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Abstract

The Global Modeling and Assimilation Office (GMAO) has recently released a new version of the 

Goddard Earth Observing System (GEOS) Sub-seasonal to Seasonal prediction (S2S) system, 

GEOS-S2S-2, that represents a substantial improvement in performance and infrastructure over the 

previous system. The system is described here in detail, and results are presented from forecasts, 

climate equillibrium simulations and data assimilation experiments.

The climate or equillibrium state of the atmosphere and ocean showed a substantial reduction in 

bias relative to GEOS-S2S-1. The GEOS-S2S-2 coupled reanalysis also showed substantial 

improvements, attributed to the assimilation of along-track Absolute Dynamic Topography. The 

forecast skill on subseasonal scales showed a much-improved prediction of the Madden-Julian 

Oscillation in GEOS-S2S-2, and on a seasonal scale the tropical Pacific forecasts show substantial 

improvement in the east and comparable skill to GEOS-S2S-1 in the central Pacific. GEOS-S2S-2 
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anomaly correlations of both land surface temperature and precipitation were comparable to 

GEOS-S2S-1, and showed substantially reduced root mean square error of surface temperature.

The remaining issues described here are being addressed in the development of GEOS-S2S 

Version 3, and with that system GMAO will continue its tradition of maintaining a state of the art 

seasonal prediction system for use in evaluating the impact on seasonal and decadal forecasts of 

assimilating newly available satellite observations, as well as to evaluate additional sources of 

predictability in the earth system through the expanded coupling of the earth system model and 

assimilation components.

1 Introduction

NASA’s Global Modeling and Assimilation Office (GMAO) develops and maintains the 

modular, configurable Global Earth Observing System (GEOS) modeling and data 

assimilation system. This flexible system is used for diverse applications, with an 

overarching goal of supporting NASA’s mission of Earth Observation. The applications 

include high-resolution atmospheric model simulations, the Modern-Era Retrospective 

analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et al. [2017]), and 

sub-seasonal to seasonal (S2S) prediction. This study presents an overview of the structure 

and performance of the recently released Version 2 of the GEOS-S2S system, which 

includes a coupled Atmosphere-Ocean General Circulation Model (AOGCM), an ocean data 

assimilation system (ODAS), and a methodology for weakly coupled Atmosphere-Ocean 

Coupled Data Assimilation (AODAS).

Version 1 of the GEOS-S2S system ([Borovikov et al., 2017]), referred to as GEOS-S2S-1, 

has a long history of being successfully employed in seasonal prediction efforts and 

contributing to multi-system ensemble projects. For example, it was a participating model in 

the North American Multi-model Ensemble (NMME: [Kirtman et al., 2014]) since that 

project’s inception in 2011. GEOS-S2S forecasts are also routinely included in various other 

national and international multi-model ensembles including the multi-model forecast 

products at the International Research Institute for Climate and Society (IRI) of Columbia 

University; GMAO’s involvement in such projects enables rigorous evaluations of the 

system’s forecast skill and model biases and allows the quantification of GEOS-S2S system 

performance relative to that of other state-of-the art systems. The suite of GEOS-S2S-1 

forecasts was expanded for Version 2, to include near-real-time weekly initialized forecasts 

at the subseasonal timescale, thereby facilitating GMAO’s participation in NOAAs 

experimental subseasonal multi-model ensemble project [Pegion et al., 2019].

Version 2 of the GEOS-S2S system (GEOS-S2S-2) is the first step in an aggressive 

development pathway for the GEOS system that will lead to a fully coupled ocean-

atmosphere reanalysis designed to highlight the use of NASA’s space-based observations, 

emphasizing their impacts on subseasonal to seasonal prediction. This step builds on many 

changes to the GEOS model system and the analyses that have occurred since GEOS-S2S-1 

was released in 2007. One important aspect in the timing of this upgrade was the termination 

of the original MERRA reanalysis on Feb. 29, 2016, and its replacement with MERRA-2.
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GEOS-S2S-2 represents an important step by the GMAO towards a seamless prediction and 

data assimilation capability for the Earth System, encompassing prediction from weather to 

decadal time scales and horizontal resolutions ranging from 3 to 100 km. A key element has 

been the synchronization of GMAO development efforts for the version of the Atmospheric 

General Circulation Model (AGCM) included in the GEOS-S2S-2 system and the version 

currently in use for weather prediction. As such, prediction on seasonal and sub-seasonal 

time scales in GEOS-S2S-2 naturally benefited from the developments to improve 

atmospheric initial conditions for weather prediction and the assimilation of satellite 

observations (as embodied in MERRA-2 and the GMAO’s related near-real-time 

atmospheric analyses). GEOS-S2S-2 also benefited from model developments that 

addressed short term climate variability linked to coupling with the land surface, the 

stratosphere, and the ocean. Those developments are combined with major new 

infrastructure and capabilities in GEOS-S2S-2 that include the implementation of a Local 

Ensemble Transform Kalman Filter (LETKF, Penny et al [2013]) ocean analysis facilitating 

the assimilation of satellite altimetry data, an upgrade from the MOM4 to the MOM5 ocean 

model [Griffies et al., 2005; Griffies, 2012], the implementation of the Goddard Chemistry 

Aerosol Radiation and Transport (GOCART, Chin et al [2002]; Colarco et al [2010]) 

interactive aerosol model allowing experimental predictions of aerosol loadings, and the 

implementation of a two-moment cloud microphysics scheme [Barahona et al., 2014] which 

allows the inclusion of the aerosol indirect effect on clouds.

This paper provides a detailed description of GEOS-S2S-2, emphasizing the improvements 

over GEOS-S2S-1, and assesses the performance of climate, forecasts and data assimilation. 

Section 2 presents a description of the model and data assimilation system as well as the 

experiments performed here to evaluate the system. Sections 3, 4 and 5 provide, respectively, 

the evaluations of the simulated climate, of the data assimilation that underlies the forecast 

initialization, and of the forecasts themselves. A summary is provided in section 6.

2. Description of the Coupled Model, Data Assimilation System and 

Forecast Initialization

The GEOS AOGCM and the GEOS Atmosphere-ocean Data Assimilation System (AODAS) 

are designed to simulate the earth system on a wide range (synoptic to decadal) of time 

scales. The main components of the GEOS AOGCM are the GEOS atmospheric general 

circulation model [Molod et al., 2015; Rienecker et al., 2008], the catchment land surface 

model [Koster et al., 2000], the Goddard Chemistry Aerosol Radiation and Transport 

(GOCART) aerosol model [Chin et al, 2002; Colarco et al, 2010] the Modular Ocean 

Model-5 (MOM5) ocean general circulation model [Griffies et al., 2005; Griffies, 2012] and 

the Community Ice CodE-4 (CICE4) sea ice model [Hunke and Lipscomb, 2008]. The 

atmospheric data assimilation component is the pre-existing “Forward Processing for 

Instrument Teams” near-real-time assimilation (FPIT, FPIT [2016]), and the ocean data 

assimilation follows the Local Ensemble Transform Kalman Filter (LETKF) [Penny et al, 
2013]. All components are coupled together using the Earth System Modeling Framework 

(ESMF, [Hill et al., 2004]) and the MAPL interface layer [Suarez et al., 2007]. Various 

operational centers are developing Coupled AODAS systems [Dee et al., 2014; Brassington 
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et al., 2015], in which different components (e.g., atmosphere and ocean) of the earth system 

are analyzed separately [Laloyaux et al., 2016; Lea et al., 2015] or simultaneously [Sluka et 
al., 2016; Wada and Kunii, 2017]. The GEOS-S2S Coupled AODAS relies on an pre-

computed near-real-time atmospheric analysis, and performs an analysis of the ocean state. 

Each of the components of the GEOS S2S Version 2 system will be described here in 

varying amounts of detail. More emphasis will be given to the ocean data assimilation and 

forecast procedures since the atmospheric data assimilation is already well documented (e.g. 

Gelaro et al. [2017]).

2.1 Coupled Atmosphere-Ocean General Circulation Model

2.1.1 Atmospheric, Land and Aerosol Models—The version of the GEOS AGCM 

that is used as part of the GEOS Seasonal to Subseasonal (S2S) prediction system Version 2 

simulates large-scale transport and dynamics with an adaptation of the flux-form semi-

Lagrangian (FFSL) finite-volume (FV) dynamics of Lin [2004], adapted for a cubed sphere 

horizontal discretization [Putman and Lin, 2007]. A comprehensive description of baseline 

versions of the physical parameterizations, which include convection, cloud macro- and 

micro-physics, longwave and shortwave radiation, turbulence, and gravity wave drag, is 

found in Rienecker et al. [2008], and the updates to a recent version of the AGCM are found 

in Molod et al. [2015].

Convection is parameterized using the Relaxed Arakawa-Schubert scheme [Moorthi and 
Suarez, 1992], prognostic cloud cover and cloud water and ice are determined by the two 

moment cloud microphysics parameterization of Barahona et al. [2014], and the probability 

distribution function (PDF) for total water that governs the cloud macrophysics is described 

by Molod [2012]. Longwave radiative processes are described by Chou and Suarez [1994], 

and shortwave radiative transfer is from Chou [1990, 1992]. The turbulence parameterization 

is based on the Lock scheme [Lock et al., 2000] combined with the Richardson-number 

based algorithm of Louis and Geleyn [1982]. The Monin-Obukhov surface layer 

parameterization is described by Helfand and Schubert [1995], and ocean surface roughness 

is determined by a blend of the algorithms of Large and Pond [1981] and Kondo [1975], 

modified in the midrange wind regime according to Garfinkel et al. [2011] and in the high 

wind regime according to Molod et al. [2013]. The gravity wave drag parameterization 

computes momentum and heat deposition due to orographic [McFarlane, 1987] and 

nonorographic [Garcia and Boville, 1994] waves.

The GEOS AGCM is coupled to the Land Surface Model of Koster et al. [2000], which is a 

catchment-based scheme that treats subgrid scale heterogeneity in surface moisture 

statistically. Glacial thermodynamic process are parameterized using an adaptation of the 

Stieglitz et al. [2001] snow model to simulate glacial ice [Cullather et al., 2014], and the 

catchment and glacier models are each coupled to the multi-layer snow model developed by 

Stieglitz et al. [2001].

The GEOS AGCM is also coupled to the GOCART aerosol model that predicts dust, sea 

salt, sulfate, nitrate, organic carbon and black carbon, each in several size bins. 

