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Something in common

*  Understand behavior of atmospherefocean

Work with community of scientists to solve problems that matter
* "... and to foster the transfer of knowledge and technology for the betterment of life on earth”

MCAR's Mission



Observations

Interagency Ocean Observing Committee (I00C)



Tools to understand climate

Numerical Models




Practical Applications
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Modeling Challenge

Hydrostatic Ocean
Models
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Ocean Modeling & ‘
Data Assimilation

Previews work



Former Research Project

GCEM framework

General Curvilinear Environmental Modeling (GCEM)

© Unified Curvilinear Ocean Atmosphere Model (UCOAM)

- General Curvilinear Coastal OceanModel (GCCOM)
- General Curvilinear Atmosphere Model (GCAM)

@ Distributed Coupling Tools (DCT)
©® Computational Environment (CE )
- Cyber-infrastructure Web Application Framework (CyberWeb)

¢ Data Assimilation Unit (DAU)



Benchmark Test Cases: 3D Lock Release
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Benchmark Test Cases: 3D Internal Wave Beam
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Solving sub-mesoscale processes

Waker et al, 2016
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Density stratification
within the ocean
Interior supports the
propagation of
Internal gravity
waves.



FACT: Model errors are currently inevitable.

Uncertainty Quantification(UQ)

UQ is the process by uncertainty is estimated in a system.
Y 1=e

Where e is an unknown error

Uncertainty Reduction(UR)

UR which has the purpose of reducing the uncertainty in a system.



FACT: Model errors are currently inevitable.

DA attempt to do UQ, it consists of three components:

© set ofobservations
® a dynamical model

© data assimilation
scheme

The main goal

Reduce the uncertainty in
the entire system



Data Assimilation Philosophy
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Observations
Water Level station,
buoys, Satellites,

efc Correction

Numerical Ocean
Model

DATA ASSIMILATION

FILTERING METHODS

Final Forecast




Question to be addressed

Question to be addressed?

AVhat models do we use?

ANhat assimilation algorithms do we use?
ANhat type of observations do we assimilate?
ANhat are the observation errors?

ANhat are the model and analysis errors?

MOHID

Water Modelling System
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Question to be addressed?

ANhat models do we use?

ANhat assimilation algorithms do we use?
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Assimilation approaches

Variational approach

fOptimal Interpolation
/8DVar
AMDVar

8Kalnay 2003.
“Evensen 2006.

Sequential approach

AKalman Filter Kalman,1960
/EnKF Evensen,1994
AETKF Bishop& Hunt,2001
AEAKFANderson,2001
MParticle Filter Non Gaussian
AESRKFTippett,2003
Aybrid: Ol EnsKF,SSEnsKF



Ensemble Kalman Filter

- Key idea: “optimal combination of observations and forward model”

4 Diagnostic Sequential approach

measurements

analysis

model forecast

reality

Time

Ensemble Kalman filter (EnKF) Stochastic characterization

4 4 Estimation of error
+ Forecast step = uncertainty propagation

g : - covariance matrices
- Explicit propagation of the error statistics - -
- Nonlinear extension of the Kalman filter Kalman gain matrix

+ Analysis step = Kalman filter update equation B= 0 + |K
P 4

[% -G(0)]

Control variables

Distance to observations



KF Vs EnKF
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Problem Statement

Estimating accurately the state variables in a sub-mesoscale process

is very difficult, particularly for physical ocean models, which are
highly nonlinear and require a dense spatial discretization in order to

correctly reproduce the dynamics.

© High computational cost incurred by a high-resolution
numerical model

@ The efficiency of Kalman Filter in sub-mesoscale processes is
unknown

© Sensitivity of the model to perturbation
@ Resolution and Instrument error can affect the forecast



Problem Statement

a EnKFs are being proven efficient for ocean data assimilation
at the mesoscale, typically ~O(10km)

We are observing finer
faster scales

Hoteit, TAMOS workshop NCAR 2015,

and our models can now
resolve these scales

as efficient at the su
1
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How are we going to do this?



Continue Canas, 2009 work?

