure. However, it should be
noted that this is neither unique nor final solution.

15.2.1 Fundamental closure assumptions

Mellor and Yamada (1982) closed the system (15.1)-(15.6) by reducing the higher order terms as follows. Based on Rotta’s
(19514a,1951b) hypothesis of energy redistribution, the covariances of pressure and velocity gradients are assumed to be
linear functions of Reynolds stress:

(il » ) =i = ) e (G 52

where q2 = (u%), [y is the length scale, C; is a non-dimensional constant, and J;; is Kronecker’s delta, which is unity for
i = j and zero fori # j.
Using Kolmogorov’s hypothesis of local isotropy in small eddies, the energy dissipation is modeled as follows:

Ou; Ouj 2¢q
V<6_xk%> =L, (15.8)

where A is the length scale.
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The redistribution of temperature and the dissipation of heat are modeled in the same form as above:

p 06 > q
2 =——2(u.b 15.9
<p0 6x‘,- 3[2 (Lt] > ( )

814/ 00
+v){—=—)=0, 15.10
e+ {5 5 (15.10)

where [, is the length scale. The dissipation of temperature variance is
00 06 q

(o) = 2L o), 15.11
K ka 6xk A2< > ( )

where A; is the length scale.
In order to avoid the higher order problems, the turbulent velocity diffusion term and the other higher order terms are
modeled as follows:

3 Oujuj)  uug)y O ujug)
(ukulu])—glqsq( T e ) (15.12)
) 0ur0)  Ou,6)
<uku,9>_—zqsu9( o +W)’ (15.13)
2
(up6*) = - quaaw ) (15.14)

6xk ’

where S, Si,¢, and S are non-dimensional numbers and can be set as constants or functions of certain parameters. Other
relations are (p#) = 0 and (pu;) = 0.
The essence of the Mellor-Yamada mixed layer model is that the above length scales are related linearly to each other:

(I1, A1, 12, Ay) = (A, B, Az, Bo)l, (15.15)

where [ is the vertical scale of turbulence (also called the master length scale), and Ay, By, A2, B, and C; are em-
pirical constants and are determined from experiment data. Mellor and Yamada (1982) employ (A, By, Az, B2,C}) =
(0.92,16.6,0.74,10.1,0.08).

15.2.2 Algebraization, boundary layer approximation, and stability functions for the level 2.5 model

The turbulence model that solves the evolution of the statistically averaged values of the second-order turbulent components
based on the simplification described in the previous subsection is called the level-4 model.

The level-3 model solves the evolution of the turbulent kinetic energy (¢>/2) and the variance of potential temperature
((62)) (in some cases, the covariance of potential temperature and salinity ((fs)) and the variance of salinity ({s%))). The
other statistically averaged values are solved diagnostically through algebraic equations assuming them to be in the steady
state.

In the level-2.5 model, the variance of the potential temperature is also assumed to be in a statistically steady state (see
expression (15.33) that appears later).

In the level-2 model, the turbulent kinetic energy is also assumed to be in a statistically steady state.

The level-2.5 model, which is employed as a surface boundary layer model by MRI.COM, is further simplified by
applying the following boundary layer approximations.

* Neglect the Coriolis term in the equations of motion for the turbulent components.

* Neglect the molecular viscosity and diffusivity.

 Use the hydrostatic assumption in the vertical component of the equation of motion.

* Consider only vertical differentiation (direction perpendicular to the boundary) in the spatial differentiation for the
term involving turbulent velocity.
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The equations for the large scale quantities, (15.2) and (15.3), become

22 e Ly = - =28 15.1
D1 + az(uw) 0 O + fV, (15.16)
DV 9§ 1 4P
2 Sy - 15.17
Dr T 8Z<VW> 20 3y U, ( )

1 oP
0= L% _ P (15.18)
,00 0z " po

DO OR

—+— 0 —. 15.19

Dy ((wo)) = pocy B2 (15.19)

In (15.19), R is the heat flux due to penetration of shortwave radiation. The level-2.5 system consists of the time evolution
equation for turbulent kinetic energy and algebraic equations for other second-moment turbulent quantities.
The time evolution equation for the turbulent kinetic energy is

D (¢? 0 9 (q* _
5(7) - a_z[zqsqa_Z(T)] =P +Py—c (15.20)
where oU oV
Py = —(wu)—— = (wv) — (15.21)
0z 0z

is the term for energy produced by the vertical shear of the averaged flow,

Py = —g{wp)/po (15.22)

is the term for energy produced by buoyancy, and
e=q’ /A (15.23)

is the energy dissipation term. The constant S, is given in the next subsection.
The algebraic equations for the statistically averaged values, which are expressed by other second-moment turbulent
quantities, are given below.

W) = ? 3[ 4(wu>—+2( NG —2P,,], (15.24)

2
4, I oYy _ v

=5+ [2<wu> 4wy - zp,,], (15.25)

2
oy _ 4, I oy v

=1 [2<wu) 20w 5 +4Pb], (15.26)

(uv) = % _<MW>8_Z - (vw)a—z], (15.27)
31 oU

(wuy = = —(<w2> - Cig*)— - g<up>], (15.28)
q 0z
3l oV

(vw)y = = —((w?) = Clqz)a_ —g(vp)], (15.29)
q Z

)y = 22 _<uw>a—® _ <w9>‘9—U], (15.30)
q 0z 0z

_3by_, 00 OV

v0) = [~y =~ wo) az]’ (15.31)
31 00

Wiy === —<w2>— - 5(0p)]. (1532)

(6%) = —ﬁ<w9>@. (15.33)

q 0z

Some of the terms in these equations, which are used in (15.16)-(15.19), can be further deformed by substitution as
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follows:
oUu
—(uw) = Kpy —, (15.34)
0z
ov
—(vw) = Ky —, (15.35)
0z
00
—(0w) = Ky —, (15.36)
0z
Ky =1g9Sum, (15.37)
Ky =19SH. (15.38)

This simplification means that the vertical turbulent fluxes are proportional to the gradient of the large scale fields. The
ultimate purpose of solving the mixed layer model is to determine the coefficients of momentum and heat fluxes, K3, and
Ky, using (15.37) and (15.38).

