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Addendum to the PHASE II Final Report (period ending 30 June 2011)
CONTRACT NO. N00039-08-C-0017

Administrative Narrative
The Phase II Option was used to extend the Phase II work by transitioning the LETKF-NCOM

ocean data assimilation system to the group 7320 computers at Stennis Space Center. The goals of
the Phase II Option are stated in the Phase II Final report, and were aimed to address essentially two
issues: (1) deploy LETKF-NCOM on the computers at Stennis, and (2) compare LETKF-NCOM
results to NCODA-MVOI results in as fair a comparison as is practical.

Various items that detail the administration of the Phase II Option were given in the three quar-
terly progress reports (QPR), submitted on the 23rd day of September 2010, December 2010 and
March 2011. Only the details from prior QPRs that are relevant for this addendum are reproduced
below.

The Phase II Option began June 23, 2010, and a kick-off teleconference was held on July 21,
2010. Ed Mozley convened the meeting that included Clark Rowley, Pete Spence, Ross Hoffman
and Mark Leidner.

Start-up of the project was delayed during late summer 2010 without access to the 7320 com-
puter systems at Stennis Space Center. By late September 2010, Mark Leidner and Ross Hoffman
had the hardware and Information Awareness (IA) training to access the 7320 computer systems at
Stennis Space Center. The project was largely fallow during the month of October 2010 as Mark
Leidner recovered from an unplanned health-related issue. The task of transitioning the LETKF-
NCOM ocean data assimilation software began in November. Given the slow start to the Phase II
Option, a 6-month, no-cost extension was granted to allow the time for the work to be completed.

As soon as a version of the LETKF-NCOM software was working on the computers at Stennis
(Dec 2010), new software development was required to move from the small-sized ensembles (2-
6 members) used during the Phase II work, to larger, more realistically-sized ensembles (> 24
members).

Eric Kostelich, Assistant Professor of Mathematics at Arizona State University and co-author
of the LETKF software, was hired by AER as a consultant for the last five months of the Phase II
Option.

Near the end of the Phase II Option, Mark Leidner made a site visit to NRL at Stennis Space
Center (SSC). During the two-day site visit (June 21-22), Mark Leidner and Clark Rowley ex-
changed technical information about NCOM and LETKF, looking for ways for NCODA and
LETKF to work together. The goal of the trip was to determine the steps to complete the inte-
gration of LETKF and NCODA. The outcome of these discussions are given in this report.
Technical Progress
T–I. Introduction

The simplified sequence of goals during the Phase II Option was: (1) reproduce the same 6-
member ensemble assimilation results on Stennis Space Center computers as were generated at
AER during the Phase II work, (2) increase the number of ensemble members to a more realistic
size (i.e., more than 24) for larger-scale testing and qualification, (3) tune the assimilation system
through various cycling data assimilation experiments that cover weeks to months of testing, and
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(4) compare to existing NCODA-MVOI and NCODA-3DVAR results.
The technical progress reported below shows that tasks 1-2 are complete, task 3 is mostly

complete, and task 4 has not started.
Clark Rowley and Mark Leidner discussed approaches to task 4, i.e., making a fair compari-

son among the MVOI, 3DVAR and LETKF assimilation systems, on several separate phone calls
during the Phase II Option. The approaches ranged from off-line comparisons (comparison of re-
sults from independent tests; least preferred) to comparisons among versions of NCODA that use
MVOI, 3DVAR and LETKF as the analysis technique. This last approach is the most preferred
since the same observation preprocessing (including quality control and de-tiding) and validation
approach would be applied across all assimilation methods. But the integrated NCODA compar-
isons require integration of LETKF into the NCODA framework, since a version of NCODA that
uses LETKF does not currently exist. (LETKF/NCODA integration was suggested in the work
plan for the Phase II Option in the Phase II final report, page 8: ”Integrate the LETKF NCOM into
the RELO cycling scripts (i.e., use existing model support codes to surface and lateral boundary
condition preparation, etc.).”.) Without a well-tuned LETKF-NCOM assimilation system during
the Phase II Option, however, it was premature to attempt any comparisons to the existing NCODA
assimilation systems.
T–II. LETKF Deployment at Stennis Space Center

The preceeding Phase II work used a single-processor version of LETKF-NCOM exclusively.
As early as possible in the Phase II Option, it was important to advance the LETKF-NCOM ocean
data assimilation system to make use of distributed computing resources so that larger ensembles
of forecasts could be used.

