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Implementation of an ocean mixed layer model

Abstract

An ocean mixed layer model has been implemented in the ECMWF Integrated Forecasting System (IFS)
in order to have a better representation of the atmosphere-upper ocean coupled processes in the ECMWF
medium-range forecasts. The ocean mixed layer model uses a non-local K profile parameterization (KPP;
Large et al. 1994). This model is a one-dimensional column model with high vertical resolution near the
surface to simulate the diurnal thermal variations in the upper ocean. Its simplified dynamics makes it
cheaper than a full ocean general circulation model and its implementation in IFS allows the atmosphere-
ocean coupled model to run much more efficiently than using a coupler.

The atmosphere-ocean mixed layer coupled model has been assessed by computing the skill of ensemble
10-day and monthly forecasts. Preliminary verifications indicate that the overall skill scores of the ensemble
forecast are comparable to the skill scores of the current operational system. However, the ocean mixed-layer
model has a positive impact on the prediction of the Madden Julian Oscillation and the Indian monsoon. The
ocean mixed-layer model has also an impact on the intensity of tropical cyclones. The diurnal variability of
SST which is important for future applications such as data assimilation with coupled models has also been
evaluated.

1 Introduction

The upper 2.5 m ocean has about the same heat capacity as the entire column of the atmosphere. The near-
surface ocean absorbs more than 60 % of the solar radiation and has large diurnal variability up to several
degrees in clear sky and calm wind conditions. This indicates that a huge amount of heat is exchanged at
the ocean surface between the atmosphere and the ocean on a diurnal time scale. The diurnal variability of
SST has a significant influence on heat and radiation exchanges at the ocean surface (Fairall et al. 1996; Zeng
and Dickinson 1998; Brunke et al. 2008). Therefore a better representation of the upper ocean is expected to
improve the simulation of surface fluxes in numerical weather and climate models. Furthermore, the improved
diurnal variability of surface fluxes contributes to a better representation of the atmospheric variability.

At longer forecast range, the upper ocean interacts with various aspects of the atmospheric variability from
diurnal to intraseasonal time scales (Webster et al. 1996; Slingo et al. 2003; Kawai and Wada 2007). In
particular, the Madden-Julian Oscillation (MJO; Madden and Julian 1994; Zhang 2005) has a coherent signal
in both the atmosphere and ocean implying that the air-sea interaction plays a role in its mechanism (Hendon
and Glick 1997; Lau and Sui 1997; Jones et al. 1998). The impacts of the air-sea interaction on the MJO
have been investigated for a long time (e.g., Flatau et al. 1997; Waliser et al. 1999; Maloney and Sobel 2004).
The ocean-atmosphere coupling improves the propagation speed, structure and amplitude of the MJO in the
numerical weather prediction (NWP) models (e.g., Sperber et al. 2005; Zheng et al. 2004, Maloney and Sobel
2004, Inness and Slingo 2003). Recently, Woolnough et al. (2007) and Vitart et al. (2007) have demonstrated
that the skill of the ECMWF monthly forecasts to predict the evolution of the MJO is improved by coupling
IFS to an ocean mixed layer model via the OASIS2 coupler.

Furthermore, the remote influence of the MJO is of great interest because of its implication on the potential
predictability on monthly time scale (Donald et al. 2006; Ferranti et al. 1990; Hendon et al. 2000; Jones et
al. 2004; Knutson and Weickmann 1987; Vitart and Molteni 2009a). These studies demonstrated the MJO
has a remote impact on the extratropic circulation through teleconnections. In addition, the MJO modulates
several aspects of atmospheric variability. For instance, the MJO modulates the sub-seasonal activity in the
Asian monsoon (Yasunari 1979; Lau and Chan 1986; Webster et al. 1998; Lawrence and Webster 2002),
North American monsoon (Maloney and Esbensen 2003) and African monsoon (Matthews 2004; Maloney and
Shaman 2008). The MJO also modulates tropical cyclone activity (Camargo et al. 2009; Kim et al. 2008;
Liebmann et al. 1994; Nakazawa 1986; Vitart 2009) and triggers and/or enforces ENSO events (Kessler and
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Kleeman 2000; Bergman et al. 2001; Marchall et al. 2009). Therefore, improving the prediction of the MJO
is likely to lead to improved forecasts of extratropical circulation, monsoon and tropical cyclone variability on
monthly to seasonal time scales.

The western North Pacific and Indian Ocean in boreal summer are other areas where the ocean-atmosphere
coupling plays a key role. In these regions, the convection is active and the oceanic mixed layer depth is
shallow in boreal summer. These factors make the SST to respond quickly to atmospheric forcing. Local SSTs
and precipitation are anti-correlated with a 5-10 days lag (Arakawa and Kitoh, 1997). A better representation of
the ocean-atmosphere interaction is expected to help reproduce the realistic relationship between precipitation
and SST. A study with multiple uncoupled atmospheric models showed that the uncoupled models failed to
reproduce this relationship (Wang et al. 2005) and that ocean coupling was needed to simulate the relationship
properly (Inness and Slingo 2003; Kobayashi et al. 2005). Therefore, ocean coupling is likely to impact the
atmospheric and oceanic variability in the short and medium-range time scales.

Following these meteorological studies and the recommendations made at the ECMWF workshop on the role
of the upper ocean in medium and extended range forecasting in 2002 and the ECMWF workshop on ocean-
atmosphere interactions in 2008, we implemented an ocean mixed layer model in IFS. The ocean mixed layer
model has been implemented as part of the physics in IFS and it uses the same horizontal grid as the atmospheric
model grid. This implementation method and the simplified dynamics enable us to run the ocean mixed layer-
atmosphere coupled model at a reasonable computational cost.

The technical implementation details and model configurations will be described in the next section. In section
3, the verification of EPS forecasts with the ocean mixed-layer model will be shown. In Section 3, the impact
of the ocean mixed-layer model on the SST variability, Indian monsoon rainfall, MJO and tropical cyclone
forecasts will also be discussed. Section 4 will assess the SST diurnal cycle. Finally, Section 5 will present a
summary of this report.

2 Implementation

2.1 Model configuration

The ocean mixed layer model is the same version of the KPP model as in Woolnough et al. (2007), which
follows the formulation of Large et al. (1994). The KPP scheme is widely used in many ocean models. For
example, the scheme is used in the MOM3 ocean model, which is an operational ocean model in the NCEP
coupled model (Saha et al. 2006). In this section, only the modified aspects from Large et al. (1994) or
Woolnough et al. (2007) are described.

The water type for a solar radiation parameterization has been changed to the Jerlov water type I (Jerlov, 1976),
instead of the water type Ib in Woolnough et al (2007). The water type I is a more realistic choice for the global
ocean, and is commonly used in ocean general circulation models (OGCMs). This change is intended to deepen
the ocean mixed layer depth in summer, which tends to be too shallow in many ocean models, and reduce warm
SST bias in the summer hemisphere. The diurnal amplitude of SST is affected by this change, since absorption
of solar radiation is influenced by the water type (e.g., Shinoda 2005).