Assuming that the potential density is linearly related to the potential temperature (and salinity), the simultaneous
equations for Sp; and S are derived as follows:

Sm[6A1A28m] + SH[1 —3A2Brgn — 12A1A28H] = As,

Samll+6A%gn —9A1Argn]| — Su[1243gh +9A1A2gn] = A1(1 - 3Cy), (15.39)
where
_PouNe ovyy 1P,
s = (5 ) +(5:) | = 8" (1540)
Pgop 1P,
- _ 89 _pn 15.41
gH I Pl ( )

and 0p/0z is the vertical gradient of potential density. Note that Sy, and Sy are stability functions of this closure model.
Using Sys and Sy, Kjr and Ky are then obtained from (15.37) and (15.38) by determining ¢ and /.

15.2.3 Solving for velocity scale (¢) and length scale (/)

The turbulent velocity ¢ is obtained by solving the following expression that is modified from (15.20) using the above

results: 8 (g 9 3 (q? AU\2 (V21 g ap
a1l 7) = g Ke gz (5] =k |(G2) + (50) [+ kg - (1342
where
Kg =198, (15.43)

and advection terms are neglected. In MRLCOM, S, is set proportional to Sy (S; o« Spr). We adopt the form
Sq = SqcSm/Smn, where Sy = 0.2 and Sy, = 0.3927. With this choice, S; = 0.2 when the stratification is neutral
(gu =0).

The sea surface boundary condition for the turbulent kinetic energy follows Mellor and Blumberg (2004):

2

B
an_qz = 2acpi, (15.44)

where acg = 100 and u- is the frictional velocity defined as u, = (75/ps)'/? by using the surface stress (1) and the sea
surface density (pgs). Mellor and Blumberg (2004) showed that this flux boundary condition is analytically converted to
the condition for g at the sea surface:

q> = (15.8acp)* u?. (15.45)

On the other hand, the bottom boundary condition is
q=0. (15.46)

The vertical scale of the turbulence (master length scale, /) is estimated by many formulae such as a time evolution
equation (which is usually empirical and is not completely based on physics) and a diagnosis. MRI.COM uses different
diagnosis equations for the surface layer influenced directly by surface wind wave effects and for the internal region. The
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15.2 Mellor and Yamada model

surface layer is defined by a depth of |z| < zy, where the roughness parameter zy, due to surface wind waves is given by
Mellor and Blumberg (2004) as follows:

2
zwzﬁw%, By = 2.0 % 10°. (15.47)

In this layer, the formula for [ is
[ = KkZy, (15.48)

where « is the von Karman constant (« = 0.4). In the internal region (|z| > zy), the formula for [ is

0 0
l=7/ IZ'quZ’// qdz’, (15.49)
Zb Zb

where vy = 0.2, and z,, is the water depth. This is recognized as the averaged depth with the weight of the kinetic energy,
which is sufficient for the ocean boundary layer according to Mellor and Yamada (1982).

15.2.4 Implementation

This section briefly describes the solution procedure.

The mixed layer model (subroutine name mys125 in my25.F90) is called as the last procedure of each time step that
proceeds from n to n+1. After the master length scale (/) for the present time step (n) is determined using (15.48) and
(15.49), where the latter is actually computed in the previous time step, the turbulent kinetic energy (¢2/2) is solved using
(15.42) with (15.23) under the boundary conditions of (15.45) and (15.46), where the forward finite difference (n — n+1)
is used in time. The implicit method is used for the vertical diffusion of the turbulent kinetic energy and energy dissipation
term, since these terms could become significantly large (see Section 23.5). The vertical viscosity and diffusivity for the
time step n+1 are estimated using g, /, and (15.37) to (15.39). These are used in the governing equations for the synoptic
scale field. The vertical scale of the turbulence (master length scale) based on the turbulence kinetic energy (15.49) is
calculated to prepare for the next time step.

The turbulent kinetic energy and the master length scale are defined at the bottom of the tracer cell (i, j, k). The specific
expression for the discretized form of the turbulent kinetic energy (E = ¢2/2) equation, (15.42), is as follows:

g ey (BB Ky B B
At Azg Az Azjy1
WU = U)Wy = Uyyy) VI = VD (Vg = Vipn)
+ Kk : : 3 +Km - - 5 (15.50)
Az Az
Bn+ll _Bn+ll
k=1 Tkl
- KHkZA—Jr2 - 2E}q} Bl},
Zk

where U = (U™ + U")/2,V = (V™! +V")/2, and B is buoyancy (= —i—’:). The discrete expression for shear production
(the second and third terms on the r.h.s.) and the buoyancy sink (the fourth term on the r.h.s.) follows Burchard (2002),
which is consistent with the conservation law of the sum of mean and turbulent energy.

To summarize, the numerical operations proceed in the following order:

1. Calculate the master length scale for the present time step using (15.47) and (15.48) as well as (15.49) from the
previous time step.

Update the turbulent kinetic energy using (15.50), (15.45) and (15.46).

Solve the algebraic equation for Sp; and Sy using (15.39).

Calculate the vertical viscosity and diffusivity for the next time step using (15.37), (15.38), and (15.43).

Calculate the master length scale using (15.49) in preparation for the next time step.

Nk e

15.2.5 Usage

Mellor and Yamada model is invoked by MELYAM option on compilation. There is no tuning parameter at run time. Initial
state for vertical diffusion of turbulence kinetic energy (Kg), turbulence kinetic energy (g), and length scale (/) is read
from restart file. Otherwise it is set as a state without turbulence. The state without turbulence is zero turbulence kinetic
energy (g = 0), the mixing length of 1 meter (/ = 1 m) and the vertical diffusion of turbulence kinetic energy is the constant
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background vertical viscosity given by visc_vert_bg_cm2ps in namelist nml_visc_vert_bg. How model is initialized
is specified by namelist nm1_melyam_run. Parameters are listed on Table 15.2.

