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Abstract Strongly coupled data assimilation (SCDA) views the Earth as one unified system. This allows
observations to have an instantaneous impact across boundaries such as the air-sea interface when
estimating the state of each individual component. Operational prediction centers are moving toward Earth
system modeling for all forecast timescales, ranging from days to months. However, there have been few
studies that examine fundamental aspects of SCDA and the transition from traditional approaches that
apply data assimilation only to a single component, whether forecasts were derived from a coupled model or
an uncoupled forced model. The SCDA approach is examined here in detail using numerical experiments
with a simple coupled atmosphere-ocean quasi-geostrophic model. The impact of coupling is explored with
respect to its impact on the Lyapunov spectrum and on data assimilation system stability. Different data
assimilation methods are compared within the context of SCDA, including the 3-D and 4-D Variational
methods, the ensemble Kalman filter, and the hybrid gain method. The impact of observing system coverage
is also investigated. We find that SCDA is generally superior to weakly coupled or uncoupled approaches.
Dynamically defined background error covariance estimates are essential for SCDA to achieve an accurate
coupled state estimate as the observing system becomes sparser. As a clarification of seemingly contradictory
findings from previous studies, it is shown that ocean observations can adequately constrain atmospheric
state estimates provided that the analysis-observing frequency is sufficiently high and the ensemble size
determining the background error covariance is sufficiently large.

Plain Language Summary To make accurate predictions of weather and climate, scientists
develop complex computer models of the Earth that couple smaller models of the atmosphere, oceans,
land, etc. Measurements from satellites, ground stations, and ocean buoys are limited, so these give an
incomplete picture. Forecasters combine past predictions with new observations to make an informed guess
about what the entire Earth looks like at any instant. This guess is used to initialize computer model
forecasts. However, since the atmosphere is a chaotic system, small inaccuracies in this initial guess can lead
to wildly diverging forecasts further out in time. This study investigates a new method for initializing the
Earth models. In the past, physical inconsistencies between the atmosphere and ocean arose because each
was initialized independently. We use atmospheric observations to improve our best guess of the ocean
conditions, and vice versa, to improve this consistency. This may improve daily weather forecasts and
seasonal guidance when adopted by operational weather prediction centers. Given the growing urgency to
respond to near-term climate change risks, improved methods to initialize Earth system models provide
the potential to generate accurately initialized climate predictions that can better anticipate the coming
changes over the next decade.

1. Introduction

Coupled data assimilation (CDA) is a growing but largely understudied discipline essential for the next
generation of weather, subseasonal to seasonal, and climate prediction efforts. Data assimilation (DA) is
used at operational weather and climate prediction centers to initialize numerical weather forecasts, to
provide ocean monitoring, and to initialize Earth system models for subseasonal to seasonal prediction. In
addition, there is growing interest in the climate modeling community in using DA to initialize coupled
models due to the adoption of higher resolutions that prevent long model runs from reaching an equilibrium
state (Kinter et al., 2016; Ringler et al., 2018).
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Traditionally, operational prediction centers have analyzed the atmosphere and ocean independently. Early
developments in CDA were pioneered at the National Centers for Environmental Prediction with the appli-
cation of the 3-D Variational (3D-Var) method in the Climate Forecast System (Saha et al., 2006) and at the
Geophysical Fluid Dynamics Laboratory with an ensemble data assimilation approach (Zhang et al., 2007).
Both efforts used a coupled forecast model, with the DA applied independently in the atmospheric and ocea-
nic components—an approach called weakly coupled data assimilation (WCDA). More recently, Laloyaux
et al. (2016) implemented a CDA system with independent analyses in the atmosphere and ocean but with
interaction between the two domains during the outer loop of the iterative 4-D Variational (4D-Var) mini-
mization. Today, the leading operational centers are steadily moving toward a paradigm of CDA and are clo-
ser to analyzing the Earth as a single system—an approach called strongly coupled data assimilation
(SCDA). However, basic challenges remain before widespread adoption of SCDA (Penny et al., 2017;
Penny & Hamill, 2017).

The benefits of SCDA have been investigated in several studies using either an EnKF (Liu et al., 2013; Lu
et al. 2015a, 2015b; Sluka et al., 2016) or 4D-Var data assimilation system (Smith et al., 2015). We investigate
the transition from the paradigm applying DA to independent forced atmosphere and ocean models to the
new paradigm using a fully coupled forecast model with CDA. To understand the effects of this transition
on the dynamics, we compute the Lyapunov spectrum of the individual component models and of the
coupled system both without and with DA. We further examine how the unstable-neutral subspace (e.g.,
as described by Trevisan & Uboldi, 2004, and Trevisan & Palatella, 2011) of the coupled system is resolved
and constrained by variational and ensemble data assimilation methods. We investigate the construction
of a climatological background error covariance matrix for use in variational and hybrid methods. We probe
the observability of the coupled system and investigate simple permutations of the observing network.
Finally, we compare forecasts starting from initial conditions derived using a variety of CDA approaches.

All demonstrations are carried out with the simplified Modular Arbitrary-Order Ocean-Atmosphere Model
(MAOOAM) developed by De Cruz et al. (2016). The atmospheric component of the MAOOAM is based on
Charney and Straus (1980), Cehelsky and Tung (1987) and Reinhold and Pierrehumbert (1982), while the
ocean component is based on Pierini (2011) and Barsugli and Battisti (1998). The coupling between the
two components includes momentum transfer (wind forcing), as well as radiative and heat exchanges.
Examinations of the Lyapunov spectrum of the coupled configuration of the MAOOAM were conducted
by Vannitsem et al. (2015), Vannitsem and Lucarini (2016), Vannitsem (2017), and De Cruz et al. (2018).
Vannitsem and Lucarini (2016) also examined MAOOAM's covariant Lyapunov vectors.

2. Related Work

Foundational principles of SCDA have been investigated using a variety of simplified models and more rea-
listic coupled general circulation models (GCMs). We identify a number of previous studies that have
focused specifically on SCDA. There are many other important works that have explored CDA with lesser
degrees of coupling that we neglect here for brevity.

Ballabrera-Poy et al. (2009) investigated strongly coupled multiscale assimilation in the context of the two-
scale model of Lorenz and Emanuel (1998) using an ensemble Kalman filter (EnKF). Results indicated that
using an ensemble size greater than 50 members could simultaneously constrain the large-scale and small-
scale fields when the small-scale fields are exhaustively sampled. However, they found that while assimilat-
ing only observations of the large-scale dynamics produced accurate results for the large-scale dynamics, it
could not adequately constrain the small-scale dynamics. Assimilating the mostly uncorrelated signal from
the small-scale dynamics to constrain the large-scale dynamics was prone to the errors associated with spur-
ious covariances that were likely degrading the filter.

Zheng and Zhu (2010) investigated a coupled El Nifio-Southern Oscillation (ENSO) model centered on the
tropical Pacific and compared the direct assimilation of sea surface temperature (SST) to the unidirectional
SCDA of surface wind observations using a deterministic EnKF. The coupled model was composed of a
McCreary-type (1981) modal ocean model extended to include a horizontally varying background stratifica-
tion, as well as 10 baroclinic modes plus a parameterization of the local Ekman-driven upwelling with an
embedded SST anomaly model, and a statistical atmospheric model that relates the wind stress to SST anom-
aly fields (Zhang et al. 2005). In both perfect model and real-data forecast experiments, Zheng and Zhu
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(2010) found that assimilating the surface winds improved surface currents and reduced the average error
growth rate of SST anomalies during the forecast versus the direct assimilation of SST.

Han et al. (2013) explored a Lorenz (1963) atmosphere coupled to a simple pycnocline ocean model and
found that SCDA was only effective when the DA system was presented with highly accurate cross-domain
error covariance estimates. Similarly to Ballabrera-Poy et al. (2009), it was found to be more difficult to
improve the fast-varying part of the system using observations from the slow-varying part of the system.
Han et al. (2013) attributed this to the linear regression formula of the ensemble adjustment Kalman filter
(EAKF; Anderson, 2001), since the fast-varying system contributes to the higher-order (nonlinear) terms
of the regression at the timescale of the slow-varying system.

Liu et al. (2013) explored a coupled Lorenz-Jin model (Jin, 1997; Lorenz, 1963) with an EAKF, finding that
the SCDA that assimilates observations in both the atmosphere and ocean and that employs the coupled cov-
ariance matrix outperforms the WCDA alternative. Further, the assimilation of synoptic atmospheric varia-
bility was found to be critical for the improvement of not only the atmospheric state but also the oceanic state
through the coupled error covariance matrix, especially in the midlatitude system where oceanic variability
is driven predominantly by weather noise. It was also found that the assimilation of synoptic atmospheric
observations alone improved the coupled state almost as much as assimilating additional oceanic observa-
tions, while the assimilation of oceanic observations had little impact on the atmosphere.

