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ABSTRACT

We report on initial efforts associated with a new
project supported by NOAA and the National
Oceanographic Partnership Program to quantitatively
evaluate observing system strategies for the purpose of
monitoring the Atlantic Meridional Overturning
Circulation. The primary strategy is to use Observing
System Simulation Experiments (OSSEs) to evaluate
the impact of new and planned observing systems, and
also to use Observing System Experiments (OSEs) to
evaluate the impact of existing observing systems. We
summarize our plans for developing and validating an
ocean OSSE capability at NOAA/AOML and the
University of Miami over the next 1-2 years. During this
development period, our initial effort toward monitoring
the AMOC is focused on evaluation of a multi-model
ensemble to quantify the significant errors in the
representation of the AMOC that exist in present-day
ocean models, and also on identifying the best choice
for use as a nature run. Nature run identification will be
difficult given the large differences in AMOC transport
and associated meridional heat flux produced by ocean
models in conjunction with the lack of long-term
observations. Despite these large uncertainties, this
ongoing effort will contribute to evaluating the strengths
and weaknesses of the ocean models and the data
assimilation procedures that are used. This will provide
important guidance for improving these systems.

1. INTRODUCTION

The Atlantic Meridional Overturning Circulation
(AMOC) is one limb of the global overturning
circulation and plays an important role in climate
variability due to the associated large northward heat
flux in the Atlantic basin and its impact on SST.
Unfortunately, this flow is difficult to monitor because
it has complicated three-dimensional flow pathways and
the northward upper ocean limb must transit through
wind-driven gyres that have large annual cycles at low
latitudes. One potential approach for designing new
observing strategies to monitor the AMOC involves
Observing System Simulation Experiments (OSSEs) for
evaluating the impact of new observing systems and

Observing System Experiments (OSEs) for evaluating
the impact of existing observing systems.

Traditionally, OSSEs have been performed by
meteorologists using numerical weather prediction
models to assess the capability of a new observing
system to reduce weather forecast errors [1]. In contrast,
ocean OSSEs are in a relative state of infancy. Present-
day ocean models are not as mature as numerical
weather prediction models and have significant errors
and systematic biases that make it difficult to execute
viable OSSEs, particular in regards to ocean climate
variability. Nevertheless, by attempting OSSEs for
AMOC monitoring at this stage, we will learn more
about the strengths and weaknesses of present-day
ocean models, and also about the methodologies used to
assimilate ocean  observations. Because data
assimilation demands quantitative estimates of model
uncertainties, it forces us to confront model errors and
their correlations. In this paper, we discuss the
limitations of ocean models with respect to performing
ocean OSSEs and OSEs to design AMOC monitoring
strategies.

2. OSSE PROCEDURES

e Using a state-of-the-art OGCM (the ‘“nature
run” model), generate a long non-assimilative
ocean simulation that realistically represents
phenomena of interest. Assume that this model
output represents the “true” ocean.

e Using a second OGCM (the “operational”
model), perform a non-assimilative ocean
simulation spanning the same time interval as
the nature run. Statistically analyze the
differences between this run and the nature run.
These differences represent the “errors” in the
operational model with respect to the nature run.
Ideally the magnitude of these errors should be
the same as the expected errors in state-of-the-
art OGCMs with respect to the real ocean.

e Sample this nature run output with the
observing system to be evaluated and add both



the random and correlated errors expected for
the actual instruments.

e  Assimilate the “observations” sampled from the
nature run into the operational model over the
time interval of the nature run.

e Evaluate the impact of the planned observing
system by quantifying the reduction in
operational model errors with respect to the
nature run. This is accomplished by either (a)
directly comparing ocean analyses from the
data-assimilative operational model to the
nature run; or (b) generating a set of ocean
forecasts starting at different times during the
nature run that are initialized by fields from the
operational model run, and then evaluate the
quality of these forecasts against the nature run.

In contrast, OSEs use an existing data assimilation
system to evaluate the impact of components of the
present-day ocean observing system. By withholding
one component of the existing observing system (e.g.,
ARGO profiles), the impact of these observations can
by assessed.

