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ABSTRACT

A coupled ocean-atmosphere initialization scheme using Newtonian relaxation has been
developed for the Florida State University coupled ocean-atmosphere global general circulation
model. The initialization scheme is used to initialize the coupled model for seasonal forecasting
the boreal summers of 1987 and 1988. The atmosphere model is a modified version of the
Florida State University global spectral model, resolution T-42. The ocean general circulation
model consists of a slightly modified version of the Hamburg’s climate group model described
in Latif (1987) and Latif et al. (1993). The coupling is synchronous with information exchanged
every two model hours. Using ECMWF atmospheric daily analysis and observed monthly
mean SSTs, two, 1-year, time-dependent, Newtonian relaxation were performed using the
coupled model prior to conducting the seasonal forecasts. The coupled initializations were
conducted from 1 June 1986 to 1 June 1987 and from 1 June 1987 to 1 June 1988. Newtonian
relaxation was applied to the prognostic atmospheric vorticity, divergence, temperature and
dew point depression equations. In the ocean model the relaxation was applied to the surface
temperature. Two, 10-member ensemble integrations were conducted to examine the impact of
the coupled initialization on the seasonal forecasts. The initial conditions used for the ensembles
are the ocean’s final state after the initialization and the atmospheric initial conditions are
ECMWF analysis. Examination of the SST root mean square error and anomaly correlations
between observed and forecasted SSTs in the Niño-3 and Niño-4 regions for the 2 seasonal
forecasts, show closer agreement between the initialized forecast than two, 10-member non-
initialized ensemble forecasts. The main conclusion here is that a single forecast with the coupled
initialization outperforms, in SST anomaly prediction, against each of the control forecasts
(members of the ensemble) which do not include such an initialization, indicating possible
importance for the inclusion of the atmosphere during the coupled initialization.

1. Introduction depend on knowledge of the ocean’s 3-dimensional
thermal, momentum and density structure and
also require sufficient coupling strength betweenAccurate short-range forecasting is a stringent
the variables at the ocean-atmosphere interface.test for any coupled ocean-atmosphere general
The duality between accurate specifications of thecirculation model (CGCM). Short-range forecasts
initial conditions and the proper representation of
the interactions between the ocean and atmo-
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large, can significantly lower the skill of the in order to maintain the ocean subsurface structure
during the coupled forecast.forecast. This problem results from the fact that

the mean state of the coupled system is calculated The same ocean data assimilation scheme

employed by NCEP, was used by the Geophysicalrather than imposed. Drifts manifest themselves
for several reasons, most notable are imbalances Fluid Dynamics Laboratory for the purpose of

examining the ability of the data assimilationin the initial conditions and inadequate model

physics. Inadequate physics at the air-sea interface scheme to capture the temporal variations within
the tropical Pacific Ocean (Rosati et al., 1997).results in large differences between observed and

coupled model fluxes during an integration which This integration conducted over the decade of

1979 to 1988 demonstrated the ability of this datathrough coupled feedbacks produce the model
drift. assimilation scheme to capture the large scale

oceanic features. While the vertical temperatureTraditionally, ocean models are initialized using

climatological forcings and/or atmospheric model structure was realistically simulated including the
El Niño-Southern Oscillation (ENSO) signaturederived forcings. These ocean model initializations

are usually done ‘‘off line’’, that is they are not the ocean current structure did not agree well with

observations.coupled to an atmospheric model and therefore
lack the coupled interactions needed to reduce the Rosati et al. (1997) also examined the impact

of using Newtonian relaxation as a data assimila-initial condition imbalances. Ghil and Malanotte-

Rizzoli (1991) noted that initializing the individual tion scheme. The impact of nudging the SST field
and a combination of the SST and surface windcomponents of the coupled system will not ini-

tialize the coupled system since the variability of fields was investigated. The surface wind field
analysis was obtained from the twice daily analysisthe coupled system is much different from any

simple function of its parts. A way of reducing the of NCEP while the SST was from the NCEP

monthly analysis. The study concluded that thedrift, due to imbalances in the initial conditions,
is to assimilate observed surface and subsurface wind field alone was not enough to define the

subsurface temperature structure and that the temp-information directly into the ocean model during

the course of a coupled integration. Coupled erature/wind nudging was more realistic than the
SST only assimilation. This result might be modelocean-atmosphere data assimilation systems

(COADAS) are now being developed for the pur- dependent.

Chen et al. (1995) demonstrated that the skillpose of reducing the initial drift which will allow
for higher forecast skill of the coupled system by of the SST forecast using a version of the Zebiak

and Cane coupled model (Zebiak and Cane, 1987)obtaining accurate and balanced initial conditions.

Several groups are investigating using various could be significantly increased if the model was
initialized with a combination of observed windforms of coupled data assimilation for their

coupled models. National Center for Environ- stresses and model derived wind stress. They noted

an increase in skill at the beginning of the forecastmental Prediction (NCEP) uses an end-to-end
data assimilation scheme for their couple GCM was carried into intermediate and long lead times.