Figure VI-1: General scheme of the implementation of sequential data assimilation in MOHID Water

MOMHID the Singular Evolutive framework. In grey arrows are presented the interaction between MOHID Water modules.
Extended Kalman Filter (SEEK), ‘
developed by Pham et al. (1998a), and Model historical sates Assimilation PreProcessor
the Singular Evolutive Interpolated

Kalman Filter (SEIK), developed by

casirements Filter correction basis
Pham et al. (1998b) these schemes are [ o ] I

chosen for this first data assimilation l

iImplementation since they have / MOHID Water \
reported applicability in non linear
models, have small computational cost 1 - I
and algorithm complexity and are easily sequentatasimiation [+ iyt
scalable to other more advanced | i T —.
schemes articularly adequate for data | —— .‘ ‘
assimilation in non linear models \ /




Another option: To implement 3DVAR/4DVAR into MOHID.
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Possibles Solutions

DART OPENDA PDAF
N " I

l:] Parallel Data Assimilation

D g)ggﬁoﬁssmllonon Research D Open Data Assimilation Framework
Computing Center of the
(] NCAR L] Br?ilflce’:(sai?y& Delft L Alfred Wegener Institute

D Supported Models: Deltft3D, D N/A

Supported Models: WRF, SWAM, open FOAM, DCSM

[] CAM, MIT, AM2 COAMPS,

POP ROMS + 30 more D é;;ngnn:ggﬁglg/\fe"?;?ds: EnKF, Assimilation Methods: LETKF,
3DV/°'\R DUDENFK* ! |:] LSEIK, SEEK, SEIK, ESKTF, ETKF,
’ EnKF
D Assimilation Methods: EAKF, Parameter Estimation: DuD,
EnKF, ELTKF, Particle Filter (] simplex, Powell, GLUE,

Conjugate Gradient

0Data Assimilation Research Testbed - DART.

" The OpenDA data-assimilation_toolbox.
2Nerger and Hiller 2013.
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SAN DIFGO STATE
UNIVERSITY
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e Proposal . o e
Data Assimilation for an dpgrah%nal System in San Quintin Bay. £ Gme

Mariangel Garcial, lsabel Ramire:™ Martin Verlaan™ and Jose Castillo®™

SAN DIFGO STATE
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DART
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(1) Computational Sciences Research Center, San Diego State University. (2) National Center for

Abstract

In this project we demonstrate how data assimilation can be used, with a non-hydrostatic coastal ocean
model, to study sub-mesoscale processes and accurately estimate the state variables. Its impiementation
in non trivial, particularly for physical ocean models, which are highly nonlinear, very sensitive to

d require spi ion in order to correctly reproduce the dynamics. The
major challenge which we address here, is the high computational cost typically incurred by a high-
resolution numerical mode! with a three-dimensional data assimilation scheme in a complicated stratified
system. Having the General Curvilinear Coastal Ocean Model (GCCOM) interfaced with the faster data
assimilation framework, the Data Assimilation Research Testbed (DART-NCAR), aliowed us to assimilate
very high resolution observations (10th of meters ) into the system. A perfect model experiment in a very
steep seamount test case is presented. This experiment, allow us to explore the proper initial ensemble
members for the model, estimate the observation error variance needed to reproduce the dynamics in a
turbulent flow experiment and, to analyze the impact of localization in such small processes.

mw«s GOCOM, Non-hydrostatic, 30, Curvilinear coordinates, High Resolution, Data Assimilation, ERAKF,

UCOAM §_¥stem
San Diego State Ur ity (SOSY) General Cunvilinear lmrmmmw Modeling (GCEM) Group has been developing the
s
wmnz coordinates in 3 dimensions, with Ocean- Avnmm Interaction, that allows us to simulate m-nﬁ-ﬂ ‘ocean
— =l Aoppnperres

and

UCOAM; Uniind Curviioeas Ocesn Atmasghere Miodel
© Primitive 30 Navies-Stokes equations ning Boumioes
sppromation

0 Lurge Edde Smddaion (LES)

0 Fully witien 'n FORTRAN %0

0 Uses Genars Carvioss Cocntcates

0 Usig Fully Now Hyontatic Presure Eguation
0 Using UNESCO Equation of Sate for sty

Fig 1. UCAOM General Framework
UCOAW is designed to be an ultra-high resolution model, i.e. UCOAM s capable of performing simulations with spatial