Tablel5.2 namelist nml_melyam_run

variable name units description usage
1 rst_melyam_in | logical | .true.: Read restart files specified by nmlrs_my_avq, | default=1_rst_in of
nmlrs_my g, and nmlrs_my_alo for the initial condi- | nml_run_ini_state
tion.
.false.: Start condition is that of no turbulence. See text
for details.

15.3 Noh and Kim (1999) model

The mixed layer model proposed by Mellor and Yamada was originally developed for the atmospheric boundary layer, and
its surface boundary is treated as a solid wall. When they applied this model to the ocean, they regarded that the turbulent
kinetic energy is injected into the ocean by the wind stress at the solid-wall sea surface. The model by Mellor and Yamada
could therefore be considered to insufficiently represent the oceanic turbulent mixed layer.

Noh and Kim (1999) presented a model that can resolve this insufficiency. The model is basically the same as Mellor
and Yamada level 2.5 scheme in that turbulent kinetic energy is prognosticated and the length scale is diagnostically
determined. It differs in the stability function and the treatment of surface boundary condition.

15.3.1 Fundamental equation

The equations for the zonal and meridional components of the velocity, U, V, buoyancy B = —gAp/po, and turbulent
energy E in the large scale fields are

DU 0 1 0P
== - _= el 15.51
Ds az(uw) 0 O + fV, (15.51)
DV 0 1 0P
— = -——-fU, 15.52
Dr - ae (vw) 0 3y f (15.52)
DB 0 OR
— =—-—(b — 15.53
Dr - o G (1553
DE 0 ou ov
D = _(9_Z<W(p£0 +uu+vv+ ww)> - (uw)a—Z - <VW>6_Z + (bw) — €, (15.54)
where R is the downward shortwave radiation and R /07 is its convergence.
The turbulent flux is expressed by using the large scale fields (in capital letters) as follows:
DU 0 ou 1 0P
—=—\Ky— |- ———+fV, 15.55
Dt (92( Mc’iz) p06x+f ( )
DV 0 ov 1 dP
—_— == — ) -———-fU, 15.56
Dt 61( M@z) po 0y ! ( )
DB 0 0B OR
= = —) - =, 15.57
Dt Bz( H Bz) 0z ¢ )
DE 0 OE oU aU ov av 0B
— = — |+ Ky —— — - — | €. 15.58
D =7 K )+ K G + Koo = (Kn ) = (15:38)
The surface boundary conditions are as follows:
ou
Ky =—, (15.59)
9z po
0B
Kg— =00, (15.60)
0z
OE
Kg— =mu’, (15.61)
0z
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15.3 Noh and Kim (1999) model

where m is a tuning parameter and m = 100 is recommended by Noh and Kim (1999). Unlike Mellor and Yamada model,
a flux boundary condition is used for turbulence kinetic energy. This is intended to express the direct input of turbulence
kinetic energy due to wind waves. As such, in the presence of sea ice, the direct input of wave energy may be more
appropriate only through open water. The boundary condition may be optionally modified so that

E
KEa— =mu(1 - a), (15.62)
0z

where a is area fraction of sea ice. The no-flux condition is used for the bottom:

o _

Kg 0. (15.63)
9z

15.3.2 Stability function

The central problem is how to determine the viscosity, diffusivity (Kus, Ki, Kg), and turbulent energy dissipation rate
(€). In the Noh and Kim (1999) scheme, by using the typical velocity scale (¢ = (2F) 1/2y and the vertical length scale (/)
of the turbulence, they are obtained by the following formula:

Ky =Sql, (15.64)
Ky =Sgql, (15.65)
Kg =SEql, (15.66)

e=Cq’l"". (15.67)

The constants (S, Sp, Sg, C) are obtained from experiments. For neutral stratification, it is assumed that § = 0.39,
Pr=5/Sp =0.8,0 =8/Sg =195, and C = 0.06. Hereafter, these values for neutral stratification are denoted as Sy,
Pry, 09, and Cy, respectively.

Regarding the influence of the stratification, that is, stability function, we assume that the vertical scale of turbulence is
limited by the vertical scale of buoyancy I, = ¢/N (N*> = dB/dz). That is,

K ~ qlp ~ qIRi, V2, (15.68)

where Ri, is the turbulent Richardson number
Ri; = (Nl/q)>. (15.69)

Ri; corresponds to gy of Mellor and Yamada model. See (15.41).

This means that when the stratification is strong (N is large, Ri, is large, and K is small), the turbulent energy is not
transported downwards. It could also be considered that the local turbulent energy dissipation becomes large.

The following equation is used for S so that it satisfies (15.68) when Ri, is large:

S/So = (1+aRi;)" "2, (15.70)

where « is a tuning parameter. Noh and Kim (1999) recommend o ~ 120.0, but @ ~ 5.0 is the default value of MRI.COM.
The effect of stratification on the Prandtl number (Pr) is set following Noh et al. (2005):

Pr/Pro = (1 +pRi,)'/?, (15.71)

where (8 is a tuning parameter and 0.5 is used following Noh et al. (2005).
To summarize, the stability function for this model is expressed as follows:

So
S=——"—7 15.72
(1 + aRi;)!/? ( )
S S

Sp=—= 0 . (15.73)

Pr Pro(1+aRi;)V2(1 + BRi;)1/2

The effect of stratification on the energy dissipation (C) is set as follows:

C/Co = (1+aRi)'". (15.74)

Note that this is independent of stratification for Mellor and Yamada and Umlauf and Burchard (2003) model.
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In the case of unstable stratification (N2 < 0), Kps = Ky = 1.0m?s™! and K is estimated from the turbulent velocity
scale and the vertical length scale in the model. This treatment is due to the difference between the time scales of the
vertical convection and the development of turbulence.