The double-diffusion mixing in the KPP scheme has been deactivated. With the double-diffusion switched on,
the model develops relatively large cool SST bias in winter time at mid-latitudes (30 ◦N and 30 ◦S) west of
continents. The double-diffusion mixing was not applied in Woolnough et al. (2007) and Vitart et al. (2007)
either. The double-diffusion formulation proposed in Danabasoglu et al. (2006) was tested, but the error was
not alleviated. The cause of the cold bias has not been investigated in detail. It may not be caused by the double
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Figure 1: Schematic figure of the stretched vertical grid. The left (right) column shows vertical levels for 250-m (60-m)
bathymetry.

diffusion itself. For instance, it could be caused by an imbalance between the salinity and temperature fields of
the initial conditions from the ECMWF ocean analysis (Balmaseda et al 2008) and the KPP scheme.

The viscosity and diffusivity of internal gravity waves have been increased to 1.5× 10−4 and 1.5× 10−5,
respectively, and the critical bulk Richardson number is set to 0.41. The net effect of these changes is to deepen
the mixed layer, reducing the warm SST bias in summer, although the impact of these changes in the 10-day
forecasts of SST is relatively minor.

Changes have been made as to take the bathymetry into account, in contrast to a uniform bathymetry (200 m)
in Woolnough et al. (2007) and Vitart et al. (2007). In the current setting, the largest depth is 250 m to cover
the midlatitude mixed layer depth (de Boyer et al. 2004). With variable ocean depth, the original stretched grid
refinement (Large et al. 1994; Bernie et al. 2006) produces variable layer thickness near the surface, which
can affect the diurnal SST variability in the KPP model (Bernie et al. 2006). A new stretched vertical grid
refinement is introduced to guarantee uniform thickness of the first level. In this formulation, the level depth is
computed with the following expression:

dn = an+b
(

n−1
M−1

)c

+d
(

n−1
M−1

)e

(n = 1,2, ...,M) (1)

where M = 35 is the number of layers, a = 1.0 m, b = D− aM− d m, c = 8.0, d = 20.0 m and e = 2.0 are
parameters, and D is the lowest level of the ocean mixed layer model. The distribution of vertical levels given
by the new formulation is illustrated schematically in Figure 1.

In this configuration, the thickness of the first level has been chosen to be 1 m, following the findings of Bernie
et al. (2005), who noted that the thickness of the top level must be of the order of 1 m to capture the diurnal
SST variability with their KPP model. They also reported that further increase of the vertical resolution to 0.5
m had a relatively minor impact on the diurnal SST amplitude in the KPP model.

The coupling domain is 40 ◦N to 40 ◦S 2, since relatively large SST errors can develop at higher latitudes.
Within the halo (40 ◦N-30 ◦N, 40 ◦S-30 ◦S), SSTs from predicted by the KPP model are smoothly blended with

1In Woolnough et al. (2007), the viscosity and diffusivity of internal gravity waves and the critical Richardson number are 1.0×
10−4, 1.0×10−5 and 0.3, respectively

2In Woolnough et al. (2007), the coupled domain is 44 ◦N to 44 ◦S
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prescribed SSTs before being passed to the atmospheric model, and outside the coupling domain, the SSTs seen
by the atmosphere model are fully prescribed. The prescribed SSTs are persisted SST anomalies, estimated in
the same way as in the first 10-day forecasts of ECMWF EPS. The ocean mixed layer model is coupled at every
time-step, by receiving surface fluxes from the atmospheric model and passing updated SST to the atmospheric
model.

Initial ocean conditions are produced by interpolating the ECMWF operational ocean analysis (Balmaseda et
al. 2008). The nearest four points are used to interpolate with an inverse distance weight. The ECMWF ocean
analysis has coarser resolution than the SST used to force the current EPS. In order to retain the high-resolution
SST information, the ocean temperature of the initial conditions is changed above the mixed layer, as to match
the high resolution SST fields used in the EPS. The mixed layer depth is diagnosed from the ocean analysis as
the depth where temperature departs more than 0.5 degrees from its surface values. With this correction, the
initial SST fields are identical to the prescribed SST fields in the EPS.

Preliminary integrations with the KPP model displayed an unrealistic behaviour in the ocean currents. The
ocean currents in the one-dimensional model are basically governed by the one-dimensional dynamics (Ekman
flow), without pressure gradient terms, causing the ocean currents to rotate with the inertial frequency. In
reality however, the ocean currents in the extratropics are roughly geostrophically balanced. This deficiency of
one dimensional models has been identified for simulations of the atmospheric boundary layer (e.g., Egger and
Schmid, 1988), but not so for atmosphere-ocean mixed layer coupled models.

Therefore, the treatment of the velocity in the mixed layer model needs additional care. Here, the currents from
the ocean analysis have been decomposed into slow and fast varying flow. The later is assumed to be mainly
the Ekman flow, and can possibly be simulated by the one-dimensional KPP model. This approach is similar to
the method proposed in Egger and Schmid (1988) for simulations of the atmospheric boundary layer (see also
Taylor (1989), Egger and Schmid (1989)). The total velocity follows the equations:

∂U
∂ t

= − 1
ρ

∂P
∂x

+ fV +
∂

∂ z

(
K(U,V,T,S, t)

∂U
∂ z

)
(2)

∂V
∂ t

= − 1
ρ

∂P
∂y
− fU +

∂

∂ z

(
K(U,V,T,S, t)

∂V
∂ z

)
(3)

where U and V are zonal and meridional velocity, ρ is the water density, K is a viscosity function and f is the
Coriolis parameter. Decomposing geostrophic and ageostrophic (Ekman) flow components, the equations are
written as

∂ (Ug +Ue)
∂ t

= − 1
ρ

∂ (Pg +Pe)
∂x

+ f (Vg +Ve)+
∂

∂ z

(
K(Ug +Ue,Vg +Ve,T,S, t)

∂ (Ug +Ue)
∂ z

)
(4)

∂ (Vg +Ve)
∂ t

= − 1
ρ

∂ (Pg +Pe)
∂y

− f (Ug +Ue)+
∂

∂ z

(
K(Ug +Ue,Vg +Ve,T,S, t)

∂ (Vg +Ve)
∂ z

)
(5)

where subscripts g and e indicate geostrophic and non-geostophic flow components. Next we assume that the
geostrophic component is balanced and do not evolve in short integrations of about 10 days. We estimate the
geostrophic component as the 10-day averaged ocean currents from the ocean analysis. In addition we assume
that the pressure gradient terms of the non-geostrophic part can be neglected, and that the viscosity function K
can be computed by using a superposition of a geostrophic flow and non-geostrophic flow3. Then the results
are given as:

∂Ue

∂ t
= fVe +

∂

∂ z

(
K(Ug +Ue,Vg +Ve,T,S, t)

∂Ue

∂ z

)
(6)

3Strictly speaking, we need an approximation, ∂

∂ z

(
K(Ug,Vg,T,S, t) ∂Ue

∂ z

)
∼ ∂

∂ z

(
K(Ug +Ue,Vg +Ve,T,S, t) ∂Ug

∂ z

)
. Since the viscos-

ity function is non-linear, this relation may not hold as a good approximation.
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Figure 2: Simulated ocean currents at 18 m depth at 10 ◦N, 55 ◦E: (left) zonal component, (right) meridional component.
Solid and dashed lines indicate current with and without the geostrophic current decomposition, respectively. The initial
date is 11/07/1993.