First, however, considerable effort was required to compile and test the single-processor version
of LETKF at Stennis. The code was developed with the Intel fortran compiler, but an up-to-date
Intel compiler was not available at Stennis. Stennis Group 7320 computers make wide use of
the Portland Group (PGI) fortran and C compilers. But LETKF’s primary author, Eric Kostelich,
strongly recommended that we choose the g95 or gfortran compilers instead of the Portland Group
compilers. Indeed, we could not get an LETKF executable created with the PGI compilers to
execute properly. All of the work reported here made use of gfortran and OpenMPI message-
passing software for compiling.

Significant development and testing was required to upgrade the LETKF-NCOM software to
parallelize the input and output of NCOM ensemble members. In the single-processor version, all
ensemble input or output was handled via a single, large file that contained the full model states
for all ensemble members. But for much larger ensembles, this approach was clearly going to
produce an i/o bottleneck. Further, with more ensemble members, much more memory would be
required to complete an analysis. Without distributing the geographic domain during the solving
phase of the analysis, the cpu and memory requirements of a single-processor analysis would make
extended testing, not to mention operational use, impractical. A single processor version using a
6-member ensemble takes about 45 minutes to complete one analysis. With the work accomplished
during the Phase II Option, a typical analysis using a 36-member ensemble, distributed among 36
processors would finish in 8-12 minutes, depending on the number of observations assimilated.

Among the new software written to accommodate parallel NCOM input to and output from
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LETKF was software to broadcast NCOM model grid parameters to all of the processors being
used. Before any processor can perform its portion of the analysis, it must know everything about
the NCOM grid (bathymetry, height of the model’s sigma and fixed height surfaces at every grid
point, etc). This process was centralized by reading in the NCOM grid parameters only once
by the master process and broadcasting these parameters out to all of the slave processes before
the solving portion of the analysis begins. For reading and writing the NCOM forecast and initial
condition files we were able to reuse software developed during Phase 2, which was previously part
of the interface package and is now part of LETKF proper, and then to make use of the procedures
built-in to LETKF to communicate forecast and analysis ensemble members.
T–III. Single Observation Testing

Assimilating a single observation yields the finger print of an analysis system. In the case of
LETKF, such a finger print is dependent on the background flow. The first five figures of this report
present results from single observation tests.

Single observation tests were conducted to quantify the impact that an observation can have on
the analysis under controlled conditions. These tests were also conducted to validate the assimila-
tion technique for simple-to-understand cases. Single observation tests were also used to tune the
various localization parameters to values appropriate for ocean data assimilation and in particular,
the Okinawa Trough NCOM ocean modeling domain in July 2007.

The results presented here use a single observation near the center of the NCOM model do-
main, approximately 27 N latitude and 126 E longitude. Fig. 1 shows sea surface temperature for
the whole modeling domain, including the ensemble mean background (top panel), mean analy-
sis from assimilating the observation (middle panel), and the analysis increment (analysis minus
background; bottom panel).

The observation is a single SST measurement, set to be 0.5 C warmer than the background,
with an assigned observation error standard deviation of 0.5 C. 0.5 C was chosen since it is a larger
but realistic difference between model and observation. As a consequence, the color scale on the
the analysis increment panel is -0.5 to +0.5 C to allow for the possibility that the analysis matches
the observed value exactly at the observation location (i.e., an increment of +0.5 C).

The ensemble used for the background began from a 36-member climate ensemble described
as the ’nature run’ in the the Phase II final report. The ’nature run’ of NCOM was a 9-day NCOM
forecast with output fields available four times per day (00, 06, 12 and 18 UTC). The 36-member
ensemble begins with the 36 model states from the 9-day nature run (9 days times 4 times/day
equals 36 NCOM model states). We found that without a few days of cycling data assimilation,
the 36-member ensemble retained unwanted characteristics, peculiar to our choice of the starting
climate ensemble. After a few days of cycling data assimilation, we found that artifacts in the
starting climate ensemble had been washed away through the evolution of the model states during
cycling data assimilation. A number of such experiments were conducted to tune the observation
standard deviation, and the localization and ensemble inflation parameters of LETKF. At the point
in analysis cycling selected as the background time for the single observation tests, a set of model
states populates the ensemble that are representative of the analysis uncertainty and that has been
reconciled to a time series of observations through cycling data assimilation.

