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Abstract  A new mesoscale air-sea coupled model (WRF- 
OMLM-Noh) was constructed based on the Weather Re-
search and Forecasting (WRF) model and an improved 
Mellor-Yamada ocean mixed-layer model from Noh and 
Kim (OMLM-Noh). Through off-line tests and a simula-
tion of a real typhoon, the authors compared the perform-
ance of the WRF-OMLM-Noh with another existing 
ocean mixed-layer coupled model (WRF-OMLM-Pollard). 
In the off-line tests with Tropical Ocean Global Atmos-
phere Program’s Coupled Ocean Atmosphere Response 
Experiment (TOGA-COARE) observational data, the re-
sults show that OMLM-Noh is better able to simulate sea 
surface temperature (SST) variational trends than OMLM 
-Pollard. Moreover, OMLM-Noh can sufficiently repro-
duce the diurnal cycle of SST. Regarding the typhoon 
case study, SST cooling due to wind-driven ocean mixing 
is underestimated in WRF-OMLM-Pollard, which artifi-
cially increases the intensity of the typhoon due to more 
simulated air-sea heat fluxes. Compared to the WRF- 
OMLM-Pollard, the performance of WRF-OMLM-Noh is 
superior in terms of both the spatial distribution and tem-
poral variation of SST and air-sea heat fluxes. 
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1  Introduction  
It is well known that the upper ocean mixed layer is the 

ocean-dominated part, in which the air-sea thermody-
namics exchange is very significant. Many studies (Wall-
craft et al., 2003; Kara et al., 2003; Stephens et al., 2005) 
have shown that embedding a good ocean mixed-layer 
model (OMLM) into the ocean general circulation model 
(OGCM) or the atmospheric general circulation model 
(AGCM) can yield a more accurate prediction of sea sur-
face temperature (SST). Moreover, such a combination 
can improve the model’s performance on weather or cli-
mate simulation (Noh et al., 2002; Duan et al., 2008, 
2009). Compared to intact regional or global ocean circu-
lation models, the OMLM has some unique advantages. 
As we know, beyond the vast computational demands, the 
initial conditions for ocean circulation models are difficult 
to obtain at a particular time because of their long spin up 
time. Furthermore, most air-sea coupled models into 
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which ocean circulation models are adopted cannot 
achieve this coupling at the same time step as the atmos-
pheric modeling. Fortunately, the OMLM can resolve the 
above problems because it is less computationally de-
manding and requires almost no spin-up time. Most im-
portantly, OMLM can exchange information with the at-
mospheric model instantaneously, which represents a high 
frequency of air-sea interaction.  

At present, there is little research on the coupling be-
tween the OMLM and regional atmospheric models. The 
Weather Research and Forecasting (hereafter WRF) group 
has coupled a 1-D ocean mixed layer model developed by 
Pollard et al. (1973) (hereafter OMLM-Pollard) with the 
WRF model, and the OMLM-Pollard model has been 
applied in regional weather and climate research for in-
vestigating phenomena such as tropical cyclones and the 
Asian summer monsoons (Davis et al., 2008; Kim and 
Hong, 2010). The OMLM-Pollard is a typical bulk mixed- 
layer model that is used to simulate the mixed layer in an 
integral sense. This model requires a given initial mixed- 
layer depth and a deep-layer (thermocline) lapse rate at 
every grid point in the simulated domain. OMLM-Pollard 
is widely adopted because of its simplicity and ease of use. 
However, the spatial distribution of the mixed-layer depth 
and the deep-layer lapse rate in the model differs widely 
from data on real oceans, as information such as that on 
the mesoscale eddy or Gulf Stream is not incorporated. 
Even the WRF and OMLM-Pollard coupled model (here-
after WRF-OMLM-Pollard) is limited to a positive mixed- 
layer depth change, which undoubtedly impacts SST pre-
diction.  