∂Ve

∂ t
= − fUe +

∂

∂ z

(
K(Ug +Ue,Vg +Ve,T,S, t)

∂Ve

∂ z

)
(7)

τe = τ− τg (8)

where τ,τg and τe represent the total surface momentum flux, the previous 10-day average value, and the
departure, respectively. The equations are similar to the original equations without the pressure gradient term,
but the equations above describe the deviation flow from the nearly balanced flow. This may be valid only for
short-term integrations of a few days. Figure 2 shows an example of time-series of ocean current away from the
equator. Without the decomposition, the ocean current including a geostrophic balanced component starts to
rotate with the inertial frequency from the beginning of the integration. With the decomposition, the spurious
rotation of the flow is less dominant.

Regarding the computational cost, the coupling of this model increases the total CPU time of IFS by about 7
%. The one-dimensional model has good scalability because each ocean grid can be computed in parallel, and
can be run at higher resolution. In fact the model runs at T1279L91 with reasonable computational resources.
The cost can be reduced if the ocean model is called at a longer time step. It is worth noting that the KPP model
can have much higher horizontal resolution than the general coupled models for monthly and seasonal forecasts
(Vitart et al. 2008).

2.2 Code validation with an off-line simulation

The KPP scheme has been rewritten following IFS coding rules and parallelised with OpenMP and MPI. It has
been tested in an off-line simulation using the TOGA-COARE observations in the western Pacific. Bernie et
al. (2005) demonstrated that the KPP model reproduces realistic diurnal variability of subsurface temperature
with the TOGA-COARE observations. Shinoda and Hendon (1998) also examined the temperature variation
during the TOGA-COARE period with the KPP model. Here, we confirm the performance of the implemented
KPP model by comparing our result to theirs.

The off-line model is forced by surface fluxes computed from the IMET observations on the WHOI mooring
buoy at 1 ◦ 45 ′ S, 156 ◦ E during the COARE period (Weller and Anderson 1996). Initial conditions of ocean
subsurface fields on the 1 November 1995 are given by the moored buoy observations. The model is integrated
for 3 months. In this simulation, the geostrophic flow decomposition described in the previous section is not
applied since the Coriolis force is negligible near the equator. It should be noted that no relaxation of SST or
other fields is applied in this simulation. Figure 3 displays the resulting subsurface temperature and sub-skin
SST. The model reproduces the strong mixing due to convection after sunset and the variability of a diurnal
thermocline (mixed layer depth). A modest warm bias error is seen in the later part of the integration. This
behaviour has also been reported in Shinoda and Hendon (1998) and Bernie et al. (2006). Shinoda and Hendon
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Figure 3: Simulated and observed subsurface temperature and SST at 1 ◦ 45 ′N, 156 ◦E during the TOGA-COARE period
from 1 November to 31 January: (a) observed subsurface temperature (b) simulated subsurface temperature with KPP
model, (c) difference of subsurface temperature between the observation and the simulation, (d) SST time-series.
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(1998) attributed this error to errors in the surface heat fluxes and/or neglected horizontal advection, and/or other
deficiencies of the one-dimensional model. A previous study of the heat budget had shown that an advection
takes heat from the TOGA-COARE area around the end of December (Feng et al. 2002). The simulation shows
a similar variability to the result in Bernie et al. (2006). Thus, we conclude that the implemented model works
properly, and reproduces the subsurface temperature variability in the off-line simulation.

3 Results

3.1 Case study

In a medium-range time scale, the KPP coupled model is expected to simulate the coherent interaction between
the ocean and the atmosphere as observed for instance during an MJO event. A case study of a 10-day forecast
starting from 15 October 2008 is presented in this section to demonstrate the impact of the KPP coupled model
on the ocean variability. The first integration is carried out with the KPP model (KPP). The second integration
has been performed with IFS forced by persisted SST anomalies and with a skin layer scheme (ZB05; Zeng
and Beljaars 2005), which represents the diurnal variability of SST. The last integration is a control integration
(CTRL) with IFS forced with persisted SST anomalies but without KPP and ZB05. In this control experiment,
there is no diurnal variability of SST.

In the middle of October 2008, an MJO event started to propagate from the Indian Ocean towards the maritime
continent. Figure 4 shows a Hovmöller diagram of NOAA interpolated outgoing longwave radiation averaged
within 10 ◦N–10 ◦S (Liebmann and Smith 1996) in October 2008. An active convection phase (low OLR) was
observed from the middle to the end of October across 60–150 ◦E. This case shows a typical MJO eastward
propagation and a coherent relationship between the atmospheric and oceanic variability (Matthews 2004;
Sperber 2003).

Figure 5 shows the change of SST at day 10 from the initial conditions. The KPP model captures the spatial
distribution of the SST change quite well without any relaxation or nudging. The seasonal cycle of SST is
reproduced by the KPP model. Furthermore, the SST warming off the northwest coast of Australia and in the
South Pacific Convergence Zone (SPCZ) is in good agreement with the SST analysis. The SST cooling off the
east coast of the horn of Africa is also in good agreement with the analysis. The warming near the maritime
continent and the SPCZ is a typical time evolution ahead of the active convection phase of MJOs. The cooling
in the eastern Indian Ocean is also consistent with the MJO propagation. On the other hand, the persisted
SST anomalies, which are used in the current operational EPS, have only a climatological seasonal cycle of
SST (Figure 5b). Woolnough et al. (2007) also demonstrated that the KPP model captures the SST variability
associated with an MJO event reasonably well. The tropical instability waves which are visible in the analysis
are not simulated in both the CTRL and KPP experiments. The skill of the KPP coupled model to forecast
SSTs will be evaluated in section 3.2.

The diurnal variability of skin SST is diagnosed using a Diurnal SST Amplitude (DSA), which is defined as
the difference between the maximum and minimum SSTs during a day (00 LMT to 24 LMT). The DSA is
computed from hourly output of the IFS integrations. Figure 6 shows an example of DSA in 10-day forecasts.
Both the ZB05 and the KPP model can represent the diurnal variability of SST. The figures displays a large
DSA near the maritime continent. Large DSA is often preceeded by an active phase of the MJO (e.g., Lau and
Sui 1997; Bellenger and Duvel 2009). Section 3.7 will show more detailed diagnostics of the DSA in the KPP
model and the skin layer scheme.

Figure 7 shows the impact of the diurnal SST variability on precipitation. Both KPP and ZB05 experiments
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Figure 4: Hovmöller diagram of observed outgoing longwave radiation in October 2008.