The observation location was also chosen because the background ensemble standard devia-
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tion is a bit larger than the average location, 0.5 C, whereas typical values for other observation
locations are 0.1-0.3 C. A larger than normal ensemble standard deviation for a particular location
indicates larger uncertainty in the background field.

Given that the background uncertainty and observation uncertainty are 0.5 C, we would expect
the analysis increment at the observation location to be an equal compromise between the back-
ground value and the observed value – that is, an increment of 0.25 C. Magnified plots, showing
just the analysis patch around the observation (Fig. 2), demonstrate that the increment is nearly
exactly 0.25 C at the observation point (see bottom panel of Fig. 2). The analysis patch in this case
extends 120 km north, south, east and west, for an effective analysis box that is 240 km by 240 km
centered on the observation. The horizontal localization also reduces the impact of the observation
using a trapezoidal taper that gives full weight to the observation within 9 km north, south, east
and west, but then tapers linearly to zero at 120 km. This increment produces a modest change to
the background (compare top and middle panels of Fig. 2). But the pattern of the increment reveals
the flow dependence of the background error uncertainty. Because this observation falls on a rel-
atively sharp gradient in sea surface temperature whose position is uncertain among the ensemble
members, the influence of this observation follows the temperature gradient both to the west and
even further to the east of the observation location. In fact, the flow dependent uncertainty follows
the gradient far from the observation location, since the position of the north and east edges of the
adjacent pool of warm water is uncertain. This can be seen in the bottom panel of Fig. 3 where
contours of the analysis increment (black) are overlaid on top of the mean background sea sur-
face temperature. In this visualization, it is easy to see how the increments follow the temperature
gradient on the north and to the east sides of the warm pool.

Fig. 4 shows an west-to-east vertical cross section of potential temperature along 27 N latitude
that crosses through the observation point. (See the red line in the top panel of Fig. 3 for the cross
section location.) The vertical localization used for this single observation experiment does not
restrict the influence to the top of the ocean, but allows a sea surface observation to influence the
full column depth, where ever non-zero correlations determined from the ensembleby LETKF.

The bottom panel of Fig. 4 shows the vertical and horizontal correlations as determined by
LETKF in the x-z plane.

Finally, Fig. 5 shows a progression of horizontal localization from very wide influence (1500
km by 1500 km analysis patch, top panel) to the regionally restricted and tapered localization
(240 km by 240 km analysis patch with a 111 km trapezoidal taper, bottom panel) that is used
throughout all of the other results presented in this report. It is clear that using no taper, i.e., the
Heaviside step function (middle panel), will produce artificial and unwanted edges/gradients in the
analyzed field.
T–IV. Cycling Assimilation Results

The view of LETKF’s impact on the analysis from a single observation in the last section is
now scaled up to many observations.

Fig. 6 through Fig. 9 show the same kind of plots as were presented for the single observation
results in the previous section, but for a much larger portion of the whole Okinawa Trough mod-
eling domain (see the red boxes in Fig. 6) and assimilating more than 1,000 AVHRR sea surface
temperature retrievals (these are the Multi-Channel AVHRR SSTs, MCSST) plus scattered ship,



Distribution authorized to US Government agencies only: Contains proprietary information. 5

fixed and drifting buoy measurements.
Apart from some artifacts in the extreme northeast corner of the whole modeling domain, the

increments produced by assimilation of many observations is much as we would expect. In some
areas, the observations have little impact, because the background is already very close to the
observed values. In other areas, the uncertainty in the background field and the difference between
the observation and background create large, significant increments. But because neighboring
points see the same uncertainty in the background flow, the resulting analysis increments reflect a
shared understanding of the uncertainty, which produces increments that vary in space according
to the background flow.

A one-week cycling data assimilation test was performed assimilating temperature and salinity
measurements only with a 36-member ensemble, for the period 12Z July 1 to 06Z July 8, 2007.
In the framework used in this study, one week is 28, 6-hour analysis/forecast cycles. We chose
not to assimilate sea surface height measurements in this test for several reasons: our starting
climate ensemble captures the tidal cycle in a completely mixed state of phases; we do not have
the de-tiding and de-meaning software for the NCOM model fields required to line up with some
sea surface height observations; we felt it was more important to align the ensemble with the
3D model state variables first and perhaps turn on assimilation of sea surface height later, after
the ensemble has been reconciled to T and S observations for one week or one month of cycling
data assimilation. Sea surface height is partly related to the temperature and salinity properties of
the column of water beneath it. Once the 3D fields have been conditioned by and reconciled to
available T and S observations, the height field should be in a better condition to begin assimilation
of height observations. Alternatively, sea surface height data could help fix the temperature and
salinity fields more quickly than with without using the height data.