Finally, the vertical scale of turbulence is diagnosed as

e+ 20)
(1+«(lzl +20) /)’
where zg is the sea surface roughness (zg = 1 m), z is the depth, and / is the mixed layer depth. The mixed layer depth (%)

is determined as the depth at which the buoyancy frequency becomes the maximum in the vertical column. The vertical
scale becomes longer as the mixed layer becomes deeper.

(15.75)

15.3.3 Implementation

Equation (15.58) is solved for the prognostic variable E in the subroutine nkoblm in nkoblm.F90 as the last procedure of
each time step. The forward finite difference is used in the time evolution. The implicit method is used for the vertical
diffusion of the turbulent kinetic energy and energy dissipation term, since these terms could become significantly large
(see Section 23.5). The new E is used to determine the coefficients of viscosity and diffusivity for the next time step.

The turbulent kinetic energy and the master length scale are defined at the center of the tracer cell (i, j, k — %). The
specific expression for the discretized form of the turbulent kinetic energy (E) equation is as follows:

En+1 _En Kro,_ En+l _ En+l K En+l _ En+l
k—% k—% 1 [ Ek 1( k—% k—%) Ek( k—% k+%)
At Az, Azg—1 Azg
k=3
n+l n+l n+l n n+l n+l n n+l
1 @ — DT —ul ) 1 iy —w )W -t
+ ~Knro 2 2 2 A —Kumx 2 2 2 2
2 Azg1Azp 2 AziAzy_y
+1 +1 + +1 +1 +1
1 Ve DM vy 1 O )0y Ty
+ =K p —— : o Lop oKy —2r Ttr oh (15.76)
2 - AZk—lAZk_% 2 AZkAZk_%
Bn+1 Bn+] Bn+1 _ Bn+l
_ lKH : ki% ki% _ lKH ki% k+% _ 2CEn+1 qn /ln
2T A 2R Az k=g k=g k=g

The discrete expression for the shear production (the second through fifth terms on the r.h.s.) and the buoyancy sink
(the sixth term on the r.h.s.) follows Burchard (2002), which is consistent with the conservation law of the sum of mean
and turbulent energy.

To summarize, the numerical operations proceed in the following order:

1. Update the master length scale using (15.75),
2. Update the turbulent kinetic energy using (15.76) under the boundary conditions (15.61) and (15.63)
3. Calculate the vertical viscosity and diffusivity for the next time step (15.64) and (15.65).

15.3.4 Usage

Noh and Kim (1999) model is invoked by NOHKIM option on compilation.

Initial state for vertical diffusion of turbulence kinetic energy (Kg), turbulence kinetic energy (E) is either read from
restart file or set as a state without turbulence. The state without turbulence means that £ is very small as %qminz, where
Gmin = 1 X 10 ms~! is the minimum of turbulence velocity scale, and that Kg is set the constant background vertical
viscosity given by visc_vert_bg_cm2ps in namelist nml_visc_vert_bg. How model is initialized is specified by
namelist nm1_nohkim_run. Parameters are listed on Table 15.4.

Tuning parameters may be specified at run time by namelist nm1_nkoblm. Parameters are listed on Table 15.3.
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Table15.3 namelist nm1_nkoblm

variable name units description usage
mfnk 1 m of Eq. (15.61) default = 100.0
alpnk 1 a of Eq. (15.70) default = 5.0
betank 1 B of Eq. (15.71) default = 0.5
1 _wave_damp_seaice logical | Eq. (15.62) is used instead of (15.61) default = .false.

Tablel15.4 namelist nm1_nohkim_run

variable name units description usage
1_rst_nohkim_in | logical .true. : Read restart files specified by nmlrs_nk_avq | default=1_rst_in of
and nmlrs_nk_eb for the initial condition. nml_run_ini_state

.false.: Start condition is that of no turbulence. See text
for details.

15.4 Generic length scale model by Umlauf and Burchard (2003)"

The turbulent closure models of Mellor and Yamada level 2.5 (section 15.2) and Noh and Kim (section 15.3) as incorporated
in MRI.COM have only one prognostic variable of turbulence (turbulent kinetic energy). These may be classed as "one-
equation” turbulent closure models. In these models, some formulae for length scale are given (e.g., (15.49) and (15.75)).
Therefore the turbulent length scale / is not a predicted but a diagnosed quantity.

Generic length scale model by Umlauf and Burchard (2003) is a generalized form of two-equation turbulence models.
It introduces a generic length-scale variable i as the second variable, expressed as

¥ = ()PE™I". (15.77)
With E and ¢ given, the turbulent length scale can be computed as
= () RE wynm, (15.78)
and the dissipation rate € can be computed from the following relation,

E3/2
_ (033
€ = (C[l) T (1579)
With appropriate values of the exponents p, m, n in (15.77), a number of well-known two-equation models (e.g., k-€
model and k-w model) can be identified as special case of the generic model.

15.4.1 Fundamental equation

The fundamental equations for U, V, B and E are basically common to those of Noh and Kim model. The equation for
generic length scale variable ¢ is added. Expressing the turbulent flux using the large scale fields with the assumption of
horizontally homogeneous flow, the fundamental equations of the model is expressed as follows:

%:%(KM%—Z)—;%%+]‘V, (15.80)
%:%(KM%)_;%OZ_I;_W’ (15.81)
% =a%(K”??_§) - ‘Z_f, (15.82)
e :%(KEZ—I;:)+PS+PI,—6, (15.83)
% = %(Kl/;—f) + %(C.MPS +cy3Py — cyoe), (15.84)

¥ This model is implemented by Shiro Nishikawa as he was a visiting researcher at MRI.
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where Pg and Py, are the shear production and the buoyancy production expressed according to

Po= )2 oy C Ky ME Py = (bw) = —Ky N (15.85)
0z 0z
and PRCI . OB
M2 = _M —V 2 = — 15.
(Bz) +(6z)’ N dz (15.86)

are the shear frequency and the buoyancy frequency, respectively. The vertical turbulent diffusivities in horizontally
homogeneous flows are expressed as

Ky =c, E'V2L, (15.87)
Ky =c,E'?, (15.88)
Kg =c,E'1 o, (15.89)
Ky =c, EV?1)0y, (15.90)

where ¢, and ¢}, are stability functions and o-,f’ and o, are the constant Schmidt numbers. Here, ¢, and ¢}, corresponds
to Sps, and Sy of the Mellor and Yamada model with a relation

cu=V2Sm, ¢}, =V2Sy. (15.91)

In the case of unstable stratification (N? < 0), Kps = Ky = 1.0m? s™! is used in MRL.COM. This treatment is common
to Noh and Kim model (section 15.3).