Tardif et al. (2014, 2015) explored a low-order coupled Lorenz-Stommel model (Roebber, 1995) with a per-
turbed observations EnKF (Houtekamer & Mitchell, 1998). Tardif et al. (2014) proposed the assimilation
of time-averaged observations to capture stronger signals in the covariance relationship between the atmo-
sphere and ocean at various timescales. The minimum ensemble size required to resolve correlations
between the atmospheric variables with the Meridional Overturning Circulation was reduced by assimilat-
ing time-averaged observations. Tardif et al. (2015) compared cycling and no-cycling DA experiments with
the time-averaged proxy observations to better constrain the slow modes of the system. They found that by
assimilating only time-averaged atmospheric observations, the overturning circulation in the ocean could be
constrained similarly to when ocean observations were present.

Smith et al. (2015) used an idealized single-column atmosphere-ocean coupled model to compare
uncoupled, weakly coupled, and strongly coupled variations of an incremental 4D-Var. They found that
SCDA is able to reduce initialization shocks and improve subsequent forecasts compared to uncoupled
and WCDA approaches. Smith et al. (2017, 2018) conducted more detailed studies to better estimate forecast
error covariance for use with 4D-Var in the SCDA scenario.

Following an investigation with a simple model (Lu et al., 2015a), Lu et al. (2015b) focused on the effect of
SCDA restricted to low-level atmospheric temperatures and SST in a coarse-resolution coupled GCM (7.5° X
4.5° atmosphere and 2.8° X 1.4° ocean) using the EAKF (Anderson, 2003) with a small ensemble size (16
members). Similarly to Tardif et al. (2014), they assimilated time-averaged observations, focusing on the
low-level atmospheric variables. The procedure computed a cross-domain error covariance using monthly
time averaging of daily atmospheric forecasts and instantaneous SST at the end of each month. There was
minimal difference between the monthly time-averaged and instantaneous SST with this model configura-
tion. Atmospheric DA was performed daily, assimilating temperature and wind observations, while ocean
DA was performed monthly using a sequential update to the SST field that applied the following: (1) the
cross-domain analysis increment due to the monthly averaged observed atmospheric surface temperature
and (2) the ocean analysis increment due to the monthly averaged observed SST. Results showed reduction
in coupled analysis error in midlatitudes when using a lagged averaging of the atmospheric observations ver-
sus assimilating the instantaneous atmospheric observations and also indicated some sensitivity to the dura-
tion of the lag period.

Sluka et al. (2016) used the intermediate complexity coupled SPEEDY/NEMO GCM at a higher resolution
than the studies described above, both for the atmosphere at T30 and for the ocean using a 2° horizontal grid
telescoping to 0.25° in the tropics. They applied CDA to assimilate atmospheric observations into the
coupled system and compared the impacts of SCDA versus WCDA on the ocean state estimate. This DA sys-
tem used the local ensemble transform Kalman filter (LETKF; Hunt et al., 2007) with an ensemble size of 40
members updated at a 6-hr analysis cycle to mirror a typical setup for operational numerical weather
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prediction. Significant reductions in analysis error were found when using SCDA versus WCDA throughout
the global ocean, with some exceptions in the high-latitude deep ocean. Further, the error reduction in the
ocean led to improved accuracy in the surface atmospheric fields of temperature, humidity, and zonal wind.
Experiments assimilating only ocean observations showed similar improvements across domain boundaries
(Sluka, 2018). Sluka et al. (2016) did not show the impact of using SCDA when observations from both the
atmosphere and ocean are assimilated.

Yoshida and Kalnay (2018) proposed an offline method to diagnose the uncertainty reduction of SCDA rela-
tive to WCDA. This correlation-cutoff method utilized the squared background ensemble correlation
between the analyzed and the observed variables. Using the nine-variable coupled model of Pefia and
Kalnay (2004), the partly coupled LETKF analysis guided by the diagnosed correlation outperformed
WCDA and the standard SCDA.

More recently, Wada et al. (2019) used a nonhydrostatic atmosphere model coupled with a wave model
and a multilayer ocean model, assimilating the Advanced Microwave Scanning Radiometer 2 level 2
SST product with a SCDA-LETKF system. The system used a 6-hr analysis cycle to capture a diurnal cycle
in the SST field. In a study of typhoons Kilo, Etau, and the September 2015 Kanto-Tohoku heavy rainfall,
they found that compared to using an ocean-based analysis of SST as an external forcing field, using
SCDA to assimilate SST data resulted in improved SST analyses compared to in situ moored buoys and
an improved lower atmosphere as verified by radiosonde observations and radar-rain gauge
rainfall analysis.

3. Methods

As indicated above, much of the prior work investigating SCDA has used simple pointwise or single-
column models. While recent work has used more sophisticated coupled Earth system models, the cost
of these models limits exploration of coupled dynamics and comparison of CDA approaches. Here we
use a simple spatially extended three-layer model with truncated quasi-geostrophic (QG) dynamics, for
which the multiscale dynamics have been thoroughly investigated (Vannitsem & Lucarini, 2016). The
low computational cost allows a comprehensive evaluation of coupling strategies such as SCDA and
WCDA, as well as a direct comparison between DA methods such as the EnKF, 4D-Var, 3D-Var,
and hybrids.

3.1. Model Configuration

We use the MAOOAM three-layer (two-layer atmosphere and one-layer ocean) truncated QG model
developed by De Cruz et al. (2016). Our experiments use the configuration examined by Vannitsem
and Lucarini (2016), namely, the 2 x 2 atmosphere and 2 X 4 ocean (referring to the level of spectral
truncation). With this configuration, the state vector is composed of N = 36 nondimensionalized coeffi-
cients of spectral modes, N, = 20 (N, = 16) of which represent the model's atmospheric (oceanic) state.
Analysis and forecast errors presented in the results are measured by the Euclidean norm of these non-
dimensional coefficients. The model has coupled dynamics and coupled thermodynamics. The derivation
of the tangent linear model (TLM) is detailed by De Cruz et al. (2016). The atmosphere component uses
a zonally cyclic boundary condition, while the ocean uses a basin configuration. This coupled model con-
figuration is designed to represent a midlatitude system. Formally, we describe the coupled dynamical
system as

X = M(x), )

and decompose this system into its atmospheric and oceanic components as
(x

X @ %)
X

X
(. %6).

To emulate the uncoupled forced models typically used in operational numerical weather prediction and for

Atmosphere Model Intercomparison Project (AMIP) and Ocean Model Intercomparison Project (OMIP)

type climate studies, we decouple the above system into two independent dynamical systems by providing

Qo

=M, )
M, @)

S
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each component with a sequence of prescribed state values {X; () } and {X;(¢) }. Thus, we now have the fol-
lowing pair of independent dynamical systems,

X = My (Xq,X;)

. —c ©))

Xo = M, (X}, X,).

For the perfect forcing case, X, and X;, are determined using trajectories generated by the original coupled

model. In practice, such forcing fields contain biases that can have a significant influence on the evolution

of the forced system. Thus, we also consider a scenario representing errors in the forcing fields by updating
the boundary data less frequently, every ¢, time units,

X, (1) = x5(t;),and X, (1) = x5(t;), for allt€[t;, t; + tp). 4)

Following De Cruz et al. (2016), we use the second-order Runge-Kutta scheme to integrate the resulting dif-

ferential equation. Because the model is used to evolve the state forward in time to an intermediate time step,
the forcing data must also be used in this intermediate step. For example, for the uncoupled atmosphere,

ki = Mo (Xq(1),%(1))
ky = Ma(Xa(t) + Atk1, X, (1)) 5)

At
Xq(t+ At) =%, qL?(k1 +ky).

The integration time step affects the numerical stability of the analysis-forecast cycle. We choose integration
time steps either dt = 0.01 (as De Cruz et al., 2016), 0.1, or 0.5 nondimensional model time units (MTUs). The
shorter time step facilitates varying the coupling frequency, which we use in the investigation of the
Lyapunov exponents (LEs) computed from the coupled model. The longer time step allows faster integra-
tion, which is useful for ensemble experiments. De Cruz et al. (2018) adopted a time step of 0.2 time units
for even higher-resolution versions of the model. Our experiments indicate that the general behavior of
the model, for example, as characterized by the Lyapunov spectrum, does not significantly change within
this parameter range. However, the model time step does have an impact on the stability of the DA methods.
In such cases, we adopt shorter integration time steps when necessary in order to reduce the occurrence of
numerical instabilities. The derivation of the TLM for the uncoupled model is presented in Appendix A.

