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2= Met Office Met Office Dust Forecasting

A Global to Regional scale system

Our global model has ~10km resolution

Wind/temperature/humidity etc. obs
assimilated.

Limited Dust observations assimilated
* (MODIS satellites)




2= Met Office Met Office Dust Forecasting
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‘Rerosol Optcal Depth
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N\ - AGlobal to Regional scale system
‘ « Initialises regional 4km and 1.5km
models (in obs sparse regions)

,,,,,,

« These add detail to the global start

. « Customer requirements: UK and arid
s o <5 F 8 regions
» Aerosols: Dust only, at high res
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= Met Office 1. Met Office migration to LFRic - motivation
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LFRic - a new model

MetOffice  Met Office Migration to LFRic - Progress

2023:

Step by step approach of Near complete set of physics
increasing complexity.

Testing no longer idealised

CSAR 2018

Testing in climate model runs
and NWP case studies
Data assimilation trials imminent

Errors are comparable to UM!

UM (u-da363_um_diag) LFRIC (u-da363_If_diag) LFRIC (u-da363_If_diag) minus UM (u-da363_um_diag)
o SpringSummer 2021 T+120 (N=9)  * SpringSummer 2021 T+120 (N=9) * SpringSummer 2021 T+120 (N=9)
- RMS Error of Mean Sea Level Pressure (hPa) Mean Sea Level Son RMS Error of Mean Sea Level Pressure (hPa) Mean Sea Level - RMS Error of Mean Sea Level Pressure (hPa) Mean Sea Level
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= Met Office 2. Aerosols within LFRIc

* The current UM has 2 aerosol models

+ CLASSIC: single moment, mass based. Operational NWP for dust. Research NRT
for other aerosols.

+ GLOMAP MODE: 2 moment Used in climate model config, using full complexity
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LFRic - a new model

= Met Office 2. Aerosols within LFRIc

* The current UM has 2 aerosol models

« CLASSIC: single moment, mass based. Operational NWP for dust. Research NRT
for other aerosols.

« GLOMAP MODE: 2 moment Used in climate model config, using full complexity

For portability — only GLOMAP
mode has been ported to LFRic
 Integration into LFRic
technically completed
« Climate tests and simple
NWP tests show good
performance.
« TODO: Include in

evaluation software el e
o i |
jlesds g UM Dust AOD LFRic Dust AOD
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¢, | Dust Capability Gap

of Defence

* The Unified Model (UM) is our core of our
Numerical Weather Prediction system.

*  Current UM dust emission configuration
struggles to simulate individual dust
events

* Especially:
- Significant dust outbreaks
- Miss lowest surface visibility events
- Location/time specific extinction
coefficients

« UM dust code originally designed for large ' S SR
scale atmospheric patterns and climate

ERDC-GEO

A July 30, 2018 VIIRS true color 36 hour 4.4 km 550 nm Aerosol Optical
applications satellite image of a strong dust Depth (AOD) forecast generated via
storm over the Arabian Peninsula, the current UM configuration. Model
* Surface specification produces widespread Arabian Sea, and Persian Gulf. produces widespread dust with
dust emission to achieve atmospheric “excessive tails.”

aerosol loads on regional scales

- GOAL: Better represent major high impact dust events in theatre.
14
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The Unified Model (UM) is our core of our
Numerical Weather Prediction system.
Current UM dust emission configuration
struggles to simulate individual dust
events

Especially:
- Significant dust outbreaks
- Miss lowest surface visibility events
- Location/time specific extinction
coefficients

UM dust code originally designed for large
scale atmospheric patterns and climate
applications

Surface specification produces widespread
dust emission to achieve atmospheric
aerosol loads on regional scales

July 30, 2018 VIIRS true color 36 hour 4.4 km 550 nm Aerosol Optical
satellite image of a strong dust Depth (AOD) forecast generated via
storm over the Arabian Peninsula, the current UM configuration. Model
Arabian Sea, and Persian Gulf. produces widespread dust with

“excessive tails.”

GOAL: Better represent major high impact dust events in theatre.