3. INITIAL OSSE STRATEGY FOR THE AMOC

For simplicity, our initial OSSE strategy will use the
same model code base (the “fraternal twin” approach),
specifically the HYbrid Coordinate Ocean Model
(HYCOM). This code is highly flexible in terms of
choosing the vertical coordinate discretization, and also
offers multiple choices of numerical algorithms and
subgrid-scale parameterizations. Three realizations of
HYCOM are being evaluated for this purpose, from
which we will select both the nature run and operational
models. The first realization is the standard hybrid
configuration of HYCOM that maximizes the use of
isopycnic coordinates in the ocean interior while
transitioning to fixed pressure coordinates near the
surface and to fixed pressure or sigma coordinates over
shallow water regions. This realization uses KPP
vertical mixing, the Montgomery potential pressure
gradient force, and second-order flux corrected transport
scalar advection. The second realization mimics the
hybrid sigma-z version of the Princeton Ocean Model
(POM) by using fixed sigma-pressure vertical
coordinates while also using a fourth-order pressure
gradient scheme [2], the Mellor-Yamada level 2.5
turbulence closure for vertical mixing, and MPDATA
scalar advection. The third configuration is achieved by
running the Miami Isopycnic-Coordinate Ocean Model
(MICOM) option of HYCOM. This configuration
consists of a single slab Kraus-Turner type slab mixed
layer on top of the isopycnic layers that represent the
ocean interior, and uses the Montgomery potential
pressure gradient force and MPDATA scalar advection.
These three configurations were spun up for 30 years

using climatological NCEP reanalysis surface forcing,
and then run from 1948-2003 forced by monthly NCEP
reanalysis forcing fields.

4. REPRESENTATION OF THE AMOC BY
PRESENT-DAY OCEAN MODELS

Before performing a viable OSSE, it is necessary to
identify a suitable nature run that accurately represents
the structure and variability of the AMOC. To pursue
this question, we obtained fields from eight publically-
available ocean hindcasts and the ocean component of
coupled model runs designed to reproduce ocean-
atmosphere variability over the last several decades.
Time series of the AMOC transport (maximum value of
the AMOC streamfunction) and the associated
meridional heat flux at 26.5°N (Fig. 1) demonstrates
that there are considerable differences in both the mean
values and fluctuations of these variables among the
models over the last several decades. Although their
decadal fluctuations are very similar, the three
HYCOM/MICOM simulations display differences in
mean overturning transport consistent with the large
differences that exist among the other models.
Specifically, the two runs that used predominantly
isopycnic coordinates (the standard hybrid case plus
MICOM) produce overturning transports that are
several Sverdrups larger than the sigma-p fixed
coordinate case. These differences in the overturning are
illustrated in Fig. 2.
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Figure 1. Meridional heat flux (top) and maximum
AMOC streamfunction at 26.5°N (bottom) from the
three NYCOM/MICOM runs along with eight other
publicly available ocean models. The observed
estimates of transport from [3] are shown along with
the mean transport obtained by RAPID/MOCHA.



The models in Fig. 1 do not provide a consistent
representation of the AMOC even though several of
them assimilated observations. Although low model
resolution is an issue, identification of the reasons
behind the inability of these models to provide a
consistent representation is beyond the scope of this
paper. The important implication here is that it will be
very difficult to identify a suitable nature run that not
only provides reasonable values for the mean and
variability of the transport, but also accurately
reproduce the flow pathways. Unfortunately, nature run
evaluation is difficult because few observational
estimates of these properties of the AMOC exist over
preceding decades. Although the accumulation of
RAPID/MOCHA observations will soon improve this
situation, considerable effort will need to be expended
toward evaluating and improving ocean climate models
for the purpose of generating nature runs for the
AMOC.

5. FUTURE PLANS

We will use the HYCOM data assimilation system to
test and debug our OSSE system based on the fraternal
twin approach. Due to the problems enumerated here,
we anticipate that the fraternal twin OSSE system will
initially be used for other oceanographic problems
where ocean models display more realistic performance;
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e.g. forecasting synoptic ocean weather systems. The
ongoing AMOC effort in the near future will of
necessity focus on model evaluation and improvement
with the goal of generating at least one viable nature
run. The next step will be to evaluate high-resolution
Atlantic Ocean simulations nested within intermediate
resolution global simulations for nature run suitability.
However, it will be possible to make progress with
imperfect nature runs that reproduce some, but not all,
aspects of the AMOC. Such ongoing efforts will
contribute to evaluating strengths and weaknesses of the
ocean models and the data assimilation procedures that
are used and provide important guidance for improving
these systems.
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Figure 2. AMOC streamfunction as a function of latitude and depth from the three HYCOM/MICOM simulations (left
panels). Difference streamfunctions between pairs of these simulations are shown in the right panels.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