3.2. Lyapunov Spectrum Analysis and Synchronization

When using an independent atmosphere or ocean model, even in the hypothetical that the model is perfect
and that perfect forcing data are provided, missing bidirectional feedbacks will lead to nontrivial changes in
the dynamics versus the coupled system. We use the mathematical theory of synchronization of chaos in
order to better understand the error dynamics of the forced models and later to interpret the results of data
assimilation applied to the forced and coupled models. Synchronization of chaotic systems is the phenom-
enon by which systems started at different initial conditions that intermittently exchange information con-
verge to the same trajectory (e.g., Pecora & Carroll, 2015). While it is not possible to achieve perfect
synchronization with noisy observations, obtaining conditions close to synchronization is possible and is cri-
tical for improving prediction skill. A key requirement for achieving synchronization is to constrain growing
error modes, which has been discussed in the context of weather prediction by Pires et al. (1996).

The LE gives a measure of the asymptotic exponential growth rate of a dynamical system. Assuming that M
is a linearization of the system (1), there exists a set of orthonormal vectors v; so that the LE 4; characterizes
the asymptotic growth rate corresponding to the vector v;,

.1
A = lim~ In|[M(t, to)vil|- (6)

For a more detailed introduction in the context of weather forecasting, see Legras and Vautard (1996).

In a coupled driver/response system, we have one-way coupled synchronization if there is some function G
so that for the system,
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dy

= _

T ()
dx _
dr

™
F™ (x) + G(y—x)

we have that x(f) = y(¢) is a locally attractive invariant subspace. A necessary condition for the response sys-
tem to synchronize with the driver is for the LEs of the response system (also known as the conditional LEs,
or CLESs) to be negative (Pecora & Carroll, 1991).

We examine the ability to achieve synchronization between the true coupled driver system with multiple
possible response systems, including forced versions of the uncoupled models, as well as versions of both
the coupled and uncoupled models with data assimilation applied. Ruiz-Barradas et al. (2017) noted that
DA can introduce coupled dynamics into forced atmosphere-ocean models. As described by Carrassi et al.
(2008) and Penny (2017), the effect of the DA analysis update is a contraction,

O (4, t) = I-KiH; )@ (8, ti-1), ®

where @ and @ are the TLM before and after the effect of the DA contraction, K; is the Kalman gain, and
Hi; is the linearized observation operator, at time ¢;. The LEs of the DA system are the CLEs and must be con-
trolled to be negative if synchronization is to be achieved between the DA system (response) and the
observed signal from nature (driver).

3.3. Data Assimilation Methods

We compare various DA solution methods applied to the coupled and forced models using both WCDA and
SCDA, including 3D-Var using the control variable transform (Bannister et al., 2008), strong-constraint 4D-
Var (Courtier et al., 1994), the ETKF as formulated by Hunt et al. (2007), and hybrid gain DA (Penny, 2014;
Hamrud et al., 2014; Bonavita et al., 2015; Houtekamer et al., 2018; Penny et al., 2015). For clarity, a sum-
mary of our implementation of each solution method is presented in Appendix B.

3.4. Estimating the Coupled Climatological Background Error Covariance

To estimate the climatological background error covariance matrix, we sample a history of ensemble forecast
perturbations derived from the ETKF. We use a k = 37 member ensemble (one larger than the model dimen-
sion m = 36) with a fixed analysis cycle interval and full-coverage observing network. We estimate the cor-
responding background error covariance matrix based on the sample population of ensemble perturbations,

By = (XpX; ). ©)

We use a time series of ETKF analyses conducted over a total of 1 X 10° MTUs, with the first half discarded as
spin-up. For the variational methods, a scalar multiplier a is applied to tune the amplitude of the background
error covariance matrix,

B= aBo . (10)

We further consider a blockwise inflation of the B matrix to separate the atmospheric and oceanic compo-
nents. To maintain the original structure of the error correlations in the coupled system, we only inflate
the variance of the atmosphere and ocean component corresponding to the diagonal elements of the atmo-
sphere and ocean block in the B,. This procedure can be explicitly written as

B = F'/?D}/*C,D}/*F/?, (11)

where Dy and C, are the diagonal variance matrix and the symmetric correlation matrix derived from B, and
F is a diagonal matrix containing the inflation factor (a,¢mInatm x 1> @ocnINoen x 1)-
3.5. General Experiment Design

We generate a nature run that acts as truth by integrating the MAOOAM coupled model for 1 x 10> MTUs
(~27.4 years) with the time step dt = 0.5 MTUs (about 5.6 x 10~ 2 days or 1V hr). Unless otherwise noted, the
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Figure 1. Example linear observation operator H (used for experiments
with the hybrid coupled data assimilation) that converts nondimensional
model variables from spectral space into U component of wind/current (m/
s) and temperature anomaly (K).

analysis is performed every 2.5 MTU (~6 hr). For the 4D-Var, the assimi-
lation window is 2.5 MTU, so that at each analysis cycle the observations
over five model integration steps are assimilated. For the 3D-Var and
ETKF, only the observations at the analysis step are assimilated. We note
that for this configuration, at equal analysis intervals the 4D-Var assimi-
lates 5x more observations than the 3D-Var or ETKF.

3.5.1. Observation Network Configurations

We conduct a series of Observing System Simulation Experiments to
assess the impact of different observing network designs on CDA.
Observations are sampled from the nature run. We examine cases in
which observations are sampled directly from the stream function (for
simplicity), as well as observations sampled from the physical grid space.
The latter requires the construction of a linearized observation operator
H (Figure 1).

To simulate observation errors in the subsequent experiments, we choose
Gaussian noise to have standard deviation equal to 10% of the climatolo-
gical variability of the nature run, unless otherwise noted. This error is
typically on the order of 1 m/s and 1 K for atmospheric velocity and tem-
perature observations and 0.1 cm/s and 0.1 K for the ocean currents and
temperature observations. The climatological variability of the ocean
stream function is approximately 4 orders of magnitude smaller than
the atmospheric stream function. As a point of reference, Tardif et al.

(2014) used 10% of the climatological standard deviation in the atmosphere and approximately 35% in the
ocean. In our experiments using a full-coverage observing network indicated that for the ETKF with a 40-
member ensemble, the analysis performance degrades significantly as observational noise increases above
30% of the model climatological variability. We assume that the observational error statistics are known
accurately for the DA experiments unless otherwise noted. Observations are only available once every ana-
lysis, at the end of each analysis window. We note that this design implies that fewer total observations are
assimilated in experiments with a larger value of the assimilation window t.

Our three primary observing network scenarios assimilate observations in the atmosphere only, the ocean
only, or both the atmosphere and ocean. Additional experiments begin to explore fixed versus nonstationary

Fixed Observation Network

3.0+ @ Atmosphere Observation Stations @ Ocean Observation Stations |—
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: (] (] [
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@ () @
) .
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Figure 2. Fixed observation network used to assimilate observations in a
physical space in comparison to the model spectral space. Each station
measures temperature anomaly and stream function for atmosphere (green)
and ocean (blue).

observing networks. The fixed observation network configuration for
these experiments is shown in Figure 2. The nonstationary observing sys-
tem evolves like the Brownian motion; namely, each observation station is
randomly displaced by a small distance proportional to the time step size.

For experiments using the hybrid gain method, we use a specific fixed
observing network configuration, with the ocean observations emulating
a line of moorings. The U-wind and atmospheric temperature are
observed at 10 collocated points, and the U-current and oceanic tempera-
ture are observed at 8 collocated points (Figure 3); there are 36 observa-
tions in total. The observation operator H for this configuration is full
rank and well conditioned, with a condition number ~19. We apply inde-
pendent Gaussian error with standard deviation of 1 m/s (for the
wind/current fields) and 1 K (for the temperature fields).

4. Results
4.1. Lyapunov Spectrum of the Forced Versus Coupled Models

We first compare the Lyapunov spectrum of the coupled model to the
uncoupled atmosphere and ocean models under prescribed time-
dependent forcing at the interface. We compute the backward LEs
(Figure 4) using QR decomposition (see Geist et al., 1990). We verify that
as noted by Vannitsem and Lucarini (2016), the fast-decaying and fast-
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Figure 3. Fixed observation network (red crosses) in the physical grid space used for hybrid DA experiments for (a) the
atmosphere and (b) the ocean. At each observation location, both the U component of the wind/current and the
temperature anomaly are measured. The observation positions are chosen asymmetrically so that the resulting
observations are linearly independent. The background shadings show an instantaneous anomaly from the spatial mean
temperature (K).

growing modes are primarily of atmospheric origin. The decoupling appears to have negligible impact on the
atmospheric LEs. However, the near-zero LEs, identified as being of oceanic or coupled origin by Vannitsem
and Lucarini (2016), are significantly modified by the decoupling. Vannitsem et al. (2015) demonstrated that
low-frequency climate variability in MAOOAM is partially attributable to coupled atmosphere-ocean modes.
Goodman and Marshall (2003) also described the importance of neutral singular vectors in coupled
atmosphere-ocean dynamics; the atmospheric singular vectors with singular values nearest to zero corre-
sponded to the modes that responded most strongly to changes in surface forcing.

