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Navy aerosol forecasting provides environmental information to support
operations, Tactical Decision Aids, remote sensing, and battlespace prediction.

Satellite-Based Products
* Data Assimilation Grade Aerosol Optical Depth (AOD)
* Fire Locating and Monitoring of Burning Emissions (FLAMBE) Smoke Emissions

Global Deterministic Modeling | Mesoscale Modeling

* Navy Aerosol Analysis Prediction * COAMPS Dust
System (NAAPS) Operational (1/3°) * COAMPS with NAAPS
* NAAPS Inline (NAVGEM) species (new)

* NAAPS reanalysis (2003-present, 1°)
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Operational Aerosol Forecasting

Navy Aerosol Analysis Prediction System (NAAPS):

Smoke

Tuesday 1 September 2015 00UTC NAAPS_NAVGEM35 Forecast t+000
Tuesday 1 September 2015 00UTC Valid Time
SMOKE Aerosol Optical Depth at 550nm

Aerosol Species: 4, bulk scheme
Meteorology: Offline, Navy Global

Environment Model (NAVGEM)

Resolution: 1/3 degree =
Forecast: 6 day, aerosol mass conc/AOD ;

Data Assimilation: NAVDAS-AOD, NRL ..

MODIS AOD product
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Dust
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TOTAL Aerosol Optical Depth at 550nm

Tuesday 1 September 2015 00UTC NAAPS_NAVGEM35 Forecast t+000
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Anthro/Biogenic Fine
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Sea Salt
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Navy aerosol forecasting provides environmental information to support
operations, Tactical Decision Aids, remote sensing, and battlespace prediction.

Satellite-Based Products
* Data Assimilation Grade Aerosol Optical Depth (AOD)
* Fire Locating and Monitoring of Burning Emissions (FLAMBE) Smoke Emissions

Global Deterministic Modeling Mesoscale Modeling

* Navy Aerosol Analysis Prediction * COAMPS Dust
System (NAAPS) Operational (1/3°) * COAMPS with NAAPS
* NAAPS Inline (NAVGEM) species (new)

* NAAPS reanalysis (2003-present, 1°)

Global Ensemble Modeling

* Ensemble NAAPS (0.5-1°)
* |CAP Multi-Model Ensemble




Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

e RCh 24-Hour Forecast, April 6, 2019

ENAAPS aerosol ensemble
is a valuable complement
to operational,
deterministic NAAPS.

When NAAPS fails to
produce a big aerosol
event, the ensemble
provides a range of
outcomes (intensity/position
dust).

5
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AOD Standard Deviation

Probabilistic products are
being tested for conveying
ensemble information to
forecasters.
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Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
Ensemble Data Assimilation

Kalman Filter Equation:
Xq = Xp + K[yo - be)];
K =BH"(R + HBH")™!

X,= analysis
Xp= background (6-hr forecast)

K=Kalman gain matrix
vy, — Hx,=0bs-background in obs space

BHT"=background error covariance in obs space

(R + HBH") '=total error covariance

Ensemble Advantage:

Time-varying and flow dependent forecast
uncertainties for generating better forecast
initial conditions.

Navy Variational Data Assimilation
System — AOD, Error Correlations
=B Sy

Error
correlations
determines the

@QL spatial impact

.Enssmble ErrorCow:re;Iationg . of obs in
j 0 =
system.
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Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

System Configuration

LABORATORY

ENAAPS Forecast:

DA-Cycling: 6-Hr (x;), 80 ensembles (0,6,12,18 UTC)
Long Forecast: 5-Day, 20 ensembles (0,12 UTC) B
Assimilation

Data Assimilation:

Kcsearch
Tcstbccl

Analysis, x, St * Ensemble Adjustment Kalman
’ Filter (EAKF), 0,6,12,18 UTC

Anderson 2001

Time

1.Varying initial conditions (Data Assimilation).