In this study, we have embedded a new OMLM (Noh 
and Kim, 1999; hereafter OMLM-Noh) into the WRF 
model (WRF-OMLM-Noh). OMLM-Noh is a second- 
order turbulence closure model that is improved from the 
Mellor and Yamada model (1982). Compared to the older 
version of the model (Mellor and Yamada, 1982), the sur-
face boundary conditions for turbulent kinetic energy, 
parameterization of stratification effects on turbulence, 
and design of convective process have been improved in 
OMLM-Noh. The observational ocean temperature profile 
is directly used to be the initial conditions of the OMLM- 
Noh, which can realistically represent the mixed-layer 
depth and the deep-layer lapse rate. In addition to the 
wind stress and surface heat flux, which will affect the 
SST in much the same way that the OMLM-Pollard 
would, the impact of salinity and fresh water is also con-
sidered in the OMLM-Noh. The OMLM-Noh is able to 
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correctly predict the evolution of vertical profiles of 
physical quantities including temperature and dissipation 
rate as well as SST with real observational data from the 
Patches Experiment (Noh and Kim, 1999).  

2  Model and experimental design 
The atmospheric model used in this study is the WRF 

model (version 3.2.1). In the real-case coupled simulation 
of a typhoon, a 30-km horizontal resolution and 28 verti- 
cal layers with a terrain following the sigma coordinate 
are selected. The research area covers the South China 
Sea where the typhoon occurred with 83×89 grid points, 
and the center of the simulated area is set at 17.1°N, 
115.3°E. Physical packages include the single-moment 
six-class (WSM6) microphysics scheme (Hong et al., 
2006), the Kain-Fritsch cumulus parameterization scheme 
(Kain, 2004), the Noah land-surface model (Chen and 
Dudhia, 2001), the Yonsei University (YSU) planetary 
boundary layer (PBL) scheme (Noh et al., 2003), a simple 
cloud-interactive radiation scheme (Dudhia, 1989), and 
the Rapid Radiative Transfer Model (RRTM) for long- 
wave radiation (Mlawer et al., 1997). The two ocean 
mixed-layer models used are OMLM-Pollard (Pollard et 
al., 1973) and OMLM-Noh (Noh and Kim, 1999). The 
ocean models of the WRF-OMLM-Pollard and WRF- 
OMLM-Noh models have the same horizontal resolution 
as the WRF model, and the air-sea coupling time is also 
identical to the WRF integrated time step.  

The hourly Tropical Ocean Global Atmosphere-Cou- 
pled Ocean Atmosphere Response Experiment (TOGA- 
COARE) observational air-sea data (Webster and Lukas, 
1992; including wind stress, surface heat flux, SST, and a 
180-m subsurface temperature profile) are used in the 
single ocean mixed-layer model off-line test. The 
OMLM-Noh model has 200 vertical levels with a uniform 
thickness of 1 m to ensure that the ocean depth is deep 
enough to avoid surface mixing reaching the bottom. In 
addition, the 1 m vertical resolution is fine enough for the 
purposes of an SST diurnal cycle simulation. 

Three experiments are designed in the real-case simu-
lation of a typhoon. The WRF control run (called WRF- 
CTL), which does not consider air-sea coupling, is de-
rived by directly using the observed daily SST. The SST 
data are based on the Optimally Interpolated Sea Surface 
Temperature (OI SST) on 0.25°×0.25° grids. Two addi-
tional coupled experiments (WRF-OMLM-Pollard and 
WRF-OMLM-Noh) consider the effect of the air-sea in-
teraction and utilize the coupled models described above. 
Ocean mixed-layer models are driven by wind stress, sur-
face heat flux, and fresh water flux from the WRF output, 
and the SST data simulated using the ocean model are 
used for feedback to the WRF model at each time step. 
Importantly, there is no fresh water flux forcing in the 
WRF-OMLM-Pollard. The three experiments are driven 
by initial and six-hour updates of the lateral boundary 
conditions derived from the National Centers for Envi-
ronmental Prediction (NCEP) final analysis data (FNL) 
on 1°×1° global grids. The initial ocean mixed layer and 
the deep-layer lapse rate for the WRF-OMLM-Pollard are 

computed from the NCEP Global Ocean Data Assimila-
tion System (GODAS, 0.333°×1.0°). Similarly, the initial 
profiles of temperature and salinity for WRF-OMLM-Noh 
are also obtained from GODAS. In addition, the observa-
tional tracked data on the typhoon are obtained from the 
Joint Typhoon Warning Center (JTWC), and the NCEP 
Climate Forecast System Reanalysis (CFSR, 0.5°×0.5°) 
sea surface heat fluxes are compared with the models re-
sults. 