15




]How can we fix this?

of Defence

)
MetOffice ERDC “¥5s*

ERDC Geomorphic (ERDC-Geo) Surface Erodibility Parameterization

athematically ncorporates the cales dust emission
links geomorphic effects of material {n in the model to
landscape traits supply on dust account for emission
(landforms) to soil emission into dust features on all scales

erodibility and dust models
emission potential

ERDC-Geo

Method is simple to a
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S ]A Machine learning approach

of Defence

Maps used as
training dataset:

« With satellite
retrievals and
geospatial
dataset.

A Machine
Learning
algorithm can
learn to classify
landforms

Previous maps:

« Meticulously hand drawn by
trained analysts

« Expensive / time consuming
(~ £3M over 6+ years)

Extending ERDC-Geo

Using a ML algorithm, the ERDC-Geo surface data can be gathered in a scalable way to
—— achieve global coverage. 17




:., | Testing the ML

MetOffice ERDC “¥5s* of Defence

Lake deposit (% Fa-

xtending ERDC-Geo

[_]Sand Dune []Sand onBedrock [ Sand Sheet [ Piateau/Sand Sheet

[ Bedrock [ Fluvial Terrace [ RecentVolcanics [ Surficial Deposits

Il Piateau Il Urban [ ]oryPlaya I sand Sea

[ Alluvial Fan [ Agricutture [ Pediments [ Broad River Valley

[ Badlands Il WetPlaya Il Fine Grained Deposits [Illl Alluvial Fan & Sand Sheet
[ Active Wash [ Water B Landslide Features [l Pluvial Lake

The ML algorithm produces a good map in an independent desert region.




¢, |Phase 1 Output — N. Africa Maps

of Defence

« ML algorithm
applied to a
domain in North
Africa

- Urban

:] Alluvial Fan |:| Coastal Features - Plateau - Sand Sea/Dunes
- Agriculture

[ ] Alluvial Piain I Hioh Relief Mountains [ | Playa [ ] sand Sheets
- Badlands - Low Relief Mountains - Recent Volcanics - Water

- Broad River Valley - Pediments - Sand Dunes and Playa - Wind Eroision Features
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JFirst Look — N. Africa Preliminary Results

[Met Office ERDC n =m
‘ ERDC Geo Potential Dust Emission Flux (mg m*-2 s*-1)

« Landform type | .
converted to dust | 8200
emission potential '

6736.2 -

C

O

m [ [ 2

O ¢ Viaa |OOkUp table, | sos2ay :

e derived from wind I

8 tunnel in-situ obs M.

‘= for each Iandform [
Z type. p o e

1.0000 T T r "
o 1.0000 31734 6345.8 X 9518.2 5 15863.

P

0.64590 1.9377 b 4.5213

0.0000 1.2918 2.5836
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]First Look — N. Africa Preliminary Results

of Defence

total_dust_emission (kg/m"2/s)

Average this to the model oy R e o)
- grid, and divide by the By
O model output of the dust
‘O) emission under idealised
@ conditions to match the obs
y
m 18.805
8 * dry soil
* 10t i 9.4491
= a surface friction velocity
Z of 0.69 ms-1 ,
0.092875 . #80 . ’
-9.0281 7.8188 " 24.666 41.513
2.6023@-09 7.8069e-09 1.3011e-08 1.8216e-08 2.3421e-08
0.0000 5.2046e-09 1.0409e-08 1.5614e-08 2.0818e-08 2.6023e-08

21
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of Defence

N. Africa Region

That gives a scaling factor:

A lot of zeros and values < 1.0
Regions of moderate scaling
Active dust sources are
enhanced by factor > 100!

Applied before vegetation and
soil moisture masks.

Dust emissions are being
constrained and localised to the
geographically correct
locations.