Anthropogenic emissions and biomass burning are prescribed, and emissions of dust and sea 

salt are wind driven as described in Marticorena and Bergametti [1995] and Gong [2003], 
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respectively. Sea salt emission is also modulated with a sea surface temperature (SST)-

derived correction following [Jaegl et al., 2011]. Biomass burning emissions have daily 

variability and are from the Quick Fire Emissions Dataset (QFED) version 2.4-r6 

[Darmenov and da Silva, 2015]. GOCART models the transfer of aerosol among the size 

bins, and aerosols in each bin are transported by advection and during convection. Aerosols 

also undergo scavenging and dry deposition.

2.1.2 Ocean and Sea Ice Models—The ocean component of the GEOS AOGCM is 

the Modular Ocean Model version 5 (MOM5) developed at Geophysical Fluid Dynamics 

Laboratory, [Griffies et al., 2005; Griffies, 2012]. It is a hydrostatic primitive equations 

model with a staggered Arakawa B-grid, [Mesinger and Arakawa, 1976] and a vertical 

coordinate based on depth. A tripolar grid is used to resolve the Arctic Ocean without polar 

filtering [Murray, 1996]. The model uses a three level time stepping scheme. The ocean 

surface boundary is computed as an explicit free surface with real fresh water forcing. The 

topography is represented as a partial bottom step to better represent topographically 

influenced advection and wave processes. Vertical mixing follows the non-local K-profile 

parameterization of Large et al. [1994] and includes a parameterization of tidal mixing on 

continental shelves. Horizontal mixing uses the isoneutral method developed by Gent and 
McWilliams [1990]. The horizontal viscosity is modeled with the anisotropic scheme of 

Large et al. [2001] for better representation of equatorial currents. The exchange with 

marginal seas is parameterized at coarse resolution as discussed in Griffies [2012].

The sea ice component of the GEOS AOGCM is the CICE 4.1 model developed by the Los 

Alamos National Laboratory [Hunke and Lipscomb, 2008]. The model includes several 

interacting components: a thermodynamic model that computes local growth rates of snow 

and ice due to vertical conductive, radiative and turbulent fluxes along with snowfall; a 

model of ice dynamics, which predicts the velocity field of the ice pack based on a model of 

the material strength of the ice; a transport model that describes advection of the areal 

concentration, ice volumes and other state variables; and a ridging parameterization that 

transfers ice among thickness categories based on energy balance and rates of strain.

The ocean and atmosphere exchange fluxes of momentum, heat and fresh water through 

a ”skin layer” interface which includes a parameterization of the diurnal cycle [Price et al., 
1978].

2.2 Coupled Atmosphere and Ocean Data Assimilation

2.2.1 Data Assimilation Method—Similar to Version 1, the GEOS S2S Version 2 

AODAS is a weakly coupled atmosphere-ocean data assimilation system, as depicted in 

Figure 1. During all stages of the AODAS, the coupled AOGCM performs the simulations. 

The GEOS-S2S-2 AODAS includes an ocean predictor segment (the green line across the 

top of the figure), and a corrector segment (blue arrow across the bottom). During both 

segments, the atmospheric state is “replayed” using an “intermittent replay” [Takacs et al., 
2018; Orbe et al., 2017] to GMAO’s “Forward Processing for Instrument Teams” (FPIT) 

atmospheric reanalysis. “Replay” is a form of nudging, wherein the atmospheric state is 

constrained to approximate the atmospheric analysis. During both segments of the AODAS 
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the land model is forced using observed CMAP precipitation [Reichle and Liu, 2014; Xie 
and Arkin, 1997] rather than the model’s predicted precipitation. After the 5-day predictor 

segment, the ocean analysis increments are computed (see below for a description) and the 

coupled AODAS returns to the beginning of the 5-day segment to perform the corrector 

segment using the Incremental Analysis Update (IAU) method of Bloom et al. [1996].

Throughout the predictor and corrector steps (depicted in Figure 1), as the coupled 

atmosphere-ocean model is integrated in time, the sea surface temperature (SST) is strongly 

relaxed (with a 1-day relaxation time-scale) to the MERRA-2 SST (also used in FPIT) so 

that the simulated atmosphere in this coupled system is as consistent as possible with the 

FPIT atmospheric reanalysis. It should be noted that the present GEOS-S2S-2 system has no 

relaxation to salinity. As the predictor segment proceeds, every 6-hours the departure of the 

model trajectory (i.e., background field) from observations is gathered, via the so-called 

ocean observers. Using the background and monthly averaged anomalies of 20 freely-run 

AOGCMs (with 0.5° × 0.5° × 40 level resolution and no assimilation), we generate ensemble 

members that are centered about the current background state. The ocean observers are run 

for all the ensemble members, resulting in an ensemble of innovations (i.e., an ensemble of 

the departure of observations minus the ensemble member). These innovations combined 

with the above calculated ensemble members are then used to perform an LETKF analysis. 

Sea ice fraction (AICE) is replaced by concentrations calculated using the NASA Team 

algorithm [Cavalieri et al., 1996; Maslanik and Stroeve, 1999] at the analysis step in order to 

provide optimal ice fields. The coupled model is then rewound to the start of the assimilation 

cycle to perform the corrector step, during which time the ocean temperature and salinity 

increments are evenly applied to the ocean trajectory over the first 18 hours of the corrector 

step to reduce any shocks to the system. The coupled system is then allowed to evolve 

constrained by FPIT forcing for the remainder of the 5-day segment. This process is then 

repeated over the next 5-day data assimilation window, cycling over time.

2.2.2 Ocean Data Analysis Technique—The Ocean Analysis used by the GEOS-

S2S-2 system follows the Local Ensemble Transform Kalman Filter (LETKF) developed by 

Penny et al [2013] for ocean applications. Unlike Penny et al [2013], GEOS-S2S-2 ensemble 

members are derived from an existing trajectory of a free-running coupled model. Thus, in 

this regard, the GEOS-S2S-2 version of the analysis procedure more closely resembles the 

Ensemble Optimal Interpolation (EnOI, e.g., Keppenne et al. [2008], Karspeck et al. [2013], 

Vernieres et al. [2012]). However, the GEOS-S2S-2 ODAS closely matches the LETKF in 

its other aspects such as the localized influence of any observation on the analysis. More 

details regarding the LETKF can be found in Ott et al. [2004], Hunt et al. [2007], and Penny 
et al. [2015].

The GEOS-S2S-2 ocean analysis includes an assimilation of various in situ profile 

observations summarized in Table 1. Tropical Atmosphere/Ocean (TAO), Prediction and 

Research Moored Array in the Atlantic (PIRATA), and Research Moored Array for African-

Asian-Australian Monsoon Analysis(RAMA) are all fixed tropical mooring arrays that are 

designed to observe temperature and salinity at depth within the oceanic waveguide 

[McPhaden et al., 2010] in the Pacific, Atlantic and Indian Oceans, respectively. Expendable 

Bathythermograph (XBT) data are instruments released from research cruises or volunteer 

Molod et al. Page 6

J Geophys Res Atmos. Author manuscript; available in PMC 2021 May 05.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



observing ships and so are generally found in regions of repeat transects. Unlike most of the 

other profile data, XBT data typically only include temperature observations. Conductivity, 

temperature, and depth (CTD) data are collected by cast from research cruises so are also 

generally sparse in nature. The major profile data source is from the Argo array [Roemmich 
et al., 2009]. The Argo array consists of thousands of autonomous profiling Lagrangian 

floats that descend and ascend through the water column on a regular schedule (typically 10 

days, 5m – 2000m), recording temperature, salinity and pressure observations as they travel. 

When the float surfaces, it transmits the data to the Global Telecommunications System and 

is made available near-real-time.

Prior to assimilation into the ODAS, quality control and thinning to limit the data volume 

are performed on all profile observations. All profile data types are treated in the same way. 

First each profile is thinned to each model layer by simply averaging all the profile 

information within a model layer and these data are then assigned to the model layer’s mid-

depth. Next, the for quality control, the resulting data are compared against a climatology 

formulated using all available in situ observations from the World Ocean Atlas 2013 for 

temperature [Locarnini et al., 2013] and for salinity [Zweng et al., 2013]. Profile data are 

flagged for poor quality if the observation is more than 6 standard deviations away from the 

corresponding observation climatology. For the LETKF analysis, data are assigned 

observational error depending on the depth gradient of the observation. For the GEOS-S2S-2 

ODAS, when dT/dz and dS/dz values are greater than or equal to 1.e−3 °C/m and psu/m, 

respectively, they are scaled by a factor determined by a series of sensitivity studies 

performed to give the optimal profile observation error. In this way the observational error is 

greatest at the depth of maximum gradient such as within the thermocline. As a final large-

scale error test, any observation with background departure greater than 10° C for 

temperature and 10 psu for salinity are rejected and not used in the ODAS.

In addition to in situ observations, surface topography observations from satellite altimetry 

are assimilated in the GEOS-S2S-2 ODAS, which have been utilized to help determine the 

general ocean circulation, to study seasonal to decadal changes, and to improve global ocean 

and coupled model initialization. Sea level anomaly is defined as the sea surface height 

above a mean sea surface (MSS) that is defined over many repeat tracks and independently 

for each satellite [AVISO, 2013b]. The absolute dynamic topography (ADT) is then the sea 

level anomaly added to the mean dynamic topography (MDT) which is calculated using a 

combination of gravity missions (GOCE, GRACE), all available altimetry, and in situ data 

over the period 1993–2012 [AVISO, 2013c]. Since TOPEX/Poseidon launched in 1992, a 

series of altimeters have continuously provided ADT observations with varying estimated 

accuracy of 4 cm [Shum et al., 1995]. Typically the joint US/French series (TOPEX, Jason 

1, 2, and 3) have repeat orbits designed to measure the complete globe every 10 days. In 

contrast, the European satellites have 35-day exact repeat orbits (see Table 1 for details).

A unique aspect of the GEOS-S2S-2 ODAS is the assimilation of absolute dynamic 

topography (ADT) using the same schedule/technique as is used for the in situ data. Due to 

the large volume of data, ADT data are ‘thinned’ along track prior to assimilation. A 

Gaussian weighted mean is calculated for the central point of +/− 10 along-track 

observations using a decorrelation scale of 1000 km. This weighted mean is then used for 
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assimilation. The observational error for assimilation for this point is the Gaussian-weighted 

standard deviation of the +/− 10 surrounding along-track points about the mean. The ADT 

observational error is minimized to 0.1 m and an additional term is added to increase the 

ADT observational error away from the equator that is proportional to the Rossby 

deformation radius. This term linearly rises from 0.0 m at the equator to 0.1 m at 90° and the 

resulting observation error is then scaled by a factor that was tuned to produce optimal 

fields. The mean of all ADT observations for the assimilation period is removed prior to 

assimilation and then this mean is added back after assimilation to prevent the sea level from 

affecting the time-mean barotropic solution. The horizontal localization is identical to that 

used for the profile data described above. Finally, if any ADT observation departure from 

mean background is greater than 1.0 m then the observation is removed from consideration.