Comparing the near-zero LEs of the coupled model to those of the forced ocean, there is a clear difference in
the characteristics of the two spectra (Figure 5). The forced ocean displays a stepwise structure with many
LEs almost identical, in contrast to a smoother spectrum in the coupled model. Also, the fluctuations of
the finite-time LEs are reduced in the forced model. To increase confidence that this difference does not arise
solely due to finite-time fluctuations, we compute confidence intervals around each LE calculated with the
stationary bootstrap method (a modification of bootstrap sampling for time series data; see Politis &
Romano, 1994) using the ARCH Toolbox (Sheppard, 2015). The resampling block sizes are determined using
the method of Patton et al. (2009).

We cannot definitively determine through numerical experiment whether the near-zero LEs are positive,
negative, or zero for the MAOOAM dynamics. Vannitsem and Lucarini (2016) previously noted the same dif-
ficulty with respect to this MAOOAM configuration. Even after long integrations, the confidence intervals
for these LEs straddle zero due to the presence of modes with very long timescales. The coupled model
has 3 positive, 8 near-zero (of undetermined sign), and 25 negative LEs; the forced atmosphere has 3 positive
and 17 negative LEs; and the forced ocean has 8 near-zero and 8 negative LEs. Of the eight near-zero LEs for
the coupled model, the first four are numerically positive with the first LE on the scale of 10™* and the

0.4

0.2 . .

0.0

-0.4

—0.6 . .

Lyapunov exponent (days™!)

-0.8

Coupled Atmosphere Ocean

Figure 4. The Lyapunov spectrum for the coupled model and forced atmosphere and ocean.
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Near-zero coupled LEs second to fourth on the scale of 107>, The fifth to eighth LEs are numeri-
Forced ocean LEs cally negative, with the fifth and sixth on the scale —10~>, and the seventh
and eighth on the scale —10~*. Of the near-zero LEs for the forced ocean,

— the first three are numerically positive on the scale of 107>, the fourth and

fifth LEs vary between 10™® and —107°, and the sixth to eighth are nega-
tive on the scale of —107°.

While it appears that the forced oceanic MAOOAM component differs
more from its coupled counterpart than the forced atmospheric
MAOOAM component does from its coupled counterpart, these relation-
ships may change if additional processes are taken into account, such as
the hydrological cycle. Although Ferrari and Cessi (2003) showed syn-
chronization of a forced atmosphere with oceanic forcing from a coupled
run with a simpler ocean-atmosphere model, we see that as indicated by

Figure 5. The Lyapunov exponents (LEs) nearest to zero for the coupled
model along with the LEs for the forced ocean with perfect forcing. The

the positive LEs, the forced atmosphere does not synchronize to the trajec-
tory of the coupled one. We find that changing the forcing interval ¢, does
not noticeably impact the Lyapunov spectrum of the forced atmosphere

error bars are the 95% confidence intervals. For the forced ocean, the first ~ and ocean models. However, a forcing interval f, does reduce the degree

eight CLEs are between about 10"*and 107

of synchronization between the trajectories of the forced and coupled
models. To illustrate this point, Figure 6 shows the relative error using a
model integration time step of dt = 0.01 MTU with forcing intervals t, = 0.01, t, = 100, t, = 1000, and
= infinite (i.e., constant forcing), as well as the corresponding Lyapunov spectrum for each case. Even when
using a forcing interval ¢, that is equal to the model integration time step dt, and providing the atmosphere or
ocean model with perfect forcing, synchronization is not achieved for either case.

4.2. Transitioning From a Forced to Coupled Forecast Model

4.2.1. Data Assimilation With Forced Atmosphere and Ocean Models

To compare DA applied to the coupled versus forced models, we estimate the minimum ensemble size
required for the ETKF to prevent filter divergence. We compare the forced atmosphere model to the coupled
atmosphere model, using an observing network restricted to the atmosphere only (Table 1). We define diver-
gence as the condition that the root-mean-square error reaches the same order of magnitude as a free model
run starting from perturbed initial conditions. For the forced atmosphere model, the convergence for a given
analysis cycle window 7 depends largely on the forcing interval f,,. Using an analysis cycle window shorter
than the forcing interval causes the ETKF to diverge. When the data assimilation window is of the same
length as the forcing interval, the minimum ensemble sizes are identically the same (i.e., 7), which is greater
than the number of unstable-neutral modes (i.e., 3, shown in Figure 4).

When using a coupled forecast model with high-frequency coupling (¢, = 0.01), the ETKF converges for the
data assimilation windows 7 = 0.1, 1, and 10. The minimum ensemble sizes for convergence are smaller (i.e.,

0.000 -~ el SRR
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Figure 6. (left) The relative error between the forced and coupled trajectory and (right) CLEs of forced ocean model with
different forcing window lengths f,.
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Table 1

The Minimum Ensemble Size Required to Prevent Filter Divergence for Various Scenarios (Without Inflation) Within the Time 9 X 1 0* MTU

Forcing/coupling

Experiment type interval

tp = 0.01 (~1.6 min)
tp = 0.1 (~16 min)
tp =1 (~2.6 hr)

tp = 10 (~1.1 days)
tp = 0.01 (~1.6 min)

Forced atmosphere

Coupled system, observed atmosphere

Analysis cycle window (MTU)
7= 0.1 (~16 min) 7=1.0(~2.6 hr) 7=10.0 (~1.1 days)
7 7 11
7 7
Diverges with 21 7 11
Diverges with 21 Diverges with 21
12 9 9

Note. The quantity ¢, indicates the forcing frequency, and 7 is the assimilation window.

9-12) compared to the model dimension—roughly 25 to 33% of the coupled model dimension (36) as com-
pared to 35 to 55% of the model dimension (20) for the converging cases of the forced atmosphere system.
When using a coupled forecast model the ETKF appears more robust to longer assimilation windows.
4.2.2. Estimating the Coupled Climatological Background Error Covariance Matrix

Before examining SCDA, we must calculate a coupled background error covariance matrix B for the varia-
tional and hybrid methods. To do this, we use a 40-member ETKF with a fixed analysis cycle window to build
the statistics for this matrix. We note that there is larger variability in the short-range forecast errors in the
atmospheric component than the ocean. The magnitude of the atmospheric component of B is significantly
larger than the oceanic component or the cross-domain ocean-atmosphere blocks (Figure 7). The matrix B
and its corresponding Hessian matrix S consequently have large condition numbers on the order of 10'°.
After applying the control variable transform (see Appendix B), the condition number of the Hessian matrix
Scvr with respect to the transformed control variable is 1.0003. Using a forecast length of about 6 hr, the off-
diagonal elements of the block matrix (that are by definition zero for WCDA) present nonzero error correla-
tions with magnitudes similar to the off diagonals in the strictly atmospheric or oceanic blocks. These non-
zero error correlations indicate that in a CDA context an analysis derived from observing the atmosphere
state can meaningfully inform the ocean state, and vice versa.

The character of the B matrix is dependent on the timescale of the forecast errors used in its construction.
Figure 8 shows the static background error covariance matrices obtained by equation (B12). The left column
shows the normalized B matrices using a logarithmic color scale, and the center and right panels respectively
show eigenvalues and eigenvectors of By, arranged in descending order. For 7= 1 MTU in Figure 8, the back-
ground error covariance is distributed relatively evenly across every model variable, with the largest variance
occurring in ocean temperature (model variables 29-36). The leading eigenmodes (eigenvectors with indices
1-7) at this timescale are also mostly dominated by ocean temperature (Figure 8c). The atmospheric vari-
ables exhibit the second strongest error variance, while the ocean stream function is generally weakest.
However, because the error variance depends on the error norm (here the Euclidean norm of the nondimen-
sionalized coefficients of each mode), we do not conclude that one component is more uncertain than the
others. Instead, we examine the relative amplitude changes with different analysis interval z.

cond=7.8e+15

10 20 30

%1078 cond=190
3 "I_- ot i
"y 0.5
2 105 e Y
n ...
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0 30% k- 09
. .- -1
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Figure 7. The climatological background covariance matrix B (left) and its corresponding correlation matrix C (right).
The atmospheric (1-20) and oceanic (21-36) state vectors are separated by the black lines.
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Figure 8. Static climatological background error covariance matrices obtained for various forecast times. Each row shows different analysis interval r = 1, 10, and
100 MTU. The columns show (left) the normalized background error covariance matrices (so that the spectral radius of B is unity), (center) the eigenvalues of B, and
(right) the eigenvectors of B.

When we increase the forecast interval, there is a large change in the error covariance structure (panels d
and g). As the forecast interval increases to 7 = 10 MTU, more error variance is projected toward the atmo-
spheric variables (Figure 8f). This behavior is most apparent in the eigenvectors with 7 = 100 (Figure 8i), in
which the leading 20 eigenvectors are dominated by atmospheric variables, and the ocean temperature
(eigenvectors 21-28) and stream function (eigenvectors 29-36) are clearly separated.