In this paper we propose using a four dimen-(Ji et al., 1994). This scheme is based on the

method of variational objective analysis (Derber sional data assimilation/initialization technique
based on Newtonian relaxation (hereafter labeledand Rosati, 1989) and is used to continuously

assimilate surface and subsurface temperature data as NR) to initialize our global coupled model. NR

has a long history as a initialization technique ininto the ocean model. This continuous data inser-
tion of temperature corrections enables the ocean numerical weather forecast models (Hoke and

Anthens, 1976; Ramamurthy and Carr, 1987;model circulation to slowly adjust to changes in

the thermal field. A high level of dynamical consist- Krishnamurti et al. 1991, Yap, 1995). This tech-
nique is being extended and applied to our coupledency was maintained between the analysis and

forecast components so that the analyzed ocean model for a one year period during which time
the relaxation coefficients in both the atmosphericinitial state does not undergo a sudden drift at

the beginning of the forecast. Considerable effort and ocean models are varied in time but not in

space. A 3-month seasonal forecast is then con-was made to ensure that the atmospheric physical
parameterizations produced sufficient wind stress ducted using the final relaxed state as initial
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humidity values. Vertical turbulent transport for
heat, momentum and moisture within the atmo-
sphere are parameterized based on exchange

coefficients that are functions of the Richardson
number (Louis, 1981). Details of the model’s
physical parameterizations can be found in

Krishnamurti et al. (1990).
Since snow is not yet forecasted in the atmo-

spheric model, the European Centre for Medium

Range Weather Forecasts (ECMWF) analyses of
monthly snow depth were used to determine the

Fig. 1. Schematic of the coupled model initialization. snow coverage. Snow depths greater than 20 cm

were assumed to completely cover the ground
with an increased ground albedo. Linear interpola-

conditions for the coupled model. It is hypothes-
tion between months were used to modify the

ized that the one year NR will act as a dynamic
snow cover and the resulting albedo field. The

initialization by allowing the coupled system to
snow depth fields were used during the initializ-

evolve towards a balanced initial state without
ation and free forecast phase.

serious model drift. Fig. 1 shows schematically the

coupled NR procedure.
This paper is organized as follows. Section 2 2.2. Ocean model

discusses the atmospheric and ocean models used
The model is an extended version of the ocean

in this study. The NR technique employed and
model developed by Ernst Maier-Reimer and used

results during the initialization are discussed in
by Latif (1987) to study the ENSO phenomenon

Section 3. The results from the ensemble integra-
in the tropical Pacific. It is a primitive equation

tions are shown in Section 4. Discussion and
model using the Boussinesq and hydrostatic

conclusions are given in Section 5.
approximation on a horizontally staggered
Arakawa and Lamb (1977) E-grid. It includes all
three major oceans. The meridional resolution is

2. Models
variable, within 10° of the equator the resolution
is 0.5°, it decreases to 5.0° near the northern and

2.1. Atmosphere model
southern boundaries located at 70°N and 70°S
respectively. In the zonal direction the resolutionThe atmospheric component of the coupled

system is a version of the Florida State University is constant at 5.0°. The eastern and western coast
lines are realistic while the northern boundariesglobal spectral model. The model is truncated at

horizontal resolution of 42 waves (T-42), which are closed. The model contains 17 irregularly
space vertical levels with 10 levels located withincorresponds to approximately 2.8° by 2.8° latitude

longitude in the tropics. The vertical structure the upper most 300 meters. Realistic bottom topo-

graphy is included. No rigid lid assumption isis represented by 12 unevenly spaced s-levels.
The physical parameterizations include fourth made; therefore, the sea level is a prognostic

variable. The freshwater flux is predicted in thisorder horizontal diffusion (Kanamitsu et al.,

1983), modified Kuo-type cumulus scheme model although since the coupled model is dynam-
ically active between ±55°, the salinity is relaxed(Krishnamurti et al., 1983), shallow convection

(Tiedke, 1984), large scale condensation using Levitus (1982) near the poles with a

Newtonian formulation with a relaxation constant(Kanamitsu, 1975). The long and shortwave
radiative fluxes are after Chang (1978), surface of 30 days. The ocean model does not include a

sea ice model.energy balance is coupled to similarity theory
(Krishnamurti et al., 1991) with the surface fluxes The ocean model has two main processes that

affect the mixing of heat, salinity and momentum.calculated via similarity theory (Businger et al.,

1971). The parameterization of the low, middle A Richardson number dependent mixing scheme
based on Pacanowski and Philander (1981) andand high clouds are based on threshold relative
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a mixed layer parameterization following Latif parameterization to determine the subsurface tem-
peratures based on the surface temperatureet al. (1994b). The mixed layer is diagnosed accord-

ing to the difference between the surface temper- relaxation.