Mo i P

GCCOM_DART Ensemble Data Assimilation Analysis System for the

3D-Non-Hydrsotatic General Curvilinear Coastal Ocean Model (GCCOM) NC AR
Mariangel Garcia!?, Tim Hoar!?), Mary Thomas'?), Barbara Bailey!®, Jose Castillo(?) TR Ak Aok o

mgarcia@sciences.sdsu.edu

DART-GCCOM Ensemble Data Assimilation Analysis Sy

DART employs a modular programming approach to the application of the Ensemble Kalman Filter, which impels
the underlying model into  state that is more consistent with information from a set of observations. It utilizes
the Ensemble Adjustment Kalman Filter (Anderson, 2009) by default, but can also execute other filters.
Everything is driven by 3 Fortran namelist, as well as the presence or absence of observations. A Fortran
excaitable named fiter” reads 3 namelst, an nital state for the ensembie, and  fle containing the
observations then begins to work.

GCOM-DART Coupling
o g

Research, Data Research Section (NCAR-DAReS). Department of Mathematics & Statistics, San Diego State University.

BANI| AN NV

large modes
poits withn the locabzaton aden veed 10 be consderd.

+ Inflaion: The seesd o the ramber n 3 sytematic way 10
o probems o Ste dorgence

+ Outher Rejection: Can be wd 10 avod b obmaracions

oot peariitn

DART has been complied using many Fortran 90 compilers, and has. run on , Bnaxcusters, OSX
18 s structure and prior successtul

par

Model Set Up

A classical seamount under neutral conditions was chosen (i.e homogenous density, buoyancy and Coriolis forces
were neglected). In this case, the bottom bathymetry was selected to be very steep, in order to show model to
works under a very sensitive (numerically speaking) curvilinear mesh, The domain size is 3.6 km x 2.8 km, where
the depths varied between 1km at it deepest and 0.5 km at the origin. The grid size of the domain is 97x32x32
with overall resolution of 30 m x 30 m; however, to better represent the bottom variation, more grid points were
chosen in the middle of the domain. A total run of 6 hours in GCCOM requires 21600 iterations. All terms for the
non-hydrostatic pressure and all 3 velocities components (u, v, w) are stored every 10 minutes, which yields a
single 120MB GCCOM Netcdf output file. For more details of this experiment, refer to the GCCOM user Manual
(Abouali and Castillo, 2010).

ot et randors
rely 11 random depths, odservation

OSSE Perfect Model Experiment

The primary strategy is to use Observing System Simulation
Experiments (OSSEs) to evaluate the impact of new or
planned observing systems. Here we introduce the first set
of experiments designed to evaluate the new DART-
GCCOM framework, the methodology involved, the
generation of the initial ensemble, the amount and type of
observation assimilated (Fig.6), the ensemble size (30, 60
and 90) and localization parameters (250 m, 1000 m and
2000 m). A sensitivity analysis of observation error variance
(1.0-0.1) was performance, with the aim to reproduce the
turbulent flow from the true state experiment (Fig. S).

San Francisco Observing System. (Creds: NOAR)

ariance 1.0,05, 0. (A, second, , 1900, 2000m (row 3.

Observation Error Variance 1.0 g = B

I Fig. & List 3 hous, forecast rank histogram. 30 Ensembles
¥ , cutofl 0.00320
the correct spread obervation error variaace 10, 0.9, 0.8 (1op)

Fank Wstoram with small 3gread, OBsenaton erTor variance 05

Observation Brror Variance 0.8 0401 otee).

" " 5. Vertcal rofle eme evlution o U_Component st locaton
~ o run)(64,16. 1. Distance =|True - Forecast| observation
200m.

desth average exembie soread

0.69534
068337
(X

Conclusions
in small

time window of 10 minutes. vnmm,aammug members exhibits relatvely high forecast skil.
Increasing the ensemble size from 30 to 100 was not crucial for the current prediction. We found for
small domain of couple of kilometers, every observation impact every state variable, however the
spread of ensembles tend to reduce over time. The assimilation system although exhibited some
sensitivity variance, in general it

0.81.0. Al these results suggest that this ensemble-based system is able to extract the dynamically
Important information from the model to provide reliable statistics to map the information from the

Reterences
Anderson, 1, T. Hoar, K. Raeder, K. U, N. Collins, . Torn, and A. Arellana, 2009, The. Duta Assimiition Sesearch Testhed: A Communty
Facilty, Bulltin of the Americon Meteorological Society: 90 9), 12831296,

M Abowal, I Castlo 2011,

Computer Modellng 57 (9), 21582168,



DART/models

GCOM

ROMS

POP
MITgcm_ocean
coamps
coamps_nest
bgrid_solo
mpas_ocn
lorenz_63
Many Others...