Observations:

2.Perturbed NAVGEM meteorology (Ensemble Transform). NRL Data Assimilation Quality
MclLay et al. 2008, 2010 MODIS AOD
3.Perturbed aerosol emissions (Gaussian Distribution). AERONET AOD (as of April, 2019)

Rubin et al. 2016 7
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Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
DA Development

1. Localization

1 H
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Gaspari and Cohn Localization
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2. Inflation (Multiplicative vs Adaptive)

Variance [ieficient PDF
"TRUE" Prior PDF/
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Y 3 0

3. Ensemble Generation

Source ensemble
Met ensemble
Met+Source

4. Ensemble Size

inflate(x;) = A(x; —xX) + X
A=inflation factor
Adaptive Inflation = A varies in
space and time
(Anderson 2007)

ENAAPS Experiment Table

Experiment name

Ensembles

Inflation

Source, const

Source, adaptive
Meteorology, adaptive
Met+Source, adaptive
Met+Source, 80

Source, 20 members

Source, 20 members

Meteorology Only, 20 members
Meteorology+Source, 20 members
Meteorology+Source, 80 members

10 % constant covanance inflation
Adaptive inflation
Adaptive inflation
Adaptive inflation
Adaptive inflation

Experiment Time Period: July-Aug, 2013

Rubin et al. 2016

8



Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):

U.S.NAVAL

R AR DA Development

ENAAPS Experiment Table

Experimentname  Ensembles Inflation Constant multiplicative inflation: no
Source, const Source, 20 members 10 % constant covariance inflation H

Source adaptive _Source, 20 member Adaptive nfation constraint on ensemble spread where
Meteorology, adaptive  Meteorology Only, 20 members Adaptive inflation . . . .
Met+Source, adaptive  Meteorology+Source, 20 members  Adaptive inflation (0] bse rvat IoNns are I m |te d co ntl NnUuous
Met+Source, 80 Meteorology+Source, 80 members  Adaptive inflation

growth in spread.
Ensemble Spread at End 0.30

Euraslan Boreal

Many
Observations

10 15 20 25 30 35 40 45 50

“ # Days with MODIS AOT Observations

Source, Const

0.014{5H Pacific Ocean
2 I

-
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L

Ensemble AOD
Standard Deviation

2 ) 0.000¢ o Y : : 5 :

[ ‘ I R R s a
e
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i L
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L = ] (—
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.00

9

Experiment Time Period: July-Aug, 2013



Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

Ve DA Development

ENAAPS Experiment Table

Experiment name Ensembles Inflation EnsembeEe Spread ?tt End Rank HiStOgraIms for
OT EXperimen
Source, const Source, 20 members 10 % constant covariance inflation = E u rass 1an Bo(:ea . Reglo n
Source, adaptive Source, 20 members Adaptive inflation — = 5000 curce, adaptive
Meteorology, adaptive  Meteorology Only, 20 members Adaptive inflation < - 4000
Met+Source, adaptive  Meteorology+Source, 20 members  Adaptive inflation 8 3000
Met+Source, 80 Meteorology+Source, 80 members  Adaptive inflation 15 \ 2000
(=] S
H p i 1000
* Meteorology ensemble dominant source of ens spread.. @~ [FFF e L | anaaibesswmall
*Source perturbations helped with ensemble distribution ~ErrEsses—wr—rre Vet adanti
in large aerosol source regions (Boreal Fires). 2N S G [T S0 o ACAPTER
< —F ; / 0 4000 |
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A st RMSE with g &P 200
_gfllS A Eurasian Boreal m et'l‘SO U rce Uo, 9 ‘ | E 3000
g 01 4 © East Asia ensemble i..\ &‘_N‘ y i ol 2000
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Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

Ve DA Development

ENAAPS Experiment Table EAKF captures dust front shape/magnitude with 80
Experiment name Ensembles Inflation L. . en Se m b | es. .
Source, const Source, 20 members 100 % constant covark .,?‘g — Anal SIS AOT
Source, adaptive Source, 20 members Adaptive inflation 8 ,