The LETKF solves the analysis states in a local volume centered on each model grid point 

and is applied on a regular grid (0.5°x 0.5°x 40 levels). In the GEOS-S2S-2 formulation of 

the LETKF, the vertical localization is turned off for profile data. This has the benefit of 

allowing the analysis to be performed only once (as opposed to 40 times), and unlike the 

previous ODAS system [Vernieres et al., 2012], unique vertical localization profiles for each 

observation type are no longer applied. This technique has the additional benefit of allowing 

assimilation of vertical profiles and satellite altimetry data within a single process. The 

horizontal localization function is used to scale the observational errors such that 

observations nearer the central model point have higher localization weightings. In addition, 

the horizontal localization function accounts for the larger Rossby radius of deformation 

near the equator. This radius varies from 240 km near the equator to less than 10 km near the 

poles [Chelton et al., 1998]. In practice, the horizontal localization function is parameterized 

as a Gaussian and as a function of latitude with 1 standard deviation of 3.6 at the equator and 

1.8 at the poles. Thus, the impact degrades as the observation point is further from the 

central point and as the observation latitude increases.

There are many differences between the ocean analysis methods in the GEOS-S2S-1 

Borovikov et al. [2017] and GEOS-S2S-2 systems. The major differences are summarized in 

Table 2. For the current system, initial conditions and verification for the land and 

atmosphere are provided by the NASA FPIT reanalysis, the GMAO’s near-real-time 

reanalysis similar to MERRA-2. In GEOS-S2S-2 the observations are incorporated into the 

ocean state using a 5-day assimilation cycle and the Local Ensemble Transform Kalman 

Filter (LETKF) using 20 ensemble members (Vernieres et al. [2012]). The advantage of this 

ensemble Kalman Filter over a less expensive deterministic filter such as the GEOS-S2S-1 

SAFE/EnOI (Keppenne et al. [2014], Oke et al. [2010]) techniques is that it allows the error 

covariances to evolve with the seasonal cycle and the phase of the El Niño Southern 

Oscillation (ENSO). Another clear advantage of the current system is that GEOS S2S-2 

assimilates all available satellite altimetry whereas the previous system did not assimilate 

any sea level data. In section 4 some key metrics are shown documenting improvements in 

the current (GEOS-S2S-2) versus the old production system (GEOS-S2S-1).
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2.3 Experiments and Initialization Method

In this study, we examine the results of four sets of seasonal and subseasonal forecasts using 

the new GEOS-S2S-2 system, a long-term free running simulation with the GEOS-S2S-2 

AOGCM, and the GEOS-S2S-2 AODAS reanalysis. The four sets of forecasts are: 1) near-

real-time seasonal forecasts (near-real-time means one to two days behind real time), 2) 

retrospective seasonal forecasts, 3) near-real-time subseasonal forecasts, and 4) retrospective 

subseasonal forecasts. The long-term simulation is a 50-year long atmosphere-ocean coupled 

climate simulation with GEOS-S2S-2, which is a “perpetual 2000” simulation, where the 

external climate forcing is fixed at that of year 2000. For the purpose of a model for seasonal 

prediction, the 50-year long simulation is adequate to establish an equillibrium climatology 

down to the depth of the ocean relevant for seasonal forecasts. GEOS-S2S-2 is also utilized 

in producing an ocean reanalysis (2012-present), that is used to initialize the seasonal and 

subseasonal near-real-time forecasts. All the simulations, as well as the AODAS, were run at 

a horizontal resolution of approximately 0.5° longitude and 0.5° latitude in both the 

atmosphere and ocean components.

In the GEOS-S2S-2, the ensemble of experiments for the retrospective and near-real-time 

seasonal (and subseasonal) forecasts are handled slightly differently. Historically, for GEOS-

S2S-1 and for earlier S2S systems at NASA, owing to the availability of an ocean or a 

coupled reanalysis state on certain dates only, GMAO forecasts were initialized on a fixed 

set of calendar dates. These dates begin on Jan 1, and are 5 days apart. In GEOS-S2S-2 we 

follow the same calendar, and all seasonal forecasts are initialized on the last 4 start dates of 

the month. For the retrospective seasonal forecasts, no additional ensemble members are 

generated with perturbed initial states, rather, the start dates form a lagged ensemble of 4 for 

any month. Seasonal retrospective forecasts were performed for the 36-year period from 

1981–2016. Initial conditions for the retrospective seasonal forecasts were generated using a 

suite of 5-day long coupled data assimilation runs using the GEOS-S2S-2 system, initialized 

at 5 day intervals from the GEOS-S2S-1 coupled reanalysis initial states.

For near-real-time seasonal forecasts, initial conditions are obtained from a continuous near-

real-time GEOS-S2S-2 AODAS reanalysis initialized in 2012 with GEOS-S2S-1 initial 

conditions. An additional 6 ensemble members are generated around the last start date in 

each month, thus producing a total of 10 ensemble members (4 unperturbed and 6 perturbed) 

for each month with this ‘lagged-burst’ strategy. The method to perturb initial conditions is 

based on the difference between two analysis states 5 days apart. The perturbations are re-

scaled and the magnitude of the norm reduced to approximately 10% of the natural 

variability of SST over the norm region. The rescaling norm is the root mean squared (RMS) 

difference of the instantaneous sea surface temperatures (SSTs) from two analyses 5 days 

apart, and the region for defining the norm is the tropical Pacific domain over 120°W-90°W, 

and 10°S-10°N. The variables perturbed on the ocean model grid are: 3D temperature, 

salinity and ocean velocities, surface temperature, sea level, ice velocity and strain 

components, ice strength and stress tensor components, the variables perturbed on the 

atmospheric grid are: wind components, potential temperature and specific humidity, and the 

variables perturbed on the free-form ‘tile grid’ used to compute the surface fluxes are: skin 
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temperature, skin layer salinity and skin layer depth. Both the near-real-time forecasts and 

retrospective forecasts are run for a period of 9 months.

The subseasonal retrospective forecasts are performed for the 17 year period from 1999–

2015, according to the protocol of NOAA’s SubX experiment [Pegion et al., 2019]. The 

retrospective forecasts are initialized every 5 days with a total of 73 start dates per year, with 

4 ensemble members per start date. Here, one ensemble member uses the unperturbed initial 

conditions and the remaining three are generated by perturbing the atmospheric initial 

conditions in horizontal winds, potential temperature and specific humidity. The 

perturbations are computed as scaled differences (+/− (x-y)/8) between two arbitrary 

atmospheric states (x, y) taken 1 day apart. A scaling factor of 1/8 is chosen in an attempt to 

produce perturbations that are of a size consistent with initial errors typically found in 

numerical weather prediction models. The initial conditions, as for the seasonal retrospective 

forecasts, are based on a series of 5-day long coupled ocean data assimilation runs. The 

near-real-time subseasonal forecast calendar and ensemble are conducted in a similar 

manner to the retrospective forecasts, with initialization in every 5 days, and 4 ensemble 

members at each start date. Unperturbed initial conditions for the near-real-time subseasonal 

forecasts are obtained from the GEOS-S2S-2 near-real-time coupled AODAS. Both the near-

real-time forecasts and retrospective subseasonal forecasts are run for a period of 45 days.

3 Climate of Coupled Model

3.1 Mean Atmospheric Climate

All forecasts produced with current weather/seasonal/decadal prediction systems contain 

within them a long term climate drift reflecting a mismatch between the real world’s climate 

statistics (implicit in the initial conditions) and those of the model. Such drift is examined in 

detail in Section 5.1. Here we look at the end point of that drift (i.e., the model’s long-term 

climate) as a first step in establishing the model’s fidelity and suitability for making short-

term (sub-seasonal to seasonal) climate predictions, the underlying assumption being that a 

model exhibiting smaller long-term climate biases will experience less drift and will 

potentially produce more skillful forecasts [Chang et al., 2019]. The results here are based 

on a long simulation with the GEOS-S2S-2 coupled model (see Section 2.3), with the 

previous version of the model (GEOS-S2S-1) serving as a baseline for comparison. We 

examine the quality of December-January-February (DJF) and June-July-August (JJA) fields 

of mean circulation, stationary waves, mean wind, and atmospheric transients, as well as 

corresponding fields of precipitation, net radiation and surface air temperature. The 

comparisons highlight some of the key improvements in the circulation, hydrological cycle 

and radiative balance of the model relative to GEOS-S2S-1, point to areas that still need 

improvement, and also show a few aspects of the climate that see some degradation in the 

new model.

Two aspects of the atmospheric circulation that are likely critical to achieving more accurate 

forecasts over North America (a key focus for our prediction efforts) are the winter 

stationary waves and the summer North Pacific jet. The former, among other things, 

provides steering for winter storm systems, while the latter acts as a wave guide for Rossby 

waves impacting the continent on subseasonal time scales (e.g., Schubert et al. [2011]). 

Molod et al. Page 10

J Geophys Res Atmos. Author manuscript; available in PMC 2021 May 05.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Panels a) and b) of Figure 2 show that the mean error (relative to MERRA-2) in the DJF 

stationary waves (as shown by the 300 hPa eddy heights) is substantially reduced in the new 

model relative to the old model in both hemispheres. The relevant global metric is the spatial 

standard deviation, and the difference from MERRA-2, as indicated in the figure caption, 

has been reduced from 33.07 m in Version 1 to 20.85 in Version 2. In terms of spatial 

structure, the weak boreal winter stationary waves in GEOS-S2S-1 (especially over the 

North Pacific/North American region, Figure 2a) are now stronger and closer to the 

observations as indicated by the smaller biases (Figure 2b). The simulated JJA 200 mb zonal 

winds show a mix of improvement and degradation in GEOS-S2S-2 relative to GEOS-S2S-1 

(Figures 2c and 2d). The middle and high latitudes generally show smaller errors for GEOS-

S2S-2, reflecting improvements in the middle latitude jets by reducing the underestimate 

from nearly 6 ms−1 to nearly zero. However, there is now a larger subtropical westerly wind 

bias (of approximately an additional 4 ms−1) in the new model in both hemispheres, likely 

reflecting the split Pacific Intratropical Convergence Zone (ITCZ) and excessive 

precipitation just north of the equator in GEOS-S2S-2 (see below). Despite these subtropical 

zonal wind biases, there are substantial improvements in the middle and high latitude 

transients (not shown) that we argue are tied to the above-noted improvements in the middle 

and high latitude zonal winds. The moisture fluxes (not shown) in particular are much 

improved throughout most of the globe during JJA, with the new model showing only weak 

negative biases in most regions, except for a few isolated regions such as over the North 

Pacific just off the east coast of Asia.