46.874

37.518

28.162

18.805

9.4491

0.092875

JFirst Look — N. Africa Preliminary Results

No field processing Stash code = 427
x: longitude (degrees_east)
y: latitude (degrees_north)

z: surface 0.0 (level)
t: date / t 0000/01/01:00.00 / 0.000000 (days since 0000-01-01 00:00:00)

117.04

367.82
X

195.07 273.10

.028

156.06

22
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s
xxxxx

et O

=5 +ERDC-GEO

¢.. |Phase 1 Output — North Africa Sim

DUST RGB
‘pink’ sat img

N. Africa Region

(daytime
thermal
contrast)

Model variabili inant.
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¢, |Phase 1 Output — North Africa Sim

of Defence

+ ERDC-GEO increases dust emission in known sources — adding structure as intended

Standard + ERDC-GEO

Dust AOD at 550.0 nm Dust AOD at 550.0 nm

NAfr 10km GABGLO (u-ct866) from 2020/06/17 00Z NAfr 10km GA8GL9 EROD V1 (u-cw058) from 2020/06/17 00Z

2020/06/20 12Z T+84 MetOffice 2020/06/20 12Z T+84 [yl
20°W 10°W o e 0°E 0°E w0 S0°E 20°W 10°W 3 10°E 0 0°E 0°€ 50°E

At
|oqo2 ™

o 0N

N. Africa Region

i i | i |
! 1038 hPa i ! 1 1018 hPa-—|.

: ) |
MIN=0.000, MAX=1.705, MEAN=0.321, SD=0.285, RMS=0.429 MIN=0.000, MAX=2.623, MEAN=0.215, SD=0.198, RM5=0.292
0 01 0.2 03 0.4 0.5 0.6 0.7 0.8 09 1 2 3
0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2 3 i
Aerosol Optical Depth Aerosol Optical Depth
Pressure (mean sea level) Pressure (mean sea level)

Model variability more realistic — primary dust sources now clearly dominant.
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., |Phase 1 Output — North Africa Sim

+ ERDC-GEO increases dust emission in known sources — adding structure as intended

Standard + ERDC-GEO

MSG Dust RGB, 2020/06/20 12Z MetOffice

MSG Dust RGB, 2020/06/20 12Z MetOffice

N. Africa Region

Individual sources correctly and precisely located!
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of Defence

]North Africa Modelling

N. Africa Region

« ERDC-GEO does pull that into theatre-relevant fields, ie. Low visibility events

sibility (cloud/rain/dust) a
Surface Visibility (cloud/rain/dust) at 1.5 m
N Afr 10km GA BGL9 E 0D V1 (u- WOSB) f om 2020/06/17 00Z
NAfr 10km GABGL9 (u-ct866) from 2020/06/17 00Z 2020/06/20 122 T [yl

2020/06/2012ZT+84  MetOffie

ERDC-GEO appears to be working as intended/expected in North Africa
26
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of Defence

we |NOrth Africa Modelling

« ERDC_GEO Forecast
performance evaluation:

+ Dust events are located in obs
sparse regions.

+ Surface observations are present
but coverage is poor.

* Exact co-location of forecast and
satellite imagery allows for
subjective comparisons.

* These can be aggregated into
hits/misses, false alarms and
correct rejections

¢ Hit: ERDC-Geo forecasts dust the
control does not.

¢ Miss: misses dust the control has

N. Africa Region

« Correct Rejection: correctly dust-
free when the control is dusty

« False Alarm: incorrectly dusty
when the control is clear.

States:
n: no dust

b : better
W : worse

e : equal

Reasons:

e : emission

d: downstream

c+ c-:

control more or”"

less than obs

e+t e-:
experiment
more or |less
than obs

Dust AOD at 550.0 nm

NAfr 10km GA8GL9 EROD v1 (u-cw058) from 2020/06/22 00Z

2020/06/25 12Z T+84 MetOffice
2°W 10°W s 10°E nE 0°E 0°E E

4
o

%30 gy

i <
T X L]
! -
o Ty
3
MIN=0.000, MAX=2.803, MEAN=0.186, SD=0.172, RM5=0.254
0 01 0.2 03 0.4 0.8 09 1 2 3

05 0.6 07
Aerosol Optical Depth

Pressure (mean sea level)