Figure 5: SST change (day10−day0) in the forecasts starting from 15th of October, 2008: (a) 5-m SST in the KPP model
(KPP), (b) persisted SST anomaly (CTRL), (c) SST analysis.

show enhanced precipitation ahead of the MJO (over the maritime continent and the western North Pacific),
and suppressed precipitation behind the MJO (over the central Indian Ocean). This result suggests that the MJO
propagation is enforced by the diurnal SST variability. Woolnough et al. (2007) noted that a part of the MJO
forecast improvements observed when using an ocean mixed layer model were due to the simulation of the SST
diurnal cycle. Vitart and Molteni (2009b) reported that MJOs in IFS tend to stay longer in the Indian Ocean.
Therefore simulating the diurnal SST variability seems to improve the MJO propagation in the Indian Ocean
(e.g., Vitart et al. 2007).

3.2 SST validation

In order to evaluate the basic performances of the KPP coupled model, a series of 10-day 5-member ensemble
integrations at a T255L62 resolution has been performed. The IFS version is the cycle 35r24. The initial

4A bug in the McICA radiation scheme is fixed in the experiments.
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Figure 6: Simulated diurnal SST amplitude during 10-day forecasts starting from 15th of October, 2008: (a) KPP model
(b) ZB05 scheme.

Figure 7: Simulated precipitation during 10-day forecasts starting the 15th of October 2008: (a) difference between KPP
and CTRL, (b) difference between ZB05 and CTRL, (c) CTRL
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dates are the 1st and 16th of January (July) 1990 to 2007 for boreal winter (summer) cases. The atmospheric
initial conditions are provided by the ERA-Interim re-analysis (Simmons et al. 2007) and the oceanic initial
conditions are provided by the ECMWF operational ocean analysis (Balmaseda et al. 2008). The deterministic
forecast scores were computed from the ensemble mean.

Figure 8a shows the near-surface temperature bias after 10 days (00Z and 12Z) for the winter cases. The
temperatures at the fifth level (∼ 5 m) of the mixed layer model are compared to the bulk SST analysis (NCEP
OI SST). The SST bias is about a few tenth of a degree in the coupled domain. It is worth noting that the bias
has been improved with the modified configuration compared to the original configuration used in Woolnough
et al. (2005) and Vitart et al. (2007).

For the root mean square error (RMSE), the KPP model displays relatively small errors in the subtropical
region. However, the RMSE is large in the eastern equatorial Pacific since the KPP model is unable to simulate
ENSO dynamics and cannot maintain SST anomalies in this region. This error is less striking in the correlation
scores because of the strong interannual variability in this region. The RMSE is also large in the tropical Pacific
along 10 ◦N in January and the tropical Indian Ocean along 10 ◦S in July. The origin of these errors should be
further investigated.

In order to compare the skill of the coupled model to predict SST, the RMSE difference between the control
and KPP experiments normalised by the RMSE of the control experiment has been computed along with the
difference of correlations between the control and the KPP experiment (Figure 9). It should be noted that the
5 ensemble members of the control experiment use the same persisted SST field as in the operational EPS.
Comparisons for both seasons show overall positive impacts (warm colours) when using the KPP model in the
summer hemisphere. The improvement is particularly large (more than 20 %) in the western North Pacific in
the boreal summer and in the SPCZ in austral summer. This may be due to the fact that the evolution of the
SST is influenced by the strong air-sea interaction which can be simulated by the KPP model. However there
are some degradations in the winter hemisphere and equatorial regions when using the KPP model. For the
eastern equatorial Pacific, an OGCM has better skill at predicting SST after 1 month (not shown). It could be
possible to nest the ocean mixed layer model in a lower-resolution OGCM. Future research will investigate this
possibility.

Brenner (1996) investigated the potential use of an ocean mixed layer-atmosphere coupled model for medium-
to extended-range forecasts with the NCEP model. There were some limitations at the time of this study: no
ocean analysis was available for oceanic initial conditions, the atmospheric model had relatively low resolution,
and a limited number of cases were verified. Despite these limitations, the study demonstrated that the coupled
model can improve the SST forecast particularly in the summer hemisphere. Brenner (1996) reported that
the coupled model can reduce the RMSE by 10–15 % compared to the uncoupled forecast (persisted SST
anomalies). Our results indicate a similar order of improvements in the summer hemisphere (Figure 9).

3.3 EPS verification

The skill of the summer and winter EPS forecasts described in the previous section has been assessed. Figure 10
displays the 850-hPa temperature forecast scores for the northern extratropics, southern extratropics, and tropics
in boreal winter. The differences between the coupled and uncoupled forecasts are not statistically significant.
Figure 11 shows the 500-hPa geopotential height forecast scores. Again, there is no significant difference
between the skill scores. Similarly, Figures 12 and 13, which show the scores in boreal summer, suggest that
there is no significant improvement when using the KPP model.

We also conducted a series of monthly forecast integrations with a recent IFS cycle (cycle 35r2) in order to
evaluate the impact of the KPP model on the probabilistic forecast skill scores. Fifteen-member ensemble
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Figure 8: Deterministic scores of SST on day 10 for (a, c, e) January cases and (b, d, f) July cases: (a, b) mean bias, (c,
d) root mean square error, (e, f) correlation.

Figure 9: Difference of deterministic scores of SST on day 10 for (a, c) January cases and (b, d) July cases: (a, b)
normalised RMSE difference, (c, d) anomaly correlation difference (KPP-CNT).
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forecasts starting from the 1st of February, May, August and November 1989–2007 have been produced. The
control experiment (CTRL) has the same configurations as the operational system. In a test experiment (KPP),
the ocean mixed layer model is used in the first 10 days of integrations. After day 10, IFS is coupled to the
ocean model HOPE as in the control experiment and the operational system.

Tables 1–4 display the Brier scores and relative operating characteristic (ROC) scores of 2-m temperature,
precipitation, 850-hPa temperature and 500-hPa geopotential height for day 5-11, day 12-18, day 19-25 and
day 26-32. Overall the impact of the ocean mixed layer model on the forecast skill is neutral. For temperature
and winds, the impact is not statistically significant. Although they are not statistically significant, the day 5-11
scores of precipitation, 850-hPa temperature of the KPP experiment are consistently improved in most regions.
As far as we know, this is the first result showing potential improvements of the medium-range atmospheric
forecasts when coupling atmospheric models to an ocean model (mixed-layer model or OGCM). On the other
hand, the ROC and Brier scores show degradations in day 26-32 500-hPa geopotential height forecasts when
using the KPP model. These degradations may be due to the less skillful SST forecasts in the equatorial Pacific
(Figure 9). A larger set of hindcasts would be needed to assess the impact of ocean-atmosphere coupling on
medium-range forecasts with more details.

The skin layer scheme (Zeng and Beljaars, 2005) was applied to the control forecast in our comparison. This
may explain why the ocean coupling has such a small impact in the first 10-days, since the skin layer scheme
simulates the SST diurnal cycle in the control experiment. Although the improvements in global forecasts
scores are rather small, an impact can be seen in some atmospheric severe events. Recently Lebeaupin et al.
(2009) have tested a Metéo France MESO-NH model coupled with a one-dimensional ocean mixed layer model
using a TKE scheme (Gaspar et al. 1990). They found that the ocean coupling tends to weaken the severe
convective activity and the rainfall intensity in their short range forecasts, although the impact is moderate.
Since the KPP model is not currently fully coupled in the midlatitudes because of large SST errors, we have
not investigated the heavy rain events as in Lebeaupin et al. (2009) yet. The air-sea interaction in extratropical
cyclones, mesoscale disturbances and heavy rain events will be investigated in future research.