The precipitation biases relative to estimates from the Global Precipitation Climatology 

Project (GPCP, Huffman et al. [2009]) show a mix of improvements and some degradation 

in going from GEOS-S2S-1 to GEOS-S2S-2 (Fig. 3). This critical component of the 

hydrological cycle shows generally reduced biases during DJF in GEOS-S2S-2 (Figure 3c 

and 3d), including a reduction in the excessive precipitation over the Andes and southern 

Africa. The main exception is the exacerbation in the new model of positive biases just north 

of the equator in the Pacific. There is by comparison less improvement in the new model 

during JJA, especially in the tropics, which is characterized by a much-increased positive 

bias in the Atlantic and a much more pronounced split ITCZ in the Pacific (Figure 3a and 

3b). There is also less rain over India in GEOS-S2S-2, reflecting a weaker summer monsoon 

rainfall. Important improvements in the new model include the elimination of the excessive 

precipitation over Tibet and much improved precipitation over the NH storm tracks, 

presumably reflecting the improved summer transients mentioned earlier.

We evaluate surface air temperature in conjunction with net surface radiation, focusing here 

on the boreal summer season (though both seasons show substantially reduced biases in both 

net surface longwave and shortwave radiation, primarily reflecting an overall increased 

cloudiness). Figure 4 (top panels) shows, relative to estimates from the Surface Radiation 

Budget (SRB, SRB [2019]) estimates, that the JJA net surface radiation balance is improved 

overall in GEOS-S2S-2, especially over Asia and North America where the old model had 

substantial net positive biases of nearly 50 W m−2 and the new model’s bias in those regions 

is closer to 20 W m−2. These biases apparently contributed to the warm bias in surface 

temperature over those regions in the old model, as indicated by a comparison of the GEOS-

S2S-1 and GEOS-S2S-2 air temperature biases (relative to estimates from Osborn and Jones 
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[2014]) in Figs. 4c and 4d. Substantial positive biases in the net surface radiation balance 

remain, however, especially over a large region extending from northern Africa eastward 

across southern Asia and over much of the Indian Ocean north of the equator (Fig. 4c). Of 

course, not all of the surface temperature biases can be directly related to radiation 

imbalances. For example, the warm temperatures in GEOS-S2S-2 over India (Fig. 4d) are 

presumably tied to increases in sensible heat flux associated with a relative lack of rainfall in 

that region (Fig. 3).

In summary, the biases in GEOS-S2S-2 are generally much reduced throughout the middle 

and high latitudes, both for the dynamical quantities considered here and for the 

precipitation, net radiation and surface temperature. The main problems, including the 

excessive subtropical westerlies and the associated exceptionally warm upper tropospheric 

temperatures in the tropics (not shown), appear to be linked to excessive tropical 

precipitation. It is noteworthy that the tropical precipitation biases (and weak precipitation 

over India) are much reduced, if not absent, from GEOS-S2S-2 simulations when it is run 

uncoupled from the ocean (i.e., forced with observed SSTs), indicating that these errors are 

associated with coupled processes. Thus, to understand the nature of these biases, we must 

also look at the model’s ocean climate. This is the subject of the next subsection.

3.2 Mean Ocean Climate

The long term mean climate of the AOGCM is evaluated with observationally-based 

estimates of various oceanic fields. For example, Figure 5 compares the GEOS-S2S-1 and 

GEOS-S2S-2 long-term mean sea surface temperature (SST) biases relative to the Reynolds 

SST analysis [Reynolds et al., 2007]. GEOS-S2S-1 shows strong latitudinally-varying biases 

(Fig. 5a), with SSTs that are anomalously cool by 2–5 °C or more poleward of 15° North 

and South. These biases are notably large in the eastern subpolar North Atlantic, which may 

be related to the weakness of the northward upper ocean transport in this basin. The GEOS-

S2S-2 AOGCM (Fig. 5b) has substantially reduced cold biases in these regions, particularly 

in the subpolar North Atlantic, where the Version 1 model bias in nearly 10 or more °C and 

the Version 2 model bias is closer to 3 °C, suggesting a more robust overturning circulation 

(see below). In contrast, in the tropics, the old model’s SSTs are generally too warm, with 

the highest biases occurring in the near-coastal southeastern Pacific and Atlantic basins. 

These near-coastal zones are normally cooled by the northward transport of cool water from 

the southern ocean combining with water being upwelled locally in response to the southerly 

component of the coastal winds. Low level stratus clouds forming over this cool water 

further reduces the heat input to the ocean mixed layer. The GEOS-S2S-2 AOGCM (Fig. 5b) 

has reduced warm biases (from up to 6 °C to less than 4 °C off Africa and near zero off 

South America) in the near-coastal zones of the southeastern Pacific and Atlantic basins, 

suggesting that many of these processes have been improved.

The equilibrium state of the cryosphere reflects the behavior of the sea ice model as well as 

the net radiation and ocean circulation. The equilibrium state of the sea ice extent mean 

annual cycle in the Northern and Southern hemispheres is shown in Figure 6. Compared to 

the modern-era satellite measurements [Fetterer et al., 2017], the GEOS-S2S-1 Northern 

Hemisphere sea ice extent is significantly overestimated over all seasons, consistent with the 
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cold SSTs in the North Atlantic and Pacific sector seen in Figure 5. GEOS-S2S-2 sea ice 

extent is much improved, especially for late summer and fall. In contrast, the extent in the 

Southern hemisphere is lower in GEOS-S2S-2 while being much too extensive in austral 

winter in GEOS-S2S-1. The Southern ocean sea ice bias can also be correlated to SST bias 

in Figure 5.

In summary, the mean ocean climate of GEOS-S2S-2 is improved in many ways relative to 

that of GEOS-S2S-1. Biases in SST, of either sign, are reduced, the phase of the annual 

cycle is improved, and the evolution of the mean sea ice is improved as well. The Atlantic 

mean meridional overturning circulation remains weak, however, and the amplitude of the 

tropical annual cycle is also smaller than that seen in the Reynolds SST dataset. Together, 

the improvements in the mean bias of both the atmosphere and the ocean states suggest a 

smaller drift in GEOS-S2S-2, which may hold promise for improvements in forecast skill. 

The evaluation of the drift and the forecast skill will be presented in Section 5.

4 Ocean Data Assimilation Results - Comparison of S2S-1 and S2S-2

In this section we evaluate the GEOS-S2S-1 and the GEOS-S2S-2 ocean data assimilation 

system (ODAS) results. The ODAS comparison reflects changes in the model bias and drift 

as well as the changes in the ocean data assimilation methodology and selection of 

assimilated fields. In addition, the quality of the ODAS has direct implications for the 

fidelity of the forecasts that are initialized with the ODAS fields.

For example, the location and amplitude of the western boundary currents have important 

consequences for longer time scale transport as measured by the global heat and mass 

transport indices. One such index, the Atlantic Meridional Overturning Circulation 

(AMOC), is measured by the RAPID array along 26.5°N. The importance of the AMOC for 

heat transport is clear from the observationally-based AMOC heat transport estimates of 

Trenberth and Fasullo [2017] of approximately 1 PW. Moorings stretching across the 

Atlantic at 26.5°N measure temperature, salinity and currents and can thus measure the 

transport of warm water northward (via the Gulf Stream) and cool water southward (via the 

North Atlantic deep circulation). The top panel of figure 7 shows that the AMOC for the 

GEOS-S2S-1 ODAS is consistently weaker than observed. On the other hand, the GEOS-

S2S-2 ODAS is initially too strong compared to observed values. However, as the 

experiment spins down, it settles to match the magnitude of the AMOC in the observations. 

In addition, the interannual variability of the GEOS-S2S-2 ODAS looks more realistic with 

respect to observed values as compared to the GEOS-S2S-1 ODAS.

Another major region of western boundary current transport related to the global heat 

transport is the Indonesian Throughflow (ITF). Warm, fresh water is transported through the 

ITF due to a consistent pressure head from the Pacific to the Indian Ocean. The ITF is 

important to the global climate system since it moves roughly 15 Sv of warm, fresh water 

from the Pacific (Sprintall et al. [2009]) and thus is a major source of heat for the Indian 

Ocean and a sink for the Pacific. In addition, the ITF transports roughly 0.4–1.2 PW of heat 

from the Pacific into the Indian Ocean [England and Huang, 2005] and so is important for 

the global heat engine. Another compelling reason to demonstrate fidelity of the ITF 
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statistics is that one of the main products of the GEOS-S2S system is the ENSO forecasts, 

and the ITF plays an important role as a tropical Pacific thermostat.

Eleven moorings were deployed across the entrance (Makassar Strait, Lifamatola Passage 

but not Halmahera) and exit regions (Lombok, Ombai, and Timor) of the ITF from 2004–

2006 and are dispersed to accurately measure each passage’s contribution to the ITF 

(Sprintall et al. [2009]). Here we calculate an index of the ITF using a gridded optimal 

interpolation of observed temperature and salinity (Carton [1989]), convert temperature and 

salinity to dynamic height, and then calculate geostrophic currents. The transport is then 

estimated the across 114°E between 21°S and 9°S (closely matching the line used by Meyers 
et al. [1995]). The good correspondence between the INSTANT measurements (black 

dashed line in the bottom panel of Figure 7) and our observed ITF estimates (black solid 

line) demonstrates the fidelity of this technique. The bottom panel of Figure 7 shows that the 

GEOS-S2S-1 ODAS badly underestimates the transport of the ITF. The mean for GEOS-

S2S-1 is approximately −5 Sv whereas observed values are estimated at −15 Sv (INSTANT) 

and −14 Sv by Wijffels et al. [2008] using QuikScat winds and the Island Rule of Godfrey 
[1989]. The GEOS-S2S-2 ODAS, in contrast, closely matches the mean, seasonal cycle, and 

the interannual variability of the observations. The ITF transport of GEOS-S2S-2 clearly 

outperforms the GEOS-S2S-1 values.