3  Results 
3.1  Off-line simulation 

First, to test the performances of the two ocean mixed- 
layer models in terms of the SST simulation, two off-line 
runs are performed using the TOGA-COARE observa-
tional data at an equatorial point (0°N,156°E) during a 
period of 50 days in the winter of 1992. The TOGA- 
COARE observational ocean subsurface temperature pro-
file is used as the initial temperature condition for the 
OMLM-Noh, and the salinity profile is obtained from the 
GODAS pentad data. Because of the generally light wind 
and weak convection during this simulated period, the 
fresh water flux in OMLM-Noh is assumed to be constant. 
Conversely, the initial mixed-layer depth for the OMLM- 
Pollard model is set at 50 m, which is estimated from the 
TOGA-COARE profile data, and the initial thermocline 
lapse rate is set at –0.07 K m−1. No salinity or fresh water 
flux is considered in the OMLM-Pollard. No assimilation 
or nudging scheme is applied in the SST simulation for 
these two off-line runs. Figure 1a shows the SST trend 
during the simulated period, and the basic variation trends 
are replicated successfully by both models. However, SST 
data from the OMLM-Noh model match the observational 
data better with a root mean square error relative to the 
observation of just 0.23°C. We know that the diurnal cy-
cle of SST as a function of the surface energy budget also 
plays a significant role in realistically representing the 
air-sea interaction (Wilson and Mitchell, 1986; Dai and 
Trenberth, 2004); therefore, successfully simulating the 
diurnal cycle is an important aspect of any model. Figure 
1b shows the hourly averaged SST of the entire 50 days: 
there is almost no diurnal cycle of SST in the result of 
OMLM-Pollard, but there is an obvious diurnal variation 
in OMLM-Noh, though it does not closely match the ob-
servational data.  

3.2  Coupled simulation of a real case 

Previous studies show that there is a strong air-sea in-
teraction during the typhoon weather process (Prince, 
1981; Bender et al., 1993). SST cooling due to wind- 
driven mixing will provide negative feedback on the ty-
phoon intensity. Thus, accurate SST information, either 
from observations or as predicted by an ocean model, can 
play a crucial role in weather forecasts and climate pre-
diction, such as typhoon forecasting or simulation. In the 
current section, the SST variation, track, and intensity of a 
real case of a typhoon and sea surface heat flux are simu-
lated using the two air-sea coupled models WRF-OMLM-  



172 ATMOSPHERIC AND OCEANIC SCIENCE LETTERS VOL. 5 

 

 
 

Figure 1  Time series of TOGA-COARE observed SSTs (blue line) and simulated SSTs by OMLM-Noh (red line) and OMLM-Pollard (green line). 
Here (a), (b) represent the temporal variation and diurnal variation, respectively (units: °C). 

 
Pollard and WRF-OMLM-Noh. To provide a comparison, 
the control WRF-CTL run is driven by daily OI SST 
without ocean model coupling. 

We selected the typhoon Chanchu (200601), a typhoon 
that developed in the South China Sea, for the simulation 
study, and the integrated time for the model was set to be 
from 0000 UTC 13 to 0000 UTC 19 May 2006. From the 
GODAS data (third pentad of May 2006), for the WRF- 
OMLM-Pollard model, we set the initial mixed-layer 
depth at 35 m for every grid point and the deep-layer 
lapse rate at –0.07 K m–1. The initial temperature and sa-

linity profiles for the WRF-OMLM-Noh model are di-
rectly interpolated from the GODAS data. No nudging 
scheme is applied to the coupling runs. The WRF-CTL, in 
which the observational daily SST is applied, incorporates 
accurate SST information except for the fact that it ex-
cludes the SST diurnal cycle. 