3.4 MJO experiment

The skill to predict the evolution of the MJO has been assessed with the cycle 35r2 with and without the KPP
model. Although many studies have already pointed out that atmosphere-ocean coupled models have a better
representation of the MJO propagation and organisation, it is worth confirming these results with the same
configuration as the operational system. Five-member ensemble forecasts starting at 00Z from 15 December
1992 to 31 January 1993 have been performed. The control experiment uses the same configuration as the
operational EPS with the cycle 35r2. The model settings are the same as in section 3.3. It should be noted that
the cycle 35r2 uses the skin layer scheme (Zeng and Beljaar, 2005). Therefore this version of IFS simulates the
diurnal cycle of SST. The model resolutions is T399L62 during the first 10 days and T255L62 after day 10. In
the test experiment (KPP), the KPP model is coupled to IFS during the first 10-day forecasts instead of using
persisted SST anomalies. After day 10, IFS is coupled to the HOPE ocean model as in the control experiment.
The MJO forecast skill is assessed using MJO indices as in Wheeler and Hendon (2004). The MJO indices
are calculated by projecting the forecasts onto combined EOFs of 200-hPa, 850-hPa zonal wind and outgoing
longwave radiation calculated using NCEP re-analysis. Figure 14 shows the first and second combined EOFs.
The linear correlation between the predicted and observed PC1 and PC2 (Figure 14) as a function of the forecast
lead time are consistently improved beyond day-9 (Figure 15) when coupling IFS to the KPP model. This result
agrees with Vitart et al. (2007) and Woolnough et al. (2007), although the difference between the control and
test experiment is smaller than in their results. This difference may have several explanations. Firstly, the KPP
model is used in only the first 10 days, instead of the first 32 days as in Vitart et al. (2007). Secondly, the MJO
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Figure 10: RMSE, continuous ranked probability skill score (CRPSS) for temperature at 850 hPa in January: (upper)
northern extratropics (20 ◦N–90 ◦N), (middle) southern extratropics (20 ◦S-90 ◦S), (bottom) tropics (20 ◦N–20 ◦S). Blue
and red lines show the control experiment and KPP experiment, respectively.

Technical Memorandum No. 622 13



Implementation of an ocean mixed layer model

Figure 11: RMSE, CRPSS for geopotential height at 500 hPa in January.
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Figure 12: Same as Figure 10, but for July.
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Figure 13: Same as Figure 13, but for July.
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Brier scores for 2m temperature, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.137 0.137 0.212 0.214 0.233 0.235 0.239 0.235
Southern Extratropics 0.166 0.167 0.230 0.221 0.240 0.246 0.239 0.243
Tropics 0.154 0.153 0.197 0.197 0.218 0.218 0.226 0.225
Europe 0.127 0.126 0.211 0.216 0.238 0.237 0.237 0.229
North America 0.132 0.133 0.217 0.218 0.229 0.233 0.228 0.231

Brier scores for 2m temperature, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.140 0.141 0.209 0.211 0.232 0.235 0.240 0.239
Southern Extratropics 0.167 0.165 0.230 0.224 0.240 0.243 0.245 0.243
Tropics 0.153 0.153 0.199 0.201 0.222 0.221 0.228 0.228
Europe 0.125 0.126 0.217 0.220 0.244 0.241 0.239 0.242
North America 0.147 0.147 0.215 0.211 0.225 0.230 0.234 0.238

Brier scores for precipitation, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.212 0.212 0.238 0.239 0.244 0.242 0.245 0.245
Southern Extratropics 0.225 0.226 0.245 0.240 0.240 0.244 0.239 0.238
Tropics 0.249 0.249 0.265 0.267 0.276 0.278 0.277 0.280
Europe 0.201 0.202 0.241 0.242 0.243 0.242 0.247 0.246
North America 0.216 0.216 0.240 0.236 0.241 0.238 0.242 0.242

Brier scores for precipitation, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.212 0.212 0.238 0.241 0.242 0.241 0.246 0.244
Southern Extratropics 0.231 0.231 0.242 0.240 0.238 0.241 0.239 0.241
Tropics 0.248 0.248 0.262 0.263 0.270 0.271 0.267 0.267
Europe 0.196 0.196 0.240 0.241 0.242 0.244 0.244 0.243
North America 0.213 0.213 0.239 0.241 0.240 0.240 0.243 0.241

Table 1: Brier scores of 2-m temperature and precipitation for 15-member EPS forecasts starting the 1st of February,
May, August and November 1989-2008. The KPP experiment (KPP) and the control experiment (CTRL) are shown. The
figures in bold show better scores with KPP than with CTRL.
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Brier scores for 850-hPa temperature, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.134 0.134 0.214 0.214 0.233 0.236 0.239 0.236
Southern Extratropics 0.161 0.161 0.232 0.224 0.246 0.249 0.243 0.247
Tropics 0.142 0.142 0.194 0.193 0.214 0.214 0.223 0.224
Europe 0.132 0.134 0.220 0.222 0.241 0.235 0.241 0.233
North America 0.132 0.131 0.214 0.213 0.228 0.238 0.229 0.232

Brier scores for 850-hPa temperature, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.134 0.135 0.209 0.212 0.234 0.237 0.241 0.239
Southern Extratropics 0.161 0.162 0.230 0.225 0.244 0.244 0.245 0.243
Tropics 0.140 0.141 0.194 0.195 0.218 0.217 0.226 0.227
Europe 0.124 0.126 0.218 0.222 0.247 0.244 0.241 0.242
North America 0.136 0.136 0.208 0.208 0.222 0.231 0.230 0.237

Brier scores for 500-hPa geopotential height, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.128 0.128 0.211 0.211 0.235 0.236 0.242 0.239
Southern Extratropics 0.143 0.145 0.207 0.206 0.235 0.243 0.254 0.242
Europe 0.121 0.123 0.228 0.229 0.241 0.236 0.239 0.237
North America 0.135 0.135 0.212 0.215 0.234 0.237 0.231 0.230

Brier scores for 500-hPa geopotential height, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.132 0.132 0.210 0.210 0.233 0.236 0.242 0.239
Southern Extratropics 0.157 0.157 0.215 0.217 0.233 0.245 0.244 0.244
Europe 0.127 0.127 0.221 0.225 0.243 0.239 0.242 0.234
North America 0.140 0.140 0.207 0.205 0.224 0.233 0.234 0.230

Table 2: Same as Table 1 but for 850-hPa temperature and 500-hPa geopotential height.
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ROC scores for 2-m temperature, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.870 0.870 0.685 0.679 0.591 0.585 0.551 0.567
Southern Extratropics 0.816 0.814 0.616 0.640 0.546 0.523 0.536 0.519
Tropics 0.847 0.848 0.739 0.740 0.667 0.669 0.631 0.634
Europe 0.888 0.889 0.681 0.668 0.566 0.566 0.551 0.582
North America 0.877 0.877 0.669 0.665 0.602 0.591 0.598 0.587