ature and subsequent layers below. If this
temperature difference is less than a preset DT 3.2. Coupled initialization
then the layer is considered to be located within

A 1-year time-dependent coupled Newtonianthe mixed layer which results in the addition of a
relaxation was conducted using the coupledfixed value to the vertical eddy diffusivity/viscosity
model. Initial conditions for the ocean model werededuced from the Richardson number dependent
those obtained at the end of a 10-year spin-upmixing. For this study we have chosen DT=0.5°
and for the atmospheric model, the initial condi-and the extra mixing term is assigned the value of
tion was the 12 UTC ECMWF analysis for 1 June2Ω10−3 m2 s−1 for both the viscosity and diffusiv-
1986. One year was chosen for the coupled ini-ity. These values are based on the work of Latif
tialization since it represents the minimum transitet al. (1994b).
time for the second baroclinic mode (Kelvin plusThe coupling between the models occurs every
Rossby wave) to cross the Pacific basin. In addi-ocean model time step (2 hours). Fluxes of heat,
tion to establishing the upper ocean adjustment,momentum and fresh water are passed to the
the one year coupled NR also initializes the atmo-ocean model, and the SST is returned to the
spheric model’s low-frequency components andatmosphere. Bi-linear interpolation is used to
acts as a dynamical filter on the higher frequenciesinterpolate between the ocean and atmospheric
associated with imbalances between the twogrids.
model states.

NR of the atmospheric model spectral equations
3. Data initialization

take the form:

3.1. Ocean only initialization ∂Am
l

∂t
= Fm

l
(A, t)+N(A, t) (Aom

l
−Am

l
) , (3.2)

Observational and modeling studies show the

importance of the slow modulations within the where N(A,t) is the time dependent relaxation
equatorial Pacific upper ocean heat content in coefficient, Am

l
represents the future value to which

determining the variability of ENSO events. For the NR is going towards, Fm
t

(A, t) is the forcing
this reason we have blended the Florida State term for the equation for variable Am

l
. The NR

University pseudo wind stress analysis (Stricherz was done in two steps, first the time tendencies
et al. 1992) for the tropical Pacific with the global for the model forcing were determined, next the
Hellerman and Rosenstein (1983) climatological relaxation term is added to the time tendencies.
wind stresses. The blended wind stresses were The future values which the relaxation goes
linearly interpolated between months with the towards are the spectral coefficients from the daily
maximum weighting given to the 15th of each 12 UTC ECMWF analyses.
month. The spin-up of the ocean model was The choice of which variables to relax and the
performed using the blended wind stresses for the strength of the relaxation is model dependent. In
period January 1976 to May 1986. Starting in the atmospheric model, NR was conducted on the
January 1980, the ocean temperature equation for time tendencies for the vorticity equation at all
the upper ocean layer was modified during the model levels, the divergence tendencies at the
integration by applying a Newtonian relaxation lowest three model levels, temperature tendencies
term to the top most temperature equation, i.e., at the upper three model levels and dew point

depression tendencies in the polar regions. We∂T
∂t K

level=1
+···=−l (T |level=1−T obs) , (3.1) chose to carry out the NR at all levels of the

vorticity and only the lowest three models for the
divergence for several reasons. In the extra-tropicswhere l is the Newtonian relaxation coefficient

whose value was chosen to be 4 day−1 , Tobs is the the rotational part of the wind is generally consid-

ered to be more important than the divergent partmonthly mean observed SSTs from Reynolds
(1988). This allows the ocean model’s mixing due to the fact that it is the rotational component
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Table 1. Model variables and values of the initialwhich represents the slow manifold of quasi-
geostrophic motion (Daley and Puri, 1980). relaxation coeYcients chosen for the coupled model
Therefore by adjusting the vorticity field the large-

Initial relaxationscale motions in the extra-tropics are adjusted.
Model variable coefficient

Relaxation of the divergent wind field in the lowest
model levels allows the model to simulate the vorticity 1.0Ω10−5 s−1
wind field associated with tropical convective sys- divergence 0.5Ω10−5 s−1
tems and helps to resolve better the tropical temperature 0.5Ω10−5 s−1

dew point depression 5.5Ω10−6 s−1boundary layer structure.
SST 4.6Ω10−5 s−1Due to the coarse vertical structure of the

atmospheric model (12 vertical level extending to
approximately 100 hPa) the temperature in the

upper levels have a tendency to cool over both were designed for long term integration; therefore,
smaller values allow for the coupled system topolar regions an average 5°C month−1 , therefore,

the upper three temperature levels were relaxed in evolve towards a final state with little influence

from the analysis. Second, initial experiments withorder to maintain proper thermal wind structure.
However, only the top model temperature level higher coefficients, such as those used in atmo-

spheric only studies, resulted in excessive rainwas relaxed fully, while the magnitude of the