We may further increase the analysis interval 7 so that the atmospheric part of the error is saturated, which is
similar to the selection of slower modes by the breeding method (Toth & Kalnay, 1993). However, unlike the
breeding method, the EnKF assumes quasi-linearity between the background errors of the analyzed and the
observable variables. Hence, the saturated and nonlinear errors often cause filter divergence with larger
values of 7 (not shown). Comparing panels (a), (d), and (g), we find that with longer forecast intervals, the
ensemble perturbations are more strongly concentrated onto the fastest-growing error modes.

4.2.3. Comparing Degrees of Coupling With 3D-Var

We first compare the performance of 3D-Var under different coupling scenarios using a full observing net-
work. For the uncoupled assimilation experiments, the forward model is driven by three kinds of surface for-
cing: perfect forcing updated every t, = 10 MTU (~1 day), perfect forcing updated every 30 MTU (~3 days),
and constant forcing using the climatological mean. Varying the forcing interval allows us to examine the
impact of increasing error in the flux fields. The analysis root-mean-square error (RMSE) for the last 10
MTU (2 x 10° steps, ~100 days) out of 10° MTU is shown in Figure 9. All experiments produce similar
RMSE for the atmosphere, except the uncoupled atmosphere forced by the climatological mean ocean,
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Figure 9. The analysis RMSE of the atmosphere (left) and ocean (right) for the strongly coupled (gray), weakly coupled
(red), and uncoupled 3D-Var with forcing provided by the climatological mean (blue), or updated forcing from truth
every 30 MTU (~3 days, green) and every 10 MTU (~1 day, orange). Results are shown for the last 1,000 MTU for the
atmosphere and last 5,000 MTU for the ocean. The WC RMSE for the atmosphere is nearly identical to the UC_lday
RMSE.

which exhibits slightly larger RMSE. For the forced ocean model scenarios, improved accuracy can be
obtained for the ocean analyses with more frequent updating of the atmosphere forcing.

In general, the RMSE of the CDA systems is smaller than the RMSE of the forced systems. We aggregate the
general performance of all coupling scenarios by averaging the analysis RMSE for the last 4 x 10* MTU
(~11.0 years, Table 2). For both atmosphere and ocean, the SCDA 3D-Var achieves the minimum RMSE,
which is slightly improved versus the RMSE for the WCDA 3D-Var.

An additional benefit of applying CDA with 3D-Var is that the combined atmosphere-ocean system experi-
ences a more rapid spin-up compared to the uncoupled scenarios. Approximately 300 MTU (~30 days) are
required for the uncoupled assimilation system to stabilize the atmosphere RMSE, and about 6 x 10*
MTU (~16.4 years) are required for the uncoupled ocean assimilation system, even when the ocean model
is forced daily with true atmospheric forcing. The CDA systems require only 2.5 X 10* MTU (~6.8 years)
to achieve a comparable spin-up for both the atmosphere and ocean, with the SCDA RMSE slightly lower
than the WCDA RMSE during the spin-up period.

4.2.4. Comparing Degrees of Coupling With the ETKF

We next investigate the ETKF under different coupling scenarios. We use an ensemble size of 40, which is
larger than the degrees of freedom of the coupled model. For the forced model cases, perfect forcing is
updated every t, = 2.5, 10, or 30 MTU (or about 6 hr, 1 day, and 3 days). The forced atmosphere ETKF is sen-
sitive to the frequency of the forcing update. Unlike 3D-Var, the ETKF exhibits filter divergence with forcing
intervals of 1 day or greater (Figure 10). The ETKF converges using both SCDA and WCDA, though SCDA
consistently produces smaller RMSE in the oceanic component than WCDA. Such consistent RMSE differ-
ence between WCDA and SCDA was not present when using 3D-Var.

The forced atmosphere ETKF diverges if the forcing from the ocean is updated less frequently than 10 MTU
(~1 day). For example, when examining the Lyapunov spectrum for a similar case, the forced model with ¢, =
12.5 MTU (~1.4 days) still has a leading CLE larger than zero (Figure 11), indicating filter divergence. The

Table 2
Average Analysis RMSE (Units: 10_5) of 3D-Var Over the Last 4 X 1 0* MTU (~11.0 Years) and of the ETKF After 2,500 MTU
(for the Remaining ~26.7 Years)

3D-Var ETKF
Uncoupled WCDA SCDA Uncoupled WCDA SCDA
Atmosphere 116.0 116.0 115.9 41.37 42.10 40.72
Ocean 28.72 5.516 4.915 4.510 2.784 1.318

Note. The forcing for the uncoupled cases is updated every 10 MTU (~1 day) for 3D-Var and every 2.5 MTU (~6 hr) for
the ETKF. The SCDA approach has the smallest RMSE for both DA methods (marked in bold).
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Figure 10. The analysis RMSE of the atmosphere (left) and ocean (right) for the weakly coupled (red), strongly coupled
(gray), and uncoupled ETKF with updated forcing from truth every 30 MTU (~3 days, green), 10 MTU (~1 day, orange),
and 2.5 MTU (~6 hr, purple). A 141-step moving average filter is applied. For the atmosphere, RMSE for the WC and SC
cases follows closely with the UC_6hours case but exhibits lower RMSE in the ocean.

CDA ETKF systems generate atmospheric analyses with RMSE similar to the uncoupled ETKF with fre-
quently updated (~6 hr) perfect forcing. We note that inflating the atmospheric background error covariance
or perturbing the oceanic forcing at each analysis cycle helped to reduce the occurrence of divergence caused
by errors in the surface forcing supplied to the forced atmosphere.

Smith et al. (2015) found that for a 1-D simplified coupled column model using incremental 4D-Var, WCDA
was usually comparable to uncoupled assimilation experiments in which the atmosphere and ocean models
were forced using accurate surface fluxes. Here we find a similar result and add that the stability is degraded
in the forced system only when the forcing accuracy is reduced (e.g., by extending the forcing time window).

The forced ocean ETKF provides lower accuracy analyses than the CDA ETKF even when the forcing is
updated with perfect atmospheric conditions as frequently as ~6 hr. Unlike for 3D-Var where the ocean
RMSE from SCDA is similar to that from the WCDA after the spin-up period, for the ETKF the SCDA con-
sistently produces higher-accuracy ocean analyses with RMSE about half of the magnitude of the WCDA
ETKEF even after the spin-up period. Also, the SCDA ETKF requires about 1/10th of the spin-up time com-
pared to the SCDA 3D-Var.

4.3. Evaluation of SCDA

4.3.1. Comparing SCDA Methods With a Fully Observed Coupled System

Having explored the transition from a forced to fully coupled forecast model using various CDA strategies,
we now focus on comparing various DA methods strictly using SCDA. We first focus on scenarios with a full
observing network (Figure 12). We use a 40-member ETKF without inflation and a 20-member ETKF with
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Figure 11. Lyapunov spectrum (left) and a magnification of the near-zero LEs (right) for SCDA ETKF, WCDA ETKF, and
forced atmosphere and ocean ETKF (UCDA) using forcing intervals of t;, = 0.1 (~16 min) and t; = 12.5 (~1.4 days). Each is
implemented with an ensemble size of 37, an analysis cycle window of 2.5 MTU, and no inflation.
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Figure 12. The analysis RMSE when using a full-coverage observing system for the atmosphere (left) and ocean (right)
with SCDA 3D-Var (green), 4D-Var (blue), 4D-Var/3DFGAT CERA (cyan dash), 40-member ETKF (red), and 20-mem-
ber ETKF with constant inflation of 1.01 (gray). A 61-MTU running average is applied for both panels. The analysis RMSE
for the last 5 x 10* MTU (~13.7 years) is shown next to the label for each method. For the atmosphere, the RMSEs for 4D-
Var and CERA are largely overlapped.

inflation of 1.01. To tune the 3D-Var and 4D-Var, we multiply the normalized background error covariance
matrix with a constant factor of 10 and 2, respectively.

For all DA methods, the analysis RMSE for the atmosphere is 1 order of magnitude larger than the RMSE for
the ocean. The 3D-Var produces the largest RMSE among all three DA methods. While the atmospheric
RMSE is comparable between 4D-Var and ETKF, the RMSE of the ETKF for the ocean component is gener-
ally smaller than 4D-Var when the analysis windows is 6 hr. The performance of 4D-Var can be improved by
increasing the length of assimilation windows (Smith et al., 2015; Yang et al., 2009), though a larger window
was not tested here. The full coupled-state RMSE for the 20-member ETKF is comparable to the RMSE of the
4D-Var and 40-member ETKF. An assimilation approach similar to the CERA configuration (Laloyaux et al.,
2016), which integrates the coupled model in two outer loops and uses an incremental 4D-Var analysis for
the atmosphere and a 3D-Var using FGAT (First Guess at the Appropriate Time) analysis for the ocean,
has accuracy similar to the SCDA 4D-Var.