ROC scores for 2-m temperature, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.864 0.864 0.690 0.686 0.591 0.580 0.549 0.551
Southern Extratropics 0.816 0.819 0.619 0.633 0.543 0.532 0.513 0.522
Tropics 0.846 0.846 0.732 0.728 0.651 0.657 0.622 0.625
Europe 0.889 0.888 0.670 0.664 0.537 0.547 0.543 0.528
North America 0.855 0.855 0.673 0.682 0.616 0.600 0.575 0.561

ROC scores for precipitation, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.703 0.702 0.574 0.570 0.531 0.538 0.514 0.514
Southern Extratropics 0.670 0.669 0.537 0.554 0.524 0.511 0.528 0.531
Tropics 0.695 0.694 0.617 0.615 0.571 0.570 0.546 0.541
Europe 0.729 0.728 0.564 0.557 0.526 0.526 0.502 0.504
North America 0.685 0.684 0.554 0.566 0.531 0.538 0.517 0.519

ROC scores for precipitation, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.704 0.703 0.572 0.561 0.534 0.539 0.510 0.516
Southern Extratropics 0.663 0.662 0.543 0.548 0.539 0.524 0.524 0.516
Tropics 0.689 0.689 0.610 0.607 0.558 0.560 0.544 0.544
Europe 0.746 0.745 0.565 0.560 0.530 0.521 0.515 0.515
North America 0.693 0.693 0.556 0.549 0.533 0.532 0.516 0.524

Table 3: ROC scores of 2-m temperature and precipitation for 15-member EPS ensemble forecasts starting the 1st of
February, May, August and November 1989–2008 for the KPP (KPP) and the control experiment (CTRL). The figures in
bold font shows better scores for KPP than CTRL.
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ROC scores for 850-hPa temperature, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.876 0.875 0.672 0.670 0.576 0.569 0.540 0.554
Southern Extratropics 0.825 0.825 0.603 0.625 0.517 0.510 0.518 0.508
Tropics 0.866 0.865 0.746 0.749 0.672 0.674 0.630 0.630
Europe 0.877 0.875 0.648 0.645 0.543 0.564 0.528 0.561
North America 0.879 0.880 0.670 0.673 0.590 0.560 0.584 0.572

ROC scores for 850-hPa temperature, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.874 0.873 0.683 0.675 0.574 0.562 0.536 0.541
Southern Extratropics 0.826 0.824 0.617 0.624 0.529 0.524 0.510 0.513
Tropics 0.866 0.865 0.742 0.741 0.660 0.663 0.625 0.622
Europe 0.890 0.888 0.660 0.647 0.515 0.524 0.529 0.520
North America 0.873 0.872 0.683 0.685 0.619 0.583 0.580 0.554

ROC scores for 500-hPa geopotential height, upper tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.885 0.885 0.678 0.678 0.572 0.570 0.533 0.542
Southern Extratropics 0.853 0.849 0.694 0.700 0.578 0.555 0.487 0.535
Europe 0.897 0.895 0.624 0.621 0.540 0.563 0.535 0.547
North America 0.872 0.872 0.678 0.670 0.573 0.558 0.575 0.584

ROC scores for 500-hPa geopotential height, lower tercile
week 1 week 2 week 3 week 4

Regions KPP CTRL KPP CTRL KPP CTRL KPP CTRL
Northern Extratropics 0.877 0.877 0.683 0.684 0.578 0.569 0.529 0.544
Southern Extratropics 0.845 0.845 0.673 0.665 0.593 0.556 0.533 0.514
Europe 0.887 0.887 0.651 0.636 0.524 0.543 0.529 0.554
North America 0.864 0.864 0.686 0.695 0.612 0.582 0.562 0.584

Table 4: Same as Table 3 but for 850-hPa temperature and 500-hPa geopotential height.
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Combined EOF1 Combined EOF2

Figure 14: Combined EOF 1 (PC1) and 2 (PC2) of observed OLR and zonal wind at 850 and 200 hPa averaged between
15N and 15S (Vitart and Molteni 2009a).

forecast skill depends on the IFS version (Vitart and Molteni 2009b), so the degree of MJO improvements with
the KPP model may also depend on the IFS version. Thirdly the diurnal cycle of SST, which contributes to
more skilful MJO forecasts, is simulated by the skin layer scheme in the control experiment. Even so, the test
experiment suggests improved forecast skill in the KPP experiment compared with the control experiment. This
implies that the SST variability at a medium-range time scale may have additional benefits for MJO forecasts
than just the representation of the SST diurnal cycle as seen in section 3.1.

3.5 Impact of the KPP model on the Indian monsoon rainfall in early summer

In the boreal summer, the air-sea interaction plays an important role in the monsoon variability over the Indian
Ocean. Indian monsoon rainfall is difficult to predict well with NWP models. Recently, Vitart and Molteni
(2009a) have reported that the ocean mixed layer model coupled to IFS improves the forecast skill of the Indian
monsoon rainfall in the early summer.

A series of 46-day ensemble forecasts has been performed with the IFS cycle 35r2 to confirm Vitart and Molteni
(2009a), which used the cycle 32r2. The skin layer scheme (ZB05) was not used in the cycle 32r2. In the cycle
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Figure 15: Linear correlation with the observed MJO (a) PC1 and (b) PC2 patterns.

35r2, the skin layer scheme is activated unless the KPP model is used. In the control experiments VEPS1
(cycle 32r2) and VEPS2 (cycle 35r2), the configuration is the same as in the operational system (persisted
SST anomalies during the first 10 days and the fully coupled after day 10) (Vitart et al., 2008). In the KPP
experiment with the cycle 32r2 (ML1), the IFS is coupled to the KPP model for 32 days. On the other hand,
the KPP experiment with the cycle 35r2 (ML2) is coupled to the KPP model during the first 10 days and is
coupled to the OGCM after 10 days. The experimental settings are listed in Table 5. Each experiment consists
of 15-member ensemble integrations starting from 15 May 1991–2007.

Table 6 shows the forecast scores of precipitation over India (70–85 ◦E, 5–30 ◦N, blue box in Figure 16) in June
during 1991–2007. The correlation with the India Meteorological Department (IMD) station rainfall data over
India is improved when using the cycle 35r2 instead of the cycle 32r2 and it is also improved when coupling IFS
to the KPP model. However, the difference between the control and test experiments is smaller with the cycle
35r2 than with the cycle 32r2. The test experiment with the cycle 35r2 (ML2) has the best correlation score.
On the other hand, the KPP model does not improve the RMSE with the cycle 35r2. Better air-sea interaction
in coupled models (Fu et al. 2003) may contribute to the improvement of forecast scores of precipitation over
India.