Figure 2 depicts the SST difference after the typhoon 
has passed. As expected, the band of SST cooling was 
confined to the right portion of the typhoon track in both 
the observational data and the data from the air-sea cou-
pled models. However, from the magnitude of SST cool- 

 

 
 

Figure 2  SST differences between 18 May and 13 May 2006 (Units: °C) from (a) observational data (black solid line: the track of observation; red 
dotted line: the track simulated by WRF-CTL), (b) the WRF-OMLM-Noh (red dotted line: the track simulated by WRF-OMLM-Noh), and (c) the 
WRF-OMLM-Pollard (red dotted line: the track simulated by WRF-OMLM-Pollard). 
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ing, the result of WRF-OMLM-Pollard is weaker rela-
tively to the observation, with a maximum cooling of just 
2.0°C. The maximum cooling in WRF-OMLM-Noh is 
greater than 4.5°C, which closely approximates the ob-
servational data value (approximately 5.0°C). The time 
series of the area-averaged (15–20°N, 113–118°E) SSTs 
(Fig. 3) also show that the SSTs in the WRF-OMLM-   
Pollard shows a weak decrease over time but that the SST 
variation in WRF-OMLM-Noh is consistent with the ob-
servational data. Figure 2 also shows the observational 
and simulated typhoon tracks; the simulated tracks from 
all of the three experiments follow the observations 
closely, especially the abrupt northward movement at 
0000 UTC 15 May. The performance in terms of air-sea 
heat flux simulations is an important aspect to evaluate 
for air-sea coupled models. Moreover, the air-sea heat 
fluxes play a key role in the typhoon’s variations. Figure 4 
shows the observational (using the CFSR data) and simu-
lated air-sea heat fluxes. As expected, the spatial distribu-
tion of the total fluxes (latent heat flux plus sensible heat 
flux) of the WRF-CTL and WRF-OMLM-Noh are more 
similar to that of the CFSR than is the distribution ob-
tained using WRF-OMLM-Pollard. Because of the weak 
SST cooling, the total heat fluxes in WRF-OMLM-   
Pollard (Fig. 4d) are much stronger. The temporal varia-
tions of the area-averaged latent heat fluxes and sensible 
heat fluxes for CFSR and the three experiments are also 
compared in Figs. 4e and 4f, respectively.  Both the la-
tent heat flux and sensible heat flux are largest in WRF- 
OMLM-Pollard, while the results in WRF-OMLM-Noh 
match the WRF-CTL and CFSR data more closely. It is 
known that air-sea heat fluxes act as a typhoon’s main 
energy source, and they have an effect on the typhoon’s 
intensity. The simulated minimum surface pressure and 
maximum 10 m wind speed near the typhoon center are  

 
 

Figure 3  Time series of the area-averaged observed SST (solid line) 
and simulated SST by WRF-OMLM-Noh (long-dashed line) and 
WRF-OMLM-Pollard (dot-dashed line) (units: °C). 

 
shown in Fig. 5. Because we focus on the interaction be-
tween the upper mixed-layer water and atmosphere in this 
study, there is no bogus vortex of the typhoon that 
matches the initial conditions or any continuous data as-
similation in the entire stimulation process; therefore, the 
simulated minimum pressure is somewhat different from 
that in the observational data (not shown). The results 
show that the upward transportation of air-sea heat fluxes 
(sensible and latent heat) obtained the WRF-OMLM- 
Pollard (about 621.3 W m–2, due to the simulated warmer 
SST) is far greater than that from the WRF-CTL (about 
450.5 W m–2) and the WRF-OMLM-Noh (408.7 W m–2) 
(Table 1), and therefore, the simulated typhoon intensity 
in WRF-OMLM-Pollard is stronger (Fig. 5). Furthermore, 
the simulated SST and air-sea heat fluxes in WRF- 
OMLM-Noh, in which the observational daily SST was 
applied, provide a better match with the WRF-CTL data, 

 

 
 

