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Abstract— The relationship between upper-ocean variability
and the Madden-Julian Oscillation in extended-range simulations
is examined using the Navy’s non-hydrostatic COAMPS regional
modeling system in a two-way coupled mode for the Dynamics of
the Madden Julian Oscillation field experiment period
(DYNAMO) during November to December 2011. Results show
the simulation better captures the initiation, propagation and
characteristics of the MJOs when the model horizontal resolution
is increased from 45 km to 27 km. Variation of SST in time is in
phase with surface heat flux, in which SST warms (cools) during
the suppressed (active) phase through strong downward
(upward) heat flux. Barrier layers that exist during the
suppressed phase and erod during the active phase are consistent
between the observation and the 27-km run. The extended-range
simulations simulate the propagation of oceanic downwelling
equatorial Rossby waves, which provide favorable conditions for
convective activity for initiation of the MJO. The model
simulations are also able to capture the diurnal warming during
the suppressed phase.
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Madden-Julian Oscillation (MJO); Air-ocean interaction; upper-
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I. INTRODUCTION

Regional extended-range forecasting would be very useful
for protecting life and property from damage due to severe
weather. However, model extended-range simulations with
high horizontal resolution are computationally expensive. In
the tropics, the primary component of intraseasonal variability
is the Madden-Julian oscillation (MJO) [1], which generally
propagates eastward at 5 m s with a period of 30-60 days [2].
To evaluate the capability of a regional mesoscale air-ocean
coupled modeling system in simulating the MJO in the
extended-range given current computational resources, we
have tested two different horizontal resolutions using a large
domain size. Results from two different model runs are
compared with the observation and discussed to examine the
impact of horizontal resolution on the regional extended-range
simulations. The paper also reveals the relationship between
upper-ocean variability and the MJO in regional extended-
range simulations.

II. MODEL AND DATA

A. Two-way coupled system and model configuration
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The regional two-way air-ocean coupled system used in
this study includes the U.S. Navy’s Coupled
Ocean/Atmosphere Mesoscale Prediction System
(COAMPS®) for the atmospheric component [3] and the U.S.
Navy’s Coastal Ocean Model (NCOM) for the oceanic
component [4]. The atmospheric component provides a total
of six ocean surface boundary forcing fields to the ocean
component, while the ocean model provides a new sea surface
temperature to the atmosphere that influences the next time
step prediction of the atmospheric surface fluxes and wind
stress. These forcing fields include the sea level pressure, the
surface wind stress in the east-west and north-south directions,
the total heat and moisture fluxes and the net solar radiation.

Initial conditions for the atmospheric component are from a
COAMPS multivariate optimal interpolation analysis with the
first guess fields from NOGAPS analyses used as a
background for the analyses of the available observations. The
1/8° global NCOM analyses are used to start NCOM.
NOGAPS 1° x 1° analyses are also used for atmospheric lateral
boundary conditions (LBCs), while for the oceanic component
the global NCOM analysis and daily 24-forecast are utilized.
Both atmospheric and oceanic lateral boundary conditions are
updated at a 6 h frequency. It should be noted that for a real-
time prediction mode, the use of global analysis fields or
composites of forecast fields derived from many shorter time
periods (as from global NCOM) for LBCs is not possible.
Therefore, extended-range global forecasts from both
atmosphere and ocean or from global coupled atmosphere-
ocean forecasts will be needed for real time regional extended-
range forecasts.

Fig. 1. Domain size, terrain height (brown) and ocean bathymetry (blue).
Units are meters.
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The SST for the atmospheric model for the two
experiments is the same initially and provided by the Navy
Coupled Ocean Data Assimilation (NCODA), which uses a
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three-dimensional variational data assimilation scheme [5].
The starting date-time-group for both experiments is 00 UTC
31 October 2011 and simulation length is two months through
21 UTC 31 December 2011.