GCOM-DART Coupling

Model Diagram

DART/models/GCOM

DART/models/GCOM/work

g

DART/

_|<

models
mkmf/mkmf.template
matlab
diagnostics
obs_sequence
obs_kind
obs_model
perfect_model_obs
assim_model
assim_tools
preprocess
observations
time_manager
shell_scripts
utilities

Many Others...

model_mod.f90 , model_mod.nml
gcom_to_dart.f90 , gcom_to_dart.nml
dart_to_gcom.f90, dart_to_gcom.nml
dart_gcom_mod.f90
model_mod_check.f0 (testing)
test_dipole_interp.fo0 (testing)

work

shell_scripts

Matlab

DART/models/GCOM/shell_scripts

run_perfect_model_obs.csh
advance_model.csh
run_filter.csh
netcdf_manip.csh
batch_environment

DART/models/GCOM/matlab

Check_gcom_to_dart.m
makegeom.m
plot_grid.m
Check_ud.m
plot_global_grid.m

input.nml
quickbuild.csh
Makefile
mkmf_preprocess

mkmf_create_fixed_network_seq
mkmf_perfect_model_obs
mkmf_filter

mkmf_obs_diag
mkmf_wakeup_filter
mkmf_obs_sequence_tool
mkmf_obs_seq_to_netcdf
mkmf_dart_to_gcom
mkmf_gcom_to_dart
mkmf_restart_file_tool (testing)
mkmf_model_mod_check (testing)
mkmf_test_dipole_interp (tetsing)

obs_seq.out
perfect_ics
True_State.nc
perfect_restart
Prior_Diag.nc
Posterior_Diag.nc
obs_seq.final
filter_restart
dart_log.out
dart_log.nml
obs_diag_output.nc

[mgarcia@node1@ models]$ pwd

/home/mgarcia/UCOAM-DART/UCOAM/models

[mgarcia@nodel® models]$ 1s

9var dynamo

am2 ECHAM

bgrid_solo forced_barot

cam forced_lorenz_96
CESM GCOM

clm gitm

coamps ikeda

coamps_nest LMDZ -
[mgarcia@nodel® models]$ ||

lorenz_04
lorenz_63
lorenz_84
lorenz_96

X
lorenz_96_2scale

MITgcm_annulus
MITgcm_ocean
model_mod.html

mpas_atm
mpas_ocn
NAAPS
NCOMMAS
noah
null_model
PBL_1d
pe2lyr

POP

ROMS

rose
simple_advection
sqg

template

tiegcm

wrf



Filter Module

most common namelist settings and features built into DART

+ Ensemble Size: ensemble sizes between 20 and 100 seemto work
best.

+ Localization: To minimizes spurious correlations and reduce the
spatial domain of influence of the observations . Also, for large models
it improves run-time performance because only points within the
localization radius need to be considered.

 Inflation: Modify the spread of the members in a systematic wayto
avoid problems of filter divergence.

« OQutlier Rejection: Canbe used to avoid bad observations.

« Sampling Error: For small ensemble sizes a table of expected
statistical error distributions, corrections accounting for these errors
are applied during the assimilation.
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How to proceed?

What forecasting system we
want to improve?

What type of observation we

are going to assimilate?

Define the DA Methodology
for MOHID.

O« O¢ O«

Q¢ O¢ O«

O¢ O¢ O« O« O

Define study region
Define analysis season
Identify the challenges

Find spatial and temporal scales
UQ for observation errors
Model Validation

Define Interpolation Methods
Initial Ensemble Member

Nr. of Ensemble
Assimilation window

OSSE



4

What forecasting system we wa“
to Improve?