relaxation coefficient for the remaining two levels rates over large portions in the tropical Pacific
during the boreal spring. Ultimately, such largefrom the top were decreased 25% and 50%,

respectively. In the first three model levels near rain rates produced negative feedbacks on the
ocean model simulation and was found to bethe surface, the dew point depression was relaxed

in both polar regions in order to maintain proper unsatisfactory (LaRow, 1997). In order to provide

a smooth transition from the initialization phaseradiation balance in the lower atmosphere. Similar
to the temperature equation, the dew point depres- to the free forecast, the relaxation coefficients were

decreased linearly 70% during the one yearsion was fully relaxed at the level closest to

the surface. initialization.
The task of finding an optimal value for N(A,t)

forms the main difficulty in using the NR tech-
3.3. Annual means

nique (Stauffer and Seaman, 1990). If the NR
coefficients are too large then the relaxation term Due to the relatively weak relaxation coeffi-

cients chosen, the possibility exists for model driftwill dominate over the model forcing and no

balance will be achieved within the coupled to occur during the initializations which could
dampen or reduce the model’s ENSO responses.system. Conversely, if the relaxation coefficients

are chosen too small then the analysis will have The ability of the coupled model to simulate

variability during the initialization phase waslittle effect on the model solution. Additionally,
underestimation of the NR coefficients includes therefore assessed by examining annual mean

fluxes of freshwater, net heat, and wind stress fromthe possibility that the coupled system will signi-

ficantly drift during the one year NR, while overes- the two, one-year coupled initializations over the
tropical Pacific (Fig. 2). The annual means weretimation of the NR coefficients carries with it the

possibility of large model drifts during the sea- calculated from 1 June 1986 (87) to 1 June 1987

(88). The two initializations produced differencessonal forecast.
As in atmospheric only modeling studies, the in these fields, some are explained by variations

associated with the swing in the ENSO event,NR coefficients for this study were determined

experimentally. Table 1 shows the initial relaxation while other differences are attributed to weak-
nesses in model parameterizations.coefficients used. These values are generally an

order of magnitude smaller than the atmospheric Climatological patterns are simulated in the
freshwater flux fields (Figs. 2a, b) during bothstudies mentioned above; amounting to approxi-

mately only a 3% weighting given to the ECMWF initialization periods with the subtropical high

pressure centers exhibiting greater evaporationanalysis. The small relaxation coefficients were
chosen for two reasons. First, the NR coefficients while the ITCZ region is characterized by larger

Tellus 50A (1998), 1



    -  81

Fig. 2. Annual means over the tropical Pacific from the 1986/88 and 1987/88 initialization. (a) 1986/87 freshwater
flux, (b) 1987/88 freshwater flux, (c) 1986/87 net heat flux, (d) 1987/88 net heat flux, (e) 1986/87 wind stress,
(f ) 1987/88 wind stress. Negative contours are dashed. Contour intervals are 1 mm day−1 for the freshwater flux,
25 W m−2 for the net heat flux and 50 mPa for the wind stress. Zero contour has been suppressed in all the figures
and 25 mPa has been added to the wind stress plots for clarity.
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precipitation amounts. During the 1987/1988 ini- pared to 1986/87. The maximum wind stresses
(150 mPa) are displaced east of Hawaii, near 17°Ntialization, weaker gradients in the freshwater flux

field are noted (Fig. 2b). This occurs in conjunc- and 140°W during the 1987/88 initialization, while

during the 1986/87 initialization the maximum istion with the stronger surface easterly flow
(Fig. 2f ) and enhanced latent heating in the equat- found further to the west, near 17°N and the date

line. Furthermore, during the evolving cold event,orial region. This perhaps indicates that the atmo-

spheric model fails to conserve moisture or that the model generated stronger wind stresses in the
eastern equatorial Southern Hemisphere. Thesethe initialization is working towards producing a

more stable atmosphere by enhancing the ver- increased wind stresses enhanced the coastal

upwelling and reduced the model’s positive nettical mixing.
The initialization does simulate the basic clima- heat flux along the coast of South America

(Fig. 2d). In general the two initializations weretological (Oberhuber, 1988) features of the net

heat flux during both years (Figs. 2c, d). The able to reproduce the general characteristics asso-
ciated with the changing ENSO conditions. Both1986/87 initialization overestimated the net heat

flux by approximately 25 W m−2 along the coast initializations showed pronounced variability

between the two years.of South America, compared to the Oberhuber
(1988) climatology. This is related to the coarse
zonal resolution of the ocean model and an overes-

timation in the amount of shortwave radiation 4. Ensemble results
reaching the surface along the coast (LaRow,

