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What is Data Assimilation?

= Data assimilation is the problem of scientific estimation and prediction (not
limited to geophysical or earth systems).

= Data assimilation is an iterative method that attempts to combine and
make best use of

* Model (computational) of the physical system
e Observations
to achieve the “goal”.

= A familiar form is the Numerical Weather Prediction (NWP)
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Data Assimilation

= Example: Weather forecast

weather.gov

Extended Forecast for

College Park MD

Today Tonight Saturday Saturday

Night

Mostly Sunny Chance Chance Mostly Clear Mostly Sunny Partly Cloudy Mostly Sunny Partly Cloudy Mostly Sunny
Flurries Flurries
High: 41 °F Low: 30 °F High: 40 °F Low: 23 °F High: 40 °F Low: 33 °F High: 48 °F Low: 39 °F High: 55 °F

* How long do you trust?
e Why?
— Nonlinear/complex nature of atmosphere
— Imperfectness of the model & initial condition

= Uncertainty or likelihood needs to be taken into account
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Data Assimilation Example

= Most familiar form: Weather forecast

Extended Forecast for

College Park MD

Today Tonight

Mostly Sunny Chance Chance Mostly Clear Mostly Sunny Partly Cloudy Mostly Sunny Partly Cloudy Mostly Sunny
Flurries Flurries
High: 41 °F Low: 30 °F High: 40 °F Low: 23 °F High: 40 °F Low: 33 °F High: 48 °F Low: 39 °F High: 55 °F

= |terative method for initialization problem that attempts to combine

* Model (computational) of the physical system

* Observations
by incorporating uncertainty for (re-analysis,) monitoring and forecasting
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Forecasting

= Data assimilation attempts to estimate
» States (current states, future states, or even past states)
* Their likelihood (associated uncertainty)

* Forecast requirement
* Current condition (initial condition)

* Forecast model

past conditions current condition forecast
Current Surtace .
i RAIN _ o eay Light .. MIX/ICE 1oy, Light smes Heay )17 RAIN/DRIZZLE BIMOD/HVY RAIN _|RAIN/ICE/SNOW _ILT SNOW/FLUR _|MOD/HVY SNOW _IFOG

Light e

Present Future

—_— - =-->
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Forecasting

= Available:

model forecast from the past

030128/0800v00¢ B D ont

Insufficient representation of the complete current
condition

current cond(ﬁécn to the model forecast)

observations

e,
b ceine

Insufficient to provide with the complete current condition
(=IC to the model forecast)

NWS Radar Mosaic
0138 UTC 01/28/2009

A A

cren
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Schematics of Data Assimilation

= Data assimilation is an iterative method that attempts to make best use of
the model and the observations

model forecast from the past

current condition

Assimilation of
data into
model forecast

observations of the past condition

NWS Radar Mosaic
0138 UTC 01/28/2009
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Schematics of Data Assimilation

= Data assimilation is an iterative method

6hr Assimilation Window

... imagine writing a data assimilation code...
model forecast from the past

6h forecast (700mb)
7 ".‘J‘ s

current condition ﬂ

Assimilation of
data into
model forecast

NWS Radar Mosaic
0138 UTC 01/28/2009

AOSC615 16.01.28 10



Data Assimilation Window

6hr Assimilation Window

... imagine writing a data assimilation code...

Model
forecast fromt, ; to t,

Data assimilation
Analysis at t,

Observation
Measurement at t,

AOSC615 16.01.28 11



Schematic of Data Assimilation

= Data assimilation is an iterative method for an initialization problem to make
best use of the model and the observations by incorporating uncertainties

model forecast from the past 6hr Assimilation cycle

.. imagine writing a data assimilation code...

6h forecast (700mb) for 1. 28 09 06UTC

current condition ﬂ
/

Analysis (700mb RH) at 1.28.09 06UTC

Assimilation of
data into
model forecast

NWS Radar Mosaic
0138 UTC 01/28/2009

nature

AOSC615
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1. Introduction

= Data Assimilation Overview

* Background

* Schematics of Data Assimilation

* Elements of Data Assimilation & Basic Notation
- Model
— Observations
— Methods
— Challenges

= AOSC 615 Overview

= Project Overview

AOSC615 16.01.28
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Elements of Data Assimilation: Computational Model

Assimilation Window

Model

forecast fromt, ; to t,

Data assimilation
Analysis at t,

Observation
Measurement at t,,

AOSC615 16.01.28 14



Elements of Data Assimilation: Computational Model

Atmosphere

= Physical Model equations: Primitive equations
— Approximation & Parametrization
— Topography & Boundary conditions

= Computational Model

— Each atmospheric variables are advanced at
model grid points or by spectral coefficients

— High resolution models are computationally
expensive to run

Ex: uijl(tk+1) = uij/(tk)
+ At«discretized time tendency

AOSC615 16.01.28

iv:—1Vp—qu>+f—2§2><v
dt p
0
5P="V(pv)
p=pRT
d,. 1d
=C —T———
=G P

< pa=-V-(pva)+ p(E~C)

Grid over England http://www.climateprediction.net/
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Computational Model of Physical/Dynamical System

= Model variables: x is N-dimensional vector
* Atmospheric model (spectral, gridded): N~O(10%7)

= Model dynamics X =

Xy =m, ., (xk)

) S model state vector at time t,

m, . . (forecast) model from time ¢, to ¢, ,

> 0o -+

©
)

Temperature

moisture
divergence

vorticity
surface pressure

http://www.nco.ncep.noaa.gov/pmb/nwprod/analysis/

- To run a forecast, N-dimensional vector x, must be determined accurately.