Contingency skill scores can give a metric of ERDC-GEO performance
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]North Africa Modelling

of Defence
- ERDC_GEO Forecast performance tor___ Observabilty Rate by forecast time
evaluation: I
C i i i ‘ i i | i i i i i i i
@) B T Pt P A B A B
O) ° ‘Observability Rate’: how often we can
()] discern improvement or not: PO I T N N N O N O O O S O A
o - .
- * Diurnal cycle from observations 3
O - Starts low as the forecast difference I B S B Y
“— needs to spin up from common initial
< conditions. U U U RO U U Y OO OO - OO ONS NE: SOON AU O

t T T T T T u T T T T u T
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Forecast time (hours)

Forecast time -----> (4 days)

ERDC-GEO appears to be working as intended/expected in North Africa
28



of Defence
« ERDC_GEO Forecast performance o HtRatobyforacasttime
evaluation:
c PP NS N S Y W NS U S U U SO S S ———
.9 ' AN s S S SR S A S
O) ° ‘Hitrate’: the proportion of forecasts I A e
Q which are better due to ERDC-GEO 9 N N N N S O N N
o o NN R A T O A
* 10% to 20% of the time, peaking to 30% : R I
G  ofthe time. USSR A
o: | 3 1 | 3 | | | | ; | | ; !
——— A
< e e S St
Z

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Forecas t time (hours)

Forecast time -----> (4 days)

ERDC-GEO appears to be working as intended/expected in North Africa
29



[ 2.0 B ]NOFth Africa Modelling

of Defence
° ERDC_G EO Forecast performance " : 1 1 1 1Fa|se 1Alarm1 Rate:by for}ecast}time}
evaluation: [N T O
C ! : : ' ] I [ [ I I L [ [ [ .
(@) S0 [ A R A A
O) ° ‘False Alarm Rate’: the proportion of I A A
Q forecasts where ERDC-GEO has P S S S N N A N NS U S O N B
Y excessive dust. g T O
m % | ; 1 | | | | | | | H | | 1
O S S s RS S S S B S S
4=  * Starts high — 40%, drops to < 5%.
< » High start is spin up issue where observability is oz ————— ———————— ———————— ———————— ———————— ———————— ffffff
o low. A T I

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
Forecast time (hours)

Forecast time -----> (4 days)

ERDC-GEO appears to be working as intended/expected in North Africa
30
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« ERDC_GEO Forecast
performance evaluation:

of Defence

1

« ‘Equitable Threat Score’ is a
balanced skill score

e combines hits and false
alarms and accounts for
chance forecasts.

« Always +ve, starts out at
~0.3,builds to ~0.7

N. Africa Region

]North Africa Modelling

Fr l- ETS by forecast time
F-W_.L YV N V. W _ V.V
Pe [ect Ult:bdbt 1 ;

O I N———_—- R L i O -,
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R Y R e R S e S R L e e e  Et TR
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é’o‘a rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

02

°% 12 18 24 30 36 42 48 54 60 66 72 78 84 90

oooooo t time (hours)

Forecast time ———> (4 days)

More data is needed but ERDC-GEOQ appears to be working very well
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Dust ADD at 550.0 Dust ADD at 550.0 nm

nm
GABGLY 10km (U-cs483] from 2017/05/20 002 GABGLY 10km EROD v1 (U-cv797) from 2017/05/20 002
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Control and ERDC-GEQOP test cases run for Northern Asia

Evaluation of these runs is underway...
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Dust ACD at 550.0 nm Dust AOD at 550.0 nm
RAL3S 1.5km (u-<y298} from 2019/06/12 002 GABGLY (u-<y298) from 2019/06/12 002

ZOIBMIIZ 00ZT+0 Mt Ofhee. 2013006/12 00Z T+0 Mt O
. . e e wre e ve xre e e e ure uye - 5

MIN=0.005, MAX=0 253, MEAN=0.092, SD=0.045, AMS=0.103 MiIN=0.000, MAX=0.251, NEAN=0 027, SD=0 033, ANS=0 042

yond The Sahara

= -
o 01 02 o3 oa -} 0 7 o8 09 1 2 3 o o1 02 03 04 o 0. 7 0s 0s 1 2 3
Sarusol optal Dspth Rarcset Optical Dopth
Pressure (mean e laved) Prassure (mean sea kel

Simulations over Australia underway for the ERDC-Geo test cases...