1997). The overestimation in the shortwave radi- From a coupled model perspective, seasonal
predictions are assumed to be almost entirelyation is linked to an underestimation of the stratus

cloud cover, which is a known weakness in many dependent upon the initial conditions (prediction

of the first kind). Debate exists within the climatecoupled models (Latif et al., 1994a; Stockdale
et al., 1994). During the 1987/88 initialization, the community as to the merits of atmospheric ini-

tialization when concerned with coupled modeledmodel generated negative heat flux covering most

of the tropical Pacific, with the only exception in forecasts. Current ‘‘thinking’’ says that accurate
specification of the initial state of the ocean isthe eastern equatorial Pacific. Large negative net

heat fluxes approaching −50 W m−2 are located more important than the atmosphere, due to the

larger inertia and slower response time of thein the far western equatorial Pacific during the
1987/88 initialization, while small positive values ocean compared to the atmosphere. While this is

true, studies such as Chen et al. (1995) andare found here during the 1986/87 initialization.

Barnett et al. (1991) indicate that climatological Anderson and Gudgel (1996) have shown that
coupled model SST skill can be increased if theannual mean values are closer to the latter value.

The differences in the net heat flux between the atmospheric model’s forcings are allowed to parti-

cipate in the ocean initialization. In this section1986/87 and 1987/88 initialization can be
explained by the larger latent and sensible heating we compare seasonal forecasts for the boreal

summers of 1987 and 1988 using initial conditionsassociated with the stronger low level circulation

during 1987/88. The latent and sensible heating provided by the initialization scheme discussed in
section 3 against ten different atmospheric initialwere an average 20 W m−2 and 10 W m−2 ,

respectively larger during the 1987/88 initializ- states for each season.

ation. The remaining contribution to the differ-
ences arose from differences in the surface

4.1. Experimental setup
shortwave and longwave radiation terms.

The coupled initialization was able to simulate The impact of the coupled initialization on the
free forecast was examined by performing twothe proper response in the wind stress associated

with the warm and cold ENSO phases (Figs. 2e, 10-member ensemble integration, one for each
season. Free forecast here denotes integration off ). As is generally observed with evolving cold

events, the 1987/88 initialization produced the coupled model without any relaxation being

applied to the model. Each ensemble consists ofstronger easterly stresses covering a larger portion
of the Northern Hemisphere Pacific region com- ten 90-day integrations; one ensemble for each
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June-August period. The atmospheric initial con- Pacific compared to the mean of the ensemble
(Fig. 3c).ditions for the ensemble are the 12 UTC ECMWF

daily analysis separated by two days centered on Initial differences between the initialized 1988

and average of the ensemble for 1988 are shown1 June of the respective years (e.g., 21, 23, 25, 27,
29 May and 1, 3, 5, 7, 9 June). These atmospheric in Fig. 4a–d. In contrast to the 1987 initial condi-

tions, the 1987/88 initialization drifted less withinitial conditions did not participate in the coupled

initializations. The ocean’s initial conditions for respect to the ECMWF analyses. In contrast to
the 1 June 1987 850 hPa temperature (Fig. 3d),all the integrations are the final ocean analysis at

the end of the appropriate one year coupled the 1987/88 initialization underestimated the

850 hPa temperatures (Fig. 4d) by an average ofinitialization, i.e., 1 June 1987 and 1 June 1988.
The selection of the atmosphere to form the almost 2 K across the Pacific basin. The initializ-

ation did produce a slightly weaker east-westbasis of the perturbation for the ensembles rather

than the ocean fields was done for several reasons. pressure gradient in the eastern Pacific basin
(Fig. 4a), however the total east-west gradientFirst, it is known that the memory of the coupled

system lies in the ocean. Therefore, by perturbing across the basin is very similar. The model’s

1000 hPa zonal wind reflects the weaker pressurethe ocean the memory of the coupled system is
altered. Also, perturbing the ocean’s initial state gradients in the eastern Pacific (Fig. 4c).

Additionally the surface temperatures (Fig. 4b)essentially discards the results of the coupled

initialization. Additionally, the atmosphere’s were reproduced by the initialization in the central
Pacific, with only the far western and easternresponse time is much faster than the ocean’s;

therefore, by selecting initial conditions five days Pacific having temperatures greater than 1°. The
cause of the large cooling seen in the westernon either side of the initial time, it is hoped

that the atmospheric model’s phase space is Pacific is due to the large negative net heat flux

(−50 W m−2) the model simulated during theadequately sampled.
1987/88 initialization (Fig. 2d). These large tem-
perature differences in the western Pacific were

4.2. Initial conditions
not noted during the 1986/87 initialization. In fact
the model was able to simulate the western PacificTo highlight the differences in the initial

conditions between the ECMWF analyses used to temperatures to within 0.5° (Fig. 3b). This is partly

due to the correct magnitude and sign of the netform the ensembles and the final state reached
after Newtonian relaxation, meridional averages heat flux which was simulated during the 1986/87

initialization. The large variation in the intensitybetween 5°S to 5°N across the Pacific were calcu-

lated for the mean sea level pressure, surface of the 1000 hPa zonal winds seen during both
initialization was due to the fact that these aretemperature, 1000 hPa zonal winds and the

850 hPa temperature. The mean of each ensemble instantaneous values.