3.6 Impact of ocean coupling on tropical cyclone forecasts

Extreme phenomena such as tropical cyclones can strongly interact with the upper-ocean even at the short-
range time scale. Observational studies have shown that tropical cyclones can generate a cooling up to several
degrees at the surface of the ocean (Leipper 1967; Stramma et al. 1986; Wentz et al. 2000). Numerical
simulation studies have revealed that the cooling is caused by the entrainment mixing and surface cooling (e.g.,
Chang and Anthes 1978; Price 1981; Wada 2005). Furthermore it has been demonstrated that the ocean cooling

0–10 days 10–32 days
Experiments IFS cycle resolution ocean coupling resolution ocean coupling

VEPS1 32r2 T399 none T255 HOPE
ML1 32r2 T159 KPP T159 KPP

VEPS2 35r2 T399 ZB05 T255 HOPE
ML2 35r2 T399 KPP T255 HOPE

Table 5: Experimental set-ups in the early Indian monsoon rainfall experiments.
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Figure 16: All Indian Rainfall area (70–85 ◦E, 5–30 ◦N).

VEPS1 ML1 VEPS2 ML2
Correlation 0.57 0.62 0.63 0.67
RMSE (mm/day) 0.92 0.84 0.98 1.05

Table 6: Forecast scores for Indian monsoon rainfall in June 1990–2007. The ensemble mean of 15-member integrations
starting from 15 May is verified against IMD station data. The scores with the cycle 32r2 (VEPS1, ML1) are presented in
Vitart and Molteni (2009a).

can weaken the intensity of tropical cyclones (e.g., Bender et al. 1993; Wada 2009).

A case study with a high resolution T1279 deterministic forecast and 51-member T639 ensemble forecasts is
presented in this section. Coupled (ML) and uncoupled (CTL) 10-day integrations are carried out in order
to investigate effects of ocean coupling on tropical cyclone forecasts. The forecasts start on 14, 15 and 16
September 2009 for super typhoon Choi-Wan. In this case study, an ocean cooling exceeding 4 K after five
days (Figure 17) is simulated in the vicinity of super typhoon Choi-Wan in the T639 ensemble and T1279
deterministic forecasts coupled to the KPP model. However, the ocean cooling is smaller in the forecasts
than in the TMI satellite observation. The intensity based on minimum sea level pressure and maximum wind
speed is consistently weakened by coupling the KPP model (Figure 18) in agreement with previous studies(e.g.,
Bender et al. 1993; Wada 2009). The impact of the KPP coupling on the forecast of another strong typhoon,
typhoon Melor 2009 has also been investigated. The ocean cooling is weaker for typhoon Melor than for
typhoon Choi-Wan and the impact of the KPP model on the intensity of the typhoon is not significant for this
case. We think that the faster translation speed and less ocean cooling as a result may be associated with less
impact on the intensity. There is minor impact on tropical cyclone tracks in both cases, which agrees with Wu
et al. (2005).

The impact of ocean coupling on the intensity of tropical cyclones has also been evaluated using ensemble
forecasts with a T399 resolution for 45 tropical cyclone cases in 2008. Figures 19a and 19b are scatter plot-
diagrams of minimum sea level pressure and maximum 10-m wind speed, respectively. In Figure 19a, the
ocean mixed layer coupled model predicts lower sea level pressure than the uncoupled model for strong tropical
cyclones (75 % chances for < 980 hPa). In Figure 19b, the coupled model predicts lower 10-m wind speed
than the uncoupled model (85 % chance for > 40 m s−1). Therefore, the ocean coupling weakens the intensity
of strong tropical cyclones in the numerical model.

Although the ocean cooling by tropical cyclones is simulated by the KPP model as in Price et al. (1981) and
Emanuel (1999), the amplitude of the ocean cooling is smaller in the model than in the TMI observation for
typhoon Choi-wan. In fact, it has been pointed out that a one-dimensional model underestimates the ocean
cooling due to the lack of upwelling (Yablonsky and Ginis 2009). The implemented ocean mixed layer model
does not represent the upwelling, which may be a reason for the underestimation of the ocean cooling in this
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Figure 17: SST change from 14/09/2009 to 18/09/2009 in (a)T639 control forecast, (b)T639 ensemble member with the
largest SST cooling in ensemble members, (c)T1279 control forecast, (d)REMSS TMI data.

model.

The horizontal resolution of the current operational EPS (T639) is insufficient to simulate realistic intensity of
strong tropical cyclones (not shown). Hence it is found that coupling IFS to the ocean model is likely to degrade
the forecast of the intensity of strong tropical cyclones at the current resolution of the operational EPS. Since
the air-sea interaction has an impact on the intensity of tropical storms in real situations, this process should be
included in future high-resolution forecast systems.

3.7 Assessment of the diurnal cycle of SST

Accuracy of SST is crucial for numerical weather prediction and assimilation. Fairall et al. (1996) noted that
SST with an accuracy of 0.2 degrees is required to evaluate the heat exchange of the upper ocean with an
accuracy of 10 W m−2. The atmosphere interacts with the ocean via so-called skin SST (Donlon et al. 2007),
which is defined as temperature at the water surface. Skin SST has a large diurnal variability, therefore the skin
SST should be simulated in numerical weather prediction and assimilation to give more accurate estimate of
surface fluxes.

The diurnal cycle of SST is expected to have a significant influence on the atmospheric variability from diurnal
to intraseasonal time scales (e.g., Kawai and Wada 2007). The diurnal cycle of SST also modulates mean
climate of atmospheric models (Brunke et al. 2008). Thus, the representation of diurnal cycle of SST should
contribute to a more realistic simulation of the climate mean state and variability.

There have been several attempts to simulate the diurnal variability of SST with numerical models, ranging
from relatively simple skin layer schemes (e.g., Fairall et al. 1996; Webster et al. 1996; Zeng and Beljaars
2005), one-dimensional mixed layer models (e.g., Bernie et al. 2005; Kawai and Kawamura 2000; Kondo et al.
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Figure 18: Minimum mean sea level pressure of typhoon Choi-Wan in 2009. Forecasts are started from 14 September
2009.

Figure 19: Scatter plots of (a) minimum mean sea level pressure and (b) maximum 10-m wind speed during 10-day
tropical cyclone forecasts for 45 cases in 2008. The x-axis represents the intensity of the tropical cyclones in the control
experiment and the y-axis represents the intensity of the tropical cyclones in the KPP experiment. Red (blue) circles
indicate that the intensity of tropical cyclones are weaker (stronger) in the coupled model than the uncoupled model.
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Figure 20: The averaged DSA of the KPP model. The DSA is stratified with daily average surface insolation and 10 m
wind speed. (a) The DSA for given daily average insolation with respect to 10 m wind speed. (b) The DSA for given daily
average 10 m wind speed with respect to insolation. Solid (dashed) lines show the model results (satellite estimates from
Gentemann et al. (2003)). Bin intervals are 10 W m−2 for insolation and 0.2 m s−1 for 10 m wind speed. Data is only
plotted when the sample size is more than 100.

1979; Pimentel et al. 2008) or OGCMs (Bernie et al. 2007; Danabasoglu et al. 2006). But an intercomparison
of these models has not been carried out yet.

In this section, we diagnose the diurnal variability of SST in the KPP model for future applications such as
weather/monthly forecasts and coupled data assimilation. Sets of SST simulations at a T255 resolution, with
initial conditions on 1 January and July 1990–2007, are analysed by means of the method described in Takaya
et al. (2010). The hourly outputs in 30 ◦N–30 ◦S are used for the diagnostics. In this analysis, the diurnal SST
amplitude (DSA) is defined as in section 3.1. The reference data is the satellite estimate from the TMI satellite
observation (Gentemann et al. 2003). The satellite estimate is obtained together with the shortwave radiation
at the top of atmosphere, therefore the value of the shortwave flux at the top of atmosphere (Q in equation
1a of Gentemann et al. (2003) is simply replaced by the surface shortwave flux divided by 0.75 (for further
discussion, please see section 3 of Bellenger and Duvel (2009)).