Fig. 10 shows the statistical analysis of the fit of the background and analyzed ensemble mean
fields to the sea surface temperature observations assimilated (top panel). (The fit to salinity mea-
surements is of limited utility due to the small number of observations and is not shown here.) For
each analysis cycle, the fit of the analyzed fields is slightly improved compared to the background,
which is one sign of a healthy assimilation system. The occasional spikes in the o-a/o-b stats are
possibly due to a quality control issue with the incoming GODAE observation data. This requires
further investigation to confirm and address. But apart from what appears to be an occasional QC
issue with the observations, the assimilation system seems stable. Further, the analysis of the en-
semble variance at the SST observation locations over the course of the 1-week experiment (middle
panel) seems stable for both the background and analyzed fields. (The ensemble variance may be
starting to slowly diverge during the last two days, or this may be a temporary, small change in the
ensemble variance due to changing flow conditions in the modeling domain.) For reference, the
number of sea surface temperature observations assimilated at each analysis cycle is shown in the
bottom panel of Fig. 10.
T–V. Pathway for NCODA/LETKF integration

The outcome of the site visit to Stennis is the following plans to integrate LETKF into NCODA
as another analysis option.

Sample NCODA-LETKF flowchart. Steps flow from top to bottom. Steps separated by a
section line:
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Mark Leidner and Clark Rowley
MRecorded: June 22, 2011
NRL - Stennis Space Center
Starting from an NCOM ensemble of forecasts, generate the Ensemble Mean Background fields
(the software exists in the letkf/niface worker programs).

Worker program #1: Ens Mean Background -> NCODA-format NCOM forecast fields
(* fcstfld).

-> seatmp_ ... _fcstfld
Ens Mean B -> salint_ ... _fcstfld

-> uucurr_ ... _fcstfld
-> vvcurr_ ... _fcstfld

Also, must run Clark Rowley’s convert code one time per experiment:

... _gridlat
gridnc -> ... _gridlon

... _depths

NCODA prep requires gridlat, gridlon and depths files to be present.

Run NCODA prep
Sample of observation file outputs from NCODA prep:

coda.TMP_obs.nest00.yyyymmddhh
coda.SAL_obs.nest00.yyyymmddhh
coda.SSH_obs.nest00.yyyymmddhh

...

...

Worker program #2: NCODA-format prep observation files -> lof
Convert the pre-processed NCODA observation files into lof-format.

Run LETKF.
Writes out 36 NCOM oinit files and the ensemble mean analysis.

Worker program #3: Ens Mean Analysis -> NCODA-format NCOM analysis increment fields
(* analinc)
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-> seatmp_ ... _analinc
Ens Mean A -> salint_ ... _analinc

-> uucurr_ ... _analinc
-> vvcurr_ ... _analinc

Run NCODA post.

Advance updated NCOM ensemble forward one analysis cycle period.

End of NCODA-LETKF flow chart.
Notes and pseudocode of worker programs:
Worker programs #1 and #3 are nearly the same, except in #3, the ensemble mean background grid
must also be read in so the analysis increments can be written out.

program ncom2ncoda

! Purpose: convert an ncom m file to equivalent NCODA-format/
! COAMPS-named files.
! The mode of operation may be set to pass the fields thru unchanged
! (mode=f2n), or
! compute and write out the gridded analysis increments
! instead (mode=a2n).

! Comments:
! COAMPS filenames are 64 characters and are constructed inside wr_ocn_anl().
! NCODA-format files contain one time level and one variable per file.

! Set mode from command line input
mode = ’f2n’ ! forecast to NCODA [#1] OR
mode = ’a2n’ ! analyzed to NCODA [#3]

if (mode == ’f2n’) then
call read_mof( <ens mean forecast> )

else if (mode == ’a2n’) then
call read_mif( <ens mean analyzed> )
call read_mof( <ens mean forecast> )

else
stop ’ncom2ncoda: not a known option. stopping.’

endif

if (mode == ’f2n’) type = ’fcstfld’ ! [#1]
if (mode == ’a2n’) type = ’analinc’ ! [#3]

nvars=4
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var(1) = ’seatmp’
var(2) = ’salint’
var(3) = ’uucurr’
var(4) = ’vvcurr’
for iv=1,nvars

if ( mode == ’a2n’ ) then
! Compute gridded increments

A = analyzed(var)
F = forecast(var)
outfield = A - F

else
! Extract requested var

outfield = forecast(var)
endif
call wr_ocn_anl(var(iv), outfield,..., type, ...)

endfor

end program ncom2ncoda

program codaprep2lof

! Purpose: convert NCODA-preprocessed observation files into LETKF
! obs format (lof).