Finally we assess the differences between the GEOS-S2S-1 and GEOS-S2S-2 simulation of 

the large-scale oceanic Kelvin and Rossby waves in the equatorial Pacific. These waves are 

instrumental in properly capturing the buildup and recharge stages of ENSO (e.g. Jin 
[1997]). The ODAS and observed sea level fields are first converted to geostrophic currents 

(Picaut and Tournier [1991]) then the Kelvin and Rossby amplitudes are calculated using the 

technique of Delcroix et al. [1994]. The top left panel of Figure 8 shows the observed west-

to-east propagating Kelvin wave signal for 2013–2015. Early in the time series, negative 

(blue) Kelvin waves represent the upwelling associated with the weak 2013 La Niña. The 

downwelling (red) signals of the 2015 El Niño are evident starting from January 2015 and 

each successive Kelvin wave increases in magnitude as the Bjerknes feedback becomes 

enhanced throughout the buildup of this big event (see e.g. Santoso et al. [2015] for details 

of this event). The amplitude and timing of these Kelvin waves are well reproduced by the 

GEOS-S2S-2 ODAS (top right panel). On the other hand, the GEOS-S2S-1 shows a 

generally weaker Kelvin wave amplitude throughout the period (top middle panel). For 

example, the large Kelvin wave in the summer of 2015 is roughly 30% smaller in the GEOS 

S2S-1 than in GEOS S2S-2. For the Rossby waves (Figure 8 bottom panels), the lack of 

amplitude in GEOS S2S-1 is even more evident. The large upwelling (downwelling) Rossby 

wave in early 2013 (2015) is accurately reproduced by the GEOS-S2S-2 system (bottom 

right) whereas the GEOS-S2S-1 ODAS badly underestimates these signals. For example, the 

upwelling in the spring of 2013 reaches −0.3 ms−1 for observations and GEOS-S2S-2 but the 

GEOS-S2S-1 only peaks at −0.15 ms−1.

In summary, almost all ocean variables examined were improved for the GEOS S2S-2 

relative to GEOS-S2S-1. SST and SSS biases were reduced (especially off the equator and in 

the North Atlantic, respectively) but SSS was somewhat degraded over Indonesia and the 

Amazon plume. Assimilation of Sea Level in GEOS S2S-2 improved the western boundary 
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currents. For example, the large scale meridional (AMOC) and zonal (ITF) heat transport 

indices were significantly improved in GEOS-S2S-2. The amplitude of the Large-scale 

Kelvin and Rossby waves were simulated well with GEOS-S2S-2 whereas GEOS-S2S-1 

badly underestimated the El Niño and La Niña forcing. Improvements are most likely due to 

sea level assimilation and better atmospheric assimilation (MERRA-2 versus MERRA) for 

GEOS-S2S-2 as compared to GEOS-S2S-1.

5 Seasonal and Subseasonal Forecast Assessment

Results of the suite of retrospective subseasonal and seasonal forecasts described in Section 

2.3 will be presented here, with a focus on the deterministic measures involving the 

ensemble mean such as anomaly correlation, root mean square error, and phenomena-based 

compositing. While forecast assessment should in general include both a deterministic and 

probabilistic evaluation, the relatively small ensemble size of our seasonal retrospective 

forecasts limits what we can do to assess the quality of the ensemble (e.g., reliability 

diagram, Brier skill score). We do, however, provide an initial assessment of the ensemble 

spread compared to that of the previous system. We begin with a look at the climate drift, 

keeping in mind that the forecast skill evaluation is performed on the anomalies (after 

removing the climate drift).

5.1 Climate Drift

In order to provide optimal forecast skill on subseasonal to seasonal time scales, forecast 

fields are generally calibrated in some way to account for the model drift [Kirtman et al., 
2014]. The GEOS-S2S-1 and GEOS-S2S-2 systems follow the convention of Stockdale 
[1997] and others and calibrates the forecasts by subtracting the drift, computed as the 

average of the retrospective forecasts. As described in Section 2.3, for GEOS S2S-2 a single 

retrospective forecast was conducted on each date, while for GEOS S2S-1 multiple forecasts 

with perturbed initial conditions were conducted [Borovikov et al., 2017]. For the 

comparison of forecast drift and evaluation of forecast skill, only the unperturbed 

retrospective forecasts (4 per month) were used from both systems.

Figure 9 shows the DJF seasonal mean error of SST at 1, 3 and 6 month leads. In general, 

the 1-month lead error is of comparable magnitude in the forecasts with the new and old 

model (top panels in figure). At 3-month lead time, the GEOS S2S-2 error is close to 

leveling-off, as seen by the similarity among the 3-month lead error, the 6-month lead error 

(panels d and f, respectively) and the mean error from the perpetual simulation shown in 

Figure 5. The GEOS-S2S-1 error, in contrast, continues to grow from 3-month lead to 6-

month lead, and has not yet reached the error seen in the equillibrium state of the coupled 

model. In terms of the drift in the tropical Pacific, the Niño3, Niño3.4 and Niño4 regions 

show the same behavior as the SST in other regions, with comparable drift at 1-month lead, 

coming to equilibrium for GEOS S2S-2 at 3-month lead and continuing to grow in GEOS 

S2S-1.
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5.2 Forecast skill at subseasonal time scales: MJO and Stratospheric Warmings

The Madden-Julian oscillation (MJO) is the dominant mode of tropical intraseasonal 

variability and provides a major source of tropical and extratropical predictability on sub-

seasonal time scales (eg., Waliser et al. [2003]). The prediction skill, therefore, of the MJO, 

is a critical indicator of subseasonal time scale prediction skill. Figure 10b shows the 

correlation between the bivariate Real-time Multivariate MJO (RMM) index from the suite 

of GEOS-S2S-2 retrospective forecasts described in Section 2.3 and MERRA-2 [GMAO, 

2015] as a function of the forecast lead. Figure 10a shows the same field but from the 

GEOS-S2S-1 suite of retrospective forecasts described in Borovikov et al. [2017]. The 

RMM index is derived from the zonal wind at 850hPa and 200hPa and outgoing longwave 

radiation following the method described in Wheeler and Hendon [2004] and Gottschalck et 
al. [2010].

The comparison shows that at short lead times (1–10 day lead), the correlation is greater 

than 0.80–0.85 for all initial condition months for both GEOS-S2S-2 and GEOS-S2S-1. At 

intermediate leads, up to 25 days, there is a clear improvement in skill in GEOS-S2S-2 

relative to GEOS-S2S-1. Prediction skill at long lead time is particularly high in GEOS-

S2S-2 for summer initial conditions, exceeding correlations of 0.5 even at 40 day lead. It 

should be noted that as compared with other current S2S forecasts from other centers (eg., 

Saha et al. [2014]; Scaife et al. [2016]), GEOS-S2S-2 is among the systems with the highest 

skill.

Another variation at subseasonal time scales that, under certain circumstances, adds 

predictability at these time scales is the Sudden Stratospheric Warming (SSW). SSWs are 

dramatic changes in the wintertime stratospheric circulation where the zonal mean zonal 

wind westerlies reverse as the temperature increases in the polar night [Butler et al., 2015]. 

These stratospheric changes are often associated with subsequent changes in tropospheric 

circulation [Baldwin and Dunkerton, 2001; Kretchmer et al., 2018] implying that skill in 

forecasting the stratospheric disruptions may aid in long range weather prediction. Here we 

examine the composite 45-day GEOS-S2S-2 SSW forecasts of stratospheric winds, 

temperatures, and planetary wave forcing for the Northern Hemisphere (NH) SSW events 

that occurred during the GEOS-S2S-2 retrospective forecast time period [Butler et al., 
2017].

Figure 11 shows the composite over the 15 SSW events along with the corresponding 

MERRA-2 [GMAO, 2015] composite for validation. The initial times were binned to 5, 10, 

15, 20, 25 and 30 days before the SSW dates. The forecasted stratospheric polar 

temperatures (Fig. 11a) capture the peak warming temperature at 5 and 10 day lead times 

and follow the main peak closely at 15 day lead time. The longer lead times falter in 

capturing the SSW temperature peak, however, they all show a warming over climatology. 

Note that the 5, 10, and 15 lead time curves all track the post SSW cooling closely out to 

about 20 days after the SSW date. After the SSW date, planetary wave activity is greatly 

reduced as the westerlies change to easterlies and the stratosphere becomes more 

predictable. Figure 11b shows the forecast of the zonal wind. The 5, 10, and 15 day lead 

times show significant reduction in the zonal wind relative to climatology with the 5 day 

lead time closely tracking the SSW reduction and the subsequent return to climatology. The 
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longer lead times show some reduction in zonal wind, although they remain close to 

climatological values. Figure 11c shows the 100 hPa meridional heat flux, a standard 

measure of the tropospheric forcing of the stratospheric waves [Andrews et al., 1987]. The 5 

day lead time captures the peak of the heat flux and the following decrease, however the 10 

and 15 day lead times reduce the heat flux before the SSW date. These weaker heat fluxes 

were noted by Karpechko et al. [2018] in their examination of the February 2018 SSW 

forecasts. All the forecast lead times captured the reduced heat flux, corresponding to 

reduced planetary wave activity, following the SSW date.

GEOS-S2S-2 performs well in forecasting the key composite SSW characteristics out to 

approximately 15 days, consistent with the forecasting results of Tripathi et al. [2016]. These 

include the increase in polar temperature, the decrease in zonal mean zonal wind, and the 

decrease in heat flux following the SSW date. The longer than 15 day forecasts perform well 

in the post SSW period when planetary waves are weak, a key time of interest for changes in 

tropospheric weather associated with the SSW events. The heat flux may be more difficult to 

forecast than winds and temperatures as the calculation involves the correlation between 

winds and temperatures and the zonal mean averages both positive and negative values. 

More study is needed to asses the skill available for individual events as well as the potential 

usefulness of GEOS-S2S-2 SSW forecasts that may miss the specific verifying dates used 

here.

5.3 Forecast skill at seasonal time scales

The dominant mode of variability of the earth system at seasonal time scales is the El Niño/

Southern Oscillation (ENSO), and the assessment of GEOS-S2S seasonal forecast skill 

begins with evaluating ENSO forecasts. ENSO related anomalies impact global atmospheric 

circulation and modulate tropical cyclone activity, other tropical modes, and many tropical-

extratropical teleconnection patterns. To ensure the fidelity of these connections in the 

seasonal forecasts, the other dominant modes of variability in the tropics and extratropics are 

also evaluated below, as is the tropical cyclone strength and frequency. To assess the local 

impact of the atmospheric variability in terms of local metrics that most affect the 

population, GEOS-S2S skill of surface temperature and precipitation is also evaluated. 

Finally, given the improved GEOS-S2S-2 model parameterizations related to the cryosphere 

(see Section 2.1) and the expansion of the earth system simulated to include an interactive 

aerosol model, we also present here an evaluation of the forecast skill in the cryosphere, and 

the assessment of forecast skill of the aerosol load.

5.3.1 Skill of Global SST, Niño 3.4—An overview of the prediction skill of ENSO and 

the comparison of GEOS-S2S-2 and GEOS-S2S-1 is shown in Figures 12 and 13. Figure 12 

shows the anomaly correlation of the Niño 3.4 SST index, using Reynolds SST for 

comparison. In Figure 12c, pink (blue) boxes indicate regions where GEOS-S2S-2 

outperforms (degrades) forecasts with respect to GEOS-S2S-1.