15.4.2 Boundary conditions
At the surface, the shear-free boundary layers with injection of turbulent kinetic energy are assumed, in which
E=K(-z+20)" [=L(-z+20), (15.92)

are supposed, where K is the scale of turbulent kinetic energy, L and @ are empirical constants given in Table 15.5, and
2o is the sea surface roughness (zo = 1 m). K is determined by the injection of turbulent kinetic energy which is given by
the surface flux. We use flux forms for the surface boundary conditions (z = 0) of E and ¢ as follows:

OE

FE :KEB_Z =nuz, (1593)
0 cu(ch)P
Fy = K,l,a—f - —%(ma + )KL (gg) (mED) e (15.94)

As explained in the previous section for Noh and Kim (1999) model, injection of turbulence kinetic energy may be made
only through the open water in the presence of sea ice.

OE
Fg = Kp5= = (1 - a), (15.95)
z
where a is sea ice area fraction.
The parameter K can be determined from
o-k'/’ A
K=1|- Feg| —, (15.96)
cyaL 7

where (15.89), (15.92) and (15.93) are used.
At the bottom, the logarithmic boundary layers are assumed, in which / = «(z + H + zgp) is supposed. The bottom
boundary conditions (z = —H) for E and ¢ are given by flux forms as follows:

OE
Fp=Kp—— =0, (15.97)
Z
6lﬁ n(ci)l)p+1Kn+1 |
Fy=Ky—=—"———F"" " 15.98
v =Ky - (zob) ( )

where zqp is the bottom roughness, which is set to be zop = 1 m. Implementation of the bottom boundary condition is
realistic as compared to the Mellor and Yamada scheme and the Noh and Kim scheme.
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15.4.3 Model parameters

Umlauf and Burchard (2003) investigated the properties of the generic model in some fundamental flows and derived the
constraints on the model parameters (c%, Cyls Cy2s Cy3, a'liﬁ , 0y, m and n). Table 15.5 is a recommended parameter set
for the generic model by Umlauf and Burchard (2003), based on their calibration. MRI.COM uses this as the default
parameters. Note that the parameter p (the factor (c%)” in (15.77)) is mathematically irrelevant, since (15.84) can be
multiplied by any constant without changing the solution (p = 2.0 is used as the default value).

Table15.5 A recommended parameter set for the generic model by Umlauf and Burchard (2003), where x = 0.4,
(02)2 = 0.3, and ¢y = m are assumed. The value of the parameter c;3 is based on the Algebraic Reynolds-Stress
Model (ASM) of Canuto et al. (2001). In unstable situations (Py, > 0), a different value of the parameter c 3 needs to

be used. In MRI.COM, c+¢3 = 1.0 is adopted.

@ L m n O'k'/' Oy Cyl Cy2 c;3

-2.0 020 1.00 -0.67 0.80 1.07 1.00 1.22 0.05

15.4.4 Stability functions

The version A of the Canuto et al. (2001) stability functions is expressed as follows:

0.1070 + 0.01741ay — 0.00012a s

Cu=culcy)’ = - : (15.99)
1+0.2555ay +0.02872ap +0.008677a3, +0.005222ay ay — 0.0000337a3,
0.1120 + 0.004519 0.00088
= )’ = YT iyttt . (15100
1+0.2555ay +0.02872a +0.008677a3, +0.005222ay @y — 0.0000337a3,
where 5 5
E E
ay = —2M2, an = —2N2 (15.101)
€ €

are nondimensional parameters referred to as the shear number and the buoyancy number. Using (15.79), they are related
to the nondimensional parameter used by the Mellor and Yamada model (15.40) and (15.41) as

_ e (e
= M, 8H = 5

&M an. (15.102)
These are presented in Burchard and Bolding (2001)*. MRI.COM adopts these as the stability functions for the Umlauf
and Burchard (2003) model.

15.4.5 Implementation

Equations (15.83) and (15.84) are solved for the prognostic variable E and ¢ in the subroutine gls_main in g1s.F90 as
the last procedure of each time step. The forward finite difference is used in the time evolution. The implicit method is
used for the vertical diffusion of the turbulent kinetic energy or generic variable and energy dissipation term, since these
terms could become significantly large (see Section 23.5). The new E and ¢ are used to determine the coefficients of
viscosity and diffusivity for the next time step.