Zonal mean cross sections of the specific humid-is plotted against its respective initialized counter-
part for June 1. In this section, Reynolds (1988) ity obtained at the end of each initialization were

compared to the ensemble’s initial conditions inweekly SST analysis are plotted for the surface

temperature of the ensemble. Figs. 5a, b. The zonal means only cover the Pacific
(120°E–80°W) basin. The 1986/87 initializationAs seen in Figs. 3a–d, the initialized 1 June

1987 and the ensemble average analyses all display produced a 1 June boundary layer structure which

has higher specific humidities than the correspond-similar east-west trends across the Pacific except
in the eastern Pacific where the mean sea level ing ensemble means. These differences over the

boundary layer were not as large for the 1987/88pressure and 850 hPa temperatures diverge from

the analysis (Figs. 3a, d). The large decrease in initialization.
the surface temperature seen with the initialized

model in the western Pacific is a reflection of the
New Guinea land mass which is included as part 5. Seasonal forecast results
of the surface temperature. The initialization pro-

duced generally weaker easterly 1000 hPa winds As shown in the Subsection 4.2, exact matches
to the ECMWF analysis were not obtained at thewith larger variability in the central and western
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Fig. 3. 1 June 1987 meridional average between 5°S to 5°N across the Pacific Ocean from the initialized model and
ensemble. (a) Mean sea level pressure. (b) Surface temperature. (c) 1000 hPa zonal wind. (d) 850 hPa temperatures.
Solid line with closed circles are the average from the ensemble and the dashed line with the open circles are the
initialized fields.
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Fig. 4. 1 June 1988 meridional average between 5°S to 5°N across the Pacific Ocean from the initialized model and
ensemble. (a) Mean sea level pressure. (b) Surface temperature. (c) 1000 hPa zonal wind. (d) 850 hPa temperatures.
Solid line with closed circles are the average from the ensemble and the dashed line with the open circles are the
initialized fields.
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Fig. 5. Zonal average of the specific humidity differences between the initialized 1 June and ensemble mean across
the Pacific Ocean (a) 1987, (b) 1988. Contour interval is 0.002 kg kg−1 .
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end of the initialization. This results from the stantial imbalances in the ensemble’s initial
conditions.weak relaxation coefficients chosen and dynamical

Meridional averages between 5°N and 5°Sadjustments occurring between the two models
across the Pacific for the net heat flux, zonal windduring the initializations. Additionally, the SSTs
stress, precipitation and wind stress averaged overobtained at the end of the initialization did not
the first month of the 1987 free forecast are shownmatch the observed (Reynolds 1988) SST.
in Fig. 7. The ensemble shows higher amounts ofHowever, despite the drifts which occurred, the
precipitation in the eastern Pacific (Fig. 7c) andcoupled initialization did improve the model’s
stronger easterly wind stresses in the east andseasonal (June–August) SST forecasts for both
central Pacific (Fig. 7b). Although not shown, the1987 and 1988. The metric used to measure the
near equatorial region (near 15°N and 15°S) windskill of the forecast SSTs are root mean square
stresses were also stronger in the ensemble by an(rms) error and anomaly correlations in the Niño
average 25 mPa near the coast of South America3 (N3) (5°N–5°S, 150°–90°W) and Niño 4 (N4)
and 75 mPa in the central Pacific near 15°N.(5°S–5°N, 160°E–150°W) regions. The rms error
Contributing to the colder SSTs in the ensembleand anomaly correlations were calculated using
during June were the negative net heat fluxReynolds (1988) monthly mean observed SSTs.
(Fig. 7a). The initialized model showed positiveThe 1987 and 1988 monthly mean SST rms
net heat fluxes across the Pacific basin, with smallerror in the N3 region, as a function of forecast
positive values of 10 W m−2 in the western Pacific,month for the initialized forecast, all members of
increasing to 75 W m−2 in the eastern Pacific.the ensemble, and persistence are shown in Figs.
Both the initialized and ensemble exhibit similar6a, b. The solid line is the initialized model, dotted
values in the meridional wind stresses (Fig. 7d),lines are the individual members of the ensemble,
and are close to the observed values given by

and the dot-dashed line is persistence. The initial
Stricherz et al. (1992).

rms error in the N3 region for 1987 and 1988 are
The slow linear increase observed with the

0.61 K and 1.01 K, respectively. These initial SST
initialized forecast during 1987 indicates that the

errors result from the combination of the ocean
one year coupled initialization produced a more

model’s known cold bias, a dynamical adjustment
consistent and balanced initial state. Additionally,

occurring in the ocean to the changing wind
the lack of any large increase in the SST rms error

stresses, and deficiencies in the model’s para-
associated with the initialized model also indicates

meterizations. Most notable of the deficiencies are
that the SST errors that do develop are more a

the weak wind stresses in the equatorial regions.
result of model deficiencies than initial condition