The right panel shows a mixture of positive and negative difference in correlation (pink and 

blue colors, respectively), indicating that the forecast skill in the east-central Pacific in 

general is comparable in both new and old versions of GEOS S2S. In general, forecasts 
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issued in summer and into the late fall show improved skill in GEOS S2S-2 (pink colors), 

and forecasts issued in the spring show a degradation (blue). The anomaly correlation of the 

Niño1+2 index is shown in Figure 13 and is the indicator of SST skill in the eastern Pacific. 

The rightmost panel shows a clear improvement in GEOS-S2S-2 for almost all lead times 

and all initial condition dates. The improvement of GEOS-S2S-2 over GEOS-S2S-1 

generally increases with forecast lead time, as indicated by the deeper pink shades toward 

the right side of the figure.

An important additional set of metrics for the seasonal ENSO forecast are the statistical 

measures of forecast reliability. In part due to the small ensemble size, we present here a 

measure of the spread among forecasts as it relates to the forecast error. By this measure, a 

‘reliable’ forecast is one in which the ensemble spread is large (small) when the error is 

large (small). That is, the ensemble spread is a reliable indicator of the error. The ratio: R = 
intra ensemblespread / standard error should ideally be close to 1. Figure 14 shows the R 

ratio for GEOS-S2S-2 and GEOS-S2S-1. R values less than 1 indicate under-dispersive 

forecasts, meaning that the forecast is overconfident in a wrong answer. Values greater than 

1 indicate less than appropriate confidence in a right answer. The figure shows that GEOS-

S2S-1 is under-dispersive (consistent with the finding of Barnston et al. [2015]), especially 

early in the forecasts and more so for Niño1+2 than for Niño 3.4. In contrast, GEOS-S2S-2 

is generally over-dispersive, at long leads, especially for forecasts initialized in boreal 

summer and early winter. Only at very short leads (1–2 months) is GEOS-S2S-2 still under-

dispersive.

5.3.2 Teleconnections and Low Frequency Mode Prediction—The major sources 

of northern hemisphere extratropical variability and so predictability on seasonal time scales 

are the North Atlantic Oscillation (NAO, Stephenson et al. [2003]), the Northern Annular 

Mode/Arctic Oscillation (NAM/AO, Thompson and Wallace [2001]), and the Pacific North 

American (PNA) pattern [Wallace and Gutzler, 1981]. These major teleconnection patterns 

for boreal winter are captured by performing a Rotated Empirical Orthogonal Function 

(REOF) analysis using the 250mb geopotential height field from the MERRA-2 reanalysis. 

The NAO, AO and PNA are the leading eigenvectors from this analysis. The REOF analysis 

is repeated using the retrospective seasonal forecasts from GEOS-S2S-2 and GEOS-S2S-1, 

and both exhibit realistic spatial patterns. Here we assess how reliably the GEOS-S2S 

systems can predict the phase/intensity of the NAO, PNA and AO. The time series of the 

teleconnection pattern indices are shown in Figure 15, where we see the interannual 

variations of the January/February averaged teleconnection indices (initialized on December 

27) computed from GEOS-S2S-2, GEOS-S2S-1, and MERRA-2. The teleconnection indices 

are computed by projecting the anomalous 250mb geopotential height over the Northern 

Hemisphere onto the spatial REOFs of the teleconnection patterns. Comparison of the 

indices and the correlations with MERRA-2 demonstrates clearly that GEOS-S2S-2 has 

improved the forecast skill by achieving anomaly correlations greater than 0.5 for all three 

teleconnection patterns. The improvements in all three indices are statistically significant.

5.3.3 TC activity—Seasonal forecasts of tropical cyclone activity are widely used for 

decision making and preparedness. The predictive skill of seasonal tropical cyclone (TC) 
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activity from the GEOS-S2S systems is assessed in terms of the Genesis Potential Index 

(GPI) [Emanuel and Nolan, 2004], which is an empirically determined function of state 

variables which influence TC genesis. The GPI is generally larger than normal when TC 

activity (e.g., counts and intensity) is stronger than usual, and smaller during a weak TC 

season. We compute the GPI over the North Atlantic and the Western Pacific regions from 

the GEOS-S2S-2 and GEOS-S2S-1 retrospective forecasts and then compare the interannual 

variation of the GPI with that computed from MERRA-2. Time series over the period 1982–

2016 in Figure 16 show the GPI for each year as the averaged GPI from June through 

September (initialized on May 31). Both GEOS-S2S-2 and GEOS S2S-1 have the ability to 

predict TC activity up to four months lead time at the beginning of the TC season. 

Comparison between GEOS-S2S-2 and GEOS-S2S-1 correlations indicates relatively 

comparable performance in the Atlantic, but better correlations with MERRA-2 in GEOS-

S2S-2 in the Western Pacific.

5.3.4 Skill of T2m and Precip—Near-real-time seasonal forecasts of surface air 

temperature and precipitation over land are the most widely used products of seasonal 

prediction systems and the need for reliable forecasts of these fields continues to motivate 

many national development efforts across the globe. We use the suite of retrospective 

forecasts from GEOS S2S-2 and GEOS S2S-1 to evaluate the skill of these two critical 

quantities. Consistent with the reduction in SST bias shown in sections 3 and 5.1, the root 

mean square error of the surface temperature is improved in GEOS S2S-2 across the board 

(not shown), and most markedly in boreal winter. The metric that is more challenging and 

more relevant for the surface temperature and precipitation is the anomaly correlation (AC). 

In Figure 17, the differences in AC between the two systems are small, but there are notable 

improvements in GEOS S2S-2. The AC of near-surface temperature is above 0.5 for most 

regions in both systems for the first lead month (AC itself is not shown) and as can be seen 

in Figure 17 is improved for northern hemisphere high latitude in Siberia and North America 

in GEOS-S2S-2 by up to 0.3. Improved skills of up to 0.4 are also seen in South America for 

all lead times. In general, for both GEOS-S2S-1 and GEOS-S2S-2, AC of near-surface 

temperature decreases quickly as lead time increases. The decrease of AC with lead time in 

both systems is slower in JJA as compared to DJF, as indicated by the presence of AC values 

above 0.5 in many regions even at 7 months lead time (not shown). Precipitation forecasts 

are a common challenge for most seasonal forecast systems due to complex spatial and 

temporal variability [Kirtman et al., 2014]. In general, comparing GEOS-S2S-1 and GEOS-

S2S-2 (Figure 18), while the changes of AC are not spatially coherent and mixed in sign, 

improvements of up to 0.3 are found in the western tropical Pacific in the first month lead 

for JJA and in the Amazon region for longer lead months for DJF.

5.3.5 Cryosphere—The presence and character of sea ice substantially alters the local 

energy and moisture exchange between the ocean and atmosphere, affecting the local Arctic 

and Antarctic climate. In the Arctic, the accelerated reduction of sea ice cover in recent 

years is also associated with a regional amplification in near-surface air temperatures 

[Screen and Simmonds, 2010; Serreze and Barry, 2011]. These effects may also influence 

the larger-scale general circulation [Alexander et al., 2004; Deser et al., 2010; Screen et al., 
2018]. Appropriate treatment of sea ice characteristics in seasonal forecasting models may 
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then influence Northern Hemisphere predictive skill [Jung et al., 2014]; however, there is 

uncertainty in the causal relationship between Arctic sea ice conditions and midlatitude 

weather variability [Overland et al., 2015], in part due to the limited the atmospheric 

response to sea ice variability in models [Screen et al., 2018]. Nevertheless, local 

improvements in sea ice forecasts provide useful information for Arctic stakeholders [Ban et 
al., 2016].

The GEOS-S2S-1 forecasting system demonstrated reasonable predictive skill of 

hemispheric sea ice cover [Borovikov et al., 2017], with June forecasts explaining 

approximately 50 percent of the observed variance in the September Arctic ice extent 

(Figure 19). In producing GEOS-S2S-2, a key goal was to assess the best predictive skill 

attainable with the GEOS-S2S-2 model configuration. To this end, forecasts for the 

retrospective period were initialized with ice thickness values from a validated modeling 

system (GIOMAS: Global Ice-Ocean Modeling and Assimilation System; Schweiger et al. 
[2011]). The use of GIOMAS sea ice thicknesses resulted in substantial improvement in 

forecast skill at longer lead time. The use of GIOMAS and FPIT atmospheric forcing 

effectively eliminated a large springtime negative sea ice extent bias found in earlier versions 

of the seasonal prediction system (Figure 19b).

A credible initial ice thickness field has been widely demonstrated to improve the seasonal 

forecast skill for sea ice extent (e.g., Blanchard-Wrigglesworth et al. [2017]; Chevallier and 
Salas-Melia [2011]; Day et al. [2014]). Retrospective forecasts of the GEOS-S2S-2 system 

using GIOMAS are substantially improved over the previous system (Figure 19a, b). But 

much of this skill is imparted from the long-term trend towards lower ice extent; the 

detrended retrospective July forecasts (after Bushuk et al. [2012]) explain approximately 30 

percent of the observed sea ice extent variability. This reduction in the detrended forecast 

skill is commonly found in dynamical sea ice forecasting models (e.g., Hamilton and 
Stroeve [2016]. The results nevertheless highlight the importance of deriving an accurate, 

historical record of ice thickness and methods for incorporating near-real-time ice thickness 

observations in future seasonal forecasting systems.

Changes in glacier and ice sheet surface mass balance (SMB: here, the net of precipitation 

minus evaporation/sublimation and runoff) may alter the climate on seasonal timescales via 

local changes to surface energy budget characteristics (i.e. ice surface albedo; [Box et al., 
2012] and through the selective discharge of freshwater, which may impact local fjord 

circulation as well as ocean stratification [Mortensen et al., 2013; Sciascia et al., 2013]. The 

appropriate representation of glacier and ice sheet SMB processes is an important step in 

improving the complexity of seasonal prediction systems and may provide valuable 

information to a range of stake holders.

The GEOS-S2S-2 system incorporates the same surface energy and snow hydrology 

schemes used in MERRA-2 [Cullather et al., 2014]. Fractional snow cover over land ice is 

explicitly represented with a modified version of the Stieglitz snow model [Lynch-Stieglitz, 

1994; Stieglitz et al., 2001]. An underlying 15-layer ice column resolves surface heat 

conduction, with a lower boundary condition of zero heat flux. Meltwater runoff may occur 

both from the snow column and bare ice surfaces. This scheme produces a reasonable 
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representation of SMB for the Greenland Ice Sheet (GrIS) when compared to both in situ 

measurements and high-resolution regional climate models [Cullather et al., 2014], although 

the reduced spatial resolution may limit the ability to appropriately represent the surface 

melt spatial extent and gradients within the ablation zone. Nevertheless, the results compare 

well with localized observations [Smith et al., 2017].