The turbulent kinetic energy and the master length scale are defined at the center of the tracer cell (i, j, k — %). The
specific expression for the discretized form of the turbulent kinetic energy (E) equation is as follows:

n+tl _ n n+l _ pn+l n+l _ pn+l
Ek—% Ek—% 1 KEk—l(Ek-g Ek—%) KEk(Ek—% Ek+%
At Az Azg—y Az
+ P+ Py (cp) B (E;;%)%/zzf%. (15.103)

¥ Note that definition of ¢y and C;’; in Burchard and Bolding (2001) is different than that of this chapter. ¢, and é;’; here correspond to ¢;, and C;’4
of Burchard and Bolding (2001).
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The specific expression for the discretized form of the generic variable (i) equation is as follows:

n+tl _ n n+1 n+l n+1 n+l
!ﬁk_% k—% 1 K;bk 1(w lﬂk_%) Kwk(lﬁ lﬁk_'_%)

AT A [ e Aot
ll/n
+ & I(CMP s +cy3Py) — cya(ch) ¢,"+1 (Ep 1) /z" (15.104)

2

The shear and buoyancy production terms Ps and Py, are discretized as follows:

n+l _ n+1 n+l _ u” n+l _ n+1 u” n+1
1 (”kfg 2)(” kfé) 1 (”kf% k+2)( 1T M)
Ps =—Kpi-1 +=Knmx
2 Azg_ 1Az, 1 2 AzkAzk_l
n+l _ n+l n+l _ n+l _ n+1 n+1
+ 1k R I T B S + 1k R S S (15.105)
2 Mkl AZk—lAZk_% 2 Mk AZkAZk_% ’ .
Bn+1 Bn+l Bn+l1 _ Bn+l1
poo_Lg Tkt ket L Tkeh Thed (15.106)
b T A 2T A '

The discrete expression for the shear production and the buoyancy production follows Burchard (2002), which is consistent
with the conservation law of the sum of mean and turbulent energy.
To summarize, the numerical operations proceed in the following order:

1. Update the turbulent kinetic energy and generic variable using (15.103), (15.104), (15.105) and (15.106) under the
boundary conditions, (15.93), (15.94), (15.97) and (15.98).

2. Diagnose the turbulent length scale using (15.78),

3. Calculate the vertical viscosity and diffusivity using (15.88) and (15.88) for the next time step.

15.4.6 Limiters

Some kind of limiters for the turbulent variables may be needed to ensure numerical stability. MRI.COM supposes the
following conditions.

» Lower limiters of the turbulent kinetic energy and generic variable, Enin, ¥min, are introduced as basic limiters.
* If one of E and ¢ becomes less than the limiter, turbulence is considered as stagnant. That is,

E=Enin, ¥ =Ymin, [= lstag’ if either E < Epin OF ¥ < Ymin (15.107)

* When turbulence is stagnant, the diagnosed viscosity and diffusivity (K»s, Kg) should not exceed the background
values (Kpsbgs Krpe = 1.0x 1070 m?s71):

Kn = u(2Emin) *lyag < Kmvg:  Kit = ¢, (2Emin)Liag < Krig (15.108)
* Stagnant value of the turbulent length-scale (I5.¢) is supposed to be the local vertical grid size (Azjocar) for numerical
stability.
Table15.6  Default limiters for GLS model in MRI.COM.
Enin lﬁmin lstag
6 2 E,
% (01()lsmg) (C )2 2'r/”3n AZlocal
slag
15.4.7 Usage

Umlauf and Burchard (2003) model is invoked by GLS option on compilation.
Initial state for vertical diffusion of turbulence kinetic energy (Kg) and generic variable Ky, turbulence kinetic energy
(E), generic variable (W), and length scale (/) is either read from restart file or set as the stagnant state defined in the
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previous subsection. In the stagnant state, both of Kz and Ky are set as 1 x 107°m?s. The initial state is specified by
namelist nml_gls_run. Parameters are listed on Table 15.7.
Tuning parameters may be specified at run time by namelist nml_gls. Parameters are listed on Table 15.8.

Table15.7 namelist nml_gls_run

variable name units description usage

1 rst_gls_in | logical | .true.: Read restart files specified by default =1_rst_in of
nmlrs_gls_(avk, avq, eke, psi, alo) for the initial condi- | nml_run_ini_state
tion.
.false.: Start condition is that of no turbulence. See text for
details.

Table15.8 namelist nml_gls
variable name units description usage
mfnk 1 n of Eq. (15.93) default = 100.0
1 wave_damp_seaice | logical | Eq. (15.93) is used instead of (15.95) default = .false.
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Chapter 16

Bottom Boundary Layer (BBL)

MRI.COM has an option of adopting a simple bottom boundary layer model (BBL option). This chapter describes the
formulation and usage of this model.

16.1 General description

In general, neither dense overflows from the Nordic-Scotland-Greenland ridges to the Atlantic Ocean nor the dense
downslope flows from the continental slope around Antarctica can be properly reproduced by z-coordinate models. The
former becomes the core water of the North Atlantic Deep Water, and the latter becomes that of the Antarctic Bottom
Water. As a result, the abyssal waters in the modeled ocean tend to exhibit a warming bias. To mitigate these deficiencies,
MRI.COM incorporates a simple bottom boundary layer (BBL) model as introduced by Nakano and Suginohara (2002).
In this model, BBL is attached immediately below the bottom of the interior oceanic domain and conceptually treated
as a plane along the sea floor at the model’s lowest vertical level (Figure 16.1). The following processes relevant to the
overflow/downslope flows are (partly) incorporated into this BBL model:

* The advection along the bottom topography.
 The pressure gradient terms when the dense water lies on slope.
* The eddy activity to create the flow crossing f/h contours.

16.2 Grid arrangement and exchanges

In z-coordinate models, the flow along the bottom topography is expressed as a sequence of horizontal and vertical
movements along a staircase-like topography. When the number of vertical grid points representing the bottom topography
is roughly the same as that of the horizontal grid points, the downslope flow can be reasonably represented even in z-
coordinate models (Winton et al., 1998). In general, however, the number of the vertical grids used in ocean general
circulation models is not large enough. Even if the number is large enough, the concentrations of tracers might be
significantly diffused during their movement owing to the horizontal mixing with the surrounding waters. The incorporation
of BBL remedies these problems.

The BBL grid cells in MRI.COM are arranged as in Figure 16.1. General interior grid cells in MRI.COM are composed
of U-cells, but it is intuitively easier to understand the grid arrangement of BBL as if they are located at T-cells (represented
by "e" points of Figure 16.1a and b). The T-cells in BBL are located just below the bottom of interior T-cells even if an
interior T-cell consists of only one quarter of a U-cell (Figure 16.1b). The U-cells in BBL are regarded as slanting cells
connecting neighboring T-points in BBL (Figure 16.1d).