(A)
West Iberia (2D)

(B)
Portugal (3D)+
the Iberian Atlantic coast

(©)
Tagus Estuary 3D

PCOMS
] ) Grid Corner
Operational since 2011
Horizontal
Dim

Vertical Dim

Delta x
£
e
5
a
e Deltat
E Tides
i Atmosphere

Campuzano F, Brito D, Juliano M, Fernandes R, de Pablo H

Neves R. Coupling watersheds, Discharge
estuaries and regional ocean through numerical
modelling for Western Iberia: a novel Modules

methodology. Ocean Dynamics. 2016; 66(12): 1745i 1756.
DOI: 10.1007/s10236-016-1005-4.

(33.48 °N, 45.90 °N)
(4.20 °W, 13.50 °W)

207 x 155

006°(& 5.2 km)

FES2004 (Lyard et al., 2006)

WRF (Skamarock et al., 2005)

12 km ??7?7?
http://www.meteogalicia.es/

34.38 °N, 45.00 °N
5.10 °W, 12.60 °W

177 x 125
7 Sigma Layer (0- 8.68)
43 Cartesian layers

006°(& 5.2 km)

From (A)

MM5 (Grell et al., 1994)
9km provided by IST

Baroclinic hydrodynamic,
ecological

38.16 °N, 39.21 °N
38.5-39.1 °N

120x145
7 Sigma Layer (0-8.68)
43 Cartesian layers

a 2 km off
the coast up to 250 m

From B

WRF (Trancoso, 2012)
3 km

Almourol

Baroclinic
hydrodynamic,
ecoloaical


http://meteo.tecnico.ulisboa.pt/
http://meteo.tecnico.ulisboa.pt/

03-May-2018 00:00:00

A Validated Model =

Operational since 2011

O«

Data available every 3 hours

Salinity, Temperature, Velocities, SSH, Dissolved -
Oxygen, Chlorophylia, Zooplankton, Nitrate,
Phosphate,suspended particulate Matter.

(@]

36

Campuzano, et al. (2016). Coupling watersheds, estuaries and
regional ocean through numerical modelling for Western lberia:
a novel Methodology . Ocean Dynamics. 2016; 66(12): 17451 1756.
DOI: 10.1007/s10236-016-1005-4.

29

Rodrigues, J. (2015). The Tagus estuarine plume variability: impact
in coastal circulation and hydrography. Master Thesis,

] ) ) 1OEW g3 £l g 12 gnW
0 02 0.4 06 0.8 1

velocity modulus (m/s)

Add more references here Mohid data source: : hitp://forecast.maretec.org/maps tagusmouth.asp



http://forecast.maretec.org/maps_tagusmouth.asp
http://forecast.maretec.org/maps_tagusmouth.asp
http://forecast.maretec.org/maps_tagusmouth.asp
http://www.hidrografico.pt/simoc.php

HF Radar ' ‘
&

Mohid Tagus Model

Exploratory Analysis

by Mariangel Garcia;

Francisco Campuzano; Paulo Chambel Leitdo and Ramiro Neves

I <Y



Develop a data assimilation module

M Otlvatl O n for MOHID to improve forecast

capabilities along Tagus River

Data Assimilation Project

\/ nmiLeIrre e \
A:tllanticArez - /[,VEBaSt -




GOAL

1. Explore the quality of the real time data available along Tagus River
2. Validate Mohid Tagus Model with HF Radar data

3. Determine the most accurate region to interpolate HF Radar Data into Mohid
Model

4. Propose the methodology to assimilate observations into Mohid Model




Exploring HF

17 days exploratory Analysis
May, 01-17, 2018
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HF Data source:http://www.hidrografico.pt/simoc.php



http://www.hidrografico.pt/simoc.php
http://www.hidrografico.pt/simoc.php

Sanity Check

HF-RAW
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HF Quick
Overview

O«

O«

Mesh changes
over time

Higher velocities
at boundaries
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HF-RAW
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Easy GIF Animator
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Grid Interpolation

From Observation to Grid



Grid Version 1

39.4

39.2F

39 r

=
&
o

Latitude

38.4

38.21

38.6 |

38

Grid Version 2:
145x120
Xmin=-9.6

Peniches

o

MOHID GRID

2 Interopolation
®  Final Grid

HF Paints

section
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ymin=38.35;

xmax=-9.2079 ymax=38.6855
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Grid Version 2

Benicheg Obiodo . MCHID GRID
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®  Final Grid
¢ HF Points

A13
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Longitude

Interpolation Method:
uses a Delaunay triangulation of the scattered sample points to
perform interpolation.