The DSA is about 1.5 K for low wind and clear sky conditions (Figure 20). Comparison with the TMI satellite
estimate indicates that the model underestimates the amplitude in low wind conditions, and overestimates the
amplitude in moderate and high wind conditions. The underestimation of DSA may result from the fact that
the model can not represent the steep temperature gradient near the surface (Gentemann et al. 2009). On the
contrary, the DSA is overestimated under high wind conditions because the mixing in high wind conditions is
too weak in this model. Bernie et al. (2005) diagnosed the DSA in the Océan PArallélisé (OPA) model with
a 1-m vertical resolution, which is similar to the resolution of the KPP model used in this study. Their results
exhibited a DSA of about 1.5 K in low wind conditions. Although it should be noted that their experimental
settings (e.g., analysed region, uncoupled forced simulation) are different from ours, the maximum DSA in
very calm and clear sky conditions in our model has similar amplitudes to their results. It is also worth noting
that they demonstrated that wave breaking effects can reduce the DSA and improve the DSA response in high
wind conditions.

26 Technical Memorandum No. 622



Implementation of an ocean mixed layer model

Figure 21: (Left) spatial distributions of the mean DSA for 10-day forecasts starting from the 1st of January during 1990–
2007 with KPP model. (Right) spatial distribution of the day-night difference of AMSR-E ver. 5 SST averaged during
2002–2006 winter (Kawai and Wada 2007).

To evaluate the spatial distribution of the DSA resulting from the KPP model, the climatology of the DSA is
compared with the AMSR-E observation (Kawai and Wada 2007). Figure 21 shows the spatial distribution of
the mean DSA from the January starts of 10-day forecasts (covering the 1990–2007 period). Also shown is
the spatial distribution of the day-night difference of winter AMSR-E SST (2002–2006 average), from Kawai
and Wada, 2007. As seen in Figure 6, the KPP model has a broader spatial structure of the DSA. This may be
because the vertical diffusion in the KPP model has too small sensitivity to wind speed (Figure 20).

The diurnal SST amplitude depends on the vertical resolution of the KPP model (Bernie et al. 2005). Additional
sensitivity tests with higher resolution (∼ 0.5 m for the top layer) were conducted. Results show that the
higher vertical resolution improved the DSA response in calm and clear sky conditions by increasing the DSA.
However, the basic characteristics of the errors (too small sensitivity to the wind speed) are similar to the results
presented here. The diurnal SST response is likely to depend on the mixed layer parameterization and vertical
resolution. Further development of the parameterization including wave effects together with an upgrade of
vertical resolution may be needed to reproduce a better DSA response.

Meanwhile, Takaya et al. (2010) proposed modifications to the skin layer scheme of Zeng and Beljaars (2005)
used to simulate the diurnal variability of skin SST. They used the same diagnostics of the DSA to demonstrate
that their modified skin layer scheme reproduces the DSA quite well, at least in moderate and high wind
conditions. Comparing their results with results obtained from the KPP model, the skin layer scheme seems to
have an advantage in simulating the diurnal SST variability. For short-range forecasts, the skin layer scheme
may be enough to account for the air-sea interaction by the diurnal SST variability. However the skin layer
would not represent the air-sea interaction of the momentum flux. For forecasts at 10-day time scale, the KPP
model is more suitable, although the one-dimensional approach shows its deficiencies at longer time scales.
Further investigations is needed to address which approach is optimal for the daily to monthly time scales. The
results presented here would suggest that the skin layer model would suffice to represent the heat-flux exchange
for short-window atmospheric data assimilation.

4 Discussion

This study made an attempt to improve medium-range forecasts with coupling the ocean mixed layer model.
However the verification shows minor impacts with ocean coupling. Here we discuss the impact of SST bound-
ary conditions in a medium-range time scale. Figure 22 shows the difference of atmospheric forecast scores
between a perfect SST experiment, where the SST during the forecast are the time-varying observed (analysed)
SST, and a control experiment with persisted SST anomaly boundary conditions. The scores are computed
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using the cycle 35r2 deterministic forecasts at a T255 resolution in 2007 (73 cases, starting from every 5 days).
The NCEP OISST analysis is used, since this was the product used by operations during this period. t 850-hPa
the impact of the SST forcing is only visible in the tropics, although the differences are not statistically signifi-
cant. For 500-hPa geopotential height, there is no significant difference either. The impact of the SST is more
visible at lower levels. At 1000-hPa, the scores are clearly better for the perfect SST experiment in northern
and southern hemispheres, and tropics as well (not shown). The anomaly correlation of 1000-hPa temperature
in the south hemisphere is improved up to about 0.02 after 4 days.

These results suggest a relatively small impact of SST boundary conditions on extratropic scores at short- and
medium- range time scales. However it should be noted that prescribing analysed SST fields does not mean that
’perfect’ SST boundary conditions given, since the air-sea interaction is not accounted for. Perfect boundary
conditions are also difficult to achieve by introducing coupling with an ocean model, since errors in the SST can
arise in a fully coupled model. These errors can arise from the ocean model formulation, or from deficiencies in
the atmospheric fluxes. Dealing with the SST errors in the coupled model is needed to benefit from the explicit
representation of the air-sea interaction in the forecasts.

5 Summary

The implementation of an ocean mixed layer model in the ECMWF IFS has been described. When coupled to
the IFS, the implemented KPP ocean mixed layer model represents the diurnal cycle of SST, and predicts the
SST variability at a medium-range time scale. The coupled model has positive impact in the MJO forecast as in
Vitart et al. (2007) and Woolnough et al. (2007). The Indian monsoon rainfall in the early monsoon season is
also improved, which is consistent with the finding by Vitart and Molteni (2009a). The impact of ocean cooling
on tropical cyclones has also been examined using high resolution configurations. As many previous studies
pointed out, ocean coupling tends to weaken the intensity of tropical cyclones, especially for slowly translating
and intensive tropical cyclones. The coupled model is assessed in terms of the skill of EPS forecasts. The
model shows improvements of SST forecast skill particularly in the summer hemisphere at a 10-day time
scale. Preliminary verification of basic forecast scores indicates the overall neutral impact on forecast skill for
general meteorological variables compared with an uncoupled control experiment. Although the differences
are not statistically significant, scores for week 1 are consistently better in the coupled experiment than in the
uncoupled control experiment. This result suggests that there may be potential for improving the medium-range
forecasts by coupling with ocean models.

The representation of the diurnal SST variations have also been investigated, with implications for future ap-
plications such as data assimilation with coupled models. It was found that although the KPP model represents
the diurnal cycle of SST, its performance is not as good as the simple skin layer scheme. This suggests that the
simple skin layer scheme is more suitable for the short-window atmospheric data assimilation.
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