! Comments:
! NCODA-preprocessed observation files are output by NCODA prep
! and have the following file naming convention:
!
! coda.TMP_obs.nest00.<yyyymmddhh> (3D temperature)
! coda.SAL_osb.nest00.<yyyymmddhh> (3D salinity)
! coda.SSH_obs.nest00.<yyyymmddhh> (2D surface height)

use, only, obs_types:: model_obs_type

real:: ncoda(*,5) ! structure to hold NCODA obs read from input file
type(model_obs_type), allocatable :: obs ! holds outgoing lof obs

nvars=3
var(1) = ’TMP’
var(2) = ’SAL’
var(3) = ’SSH’

nobs=0
! read input NCODA obs files once to get a total observation count

for iv=1,nvars
call rd_obs_data(var(iv),...,n,...)
nobs = nobs + n

endfor

! allocate lof data struture
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allocate(obs(nobs))

! read input NCODA obs files again to store obs

for iv=1,nvars
call rd_obs_data(var(iv),...,ncoda,...)

! add current observations to lof data structure
call map_ncoda2lof(ncoda, obs) ! to be written

endfor

call write_observation_file()

end program ncodaprep2lof

There are several additional ideas that would leverage the NCODA pre- and post-processing
outputs to improve LETKF’s performance for ocean data assimilation:

* Use NCODA-computed 3-d gridded estimates of vertical correlation to set the vertical lo-
calization in LETKF (instead of the domain- wide specification in current use), or use obs-based
NCODA estimates of vertical correlation during assimilation in LETKF. The latter approach is
simpler in practice and requires much less memory.

* Use NCODA o-a and o-b stats to govern LETKF covariance inflation.
* Use NCODA-estimated obs errors, specific to each observation platform and in some cases

specific to each observation, instead of crude estimates in current LETKF obs pre-processing (static
values set by model state variable).
Current Status and Future Activities

The LETKF/NCOM experiments at Stennis are now underway, using a realistic ensemble size
and model domain. We conducted preliminary tuning of the LETKF parameters—observation
standard deviations, localization, and ensemble inflation. One full week of data assimilation is
complete. Analysis of single-obs experiments demonstrate the great potential of LETKF to capture
and make use of flow-dependent uncertainty in the background (6-h forecast) ensemble. Technical
progress during the option phase includes (i) migration of the LETKF to the Stennis environment;
(ii) modification of the I/O and data handling specific for NCOM within LETKF to make full use
of the multi-processing capabilities of LETKF; and (iii) demonstration that the system scales well
on the Stennis computer system.

Immediate future activities should focus on integrating LETKF into the NCODA system. This
work will parallel in some aspects a similar effort that has already integrated 3d-VAR with NCODA.
Because LETKF is an ensemble system this will require some extensions, but for the most part the
LETKF ensemble mean forecast will be the ”background” provided to the NCODA pre-processing
segment and the LETKF ensemble mean analysis will be the ”solution” provided to the NCODA
post-processing segment. An interface between the NCODA observation pre-processor output and
the LETKF input will need to be forged to assure that observation selection and quality control are
handled consistently. But a model for this pathway already exists in 3d-VAR version of NCODA
and the steps have been determined (see Section T–V.). There will therefore be few changes for
an initial demonstration. Clark Rowley and Mark Leidner estimate the level of effort to implement
and test the NCODA-LETKF linkage is approximately 2 man-months.
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Then, with integration into NCODA complete, experiments running for several weeks to sev-
eral months will enable fine tuning of LETKF parameters and detailed comparison versus the
MVOI and 3d/4d-Var analysis methods. If warranted by results from these experiments, transition
to operations should be efficient due to the integration of LETKF with NCODA, which is itself
fully operational.