AOSC615 16.01.28
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Elements of Data Assimilation: Computational Model
Qcean

= Regional Ocean Modeling System

AOSC615

* Primitive equation for

u
'
x=|T
S
(0]

e Coordinate
— Horizontal: Orthogonal curvilinear

r,t

9

X

k+1

mk+1,k (xk)

— Vertical: Stretched Sigma

* Specification

— Nested configuration

— Boundary conditions

— Atmospheric configuration

Latitude
&
)
=4

16.01.28

Longitude

distance, km 17



Elements of Data Assimilation: Observation

AOSC615

Model
forecast fromt, ; to t,

Observation

Measurement at t,

16.01.28

Assimilation Window

Data assimilation
Analysis at t,
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Observing System: Atmosphere

= Atmospheric Data Assimilation
* Observations: Noisy heterogeneous sampling of the evolving state

Instrument Type

AOSC615 http://www.wmo.int/pages/prog/www/OSY/GOS.html



Example of Atmospheric Observation Operators : y=h(x)
(“Forward Model”)
= Atmospheric Data Assimilation
* Observations (y) in-situ or remote sensing
— Noisy Heterogeneous sampling of the evolving state
— Poor representation of forward model: y € x

Coverage - Atmosphere
Upper air obs

Marine obs
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Example of Atmospheric Observation Operators : y=h(x)

(“Forward Model”)

= Atmospheric Wind Vector

= Radiance

==
Data Coverage: SatRad ATOVS (18/10/2008, 0 UTC, qu00) ==
Total number of observations assimilated: 36651 m

11571 METOP-A
10663 NOAA-18

4458 NOAA-17
9959 NOAA-15

AOSC615

1 1 Vo
——t - Q- -l--@ -+ - -
! ! 'u uwind@rI
CI ..... ‘Ix CI ywind@r, =
__l_.__:'_.'é_l__ Wind@l‘I
1 1 o
® [ ] [ ]
__.:._'____.._.:.__ _HWIHd@rlx
1 1
1 1

|
|
e T EAEP P
| | |
1 1 1 _ 4
- - l - _:_x}'fg-[i4_ _ yradiance @r, radiance @ r,
| | |
| | | —
: : : ~ " radiance @r, (X)
e T ERE
| | |
| | |
o: Stefan-Boltzman constant
B, .diance @ r2: NONlinear & interpolation operator
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Observing Systems: Ocean
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= Remote Sensing

Significant Wave Height in meters

[} 1 2 3 4 5 &
Time Range: 2007-10-05 11:40 to 2007—-10-05 17:02 UTC
Physical Oceanography Generated: Fri Oct 5 17:48:00 2007 UTC
Distributed Active Archive Center

AOSC615

HF Radar surface currents at 2009/01/26/09GMT

§ < + 3 : —
121°W 120°W 19°wW 118°W 17PW

current speed [cr/s]

10 E] E 0 )

JPL Southern CA Bight Chesapeake Bay SST

16.01.28 22



Challenges: Data Assimilation

m,, ; is
* nonlinear
* imperfect

Model
Forecast: xP

—_ . N
X, =m,, (xk_1) : XxeR

h, is/may be
* nonline
- ¢ imperf

Observation
Measurement: y°

yk,=hk,(xk,) :

y, € Rl

X, 1 *

AO$C615

---?---*- ------ %= ----- t-'--*- --------------------- Tz---

y may be large
or too small

16.01.28

Assimilation cycle

Analysis: x@

y*k, is/may be

* insufficient to determine xk.
* not exactly at t,

Assimilation window
Hme e



Bayesian View Point to Data Assimilation

Assimilation cycle

Model
Forecast: xP

—_ . N
X, =m,, (xk_1) : XxeR

Analysis: x@

Observation
Measurement: y°

yk,=hk,(xk,) . Y. € R

X, X,

AOL615 16.01.28 Assimilation window |-24
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Risk-Reduction View Point to Data Assimilation

Assimilation cycle

Model
Forecast: xP

—_ . N
X, =m,, (xk_1) : XxeR

Analysis: x@

Observation
Measurement: y°

yk,=hk,(xk,) . Y. € R

X, X,

AOL615 16.01.28 Assimilation window |-25
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01.06. Course Objectives

= Data assimilation integrates all available (and useful) sources of information

concerning the underlying unknown nature.

This is generally not true

* Primary information sources are (assumed to be correctlygiven):

— Forecast by the model (dynamical/physical) obtained computationally
by making forecast in forward time given the initial conditions

— Observation that samples the nature

-

\_

* Resulting state is the analysis, which is )
— Best possible estimate of the state
— Best possible initial condition for next forecast
J

Data assimilation is a scientific problem of
* Estimation: as truthful as possible to the nature
* Prediction: as informative as possible

Main focus of AOSC615

and not particularly limited to geophysical or earth systems. .



Course Objectives

= AOSC 615 Objectives
e Study fundamental concepts and ideas behind data assimilation
* Learn major methods in data assimilation
* Develop computer codes for the major methods
* Foster ability to develop new data assimilation systems

28



AOSC 615 Format

= Class works
* Lectures
— Regular lectures
— Special lectures by leading experts of data assimilation
* Projects: Implementation of data assimilation methods
— Using identical twin experiments
— Based on the same model (=nature)

= Seminars

e Students are highly encouraged to attend data assimilation seminars at
AOSC, CSCAMM, & ESSIC

* Announcement will be made as soon as possible

* Some seminars will substitute regular lectures