Ji et al. (1994) speculated that the cause of the
imbalances at the ocean-atmosphere interface. The

weak equatorial wind stresses in the NCEP errors associated with the ensemble are almost
coupled model are a result of the diffuse ITCZ, twice as large as the initialized forecast throughout
which prevents concentrated heat sources from the period. In the ensemble integration, 87% of
generating stronger low level equatorial flow. This the total error growth occurred during the first
could be the case since the coupled models used month of the forecast.
at NCEP and FSU both use a Kuo cumulus In the N3 region, persistence is seen to have a
parameterization scheme. lower SST rms error than the initialized model at

During the 1987 seasonal forecast, the initialized lead times less than one month (Fig. 6a). However,
model experienced a slow and steady increase in at lead times greater than 2 months, the initialized
the rms error to a final August value of 1.34 K; model’s rms error was smaller than persistence,
an increase of only 0.73 K during the 90-day such that by August the initialized model was
forecast. In contrast, all members of the ensemble 0.4 K lower than persistence. In contrast, all mem-
undergo a rapid increase in the rms error during bers of the ensemble fail to out perform persistence
the 1st month of the forecast. The ensemble’s during the entire forecast period. This occurs in
mean error growth during the first month is 1.3 K, spite of the fact that the same ocean initial state
and obtains a final mean rms error of 2.1 K; was used as in the initialized case.
almost twice the error of the initialized model. Similar findings regarding the Niño 3 SST rms

error were also observed during the 1988 freeThe rapid error growth observed indicates sub-
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Fig. 6. Sea surface temperature root mean square error in the Niño 3 region as a function of forecast month. (a)
1987, (b) 1988. Solid line is the initialized model, dotted lines are individual model integrations from the ensemble
and the dashed-dotted line is persistence.

forecast (Fig. 6b) with the initialized forecast out- a 1.06° error. Smaller differences between the
ensemble members and the initialized model wereperforming all members of the ensemble at lead

times greater than one month. The spread between found during 1988. In fact it is only during third
month that the initialized forecast displayed athe initialized and ensemble members during 1988

was not as large compared to the 1987 forecast smaller rms error. The August difference between

the ensemble mean and the initialized forecast was(Fig. 6a). Nevertheless the impact of the atmo-
spheric initial conditions are clearly evident in the 0.3° (Fig. 8b). Similar to the eastern Pacific, the

impact of the atmospheric initial conditions weredetermination of the Niño 3 SST rms error during

both seasonal integrations. again very noticeable in the western Pacific during
the warm event, with all members of the ensembleThe initialized model also had a smaller SST

rms error compared to the ensemble in the western being substantially larger than the single realiza-
tion from the initialized forecast. The impact ofPacific (Niño 4 region) during the 2–3 month

forecasts (Fig. 8). During the 1987 forecast the initial conditions is however less obvious

during the cold event.(Fig. 8a), the ensemble’s August SST rms error
was 1.78°, whereas the initialized forecast had only As shown in Figs. 6b and 8b the initialized
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Fig. 7. June 1987 monthly mean meridional averages between 5°S–5°N across the Pacific during the free forecast.
(a) Net heat flux. (b) Zonal wind stress. (c) Precipitation. (d) Meridional wind stress. Dashed line with the open
circles is the initialized forecast, solid line with the closed circles are the mean of the ensemble and the solid line
with the open squares are the observations. In (b) and (d), the observed wind stress is the FSU wind stress analysis,
while in (c) the observed precipitation is from the GPC data.
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Fig. 8. Sea surface temperature root mean square error in the Niño 4 region as a function of forecast month. (a)
1987 (b) 1988. Solid line is the initialized model, dotted lines are individual model integrations from the ensemble
and the dashed-dotted line is persistence.

Niño3/Niño4 SST rms errors were smaller than known cold bias coupled with the evolving cold
event acted positively on the system to preventthe ensembles in the equatorial Pacific during the

second/third months of the forecast for 1988. This large SST rms errors (with respect to the ensemble
and initialized forecast) from occurring.indicates that perhaps the atmospheric initial con-

ditions do not play a significant role in determina- Fig. 9 shows the meridional averages between

5°N and 5°S across the Pacific for the net heattion of the cold SST anomalies and what might
be more important is the ocean’s subsurface tem- flux, zonal wind stress, precipitation and meridi-

onal wind stress averaged over the first month ofperature structure. The ocean’s upper heat content

was not significantly altered during the 1988 free the 1988 free forecast. Similar to the 1987 June
forecast, the ensemble zonal wind stresses showsforecast by the ensemble integrations. In fact, one

month prior to the free forecast, the coupled almost no variation in the intensity in the eastern
Pacific, whereas the initialized model’s zonal windinitialization was already beginning to develop the

cold event in the eastern Pacific and this informa- stresses shows increasing easterlies off the coast of