For the purpose of calculating horizontal exchanges between BBL cells due to advection and subgrid-scale mixing, the
primary BBL is attached below the normal ocean grid (Figures 16.1a and ¢). Assuming that the number of the vertical
grids, km, is 50 before BBL option is applied, the number of vertical grids, km, becomes 51 (50 + 1) when BBL option is
applied. In addition, to easily express the vertical exchange between the BBL cells and the inner ocean cells, we place a
dummy BBL cell just below the bottom grid of each inner column and copy the temperature, salinity, and velocities from
the primary BBL cell (Figures 16.1b and d).

Regarding vertical advection, primary vertical mass transport at the upper surface of BBL is defined at T-cell as in the
interior (there is not vertical transport at the bottom of BBL). Even when the horizontal area of the bottom of the interior
T-cell is smaller than that of BBL, all vertical mass transport at the top of BBL flows into or out of the bottom of the
interior cell (Figure 16.1b and d). Tracers immediately above and below are carried by this vertical transport. In the same
manner as explained in Chapter 6, the continuity equation for the U-cell is defined as an average of those of surrounding
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T-cells (6.20). At each of the T-points connecting the bottom of the interior and the BBL, velocity (momentum) at all the
U-cells in BBL that surround the T-point participates in the vertical momentum advection.

Regarding vertical mixing, tracer in BBL is exchanged with the one at the bottom of the interior as in vertical advection
(the blue arrow in Figure 16.1b). On the other hand, velocity in BBL is exchanged with the one at the bottom of the water
column of the same U-point (the blue arrow in Figure 16.1d), whose quarter cells may not necessarily constitute bottom
T-cells that communicate with T-cells of the BBL.

(a) (b)

k=km k=km

k=km

k=km

Figurel6.1 Grid arrangement and schematic of horizontal and vertical exchange of tracers. (a, b) Arrangement of
T-cell represented by "e" symbols. (c, d) Arrangement of U-cell represented by "X" symbols. The primary BBL cells
lies at the bottom of the main (interior) oceanic domain (a and c). Horizontal advection and subgrid-scale mixing is
computed there (solid black arrows). In relation to the interior, the T-cells in BBL are located just below the bottom of
interior T-cells even when an interior T-cell consists of only one quarter of a U-cell (Figure 16.1b). The U-cells in BBL
are regarded as slanting cells connecting neighboring T-points in BBL (dashed blue line in d). Vertical transport into
and out of BBL occurs according to the primary vertical velocity defined at T-points (solid red arrows). Diagonally
upward / downward advection of momentum may occur along the dashed red arrows in (d). Vertical mixing of tracers

and momentum occurs between the cells indicated blue arrow in (b) and (d), respectively.

16.3 Pressure gradient terms
a. Formulation

BBL of MRI.COM is attached at the bottom of interior T-cells. U-cells of BBL are regarded as slanting and connecting
the surrounding T-points. (Figure 16.1d). In other words, sea floor is considered to have gradient along U-cells.
The pressure perturbation term in eq. (2.54) is

1 , 1 , 1 ,
p_OVsp = Evp |S=—H(x,y) - p_oasp VH()C, y)
lo gp’
= Evp |S=—H(x,y) + EZSVH(X’ y)7 (161)

where s means the depth coordinate along the sea floor. The geopotential term is

’ ’
80 g.. = 8 vy
0

80 L VH(x,y). (16.2)
PO PO

s=—H(x,y)
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Then, the pressure gradient for a U-cell in BBL is expressed as

1 ! 1
—Vspl"'& sZ = —Vp/
PO PO Lo

’
+ £Vz

s=—HggL(x,y) 00 s=—HggL(x,y)" (16.3)

b. Discretization

Horizontal gradient in (16.3) is evaluated along the bottom slope, not along the constant s-surface.
The depth of U-point in BBL (z = zppr) that appears in the geopotential term is separated into time-independent
(—HppL) and time-dependent (z”) part, so that

’
de

00 s=—HppL (x.y) (16.4)

gp’ 80’ o
_EVHBBL + EVZ s=—Hpgg1 (x,y)"

The pressure perturbation at T-point in BBL, whose vertical grid index is k = ktbtm, is computed by adding an increment
due the downward vertical integration along the T-point from the corner of the upper face of the U-cell at the bottom of
interior, whose vertical grid index is k = kbtm — 1, to the T-cell in BBL (k = ktbtm). The finite difference form is given as
follows:

kebtm—1 (dzt), . |
, _ , , i, ] kibtm+5
AD;. j kibim = E (0 j0e1(A20); 501+ 807, tpime t 5 : (16.5)
I=kbtm—1

The gradient of pressure perturbation is computed as

’ ’ ’ ’
APH-I,j+l,krbtm+Api+l,j,krbtm _ Api,j+l,ktbrm+Api,j,ktl)rm

(VPBBL,)i+%,j+% =(Vrp/)i+%,j+%,kbtm—l +X 2 Ax. 1 . 2
i+5,j+5
AP}y ekt P i ki _ APyt kb ™OPYf abim
+9 2 2 ) (16.6)
Ayi+%,j+%

The geopotential term is computed as

’

[gp VZBBL], L
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(16.7)

In the source code, the depth of T-point hot is used for Hggr. To be exact, (hot — dzt_cnst/2) should be used.
However, because the initial thickness of the BBL (dzt_cnst) is spatially uniform in MRI.COM, this omission would not
affect the result.

16.4 Eddy effects

In the rotational frame, the dense water along the continental slope flows along f/h without the eddy effects. In this case,
introducing the BBL model does not lead to a better representation of the overflow/downslope-flow in the Nordic Seas or
on the continental shelf around Antarctica.