B. Data used for model verification

The Tropical Rainfall Measuring Mission multi-satellite
precipitation analysis (TRMM product 3B42) [6] is used for
verifying model precipitation. The European Centre for
Medium-Range Weather Forecasts (ECMWF) deterministic
forecast model analysis data on pressure levels and the surface
in GRIBI format at 6-hourly 0.25° resolution are used for
verifying wind and SST. In situ data located at 0°, 80.5°E from
Research Moored Array for African-Asian-Australian
Monsoon Analysis and Precipitation (RAMA) program [7] are
used to evaluate surface wind and ocean temperature, salinity
and current.

III. RESULTS

A. MJO precipitation

Time-longitude Hovmoller diagrams of precipitation from
the TRMM 3B42 and the two model forecasts are displayed in
Fig. 2a-c, respectively. The TRMM observation indicates three
MIJO episodes depicted as MJO1, MJO2 and MJO3 (i.e., the
first, second and third events of DYNAMO) [8][9] in Fig. 2a.
The forecast time period contains MJO2 in its entirety. The
other two MJO episodes are partially included, with the last
stage of MJO1 and most portions of MJO3 contained within
the forecast period. The model forecast from 45-km run (Fig.
2b) shows a reasonable similarity to the TRMM (Fig. 2a) for
MJO1 and the early stage of MJO2. However, the eastward
propagation of MJO2 is blocked over the Maritime Continent.

Fig. 2. Hovméller diagrams of 3-h precipitation (mm day™) from (a) TRMM
3B42, (b) 45-km run and (c) 27-km run. All are averaged between 5°S and 5°N.
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This is a common problem in model predictions due to errors
in representing the scale interactions between the propagating
MJO and complex topography, which leads to local errors in
latent heat release in modeling systems [10]. This blocking
with excessive amounts of precipitation extends until late
December. Furthermore, MJO3 is missing in 45-km run, which
instead exhibits a dry period from 12 December to the end of

December between 40 and 100°E. In contrast to the 45-km run,
27-km run (Fig. 2¢) provides significantly improved results for
the three MJOs, especially considering that MJO2 and MJO3
occur 20 and 40 days into the simulation, respectively.
Although the timing for MJO2 in 27-km run appears earlier
than observed, the mean precipitation in the time-longitude
area has less bias than for 45-km run. Over-estimation of
precipitation for MJO2 and the lack of a well defined MJO3
results in large mean positive (6.24 mm day™) and negative
biases (-4.6 mm day " in 45-km run (Fig. 2d) durlng those time
perlods The overall mean bias in 27-km run is small (-0.7 mm
day™) due to small difference between positive and negative
biases, which are due to errors in the timing of the MJOs (Fig.
2e).

B. Surface characteristics

COAMPS model output is compared with in situ data from
the RAMA (0°, 80.5°E). Model simulations are able to capture
the characteristics of the MJO as shown from the observation.
Since the simulations cover the whole period of MJO2, we
will focus on discussion of MJO2. During the suppressed
phase from Nov 12 to 22, wind speeds are small (Fig. 3a and
3b) and air temperature is warm (Fig. 3¢) due to strong short
wave radiation (Fig. 3f). Moisture is building up during this
phase (Fig. 3d) and sea-level pressure decreases (Fig. 3e)
when convection is more active. During the active phase of
MJO2 from Nov 22 to 28, wind speeds increase significantly
(Fig. 3a and 3b). Two Kelvin waves can be seen clearly in
both the observations and the 27km simulation (Fig. 3a), but
they are absent from the 45km simulation. Air temperatures
drop about 2-3 °C (Fig. 3c), relative humidities (Fig. 3d)
increase about 30% from the suppressed phase and sea-level
pressures (Fig. 3e) decrease to the lowest value during the
simulation period. The short wave radiation also decreases
substantially since convective clouds are increased during the
active phase. Time-mean values from all variables show the
27-km simulation is outperform 45km simulation. The mean-
values from the 27-km simulation are close to the observation,
indicating the smaller biases compared to the 45km
simulations.