But there are several issues that will require more careful consideration going forward. First
the LETKF estimate of uncertainty is restricted to the subspace spanned by the ensemble. This
is precisely what is required for LETKF, but is generally small compared to the true uncertainty.
An estimate of the true uncertainty based on the ensemble variability will need to be developed to
ensure that the NCODA post-processing assumptions are valid. Second, sources of uncertainty due
to the atmospheric forcing and the lateral boundary conditions are not part of the current NCODA
design, but are desirable for ensemble data assimilation methods in order to reduce reliance on ad
hoc ensemble inflation schemes. Finally, there are two issues common to most ensemble forecast
systems: (1) accounting for model error and (2) calibrating an ensemble to match the expected
uncertainty of ocean prediction. A discussion of these topics and some experimental approaches
to solving them are given below for reference.

The Local Ensemble Transform Kalman Filter may be extended in a couple of ways to account
for errors in the dynamical model and in the observations. Because the dynamical model is im-
perfect, its attractor differs from that of the “true” system. A correction scheme that attempts to
move an initial condition from the imperfect model attractor onto (an approximation of) the perfect
model attactor may instead result in undesirable dynamics, such as spurious gravity waves in the
case of an atmospheric model. Instead, it may be preferable to allow the dynamics of the forecast
model to evolve on its own attractor and account for deviations from the truth independently.

This idea was suggested by Baek et al. (1), whose approach can be summarized as follows.
Suppose that Fm is a model of some “true” process, F . Let xm(tn−1) denote the state at time tn−1 on
the model attractor. Instead of forcing the state of the forecast model to the “true” state x(tn−1), we
try to mimic the true dynamics in a “shifted” location in the state space at the next update cycle:

b(tn) = F(x(tn−1))−Fm(xm(tn−1)) = F(x(tn−1))−Fm(x(tn−1)−b(tn−1)).

The vector b is the “bias” or correction term, and the goal of the data assimilation scheme is
to find an optimal estimate of the augmented state (xm,b) at time tn. The updated model state
xm(tn) = x(tn)− b(tn) may be regarded as the “best” state from which to make the next forecast.
The augmented dynamics may be regarded as a system of the form

x(tn) = Fm(x(tn−1)−b(tn−1))+b(tn)

b(tn) = G(x(tn−1),b(tn−1)),

where G is some model for the evolution of the forecast bias. In the simplest case, G may be the
identity map (i.e., constant bias), but G also could be a deterministic or random (autoregressive)
process. This approach has been used successfully to estimate errors in satellite radiance observa-
tions in an application of the LETKF to the Global Forecast System atmospheric model (2).

Like all ensemble methods, the prior estimate of the forecast uncertainty is a Monte Carlo esti-
mate from the set of ensemble solutions. Due to nonlinearities and errors in the forecats model, the
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ensemble may underestimate the actual uncertainty in the forecast state, and therefore underweight
the observations at the next analysis step. Often, systematic underweighting of the observations
causes the filter to diverge, following only the forecast model state and eventually ignoring the
observations altogether.

To compensate, ad hoc methods have been employed to artificially inflate the ensemble vari-
ance at the forecast time. Such “variance inflation” schemes multiply each background perturba-
tion from the ensemble mean by a common factor, √ρ, which increases the overall variance by ρ.
(One takes ρ > 1 under the assumption that the ensemble solutions underestimate the true forecast
uncertainty.)

The present implementation of the LETKF allows one to specify ρ by latitude and altitude, but
the “optimal” values of ρ must be found by trial and error. This can be an expensive effort for a
complex model. Jeffrey Anderson from NCAR has suggested an algorithm for adaptive covariance
inflation (3). The method relies on a comparison between the mean of prior ensemble estimate,
ȳp, of a given observation y (i.e., the mean of the observation that would be predicted from each
member of the forecast ensemble) and the actual observation. This information, together with the
observed variance of ȳp and the observation variance, can be used to find an approximation poste-
rior mean for the variance inflation. Using a 40-variable ODE model suggested by Ed Lorenz (4),
Anderson shows that his approach can produce reliable results even in the presence of large model
error and small ensembles. Future work might include an investigation of Anderson’s approach on
a complex geophysical model using the LETKF.
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Single Observation Test, Whole Domain
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Single Observation Test, Analysis Patch
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Single Observation Flow Sensitivity
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East-West Vertical Cross Section of a Single Observation
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Single Observation Localization Tests
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Sea Surface Temperature
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Sea Surface Temperature
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Flow Sensitivity to Many Observations
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Vertical west-east Cross Section
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Time Series of Ensemble Verification Statistics, SST
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