South America (Fig. 9a). Although it is not astion was carried by the coupled model into the
free forecast. Additionally, the ocean model’s strong as the FSU zonal wind stress analysis, the
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Fig. 9. June 1988 monthly mean meridional averages between 5°S–5°N across the Pacific during the free forecast.
(a) Net heat flux. (b) Zonal wind stress. (c) Precipitation. (d) Meridional wind stress. Dashed line with the open
circles is the initialized forecast, solid line with the closed circles are the mean of the ensemble and the solid line
with the open squares are the observations. In (b) and (d), the observed wind stress is the FSU wind stress analysis,
while in (c) the observed precipitation is from the GPCP data.
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initialized model’s maximum was slightly shifted 6. Summary
west of the observed maximum. While the model
zonal wind stresses showed large differences with In this paper, we have introduced the notion of

a Newtonian relaxation within a coupled ocean-the observed, the initialized and ensemble meridi-
onal wind stresses both agreed well with the FSU atmosphere initialization scheme. This scheme is

similar to that used by Chen et al. (1995); however,analysis (Fig. 9d). Similarly, the precipitation from

the initialized forecast shows very similar patterns it is more inclusive using relaxation on both the
atmosphere and the ocean system simultaneously.compared to the GPCC (Huffman et al., 1995)

rainfall (Fig. 9c). Both have maximum amounts of We found that by initializing the coupled system

we could reduce the drifts which can occur with11 mm day−1 in the western Pacific with sharp
decreases towards the east. The ensemble shows any coupled model at the beginning of the forecast.

The idea is to use the scheme to bring both generalno sharp increase towards the west. Coinciding

with the increase in the precipitation in the western circulation models into a balanced state (with
respect to the individual model’s parameteriza-Pacific is the large negative net heat flux shown

by the initialized forecast (Fig. 9a). The initialized tions) while preventing large coupled model drifts.

For this reason, we have refrained from usingmodel does however exhibit stronger cooling over
the Pacific region. This is possibly a continuation Newtonian relaxation on any of the parameteriza-

tions. This permits the coupled model’s para-from the initialization phase.

Tables 2, 3 show the initialized and ensemble’s meterization to determine ocean’s subsurface
temperature, wind stresses and net heat flux. ThisSST anomaly correlations in the N3 and N4

regions for the two seasonal forecasts. During then translates into increase skill of the SST
forecast in the tropical regions.both seasonal forecasts the initialized model has

consistently higher anomaly correlations com- We selected the values of the relaxation coeffi-

cients based on model experimentation. Thesepared to the ensembles. The poor 1987 ensemble
forecast is again displayed by the negative anom- coefficients are generally an order of magnitude

smaller then the values quoted in atmosphere onlyaly correlations. Taken together, the SST rms

error and the anomaly correlations demonstrate studies. We found that higher values of the relaxa-
tion coefficients, such as those used in atmosphericthe positive impact the coupled initialization had

on the seasonal forecast. only studies, produced negative feedbacks onto

Table 2. 1987 and 1988 SST anomaly correlations for the Niño 3 region for the initialized and ensemble
forecasts

SST anomaly correlations N3 region
1987 1988

June July August June July August

initialized 0.74 0.68 0.78 0.86 0.84 0.70
ensemble −0.42 −0.55 −0.29 0.84 0.79 0.67

Table 3. 1987 and 1988 SST anomaly correlations for the Niño 4 region for the initialized and ensemble
forecasts

SST anomaly correlations N4 region
1987 1988

June July August June July August

initialized 0.77 0.74 0.40 0.70 0.79 0.92
ensemble −0.08 −0.27 −0.13 0.61 0.75 0.89
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the ocean model. One possible reason for this is year. The balance was achieved during the coupled
initialization process. It is therefore possible thatthat atmosphere only studies are generally con-
some of the initial drifts in the SSTs which manycerned with short range forecasting and therefore
coupled models experience, result from a spin-upthey relax the model strongly towards observa-
or spin-down in the tropical moisture field.tional values over a very short time period (usually
Perhaps the most striking result of this study is24 hours). These atmosphere only studies experi-
the demonstration that a single realization fromence only limited shock when the relaxation is
the coupled assimilation/initialization outper-turned off, since coupled feedbacks do not take
forms all member of a control ensemble forecast.place. For this study, we chose to relax as few
This skill is largely seen in the SST’s over thevariables as possible and as weak as possible
Niño-3 and Niño-4 regions during the 1987 warmthereby giving the coupled system the ability to
event. The model initialization also showed skillcome into an equilibrium without much drift.
in the Pacific during the cold event of 1988 atAdditionally, the relaxation coefficients were
lead times greater than two months.reduced linearly 70% during the year long initializ-

ation in order to further reduce the shock during
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