The current forecasting system reasonably reproduces the spatial pattern of mean SMB 

during the retrospective forecast period at 1-month lead times (1981–2016; 19c, d): regions 

of high snow accumulation in southeastern GrIS are clearly present. But in general there is 

an under-prediction of wintertime snow accumulation, and a larger under-prediction in ice 

sheet runoff, particularly during the latter part of the retrospective forecast period (19d). In 

this more recent period, summer conditions were generally associated with a strongly 

negative NAO index. This is characterized by warmer surface air temperatures over the 

western GrIS [Lim et al., 2016], which is largely absent in the GEOS-S2S-2 forecasts. In 

these summers associated with a negative NAO index, the under-prediction of ice sheet 

runoff also corresponds to an overestimate in the predicted summertime sea ice cover at 

leads of 3–4 months. Localized feedbacks between sea ice extent and ice sheet runoff (e.g., 

Liu et al. [2016]), initial conditions, and ice sheet surface albedo feedbacks may be factors in 

summertime SMB forecasting [Box et al., 2012; Tedesco et al., 2013].

Aside from the trend toward reduced skill in the retrospective period, May forecasts are 

found to predict approximately 66 percent of the total variance of the JJA (lead times of 1–3 

months) SMB relative to MERRA-2. As with sea ice cover, much of the skill in forecasting 

summer SMB arises from the ability to predict the recent trend towards enhanced ice 

ablation [Khan et al., 2015], and not necessarily the SMB interannual variability.

5.4 Results of Aerosol Forecast

Forecasts of aerosol loading that are possible with GEOS-S2S-2 (see the description of the 

GOCART interactive aerosol model in section 2.1) are included as part of only a few 

seasonal prediction systems (eg., Benedetti and Vitart [2018]), none of them operating in 

near-real-time forecast systems, and interactive aerosols have been shown to improve 

monthly scale prediction during the spring/summer. Here we use the MERRA-2 aerosol 

optical depth (AOD) at 550nm [Randles et al., 2017] to evaluate the GEOS-S2S-2 

retrospective forecasts of AOD. MERRA-2 includes an aerosol analysis (the Goddard 

Aerosol Assimilation System, Buchard et al. [2015]; Buchard et al. [2016]) and so will be 

the basis for evaluation of the forecasts. Our analysis is focused on one-month lead time 

forecasts of seasonal mean behavior in December, January, and February (DJF), and July, 

August, and September (JAS) from 2000 to 2015.

Figure 20 shows that the GEOS-S2S-2 aerosol global mean and seasonal spatial distributions 

are in general agreement with MERRA-2, capturing the main patterns of the biomass 

burning aerosols over South America, Africa and the South Atlantic Ocean, the position of 

the dust plume coming from the Sahara desert, and the Asian pollution plume. There are 

however, errors over a few specific regions (Figure 20c,d). During the Austral winter (JAS) 

GEOS-S2S-2 overestimates the AOD on the southwestern coast of Africa, India, and in the 

boreal forest in North America and Asia, and underestimates over South America and 
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southeast Asian, associated with biomass burning emissions. It is noticeable (not shown) that 

the AOD biases correlate well with the precipitation biases in South America and Africa. 

Therefore, the GEOS-S2S-2 overestimation and underestimation over Africa and South 

America, respectively, is likely related to the model ability to predict precipitation 

accurately, and therefore also to the wet removal processes over these regions. For the same 

season, GEOS-S2S-2 also overestimates the AOD on the north of Africa and the Middle 

East, related to dust emissions. The positive AOD biases associated with dust aerosols are 

related to stronger winds simulated by the GEOS-S2S-2 compared to the meteorological 

reanalysis. A similar feature and bias have been previously reported for GEOS model results 

[Textor et al., 2006; Colarco et al, 2010; Randles et al., 2013]. During Boreal winter (DJF), 

GEOS-S2S-2 overestimates the aerosol loading in the Arctic, and over Central Africa, 

associated with boreal fires. During DJF the GEOS-S2S-2 prediction underestimated the 

AOD over India, northern South America, and eastern Asia. The climate prediction of sea-

salt aerosols over oceanic regions are typically underestimated both over the Southern and 

Northern Hemispheres during Austral and Boreal winter. This underestimation is likely 

related to the prediction of meteorological factors influencing sea-salt emissions, such as 

wind speed at 10m and the sea surface temperature (SST).

6 Summary and Future Directions

We have presented here a detailed description of the Global Modeling and Assimilation 

Office (GMAO) Global Earth Observing System Subseasonal to Seasonal Prediction System 

Version 2 (GEOS-S2S-2), along with a detailed evaluation of the climate of the Atmosphere-

Ocean General Circulation Model (AOGCM), the coupled Atmosphere-ocean Data 

Assimilation System (AODAS), and the skill of subseasonal and seasonal forecasts. GEOS 

S2S Version 2 was released in the fall of 2017 and has been running near-real-time (lagged 

one or two days behind real time) since then, providing selected output to participate in 

many community multi-model ensemble projects. GMAO’s S2S Version 3 is due for release 

at the end of 2019, will be used as the basis for a modern era coupled reanalysis spanning 

from 1981 to present, and will replace Version 2 when it ‘catches up’ to real time. Some of 

the issues and shortcomings revealed in the evaluation of GEOS-S2S-2 presented here have 

been addressed in the Version 3 development process.

The evaluation of the climate or equillibrium state of the atmosphere and ocean of the free-

running AOGCM was presented to underscore the importance of quantifying and reducing 

climate drift, since it represents the state to which the forecast will eventually drift. The 

climatological biases in the GEOS-S2S-2 AOGCM were in fact shown to be substantially 

reduced relative to GEOS-S2S-1, with remaining issues related to warm land surface 

temperatures and excess surface radiation during boreal summer, the ubiquitous ‘double 

ITCZ’, warm SSTs by up to 2° K over much of the globe, and a weak Atlantic Meridional 

Overturning circulation. The evaluation GEOS-S2S-2 coupled reanalysis also revealed 

substantial improvements in GEOS-S2S-2 relative to GEOS-S2S-1, particularly related to 

the assimilation in the new system of along-track absolute dynamic topography. The 

improvements include a stronger AMOC, improved heat content, and more robust 

propagation of Kelvin and Rossby wave signals.
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The evaluation of forecast skill found a much-improved prediction of the Madden-Julian 

Oscillation, now comparable in skill to the community state of the art. Sudden Stratospheric 

Warmings were also found to be predictable on subseasonal time scales out to 20 days in 

some cases. An assessment of ENSO forecasts showed that GEOS-S2S-2 is comparable in 

skill to GEOS-S2S-1 with, however, clear improvements in dispersion characteristics in that 

the ensemble spread is more in line with forecast error for all but the longest forecast leads. 

Anomaly correlations of surface temperature over land and precipitation globally were 

found to be comparable to GEOS-S2S-1, with a substantially reduced root mean square error 

of surface temperature. Finally, GEOS-S2S-2 includes a new feature present in only a few 

S2S systems and not present in any other near-real-time systems, the ability to predict 

aerosol. One-month lead forecasts of seasonal spatial distributions of aerosol optical depth 

are in general agreement with MERRA-2, capturing the main patterns of the biomass 

burning aerosols over much of the globe, though some biases remain and these appear to be 

in part linked to the model’s precipitation biases.

The development of GEOS-S2S-3 includes efforts aimed at addressing some of the 

remaining issues described here. In particular, preliminary results from GEOS-S2S-3 show 

improvements in the net radiation and a more robust AMOC in the mean climate and 

forecasts. The assimilation of sea surface salinity and modifications to the assimilation of 

sea ice extent, along with an increase in vertical and horizontal resolution in the ocean model 

are also included. Finally, remaining issues with ensemble spread are being addressed in the 

GEOS-S2S-3 development with a new strategy for generating the ensembles.

With the release of GEOS-S2S-2 and the coming release of GEOS-S2S-3, GMAO continues 

its tradition of maintaining a state of the art seasonal prediction system that is comparable to 

many others in the international community, and its tradition of participation in multi-model 

forecast projects. GEOS-S2S current and future versions will also continue to be used to 

evaluate the impact on seasonal and decadal forecasts of assimilating newly available 

satellite observations, as well as to evaluate additional sources of predictability in the earth 

system through the expanded coupling of the earth system model and assimilation 

components.
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Key Points:

• Atmosphere-Ocean Modeling

• Atmosphere-Ocean Data Assimilation

• Seasonal and Subseasonal Prediction
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Figure 1. 
Schematic of Coupled Data Assimilation Methodology. The GEOS-S2S-2 AODAS includes 

an ocean predictor segment (the green line across the top of the figure), and a corrector 

segment (blue arrow across the bottom). During both segments the atmosphere is “replayed” 

to a pre-exisiting atmospheric analysis state every 6 hours (downward yellow arrows). After 

the 5-day predictor segment, the ocean analysis increments are computed and the coupled 

AODAS returns to the beginning of the 5-day segment to perform the corrector segment.
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Figure 2. 
The December-January-February mean eddy height difference from MERRA-2 at 300 mb in 

m for a) GEOS-S2S-1 and b) GEOS-S2S-2. Global mean difference of spatial standard 

deviation from MERRA-2 is 33.07 m for GEOS-S2S-1 and 20.85 m for GEOS-S2S-2. The 

June-July-August mean zonal wind difference from MERRA-2 at 200 mb in ms−1 for c) 

GEOS-S2S-1, and d) GEOS-S2S-2. Global mean difference from MERRA-2 is 1.0 ms−1 for 

GEOS-S2S-1 and 2.7 ms−1 for GEOS-S2S-2.
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Figure 3. 
Mean total precipitation difference (mm d−1 ) from GPCP, for the GEOS-S2S-1 (a, c) and 

the GEOS-S2S-2 (b, d). Top panels correspond to the June-July-August season and bottom 

panels to the December-January-February season. Global mean difference from GPCP in 

DJF is 0.21 mm d−1 for GEOS-S2S-1 and 0.49 mm d−1 for GEOS-S2S-2, and global mean 

difference from GPCP in JJA is 0.35 mm d−1 for GEOS-S2S-1 and 0.56 mm d−1 for GEOS-

S2S-2.
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Figure 4. 
a) June-July-August (JJA) net surface radiation difference (W m−2) from SRB data for 

GEOS-S2S-1, b) same as a) but for GEOS-S2S-2. Global mean difference from SRB is 0.22 

W m−2 for GEOS-S2S-1 and 4.1 W m−2 for GEOS-S2S-2. c) JJA mean 2 m temperature 

difference from MERRA-2 in °K for GEOS-S2S-1, d) same as c) but for GEOS-S2S-2. 