Fig. 3. Daily mean surface variables at 0°, 80.5°E from RAMA and COAMPS
simulations. (a) u-component and (b) v-component of surface wind. (c)
surface temperature. (d) relative humidity. (e) shortwave radiation.
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C. Ocean temperature

Mixed-layer depth (light blue lines in Fig. 4) is defined as
the depth at which density increases by Ad above the surface
value [11]. Ad is specified to be equivalent to the density
increase produced by a 0.3 °C decrease in temperature from
the surface value, but with the salinity held constant at the
surface value. The top of the thermocline depth (black lines in
Fig. 4) is defined as the depth at which temperature decreases
by AT above the surface value. AT is specified to be 0.3 °C.
The thickness of the barrier layer is defined as the isothermal
layer below the mixed-layer [12]. The mixed-layer depth and
the top of the thermocline are shallow, about 5 m and 10-20 m
from RAMA observation and even shallower from the 27-km
simulation during the suppressed phase from Nov 12 to 22.
The deep mixed-layer in earlier November from MJOI lasts
longer in the model simulations than in the observation. The
barrier layer during the suppressed phase is captured in the 27-
km run but is not quite consistent with the 45-km run during
this period. The rapid deepening of the mixed-layer produced
by the strong westerly winds during the active phase from Nov
24 to 28 and the mixed-layer recovering trend after the active
phase are consistent between the RAMA observation and the
27-km run. The barrier layer erosion by the strong winds
during the active phase is also shown in both observation and
the 27-km run.

Fig. 4. Ocean temperature at 0°, 80.5 °E from (a) COAMPS and (b) RAMA.
The light blue solid line is the mixed layer depth and the black solid line is the
top of thermocline depth.
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D. Air-sea interaction

The ocean warms during the suppressed phase due to the
strong heat flux exerted on the ocean from the atmosphere and
cools during the active phase of the MJO due to increased
evaporation (latent heat flux) associated with strong westerly
winds. The slow propagation of warm water is seen in the
observation and simulations. However, the ocean water is too
warm in the 45-km simulation (Fig. 5b) compared to the 27-km
simulation (Fig. 5c¢) and the observation (Fig. 5a). ECMWF
SSTs are warmer than RAMA SST (red dashed line) but both
have similar warming and cooling phase before and after the

active phase. The 45-km run shows maximum SST is larger
and not in phase with the RAMA SST. The SST in both runs is
colder than the RAMA SST during the cooling phase.
However, the peak of the warm SST is closer both in timing
and magnitude to the RAMA SST in the 27-km run than in the
45-km run and the ECMWF analysis. One issue with using the
ECMWEF analysis for verification is the 6-h output interval may
not adequately capture the diurnal variation.

Fig. 5. Hovmoller diagrams of SST and surface heat flux (Wm?) averaged
between 2.5°S and 2.5°N from (a) ECMWEF analysis, (b) 45km and (c) 27km.
The corresponding time series for SST at RAMA location are shown at right-
hand side (the red dashed-line is SST for RAMA).
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E. Ocean Dynamical Feedback

During the suppressed phase from Nov. 12 to 20 (Fig. 6a,
6d, and 6g), oceanic downwelling equatorial Rossby waves
reflected by previous downwelling equatorial Kelvin waves at

Fig. 6. Anomalies of sea surface height (color shaded) and temperature
(contour) during the suppressed (a, d and g), active (b, e and h) and post-
suppressed (c, f and i) phases of the MJO2 from 45km (left column), 27km
(middle column) and ECMWEF analysis (right column). ONLY SST anomalies
are available from the ECMWE.