Meteoroloey. adantive  Meteorology Only. 20 members Adantive inflation < |
Met+Source, adaptive  Meteorology+Source, 20 members  Adaptive inflation A
Met+Source, 80 Meteorology+Source, 80 members  Adaptive inflation g
=
<
Saharan dust event case study: z B
_MODIS RGB, Worldview g
. 5, Dust L E
i c Of
w EkE
o
o
’8
o £
< af
o
o

[ re— — .
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l AERONET verification confirmed reduced RMSE with 80
| ensembles, especially high AOD sites (>O.8).11




Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

RESEARCH]  gnarse Observation Assimilation

July-Sept, 2013, Control = no DA

Deterministic

Ensemble

-0.20 —-0.08 —-0.05 —0..02 O.IOO O.bZ 0.05 0.08 0.20
Change in Bias (Abs Value) (AERONET - Control)

Rubin et al. 2017

Only ground-based AERONET AOD observations are
assimilated ( @ = obs site)
1. Analysis verified with MODIS AOD.
2. Largest error reduction in high observation
density regions.
3. Large increases in error can occur with
NAVDAS-AOD (2D-Var data assimilation).

NAAPS/NAVDAS-AOD AERONET ASS|m|Iat|on (August 1, 2013 12UTC)
MODIS RGB MODIS AOT

5 5 P
0.05 0.20 0.40 0.60 0.80 1.00 2.00

AERONET assimilation increased error in high AOD
gradient regions in 2D-Var. 12



Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

e G Operational Transition

ENAAPS with EAKF data assimilation (MODIS + AERONET, 80 ensembles) is currently running
as a near-real-time aerosol forecasting system at the Navy DSRC.

Monday 02 September 2019 00Z UTC t+000 (Monday 02 September 2019 00Z UTC)

ENAAPS mean AOD
September 2, 2019

180°W 120°wW 60°W 0 60°E 120°E 180°E

ENAAPS AOD-Total 550pm (Units: Unitless, Scaling Factor: 1)
—_— —— T
0.05 0.10 0.12 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.60 0.70 0.80 0.90 1.00 1.101.12 1.25 1.38 1.50 1.62 1.75 2.00 2.25 2.50 3.00 3.50 4.00 6.00

Transition to operations (Fleet Numerical Meteorology and Oceanography Center) is
currently underway and expected to be completed in FY20. 13



Ensemble Navy Aerosol Analysis Prediction System (ENAAPS):
sty

e G Aerosol Source Assimilation

Goal:Extend impact of assimilated obs on forecast by allowing observations to adjust emissions.

. .. Example: Sahel Smoke 2019022512, analysis
Experiment: Smoke emissions xamp vel

impacted by AOD assimilation in NRTENAAPS M(_)D'S Deep Blue smoAAPS -
ENAAPS (EAKF).

*Ensemble of FLAMBE emissions to
represent smoke uncertainty.

*Updated emissions are used for both
DA cycling and forecast.

__ I ._P Total AOD
Smokep,s|lat, lon]= _ Peak smoke events better
Smok [lat, lon] Post SmokeEmiss|lat, lon] captured in analysis and forecast
MOXCEmiss LPAL, (OB SmokeEmiss[lat, lon] .

14



International Cooperative for Aerosol Prediction:
R ARCH. Multi-Model Ensemble (ICAP-MME)