Global mean difference from MERRA-2 is −0.85 °K for GEOS-S2S-1 and 0.14 °K for 

GEOS-S2S-2.
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Figure 5. 
a) GEOS-S2S-1 sea surface temperature difference from Reynolds analysis in °C., b) same 

as a) but for GEOS-S2S-2. Global mean difference from Reynolds is −0.16 °C for GEOS-

S2S-1 and 0.5 °C for GEOS-S2S-2.
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Figure 6. 
Mean annual cycle of sea ice extent in the Arctic (solid) and Antarctic (dashed). GEOS-

S2S-1 (blue) and GEOS-S2S-2 (red) are compared to observational estimates based on 

passive microwave retrievals (black; NSIDC Sea Ice Index, Fetterer et al. [2017]).
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Figure 7. 
Major global heat transport indices, top) the Atlantic Meridional Overturning circulation 

(AMOC) is measured by in situ observations of the RAPID array (black) across 26:5° N in 

the Atlantic. GEOS-S2S-1 (blue) and GEOS-S2S-2 (red) are compared from July 2012 until 

December 2016. The bottom panel shows indices of the Indonesian Throughflow (see inset 

for location). Geostrophic transport calculated using an optimal interpolation (Carton 
[1989]) of all available in situ temperature and salinity observations (solid red) compares 

well with in measurements from INSTANT moorings Sprintall et al. [2009] (dashed black). 

GEOS-S2S-1 (blue line) clearly underestimates the ITF transport whereas GEOS-S2S-2 (red 

line) corresponds well with observations.
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Figure 8. 
Longitude versus time distribution of the equatorial (top) Kelvin and (bottom) the first 

meridional mode of equatorial Rossby waves through their signature in zonal surface current 

deduced from the observed AVISO multi-satellite altimetry AVISO [2013a] (left), GEOS-

S2S-1 (middle) and GEOS-S2S-2 (right). Kelvin waves travel west-to-east and take about 3 

months to transit the Pacific and Rossby waves travel from east-to-west and take about 8 

months.
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Figure 9. 
a) GEOS-S2S-1 seasonal mean SST drift at 1 month lead time, b) same as a) but at 3 month 

lead time, c) same as a) but for 6 month lead time, d), e) f) same as a), b), c), respectively for 

GEOS-S2S-2.
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Figure 10. 
a) Bivariate anomaly correlation of the RMM index as a function of forecast lead day and 

month of initialization from GEOS-S2S-1, b) same as (a) but for GEOS-S2S-2
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Figure 11. 
a) Composite temperature in °K for SSW events from MERRA-2 (grey) and from GEOS-

S2S-2 forecasts at different lead times: 5-day (red), 10-day (green), 15-day (blue), 20-day 

(yellow), 25-day (cyan) and 30-day (purple), b) same as a) but for zonal wind in ms−1, c) 

same as a) but for meridional heat flux in °Kms−1
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Figure 12. 
Anomaly correlation for Niño 3.4 SST index. Reynolds SST is used for comparison. Initial 

forecast month is on the y-axis, lead time on the x-axis. The left panel is GEOS-S2S-1, 

middle panel GEOS-S2S-1, and the right panel is GEOS-S2S-2 minus GEOS-S2S-1. 

Positive values indicate an improvement of GEOS-S2S-2 relative to GEOS-S2S-1.
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Figure 13. 
Same as Figure 12, but for the Niño1+2 index.
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Figure 14. 
The ratio R (see text), for the Niño 3.4 index (top row) and Niño1+2 index (bottom row) as a 

function start month and forecast lead time for GEOS-S2S-1 (left) and GEOS-S2S-2 (right). 

Results are based on four ensemble members for forecasts/hindcasts spanning the period 

1982–2016.
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Figure 15. 
January/February mean NAO (a), AO (b), and PNA (c) teleconnection indices predicted by 

GEOS S2S-2 (red) and GEOS S2S-1 (blue) initialized on 27 December. The black line 

represents the MERRA-2 teleconnection indices. Correlations between MERRA-2 and 

GEOS-S2S-2 (red), and between MERRA-2 and GEOS-S2S-1 (blue), respectively, are 

shown on the upper-right corner of the each panel.
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Figure 16. 
Predicted June/July/August/September (JJAS) genesis potential index (GPI) from forecasts 

initialized on 31 May. a) North Atlantic region, b) Western Pacific region. Blue, red, and 

black solid lines denote the results from the GEOS S2S-1, GEOS S2S-2, and MERRA-2, 

respectively. Correlations between MERRA-2 and GEOS-S2S-2 (red), and between 

MERRA-2 and GEOS-S2S-1 (blue) are given on the upper-right corner of the each panel.
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Figure 17. 
a) JJA Seasonal mean GEOS S2S-2 minus GEOS S2S-1 AC of near-surface temperature at 

1-month lead, b) same as a) but for 4-month lead, c) same as a) but for 7-month lead, d) DJF 

Seasonal mean GEOS S2S-2 minus GEOS S2S-1 AC of near-surface temperature at 1-

month lead, e) same as d) but for 4-month lead, f) same as d) but for 7-month lead. Red 

areas in the difference figure indicate improvement in forecast skill in GEOS-S2S-2 

compared to GEOS-S2S-1, and only statistically significant values are shaded.
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Figure 18. 
Same as Figure 17 but for precipitation.
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Figure 19. 
a) June retrospective forecasts of September Northern Hemisphere sea ice extent for GEOS-

S2S-2 (ensemble mean, red line; ensemble spread, red shading), GEOS-S2S-1 (ensemble 

mean, blue line; ensemble spread, blue shading) and sea ice concentrations derived from 

satellite brightness temperature (black, Cavalieri et al. [1996]). b) May, June, and July 

retrospective forecast anomalies of GEOS-S2S-2 and GEOS-S2S-1 (as differenced from 

Cavalieri et al. [1996]) for September Northern Hemisphere sea ice extent. c) Greenland Ice 

Sheet summer (JJA) surface mass balance from GEOS-S2S-2 June forecasts (ensemble 

mean, red line; ensemble spread red shading) and MERRA-2 (thick black). d) Mean (1981–

2016) Greenland Ice Sheet surface mass balance difference (GEOS-S2S-2 minus 

MERRA-2). Positive values (red) indicate that GEOS-S2S-2 loses less mass to ice sheet 

runoff than MERRA-2, and negative values (blue) indicate that GEOS-S2S-2 loses more.
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Figure 20. 
a) Spatial distribution of aerosol optical depth (AOD) at 550 nm in July-August-September 

and b) December-January-February, averaged for the period 2000–2015 from the GEOS-

S2S-2 ensemble mean. c) like a) but GEOS-S2S-2 minus MERRA-2 AOD, d) like b) but 

GEOS-S2S-2 minus MERRA-2 AOD. Global mean difference from MERRA-2 in JAS is 

0.11 and in DJF is −0.05.
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Table 1.

Table showing the estimated instrument error, period and source for all data used in the ODAS. The altimeter 

products were produced by SSALTO/DUACS and distributed by AVISO, with support from CNES (http://

www.aviso.altimetry.fr/duacs/).

Instrument
Inst. Error Data Coverage

Source
T [°C] S [psu] SLA [m] Start End Availability/Repeat

In situ

TAO 0.02 0.1 1980 Present Daily PMEL

PIRATA 0.02 0.1 1997 Present Daily PMEL

RAMA 0.09 0.1 2005 Present Daily PMEL

XBT 0.1 0.1 Prior to 1980 Present – 1 month Sparse –VOS/SOO or research UK MetOffice

CTD 0.003 0.02 Prior to 1980 Present – 1 month Sparce – research (high vertical 
resolution)

UK MetOffice

ARGO 0.005 0.02 1996 Present 10-day cycle – lagrangian US GODAE

Satellite

Topex 0.02 25-Sep 92 24-Apr 02 10 day repeat Copernicus

ERS-1+2 0.02 23-Oct 92 8-Oct 02 35-day repeat Copernicus

Geosat FO 0.02 7-Jan 00 7-Sep 08 17-day repeat Copernicus

Jason 1 0.02 24-Apr 02 19-Oct 08 10-day repeat Copernicus

Jason 2 0.02 19-Oct 08 12-Sep 16 10-day repeat Copernicus

Jason 3 0.02 22-Aug 16 Present 10-day repeat Copernicus

Envisat 0.02 26-Oct 10 8-Apr 12 35-day repeat Copernicus

Cryosat-2 0.02 28-Jan 11 Present 369-day repeat; 3-, 29-, 85-day sub-
repeat

Copernicus

Saral 0.02 14-Mar 13 Present 35-day repeat Copernicus

HY-2A 0.02 12-Apr 14 Present 14-day repeat Copernicus

Sentinal 3A 0.02 29-Feb 16 Present 27-day repeat Copernicus

J Geophys Res Atmos. Author manuscript; available in PMC 2021 May 05.

http://www.aviso.altimetry.fr/duacs/
http://www.aviso.altimetry.fr/duacs/


N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

Molod et al. Page 54

Table 2.

Table highlighting the differences between the setup for the S2S-v1 (middle column) versus GEOS S2S-2 

(right column).

Component GEOS-S2S-1 GEOS-S2S-2

Atmosphere Pre-MERRA-2 version, 1°, 72 vertical levels Post-MERRA-2 version, 0.5°, 72 vertical levels

Ocean / Sea Ice 
Model

MOM4.1, 0.5°, 40 layers down to 4500m depth, CICE 4.0 MOM5.0, 0.5°, 40 layers down to 4500m depth, CICE 4.0

Assimilation 
Technique

SAFE/EnOI, 5-day IAU LETKF, 18-hr IAU

Forecast Error Pre-specified static forecast error cov. from leading EOFs 
of an ensemble of forecast anoms. (wrt climate drift) from 
AOGCM

Estimate evolving errors using monthly-averaged anoms. 
from 20 freely coupled AOGCMs re-centered about 
analysis

Data 10-day window, binned to model level, reject if > 6σ from 
WOA09, obs. error prescribed to observation and type, 
decorrelation scales x, y, z, t function of variable, unique 
vertical localization factors applied for each observation 
and type

5-day window, binned to model level, reject if > 6σ from 

WOA13, obs. error from 
dT , S

dz  or
dADT

d alongtrackdist . , 

horizontal location applied ∝ Rossby deform. radius, no 
vertical localization applied

Assimilation 
Sequence

Tz, Sz Clim (SAFE)
SSS Clim (SAFE)
SST (SAFE)
Tz (EnOI)
Sz (EnOI)
AICE

Tz, Sz, ADT

Relaxation Vars None SST (1-day), AICE (insertion)

Replay Forcing MERRA corrected using GPCP (< Sep 09), CMAP (Sep 
09 - present)

“MERRA-2 like” (FPIT) corrected using CMAP precip.
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