4.3.2. Comparing SCDA Methods With a Partially Observed Coupled System

Following Sluka et al. (2016), we next consider a reduced observing network by evaluating the performance
of SCDA while assimilating only atmospheric observations. The ETKF and 4D-Var produce similar RMSE
for the atmosphere, both smaller than the 3D-Var (Figure 13a). However, due to the use of a climatological
error covariance, neither 3D-Var nor 4D-Var stabilize the ocean within the length of the experiments (~27.4
years), while after about 4 X 10* MTU (~10 years) the EKTF does stabilize (Figure 13b).

Next, we expand the investigation to observing networks that cover the atmosphere only, the ocean only, or
the full coupled system. The model is run with time step dt = 0.1 for 10* MTU (~1,200 days) after a transient
spin-up run of 10’ MTU. For simplicity, we set the analysis interval and observing interval to be equal. The
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Figure 13. The analysis RMSE when observing only the atmosphere for the atmosphere (left) and ocean (right) with
strongly coupled 3D-Var (green), 4D-Var (blue), 4D-Var/3D-Var CERA (cyan), and 40-member ETKF (red). A 21-time-
step running average filter is applied to the left panel.
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Figure 14. The Lyapunov exponents of the coupled model with and without the 37-member ETKF DA, with analysis/
observing window 7 = 0.1, observing the atmosphere, the ocean, or both domains (left). Magnified view of the same (right).
analysis/observing frequency is varied as 7 = 16 min, 1 hr, 2 hr, and 3 hr. The number of ensemble members
is varied between 6 and 37.
We attempt to calculate the minimum ensemble size required to prevent filter divergence for each case,
using noiseless observations to avoid the introduction of additional sources of nonlinearity to the system.
We also fix the multiplicative inflation to p = 1.0. The minimum ensemble size required to maintain stability
in the fully coupled system is generally 16 members when assimilating observations from the full network or
the atmosphere only, whether those observations are of the spectral modes or in the physical space. There
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Figure 15. Time-mean RMSE for (top) atmosphere and (bottom) ocean, for (left) 16-min and (right) 6-hr observing/ana-
lysis frequency. Results are shown for the free run (red), DA using R = 10% climatology with noisy observations for all
observations (green), only atmosphere observations (magenta), and only ocean observations (blue). The analysis window ©
= 16 min, model time step dt = 0.1 MTU, and inflation p = 1.0.
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Figure 16. Time-mean (1,200 days) RMSE for atmosphere (top) and ocean (bottom) when ocean-only observations are made in the spectral model space (left) or in
the physical grid space (right). The observation network is fixed as in Figure 2. White color indicates that experiment encountered numerical overflow. For refer-
ence, the free run RMSE is (atm: 1.55 X 10_2, ocn: 1.4 X 10_3).

are some exceptions. While the ocean state shows asymptotic stability with 16 or more ensemble members,
the error grows larger than the free run during the initial few cycles. The SCDA becomes very sensitive when
observations are sampled from the ocean only, in which case the minimum ensemble size required to pre-
vent filter divergence in the atmosphere is between 22 and 36 members with no convergence for large ana-
lysis cycle windows and between 18 and 30 members for the ocean. The Lyapunov spectrum indicates that
the ETKF with 37 members and an analysis cycle of 7 = 0.1 MTU stabilizes the DA system (Figure 14).

Next, we return to using an observation error covariance specified at 10% of climatological variability and
vary the multiplicative inflation factor as p = 1.0, 1.05, and 1.10. For the atmosphere, the atmosphere-only
observing network and full observing network outperform the ocean-only observing network and have simi-
lar RMSEs for stable ensemble sizes (Figure 15). For high-frequency analysis updates (e.g., 16 min) and large
ensemble sizes (>27), assimilating only ocean observations, if nondivergent, generates ocean analyses that
are almost as accurate as when assimilating a full observing network. As the assimilation frequency
decreases, accuracy from assimilating only ocean observations decreases relative to assimilating all observa-
tions. For lower frequency analyses with large ensemble sizes, assimilating all observations produces ocean
analyses with significantly lower errors than assimilating only ocean observations.

The ETKF has greater sensitivity in the ocean-only observing experiments (Figure 16). Larger ensemble sizes
are required to maintain stability compared to the atmosphere-only observing network. The ETKF is gener-
ally more stable when sampling observations directly in the spectral model space than observations sampled
in the physical grid space, indicating that the latter may require more observations or lower observational
noise to achieve similar performance. When the ensemble size is large enough to ensure that the filter is
stable, RMSE is reduced by increasing the analysis/observing frequency. That the results due to sampling
observations from the native spectral model space were more difficult to replicate when sampling from
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Figure 17. Comparing time-mean RMSE for the atmosphere (top) and ocean (bottom) using the ETKF with a dynamic observation network versus a fixed observa-
tion network, with analysis/observing window 7 = 6 hr, inflation p = 1.0, and model time step dt = 0.1. A reference case is also shown that samples from the native

model spectral space.

the physical grid space suggests that new multiscale DA methods may be required to adequately analyze
point-sampled ocean observations in a realistic CDA system.

For small ensemble sizes, applying a 5% (o = 1.05) multiplicative inflation lowers the minimum ensemble
size required to prevent divergence. However, as the inflation parameter increases, the RMSE also increases.
For the fully observed case, when using multiplicative inflation, the RMSE increases as the ensemble size
increases, similarly to what was shown for the Lorenz (1996) model by Penny (2014). When observations
are sampled from the opposite model component, the ETKF with inflation diverges to higher RMSE than
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Figure 18. The RMSE of forecasts at various lead times in the (a) atmosphere and (b) ocean components for the ETKF using SCDA, WCDA, and the forced ETKF
with perfect and noisy forcing. The analysis window is 7 = 2.5 MTU (6 hr), and the forcing window of uncoupled ETKF is t;, = 0.1 MTU (16 min).

the free run. This indicates that the use of traditional inflation methods may need to be revisited, particularly
for SCDA applications. Grudzien et al. (2018a, 2018b) indicate the importance of the choice of inflation
method, and a thorough investigation of inflation methods within the context of CDA is a necessary area
for future study.

Next we assess the impact of using a fixed versus dynamic observing network, with observations sampled
from physical grid space. For reference, we also show the analysis RMSE with observations sampled from
the native model spectral space. For large ensemble sizes, when observing either the whole system or the
atmosphere only, the ocean analysis is most accurate using a dynamic observing network, while the atmo-
sphere analysis is generally more accurate when using a fixed observing network (Figure 17). When only the
ocean is observed, the dynamic observing system generally produces more accurate analyses for both the
ocean and atmosphere. The minimum ensemble size required for convergence generally remains unaffected
by the type of observations except when the analysis/observing window is 6 hr or greater. For example, when
assimilating a dynamic observing system using a 6-hr analysis/observing window, the minimum ensemble
size rises from 10 to 16 members.

4.4. Forecasts at Various Lead Times

Penny et al. (2017) indicated “For the purpose of seamless prediction, the research community must demon-
strate that CDA not only improves initial states but also improves forecasts at all time scales.” In this section,
we compare the accuracy of forecasts at multiple lead times using DA with different degrees of coupling. For
these comparisons we use initial conditions produced from 36,000 DA cycles of a 37-member ETKF using
SCDA, WCDA, or uncoupled DA. At each cycle we initialize forecasts with lead times ranging from 0 to
10 days, compute the RMSE, and aggregate the results. For the uncoupled DA, we use a forced model with
either perfect forcing or forcing degraded equal to the perfect forcing plus a white noise of 10% of climatolo-
gical variability. The SCDA forecasts have the highest accuracy, followed by the WCDA, then the uncoupled
DA with perfect forcing. For the oceanic states (Figure 18), the forecasts produced by SCDA outperform all
the other couplings for the first 2 days of lead time. For both the SCDA and WCDA, the error grows quickly
after day 3 to reach almost the same level by day 10. The ocean forecast errors for the uncoupled DA using
perfect forcing are generally stable at all lead times, while at shorter lead times the forecasts generated by
degraded forcing result in a relatively larger RMSE than all other methods. A more realistic scenario for
degraded forcing might allow forcing error to grow with time until it reaches saturation, for example, by
relaxing the forcing field to climatology.

4.5. Hybrid Gain CDA

We conclude by assessing the performance of the hybrid gain method (Penny, 2014) applied to the coupled
model. We provide a comparison using a fixed observing network in the physical grid space (shown in
Figure 3) using varying levels of observational coverage. The construction of By and the tuning of its ampli-
tude are repeated for each observing network. The ratio of the diagonals of B to By is approximately 9.2 for
the full observing network case (14 for atmosphere-only and 2.9 for ocean only).