[1] Amidror, | saac. iScattered
el ectronic i magi ndousal af Electnogic a

Imaging. Vol. 11, No. 2, April 2002, pp. 1571 176.
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Validation with HF

17 days exploratory Analysis
May, 01-17, 2018
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Average velocities over time (17 days)

MOHID Average Velocities
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17 days Time Series analysis

May 2018

V at Station A U at Station A
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Time Average RMS for the 17 days
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Time Average correlation Coeff for the 17 days

U Correlation Coef V Correlation Coef Current Correlation Coef

latitude
latitude
latitude

Correlation Coeff

88 96 B4 82 88 986 84 92 88 96 94 B2
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Assimilate HF Radar into MOHID Model
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. ldentify sources of weather
data.

. Quick validation of WRF model
with one station.

. Find correlation between wind
and currents

N EXT . Find other sources of

observations to validate

velocities.
. Propose the best region to
assimilate the HF Radar data
. Explore other sources of
observations for Tagus

For HF Validation and Data




NEXT

For Data Assimilation

. Decide the DA approach for
MOHID.

Find a cluster to do MOHID
testing in Linux.

. Learn Restarting on MOHID

. Run several perturbed instance
of MOHID in parallel.

. CODE LIKE CRAZY!l




Thank Youl

| LOVE

PORTUGAL



Questions?



Weather around Tagus

+l Ui fljoadvfodf!p
stress on the surface of the

ocean has a large impact on
surface current variability.

This is quite true in estuarine
plume propagation studies.

The adjacent coast of the

Tagus Estuary is highly
joAvfodfelcz! uif
wbsjbcj mjuz/!!
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Figure 3.5: Wind roses calculated for (a) winter, (b) spring, (¢) summer and (d) antumn,
from meteorological airport station data, for the period between January 2001 and December

Ref: Rodrigues, J. (2015).



(b) March, April and May.

: 2 Ref: Rodrigues, J. (2015).
Weather around Tagus =

+l Ui fljoadvfodf! pg
stress on the surface of the

ocean has a large impact on

surface current variability.

(d) September, October and November

iter, (b) spring, (¢) summer and (d) autumn,
he period between January 2001 and December

T h . . . t t . t .
q WIND STATISTICS
I t. t d : Statistics based on observations taken between 11/2000 - 04/2018 daily from 7am to 7pm local time. You can order the raw
p u l I l e p ro p ag a I O n S u I eS [l wind and weather data in Excel format from our historical weather data request page

Wind direction distribution in (%%)
May

The adjacent coast of the

Tagus Estuary is highly
joAvfodfelcz! uif:=™
wbsjbcj mjuz/!!

https://www.windfinder.c
om/windstatistics/lisboa




WRF3 Validation

EMG: Estacao
Meteorologica da
Guia

e —— ——
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Figure 3.3: Nested domains used for atmospheric simulations

Figure 3.4: Variability of WRF3 data and [EX[Glstation data for temperature (Temp), wind
intensity (Int) and direction (Dir), humidity (Hum) and radiation (Rad) for 10-31th of

December 2007. Red line represents [ERIG station data and the the blue line the WRF3
predictions.

Ref: Rodrigues, J. (2015).



WRF Model IST Operational since 2007

M5 WRF

Table 1.1: Options used in each model and domain of the IST operational system. GFS - Global 2 et - - had

Forecast System 1 lution used for b dary and initial conditions in the outer domain; LSM -

Land surface model; PBL - planctary boundary layer. 27 vertical layers were used in all domains.
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(a) MM5 (b) WRF

) Figure 1.3: Domains in IST 5-day and 7-day forecast system for Portugal, since 2007
Ref: PhD Thesis, Trancoso 2012 gu v y f ystem f g



Source of
Meteorological
Data

0 SNIRH
0 IST
0 IPMA

Selected stations:

0 Costa Caparica
IST

(-]

Thanks Marcos Mateus!!!

ttps://snirh.apambiente.pt/index.php?idMain=2&idltem=1&0bjCover=920123704&0bjSi

te=920685506