In the real world, eddy effects create the cross f/h flow, resulting in the overflow/downslope-flows. Jiang and Garwood
(1996) investigated the three-dimensional features of downslope flows using an eddy-resolving model and demonstrated
that the dense water descends roughly 45° left to the geostrophic contour (in the northern hemisphere) with vigorous eddy
activity. The observation of significant eddy activity south of the Denmark Strait is consistent with this result. In order to
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incorporate this effect into the non-eddy resolving models, we apply Rayleigh drag whose coefficient is nearly equal to the
Coriolis parameter, @ ~ f. In this case, the geostrophic balance is modified and written as follows:

fy= _%g_i’_au, (16.8)
fu= —piog—i—av, (16.9)
After some algebra we obtain
5 (v_%u) =_fv'=_plog_i, (16.10)
f(w%V) =fu’=—piog—§, (16.11)

where v/ = v — (a/f)u and u’ = u + (a/f)v correspond to the geostrophic velocity for the pressure gradient. If we put
a = f, the direction of the flow is 45° to the right of the pressure gradient. In general, the horizontal pressure field is
parallel to the topographic contour near the deep water formation area. Thus, incorporating the Rayleigh drag coefficient,
a = f, leads to the dense water descending 45° to the left of the geostrophic contour.

Because this Rayleigh drag is thought to be caused by the eddy activity and is observed where the dense water descends
to the deep layer, the coefficient of the Rayleigh drag should be parameterized as a function of the local velocity and
topography. However it is very difficult to appropriately determine this function in coarse-resolution models. Accordingly,
in the default setting of BBL option in MRI.COM, the depth range where @ = f is arbitrarily set above 2500 m in the
northern Atlantic and above 4000 m around Antarctica to represent the observed dense overflow/downslope-flow. Below
those depths, « is set to zero. This setting may be explicitly specified by using namelist nm1_bblrayfrc (Table 16.1).

16.5 Usage
In this section, we show how to use the BBL model in the MRI.COM.

» Add BBL option in the file configure.in.

¢ Set the lowest layer of the array dz(km) as the thickness of BBL. Fifty to one hundred meters is recommended for
the thickness of BBL, which roughly corresponds to the observed thickness of the BBL layer near the Denmark
Strait.

¢ Append ho4bbl, exnnbbl to file_topo after ho4, exnn (Section 25.2.2), following docs/README_Options.md.

¢ Set the region where non-zero Rayleigh drag coeflicient is applied (nml_bblrayfrc; Table 16.1). The default
setting is above 2500 m in the North Atlantic and above 4000 m around the Southern Ocean.

If model integration starts from the 3-D distribution of temperature and salinity, the temperature and salinity in the BBL
cells are set to those in the lowermost inner cells.
Example of configure.in with BBL option

OPTIONS="BBL"
IMUT=184
JMUT=171
KM=48

The file that contains topographic information is read by the model at run time as follows (see also Section 25.2.2).

How topography data (file_topo) with BBL is read by model

integer(4) :: ho4(imut, jmut),exnn(imut, jmut)
integer(4) :: ho4bbl(imut, jmut),exnnbbl(imut, jmut)
integer(4),parameter :: lun = 10

open(lun, file=file_topo, form=unformatted)
read(lun) ho4, exnn
read(lun) ho4bbl, exnnbbl ! This is for BBL.
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Table16.1 Namelist nml_bblrayfrc for setting the lower limit above which Rayleigh damping is applied in BBL

variable units description usage
deprfcn cm subjective lower limit of depth (for northern hemi- | default = 2500 m
sphere) above which Rayleigh damping is applied | = 2500 x 10> cm
deprfcs cm subjective lower limit of depth (for southern hemi- | default = 4000 m
sphere) above which Rayleigh damping is applied | = 4000 x 10> cm

16.6 Usage notes
16.6.1 Limit of the region where BBL model should be applied

Ideally, the BBL model should be applied universally and its behavior should change according to the local oceanic state.
In the real configuration, the BBL model is only effective near the abyssal water formation areas. When used in other
areas, such as the near the equator, the BBL model does not improve the tracer and velocity fields. Furthermore, because
the BBL model connects the model cells along the topography, it inevitably induces a water mass exchange between the
cold abyssal water and the warm shallow water. Thus, unphysical diapycnal diffusion could occur with the BBL model.
This effect is not severe in high latitudes where the difference in temperature between the shallow continental shelves and
the deep layer is expected to be small, but it is extremely problematic for the cells in low latitudes. This problem is similar
to the problem for typical o-layer models. To prevent this, it is recommended that the BBL model should be applied only
to the regions where the processes reproduced by the BBL model are thought to be important.

16.6.2 Limits of the BBL

Linear interpolation of the temperature and salinity along an extremely steep slope may cause problems. For the default
setting of MRI.COM, the BBL model is not applied in such places and isolated grids. This setting may be modified by
using namelist nm1_bblgeo_limit (Table 16.2).

Table16.2 Namelist nml_bblgeo_limit for limiting the range where BBL scheme is applied

variable units description usage
hbblmin cm for sea floor depth shallower than hbbldmin, BBL | default=0m
is not applied
bbldmax cm if the sea floor is deeper than that of the neighbor- | default = 10000 m
ing point by bbldmax, the BBL is not applied 10000 x 10%> cm

16.6.3 Notes for program coding and analyses

In each vertical column, the BBL exists both at the bottom cell (k = km) and at the lowest ocean cell (k = exn(i, j)). In
general, the lowest ocean cell of the T-point and U-point for the same horizontal indices might differ. Thus, the treatment
of topographic mask array atexl and aexl is always very confusing. At the bottom cells (k = km) that corresponds the
primary BBL cells, we set atexl = 1 and aex1 = 1 while we set atexl = 1 and aexl = O at the lowest ocean cells that
corresponds the dummy BBL cells. In taking global average, the treatment of atexl = 1 in the BBL model needs special
care to avoid double counting.
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