[ LR I }Global landform maps

=8 | of Defence

South East Asia and
Western USA: training data

North Africa: Phase 1

Asia and Australia:
Phase 2

* South Africa, Sourth

America, and Thar deserts:
Phase 3 —just in!

ERDC-Geo: project

34
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[Met Office ERDc @ =m

» Dust emission problem: good on regional scale, lack surface details

I ll * L eads to inaccurate details in dust forecasts
 Especially for high impact dust events.

] Summary

« ERDC-Geo method gives details of surface erodibility to dust models.
« Uses a Machine Learning approach to extend current data scalably!

* |nitial tests show a significant improvement in dust forecast skill.

» Global coverage
* More testing underway and planned
» Implementation in 20257 Coinciding with LFRic and other changes may delay this.

35
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Dust Assimilation Scheme

NASA MODIS C6 Deep Blue/Dark Target 10 km

* Observation errors R = 0.222, no thinning

* Four 6 hourly assimilation windows

Filter AOD for dust only aerosols using secondary retrieval parameters (+ Global dust belt

filter over ocean)

| ML/ST ¥,

lorial North Atlantic and Arablan Sea: 90W-78E/SN-30N
East China and Japan Seas: 115E-145E/20N-40N

NN e ==

Figure 1. Geographic mask for MODIS dust AOD over ocean.

www.metoffice.gov.uk

80 50 120 90 -60 -30 0 0 60 0 20 50 80
s & ™7 ~ i
=S o £ - Gy
=2=9 IS . 4 g .
0'N b ~'-‘.¢- B 'N
(2o N N f A . s
> T 3 S = & - 3
g o LA AT o X 3 f
oN ~ - S | S e = oN
\ N by 2 > ;
: e B S \Qe &
Y, g ’ oy - e = k 5
o 4 - p : X por e o
e's i " >,
.} !‘ g - ~
§ 08
% . i 1 { S
x's g - 4 = = 'S
«
w@'s @'s
80 50 20 90 -60 -30 1] £ o0 0 20 150 180
00 01 02 03 04 0s 06 o7 os 09 10

Aorosol Optical Dopth at 0.5 microns

© Crown Copyright 2018, Met Office



== Met Office

Next Generation modelling: Data
Assimilation
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Current Operational System

NRT filtered Forecasts
observations observations (UM
Observation Pre-processing System: 4-D Var Minimisation:
* Quality control (dust filtering) * Temperature, wind, humidity

« 1-D Var (MW, IR, GPSRO..) * Dust mass concentration
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New System: NG-PAO (JOPA + JADA+ LFRIC)

NG-PAO will:

* Ensure readiness for next-generation HPC
* Allow collaborative and agile development in the JEDI framework

NRT filtered Forecasts
observations observations (UM

3 y

JOPA JADA LFRIC
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Porting to NG-PAO

Stage 1: JOPA porting (summer 2024)

« Match the current operational system (as close as possible)

e.g. Dust filtering & QC (MODIS & VIIRS)

e

P

both, N = 63454

7 éﬁ?‘-%\

= JOPA, N=2077
<! - OPS,N=2165

VIIRS included for testing (future DA)
Same number of observations selected
by both JOPA and OPS

Some (random) differences in selection
due to VIIRS thinning

Stages 2 (JOPA/LFRIC) and 3 (JADA) porting ongoing

« Aim: include new science e.g. through LFRIC

» Testing 2025, operations 2027

www.metoffice.gov.uk

Heather Lawrence

© Crown Copyright 2018, Met Office
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Update on Assimilating Deep Blue VIIRS AOD

» SNPP v1.1 trialled for assimilation but now looking at v2 SNPP and NOAA-20
» Preliminary investigation show differences in dust over land >> re-evaluate for DA
» Match-up of total AOD (NRT) 6t July 2023 — 16" October 2023 + our own dust filtering
Mean Difference Standard Deviation of Difference