Organization BSC Copernicus/ JMA Meteo France US Navy
ECMWEF

U.S.NAVAL
ESEARC

MONARCH CAMS MASINGAR MOCAGE GEOS-5 NAAPS NGAC/FV3GFS- SILAM MetUM
Chem
QO 0-24 hrs QO (0] QO (0] (0] 0 (0]
Meteorology Inline Inline inline Offline Inline Offline Inline Offline Inline
NMMB IFS AGCM ARPEGE GEOS-5 NAVGEM GFS/FV3GFS IFS UM
Resolution 1.4x1 (0.7x0.5) 0.4x0.4 0.375x0.375 Ix1 0.125x0.15 0.33x0.33 1x1/0.25 0.5x0.5 0.35x0.23
levels 24 (48) 80137 40 47 72 60 64 60 70
LETKFP 4DVar 2DVar 2018 2DVar 2DVar NA 3Dvar?, 4Dvar?, 4DVar
LETKFP +LDE 3DVar, EnKFP EnKEP
Assimilated Obs DAQ MODIS+DB  DAQ MODIS MODIS L3, AHIP, NA Neural Net MODIS DAQ MODIS, NA NA MODIS Dust
DT+DB CALIOP? AVHRRP AOT
PMAp VIIRSP
CALIOPP
Dust, Sea Salt BC, OC BC, OC BC, OC BC, OC Anthro+bio Dust BC, Dust, OC, Dust
BC Dust, Sea Salt Dust Dust Dust B. B. Smoke BC, OC Sea Salt,
(POA,SOA)bio Sufate, Sea Salt Sea Salt Sea Salt Dust Sea Salt Sulfate. Nitrate
Nitrate, Sulfate Sulfate, Nitrate, Sulfate Sea Salt Sulfate BB émoke ’
(POA, SOA)anthro Ammonium Ammonium Nitrate o
3 (dust, salt), bulk 10 (dust, salt), 6 5 (dust, SS), bulk 5 (dust, SS), 4 (dust), 5 (SS), 2
bulk for others for others bulk for others 2(BC, OC), 3(NI*), 2(BC, OC), bulk 3 (B.B. Smoke),
bulk sulfate sulfate 2 (sulfate), bulk
for others
UG R NI [l HTAPV2.1 (anthro), MACCity MACCity MACCity (anthro.) EDGAR V4.1/4.2, MACCity, EDGAR MACCity, NA
Emission (anthro), MEGAN MEGAN-MACC AeroCom Phase BOND, POET V4.1+CEDS STEAM,
(biogenic) (biogenic) Il, GEIA AeroCom Phase II, MEGANE,
GEIA HTAP(Coarse PM)
GFAS GFAS GFAS QFED FLAMBE GBBEPxV2 GFAS, NA
IS4FIRES

» The ICAP-MME is run daily w/ 1x1 deg res at 00Z for 6 hrly fcasts out to 120 hrs w/ a 1-day latency.

» Modal AOT (550nm) and dust AOT (550nm) data in NetCDF is available publically.
» Green means proposed. Red means changes occurred last year. “p” means prototype.

15



US NAVAL International Cooperative for Aerosol Prediction:
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RESEARCK  Multi-Model Ensemble (ICAP-MME)

Ranking of all models in terms of total AOD RMSE for 72 hr fcst over 2012-2017
Modell lod Model 3

Gandhi_College
Chiang_Mai_Met_Sta
Chapais

Cart_Site

Amsterdam_lIsland
Alta_Floresta

2012 2013 2014 2015 2016 2017

. N T T
Xian et al., 2019 1 2 3 4 5

model ranking

* ICAP-MME performance is stable and reliable over the years compared to individual models.

* ICAP-MME AOD RMSE is not always the lowest for a given species/site/year, but is relatively low and stable.

* Consensus MME wins in the long run because of its averaging of independent models.

* ICAP-MME netcdf data files available on USGODAE server for AOD. PM output in development. 16
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* Ensemble systems are high priority for Navy aerosol prediction.

 ENAAPS single model ensemble was developed to provide probabilistic
information to Navy forecasters and also to take advantage of flow-dependent
errors for data assimilation.

 EAKF does a better job at spatially using observational information than current
operational 2D-Var system.

* ENAAPS is currently NRT, assimilates MODIS and AERONET AOD.

* Transition to operations expected in FY20 (Fleet Numerical Meteorology and
Oceanography Center).

* Ongoing DA efforts focused on aerosol/meteorology interactions, geared towards
next generation Navy prediction system.

* NRL also generates the daily ICAP multi-model ensemble product, which is a top
performer for AOD forecasts. Currently working on a surface PM product.

17