SSH and SST Anomalies

(0) suppressed 45km _(d) suppressed 27km__(g) suppressed ECMWF
. ) 7]

-~ |
~-8-7-6-5-4-3-2-10 1 2 3 4 6 6 7 8



Sumatra are propagating westward across the Indian Ocean and
arriving in the western Indian Ocean. The Rossby waves in the
western Indian Ocean generate positive SST anomalies (Fig.
6a, 6d, and 6g), which create favorable condition for
convective activity to develop and for initiation of MJO2.
During the active phase from Nov. 24 to 28 (Fig. 6b, 6e, and
6h), conditions are more favorable for convection. After MJO?2,
downwelling equatorial Kelvin waves and Rossby waves are
generated (Fig. 6¢, 6f, and 61).

Positive OLR anomalies in the eastern Indian Ocean (Fig.
7a, 7d and 7g) correspond to the formation of downwelling
equatorial Rossby waves shown in Fig. 6a, 6d and 6g.
Easterlies are dominant over the entire tropical Indian ocean
during the suppressed phase. Negative OLR anomalies with
strong westerlies show the convective phase of MJO2 (Fig. 7b,
7e and 7h). The oceanic condition shown in Fig. 6b, 6e and 6h
have played a role in the enhancement of convective activity.
Positive OLR anomalies in the eastern Indian Ocean during the
postsuppressed phase (Fig. 7c, 7f, and 7i) create the
downwelling equatorial Rossby waves shown in Fig. 6¢, 6f and
6.

Fig. 7. Anomalies of Outgoing longwave radiation (OLR, color shaded) and
surface wind (vector) during the suppressed, active and post-suppressed phase

of the MJO2 from 45km (left column), 27km (middle column) and ECMWF
analysis with OLR observation (right column).
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F. Diurnal SST Amplitude

The diurnal amplitude of SST is defined as a half difference
between the maximum and minimum SST within 24 h [11].
Spatial pattern of diurnal SST amplitude during the suppressed
phase from Nov. 12 to 20 from 45km and 27km runs show
strong diurnal warming over the tropical Indian Ocean (F ig. 8a
and 8d). This is due to weak wind speed (less than 2 ms™) over
the area (Fig. 8b and 8e). Strong shortwave radiation south of
10 °S (Fig. 8b and 8e) does not correspond to strong diurnal
warming due to the large wind speed over the same region
(Fig. 8c and 8f). Weak wind conditions during the suppressed
phase are mostly responsible for the observed large diurnal
warming.

IV. SUMMARY

Regional extended-range simulations with two different
horizontal resolutions are examined using the Navy’s non-
hydrostatic COAMPS modeling system in a two-way coupled
mode for the DYNAMO time period of November to

December 2011. Evaluation of the 61-day simulations indicates
Fig. 8. Mean diurnal SST amplitude (a and d), wind speed (b and e) and
shortwave radiation averaged (c and f) during the suppressed phase from Nov.
12 to 20 from 45km (left column) and 27km (right column) simulations.
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that the 27-km run provides much more accurate precipitation
than the 45-km run. The 27-km run is able to simulate three
MJOs during this period as shown in the TRMM observation.
The initiation, propagation and characteristics of the MJOs are
better captured when the model horizontal resolution is
increased from 45 km to 27 km. Temporal variations of SST
are in phase with surface heat flux, in which SST warms
(cools) during the suppressed (active) phase through downward
(upward) heat fluxes. Barrier layers that exist during the
suppressed phase and erode during the active phase are
consistent between the observation and the 27-km run. The
extended-range simulations capture the propagation of oceanic
downwelling equatorial Rossby waves, which provide
favorable conditions for convective activity for initiation of the
MIJO. The model simulations are also able to capture the
diurnal warming during the suppressed phase.

Further evaluation of the atmospheric component of the
simulations (not shown) also show that even at these fairly
coarse resolutions, these regional extended-range simulations
are capable of capturing the main characteristics of the MJO.
Due to limited computational resources, long-range high
resolution runs are difficult to achieve.
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