P Mean Difference in AOD SNPP v2 Minus SNPP v1.1 for 6th July - 16th October 2023 I S Standard Deviation of Mean AOD Difference 6th July - 16th October 2023

eeeee

www.metoffice.gov.uk © Crown Copyright 2018, Met Office
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Ocean:

DB Ocean Dust Flag
AE <=0.5, FMF <=
0.4

Dust belt geo filter
AOD > 0.15

Land:

0.878 < SSA < 0.995
AE <0.6

NOT smoke (DB
Smoke Flag)

www.metoffice.gov.uk

SNPP v2 Dust AOD

Dust Filtered Ocean (AOD >
0.15)

Dust Filtered Total AOD Ocean 6th July 2023 - 16th October 2023

Dust Filtered Land

Dust Filtered Total AOD Land 6th July 2023 - 16th October 2023 (NRT)

50000 100000 A
0 . 0 L
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= Met Office Newsletter

Number 168 - Summer 2021
Published in july 2021

3 Saharan dust events in the spring of 2021

« View all Newsletters Linus Magnusson, Ivan Tsonevsky, Mark Parrington, Richard Forbes, Johannes Flemming

.&‘-‘ \ B I o B
MODIS AOD Total 2021-03-31

Study on dust transport event (29t March 2021)
by ECMWEF - significant impact on HRES 2m ST

forecast over Iberian Peninsula. I S —

| I I S ]
12 6 -4 -3 2 -1 0 1 2 3 4 6 12
Forecast minus observations (°C)

A SDS also occurred in Mongolia.

During this episode, ECMWF's high-resolution forecast (HRES) experienced large
temperature errors over the dust-affected areas of the Iberian Peninsula. Even in the short-

Source: httpS:// ecmWf I nt/en/neWSIetter/1 68/neWS/Saharan-dUSt- range 12-hour forecast for 2-metre temperature, the model was 2 to 7°C warmer than the
eventS-Sprlng-202 1 observations (see the figure on temperature forecast errors).



% Difference (MODIS AOD DENIAL vs. Control) - overall -0.06%
RMSE against ecanal for Equalized,

e t .
$ Met Oﬁlce 20210326 00:00 to 20210405 12:00

Short Dust DA Denial Trial

- 2-week denial trial 26th March to the 5th of April wesol e
« Control (Prognostic Dust in DA) — Standard GM set-up (lower = , e
resolution, Atmosphere only) sl e
- MODIS AOD Denial — Standard GM set-up without MODIS ‘ mwel |
AQOD data assimilation g:wggg =
« RMSE error differences against ECMWF analysis szl Rk
* Purple = MODIS Denial experiment shows a small e wiom Qe MY o
degradation in 2m Surface Temperature forecast e oo B i ] B
« Next step: compare to our climatology (static dust) T am

www.metoffice.gov.uk © Crown Copyright 2018, Met Office



= Met Office Longer trials: Impact of MODIS on 2-metre
temperature

Heather Lawrence

MODIS denial vs Prognostic
Dust in DA forecast scores: Dec — Feb 2019/2020 May = June 2020

NH_W250 anl
NH_W250 anl NH_W500 » 7 anl
NH_W500 | NH_W850 2 ol B anl
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MODIS AOD has a positive impact on near-surface temperature forecasts
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Prognostic dust in DA vs Climatology
Forecast scores:

Dec — Feb 2019/2020

Longer trials: comparison to climatology

Heather Lawrence

May — June 2020
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The dust DA system has a positive impact on forecasts compared to climatology
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Future Plans

Modelling plans

« Migration to LFRic (GLOMAP Mode) 2025/2026

« ERDC-GEO implemented globally and regionally around
LFRic

» Exploring including non-dust aerosols
DA plans

» Assess and implement assimilation of Deep Blue VIIRS version 2 (S-NPP, NOAA-20,
NOAA-21)

» Develop assimilation method using LFRIC for JADA (change of control variables,
background errors...)

« Explore more use of IR data e.g. SEVIRI 1D-Var retrievals, IASI MAPIR dust product
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