Figure 4  Time-averaged total heat fluxes (latent and sensible heat flux) from 0000 UTC 14 May to 0000 UTC 17 May 2006 for (a) CFSR, (b) 
WRF-CTL, (c) WRF-OMLM-Noh, and (d) WRF-OMLM-Pollard (the black dotted lines are observed and simulated tracks respectively); and the time 
series of the area-averaged (12–20°N, 112–118°E, the box shown in (a)) (e) sea surface latent heat flux and (f) sensible heat flux (units: W m−2). 
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Table 1  Area and time-averaged latent heat flux (LHF), sensible heat flux (SHF), SST in the inner-core region (400 km×400 km), minimum central 
pressure (Pmin), and maximum surface wind Vmax from 0000 UTC 14 May to 0000 UTC 17 May 2006 for WRF-CTL, WRF-OMLM-Noh, and 
WRF-OMLM-Pollard. 

Experiment LHF (W m−2) SHF (W m−2) SST (°C) Pmin (hPa) Vmax (m s−1) 

CTL 416.3 34.2 27.4 964.4 32.8 

Noh 378.8 29.9 27.2 967.0 31.8 

Pollard 545.2 76.1 28.3 957.1 34.9 

 

 
 
Figure 5  Time series of the simulated (a) minimum surface pressure (units: hPa) and (b) maximum 10 m wind speed near the typhoon center (units: 
m s−1). Solid line, long-dashed line, and dot-dashed line indicate WRF-CTL, WRF-OMLM-Noh, and WRF-OMLM-Pollard, respectively. 
 
and the same pattern is found for typhoon intensity. 
However, the most likely reason for the small difference 
between the results of WRF-CTL and WRF-OMLM-Noh 
is whether the model considers the air-sea interactions. 
Moreover, there is no diurnal cycle in the observational 
SST data in WRF-CTL, but a high frequency of air-sea 
exchange in WRF-OMLM-Noh can represent a diurnal 
cycle in SSTs (Fig. 1b). As previously mentioned, diurnal 
SST variation plays an important role in realistically rep-
resenting air-sea interactions. 

4  Summary and discussion 
In the present paper, a new air-sea coupled model 

(WRF-OMLM-Noh) was constructed based on WRF and 
an ocean mixed-layer model (Noh and Kim, 1999). The 
results from TOGA-COARE off-line tests and the coupled 
simulations of a real typhoon case were compared be-
tween WRF-OMLM-Noh and another existing coupled 
model, WRF-OMLM-Pollard.  

In the TOGA-COARE off-line tests, OMLM-Noh per- 
forms better on SST variational trends than OMLM-Pol- 
lard. Furthermore, OMLM-Noh can represent the diurnal 
cycle properties of the SSTs, but OMLM-Pollard cannot. 
WRF-OMLM-Pollard also underestimates the SST cool-
ing due to the wind-driven mixing in the real typhoon 
case. Thus, with OMLM-Pollard, the simulated warm 
SST induces more ocean surface heat fluxes in the at- 
mosphere, which can artificially increase the intensity of 
typhoons. Compared to the WRF-OMLM-Pollard, the 
performance of WRF-OMLM-Noh is superior in terms of 
both the spatial distribution and temporal variation of SST 
and air-sea heat fluxes in the typhoon simulations. The 
simulated sea surface heat fluxes and the typhoon inten- 
sity in WRF-OMLM-Noh are nearly identical to the re- 
sults from the control experiment (WRF-CTL) in which 
the daily observational OI SST is used. The most likely  

reason for the small difference between the results of 
WRF-CTL and WRF-OMLM-Noh is that while the WRF- 
OMLM-Noh considers the air-sea interactions, the WRF- 
CTL does not. 

The air-sea coupled model WRF-OMLM-Noh provides 
a useful tool for research on air-sea interactions. In addi-
tion to the short-term weather research on typhoons de-
scribed in this study, we will conduct research on seasonal 
or longer timescales using WRF-OMLM-Noh, including 
research on the air-sea interactions during Asian summer 
monsoon onset process and the impact of the SST diurnal 
cycle on regional climate simulations Because the 
OMLM-Noh is a 1-D mixed layer model in which hori-
zontal advection is neglected, we will adopt a nudging 
scheme when simulating SST, ocean subsurface tempera-
tures, and salinity profiles in future research to ensure 
accurate SST information.  
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