PENNY ET AL.

1820

95U017 SLOWIWOD 9A1TeERID 3[qeotjdde aLy Aq peusencb ae sejone VO ‘esn Jo sajni Joj Areiqi]auljuQ 8|1/ UO (SUONIPUOI-PUR-SWLIBIW0D"AB | IMAJeld] Ul [Uo//SdL) SUONIPUOD pue sWie | 8L 885 *[Z0z/0T/8T] uo Ariqiqauluo Ae|im ‘591 Aq ZS9T00S WETOZ/620T 0T/10p/W0d A8 im Atelq i puljuo sgndnBey/:sdiy oy pspeojumod ‘9 ‘6TOZ ‘99vZ2r6T



Journal of Advances in Modeling Earth Systems

10.1029/2019MS001652

(a)

RMS error of entire state

0.005

0.004

0.003

0.002

0.001

0.000

full observation (grid space)

(b) (c)

atmos observation (grid space) ocean observation (grid space)

0.010 0.10
—— ETKF —— ETKF —— ETKF
hybrid hybrid | hybrid
— 3pvar | £ 0.008 — 3pvar | £ 008 — 3Dvar
@ @
o o
£ 0.006 £ 006
5 5
k) s
5 0.004 5 0.04 ra
= = R
Qo o
g w
2 0002 Z 002
NS

5

10

15

0.000 0.00
20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35

Ensemble size Ensemble size Ensemble size

Figure 19. Time-mean analysis RMSE of using different DA systems. Observations in the physical grid space (Figure 3) are assimilated from (a) the full observing
network, (b) the atmosphere only, and (c) the ocean only. The relaxation-to-prior method (weight 0.6 to the prior perturbation) is applied for inflating the analysis
spread for the ETKF; no inflation is applied for the hybrid gain (a = 0.5).

When the full observation network is assimilated (Figure 19a), the ETKF with relaxation (Zhang et al., 2004;
weight 0.6 to the prior perturbations) achieved the best analysis accuracy with as few as five members. The
stability of the ETKF with small ensemble sizes degrades without applying relaxation (not shown). The
tuned 3D-Var system achieves less accurate analyses than the ETKF provided that a sufficient ensemble size
is used to avoid filter divergence. When combining the ETKF (without relaxation) and 3D-Var via the hybrid
gain method (o = 0.5), the hybrid gain shows better analysis accuracy than 3D-Var even with the smallest
possible ensemble size of two members. Because it acts as a form of additive inflation, the hybrid does not
require the application of relaxation (or any other form of covariance inflation) typically required to stabilize
the ETKF. The hybrid is more stable than the ETKF at small ensemble sizes. Decreasing «, which strength-
ens the impact of the ETKF in the hybrid analysis, causes the analysis accuracy of the hybrid to become clo-
ser to that of the ETKF, but at the expense of its stability for smaller ensemble sizes (not shown).

When only atmospheric observations are assimilated (Figure 19b), the behavior of each system is similar to
observing the full network, although the analysis is generally less accurate (and less stable for the ETKF).
With the relaxation scheme, the ETKF is stable for ensemble sizes of 9 or greater; the filter is only marginally
stable with an ensemble size of 6 to 8. When only ocean observations are assimilated, the analysis accuracy of
the entire system is significantly degraded. The hybrid achieved more accurate and more stable analyses
than the ETKF for a wide range of ensemble sizes under these conditions.

The performance of the ETKF and the hybrid method assimilating only ocean observations improves gradu-
ally as we increase the ensemble size (Figure 19¢); this is in contrast to the abrupt transition between the con-
vergence and divergence when full or atmospheric observations are assimilated. It is known that the
deterministic ensemble square root filters require an ensemble size large enough so that the perturbations
span the unstable and neutral subspaces (e.g., Ng et al., 2011; Trevisan & Palatella, 2011), and many
ETKF experiments with simple models have shown such abrupt responses to the ensemble size (e.g.,
Penny, 2014; Sakov & Oke, 2008). We conjecture that the cause of this gradual response is due to the wide
spectrum of near-neutral LEs in the coupled system that result from the slow ocean dynamics that render
the unstable-neutral and stable manifolds less distinct.

5. Conclusions

We have investigated properties of a coupled atmosphere-ocean model and the application of CDA. The
intention is to provide foundational knowledge that can serve as guidance to operational centers currently
making the transition from independent atmosphere and ocean DA systems to CDA and more specifically
to SCDA. The results have implications for the traditional use of forced atmosphere and ocean models for
operational prediction and provide further supporting evidence for the recent trend toward fully coupled
forecast models, for example, by the European Centre for Medium-Range Weather Forecasts in June 2018.

Experiments were conducted using the model of De Cruz et al. (2016) with coupled QG dynamics and
coupled thermodynamics. We adapted the model to compare CDA with the traditional approach applying
DA with forced uncoupled atmosphere and ocean models. The Lyapunov spectrum was computed for the
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coupled and uncoupled models, as well as for the DA systems themselves in order to provide a diagnostic of
the DA system stability. When applying the ETKF, the CLEs of the forced atmosphere become negative, a
necessary condition for the uncoupled atmosphere to synchronize with coupled dynamics. We were not able
to show this with the uncoupled ocean. In our experiments, the uncoupled ocean model did not synchronize
with the coupled model even when provided with perfect atmospheric forcing. Considering the very long
timescales in the ocean, it is possible that synchronization is achievable but requires a much longer integra-
tion. We evaluated the error covariance and error correlation matrices of the coupled forecast system. The
coupled model contains multiple spatiotemporal scales, which introduces complications for
numerical methods.

A number of DA methods were evaluated using uncoupled DA, WCDA, and SCDA. We compared the ETKF,
3D-Var, and 4D-Var. The ETKF and 4D-Var produced comparable accuracy when using a full observing net-
work. When the observing network is reduced to only the atmosphere, the variational methods have diffi-
culty converging in the ocean component.

A more thorough investigation of SCDA was conducted using the ETKF to compare the impact of using
varying degrees of model coupling, different analysis cycle windows, and multiple observing networks.
We also examined forecasts at various lead times from the ETKF analysis initial conditions. Further clarify-
ing results from Smith et al. (2015) who found that “the weakly coupled system was usually comparable to
uncoupled assimilations in which the atmosphere and ocean models were forced using the true SST and sur-
face fluxes,” we found that the weakly coupled DA system can actually produce larger errors than the forced
system, depending on the accuracy of the surface forcing provided. We also clarify results from Ballabrera-
Poy et al. (2009) and Han et al. (2013), who found that SCDA has difficulty in using observations from the
ocean (i.e., the low-frequency system) to accurately update the atmosphere (i.e., the high-frequency system).
While our results agree with this finding, we also found that by reducing the analysis cycle update time that
ocean observations assimilated with SCDA can, in fact, produce stable and relatively accurate
atmospheric analyses.

A new phenomenon was found when applying a hybrid DA method with CDA when increasing the ensem-
ble size. Rather than producing a jump from divergent to stable filter at a specific ensemble size, as would be
indicated by the dimension of the unstable-neutral subspace, there was instead a gradual improvement in
analysis accuracy. This result is attributed to the extended spectrum of near-zero LEs in the coupled
atmosphere/ocean system.

Based on the findings of this study, it is recommended that CDA is best performed in a strongly coupled fra-
mework. In transitioning to operational applications, appropriate localization strategies must be developed
until large ensembles can be employed. While we did not conduct a detailed study of inflation methods here,
we found that traditional methods such as multiplicative inflation may be wholly inadequate and encourage
future work that develops improved strategies to improve forecast model error representation for SCDA.
Finally, more work is needed to characterize the presence of multiple scales in coupled models and to deter-
mine how to best initialize these multiple scales for targeted prediction lead times.

The MAOOAM model (De Cruz et al., 2016), and particularly the configuration we use, was originally
designed to study low-frequency climate variability in the midlatitudes. In this scenario, the ocean model
is largely dependent on the atmospheric forcing. We note that there will be more chaotic dynamics in an
ocean model with higher horizontal resolution, increased vertical fidelity, improved thermodynamic cou-
pling, and the additional presence of hydrodynamic coupling.

We anticipate that SCDA will become a central area of study for initializing Earth system models for decadal
climate prediction. The atmosphere has historically been far better observed than the ocean. SCDA provides
the opportunity to use atmospheric observations to more accurately initialize the ocean state, which is essen-
tial for achieving skillful predictions beyond the often stated 2-week predictability limit of the atmosphere.
Additional study is needed with more sophisticated Earth system models to characterize geographic depen-
dence of the coupled feedbacks in SCDA. Future work is needed to explore the impacts of SCDA in systems
that include multiple Earth system model components, such as sea ice, waves, land, aerosols, and biogeo-
chemistry. Due to the complexity of interactions, we anticipate new insights to be gained from studying
SCDA applied to the full range of possible combinations of these components and expect that new DA solu-
tion methods may be needed to initialize the full coupled Earth system model.
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Appendix A
We present the derivation of the TLM for the uncoupled model. De Cruz et al. (2016) show that the
MAOOAM can be described as a system of Ordinary Differential Equations (ODEs) defined by the tensor
T such that
B Mi(x, T') = x"T'x, (A1)
dt
where T'is a (N + 1)-by-(N + 1) constant matrix depending on the model parameters. In order to simplify the
derivation of the forced atmosphere/ocean model, we decompose the matrix T* and the augmented state vec-
tor x into its atmospheric and oceanic components,
Til,l Til,a Tgto 1
T'=|T,, Tiy Ti, | andx= [x,|. (A2)
Tox Toa Top Xo
In the equation for the forced atmospheric model, we group terms on the right-hand side as either dependent
on or independent from the atmospheric variables,
dx,; — i
o~ Mai(%a %, T') (A3)
=XIT ) + T} Xa + X, Th Xo + X Ty X, + (ig)TTf)ﬁaxa + ¢, for i€l,, (A4)
where ¢! is a term independent of the atmospheric state x,,
¢h=Thy + T + (%) Toy + (%) Th, % (A5)
and where I, denotes the subset of indices corresponding to the atmosphere.
To form the TLM for each uncoupled system, we first derive the Jacobian of the above ODEs by taking deri-
vatives with respect to each of the component variables. Starting with the atmospheric variables, each row of
the Jacobian matrix is
dM a.i aM ai aM a,i
J .= d L , A6
@t {5xa,1 0Xaz2 O0Xa N, (A6)
i \" i T (i T ~e\T [ i i \" ;
= ((18y) +Tha )+ x5 (oo + T5,) + ()" (Tho + (Th) ) fori€la. (A7)
The differential form of the forced TLM for a small atmospheric perturbation 6x, is
d(6Xg
( dt“") = Jai0%q (A8)
i \T i T [ i i \T s\T [ i i \7
= (Tml) + Tl.a 6Xﬂ + Xa Ta,a + (Ta,a) 5Xa + (XO) To,a + (Ta,o) 5Xa‘ (A9)
Similarly, the forced oceanic model is given as
dx,; ~ ;
di" = Mo (X5, %o, T') (A10)
=T X + X T + X T8 %o + (X2) T, %o + XU T! X + cf, foriel,, (A11)
where ¢} is a constant term with respect to the ocean state x, such that
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. . i ~c ~c\T i ~c\T i ~c
ciz - Tll,l + Tll,axa + (X;) Tiz.l + (X;) Til,axm (A12)
and the differential form of the forced TLM for a small oceanic perturbation 6x, is
d(0%,,i
( d)iOJ) = J,,i0X, (A13)
i i \7 T i \T i z\T i \" i
= (Tt () Joxo+x0( (The) +Tho )85+ (%) ((Tha) + Tho ) 8%, (A14)
where each row of the Jacobian is
O0M,; OM,; OM,;
i = 0,i [ 0,i (AlS)
0Xo1  OXo2 Oxo N,
. NT N . ~ RN . .
_ (T;p +(154) > +x! ((T) + Tjw> +(x)" ( (15) + T;,O) foriel,. (A16)
Appendix B: Data Assimilation Methods
B1. 3D-Var
Given the background model state vector x and the observations y° at time ;, we compute the analysis
x = x? that minimizes the cost functional,
1 1
J(x) = 3 (x—xb)TB‘l (x—x") + 3 (y°—h(x))"R™ (y°—h(x)) (A17)
where B and R are the background and observation error covariance matrices and h(-) is the (possibly non-
linear) observation operator. By linearizing the observation operator h(x) ~ h(x’)+H(x — xP), and introdu-
cing a change of variables 6x = x — %% and d = y° — h(xP), we can convert (5) to the incremental form
1o rp-1 1 Th-1
J(8x) = 55}( B~ 5x + > (d—Héx) R (d—Hdx) (A18)
Direct calculation of J(6x) in this form requires computing the inverse of B. This presents challenges for high
dimensional systems and particular difficulties for coupled atmosphere-ocean dynamics for which the con-
dition number of B can be as large as 10'° due to the wide range of resolved scales.
We find x” using an iterative minimization algorithm. The convergence rate is related to the conditioning of
the Hessian matrix with respect to the control variable §x,
Ssx = B!+ HTR'H. (A19)
To address this conditioning problem, we perform the control variable transform (CVT) as described by
Bannister (2008),
Léu = 6x (A20)
which converts (27) to
1 1
J(8u) = EcSuTcSu +3 (d—HLSu) 'R} (d—HLSu), (A21)
with the gradient,
VJsu = Su—LTH'R™}(d—HLSu). (A22)
The Hessian matrix with respect to the new control variable du is
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T
Spu =1+ (Bl/z) H'R-'HBY? (A23)
with an upper bound for the condition number,
cond(Scyr) = 1+ ||[R™/?’HBH'R™?|| (A24)
(Haben, 2011) which is generally much smaller than cond(S). The use of a CVT is common in operational
systems (Bannister, 2008).
B2. 4D-Var
The cost function of the strong-constraint 4D-Var with initial condition x is
1 T -1 b 1Y o Th-1(0
J(x0) = 3 (x0—xg) B! (x0—%) +§Z%) (y{—h(M;(x0))) R (y{—h(Mi(x0))), (B1)
iz
where M;(x,) is the model forecast at time tl We adopt the incremental approach (Courtier et al., 1994) to
solve (34) where we seek a series of states XO ,J=0,1,2, .., n; For each xg’ >, we determine the increment &
) that minimizes
] 1 . N\1T . .
o) - o) )
1N R . (BZ)
=) [d(” —HM| % ] R [dE”—HiMi\ Xg>5x§,’)}
i=0
where dl@ =y)—H (Ml- (xé”)) and Mi|xg) is the TLM of M; (xg)). We set the next state Xg+1 Xg) + 5xg)
and repeat the iteration in an outer loop, until the algorithm reaches a minimum error threshold. As for 3D-
Var, we apply the CVT so the cost function becomes
. 1 . T . .
J(Sué”) = —[éug)—ugm} [5ug)—ug(’)}
2
' ' (B3)
4o 2 { /) -HM;|  Luf ] R [a)-HMy o L |
where
Lou;’ = (x;—x{") (B4)
and the gradient of J is
Vi = [5ug">—5u’5(">} Uy MT| JHIR [di(")—HiMi\ 9 Laug)} . (BS)
B3. Ensemble Transform Kalman Filter (ETKF)
Ensemble forecasts are used to form a dynamic estimate of the background error covariance matrix for the
ETKF (Bishop et al., 2001; Hunt et al., 2007),
po— L xo(xt)” (B6)
k—1 '
where each column of X’ is an ensemble perturbation and k is the total number of ensemble members.
Assuming that the analysis error covariance matrix is of the same form, we seek a transform matrix W
applied to X’ so that X* = X’W. Given that P* = [I+P’H'R™"H]'P? (Hunt et al., 2007, equation (11)),
we have
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1 T 1 T ! T
P = —X'WWI(X') = {I + X X)) H'R'H| —X(X’)". (B7)
Further letting Y’ = HXb,
1 L b\ Tp-lyb T\ — L b xeb\T
— XTI+ —(Y) RV | WW' (X)) = —X°(X°) . (B8)
k—1 k—1 k—
We can simplify so that
14— (V) RV [WWT =1 (B9)
k-1 '
Because (Y?)'R™'Y? is symmetric and positive semidefinite with at least one eigenvalue of 0, I + ﬁ (Yb)T
R'Y? is symmetric and positive definite and so is invertible,
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Considering the small size of the model under investigation, we do not use localization.
B4. Hybrid Gain Coupled Data Assimilation (CDA)

Penny et al. (2017) recommended the investigation of multiscale methods for CDA. As a simple type of mul-
tiscale DA approach, we test the hybrid gain algorithm of Penny (2014), which forms a combination of cli-
matological and dynamically estimated gain matrices,

K = B, K’ + B, KP—B,KPHK". (B13)
We consider hybrid methods as basic multiscale methods because the ensemble-derived error covariance
represents short-timescale errors (with respect to the analysis increment) valid at a specific time, while
the climatological error covariance uses a long-time average of these errors valid over a long integration
of the model. Hybrid DA algorithms can improve the stability and the accuracy of a filter, particularly in
the presence of model bias (Bonavita et al., 2015; Penny, 2014; Penny et al., 2015; Penny, 2017). Following
Bonavita et al. (2015), we use 31 = 1 — a, B, = a, and 83 = 0 and set the relative weight between the
ETKF and variational method as a constant a = 0.5. In the variational component of the hybrid, the clima-
tological background error covariance matrix is tuned for each observation network.
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