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* Motivation
 What is the global air quality challenge?
* Why are open data needed to meet this challenge?

* NASA Open Data

« Satellites — key missions and datasets for air quality
* Models — GEOS-CF air quality forecasts
* FInding NASA Data — Earthdata Search

» Data Fusion in Google Earth Engine
* Our NASA-funded project to support air quality managers
» Walkthrough of the data fusion method
« Capabillities and challenges in GEE

 Further Resources to Learn More
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_ IT'he global risks of poor air quality are severe...

Air pollution
Both sexes, All ages, 2021, Percent of total deaths

Kenya: 8.4% of deaths (30 thousand per year) due to air pollution

L ____ L O

gg || H!iL—s% 10% 15% 20% 25% 30%

Childhood sexual abuse and bullying

High blood pressure —

Air Pollution 1

Tobacco

Dietary, risks -

High fasting plasma glucose —
High body-mass index —

High LDL

Kidney dysfunction —
Malnutrition —

Non-optimal temperature

High alcohol use —

Other environmental -

Occupational risks —

WaSH

Unsafe sex —

Low physical activity —
Drug use —

Low bone mineral density —

Intimate partner violence —

) IHME '

Global, Both sexes, All ages, 2021

. l Self-harm & violence

' Unintentional inj

l Transport injuries

Other non-communicable

Musculoskeletal disorders

| Diabetes & CKD

l Substance use

Neurological disorders

' Digestive diseases

l Chronic respiratory

l Cardiovascular diseases

l Neoplasms

Nutritional deficiencies

Maternal & neonatal

Other infectious

' NTDs & malaria

l Enteric infections

l Respiratory_infections & TB
| HIV/AIDS & STIs

Source: Institute for Health Metrics and Evaluation (IHME).
GBD Compare Data Visualization. Seattle, WA:

IHME, University of Washington, 2020.

Available from http://vizhub.healthdata.org/gbd-compare.
(Accessed 30 Sep. 2024)

Reproduced according to Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License.

I
4AM 6M 8M 10M
Deaths
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.but our knowledge of air quality is incomplete!

£ 120
g? Continent
'E' .Western Africa> ® Oceania
o 100 1 ® Europe
(U .
hw Northern Africa H . ® Americas
| ] ] S 80 P Southern Asia ® Asia
Ana ySIS USIng § .C - > e—» \Western Asia ® Africa
i i O _ entral Africa Population [Billions
open air quality o 60 rorn Acin p fat [ ]
data from & - > * v
g 40 - ® Central Asia > Southern Africa ® 038
OPEHAQ-Org < Eastern Africa & ® 1.2
© , South-East Asia
g 20 - . Caribbean éL.ECenltralAmerlca ® 16
g: — _ >South‘—-u—r(£e>North America Monitor Type
elanesia o >
I America__Australia® New Zealand| ~ ® Regu:atory
E 10-2 10-1 100 101 102 » Regulatory & Low-Cost

PM> s Monitors per Million People

Source: Malings et al., 2024. “Forecasting with the GEOS-CF System and Other NASA Resources to Support Air Quality Management”,
in: Advances in Air Quality Research in Africa, Advances in Science, Technology & Innovation.

GMAO

Presentation for GEEDEVS Nairobi Community
carl.a.malings @nasa.gov

GO®DDARD

EARTH SCIENCES

17 Oct. 2024 5

2

Partner


mailto:carl.a.malings@nasa.gov
https://doi.org/10.1007/978-3-031-53525-3_13
https://openaq.org/

How can we measure and understand air quality?

- Ground
StV = Measurements
monitors, sensors

atmospheric observations

Local Contributions NASA Contributions

Alr & Space

Observations Models

satellites

global models
regional models

‘ aircraft

Source: Gupta, P.; Follette-Cook, M. (2018). Satellite Remote Sensing of Air Quality. NASA Applied Remote Sensing Training Program (ARSET).
https://appliedsciences.nasa.gov/join-mission/training/english/arset-satellite-remote-sensing-air-quality
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NASA's Earth Observation Fleet
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Air Quality Observation from Space

* In passive remote sensing (most common for air
quality applications) satellites detect solar radiation
backscattered from the Earth & atmosphere.

Solar radiation
detected by satellite,

\ attenuated by
Retrieval algorithms use physical principles to infer absorption
geophysical quantities from this data, such as:

* aerosol optical depth for all aerosols in the
atmosphere, using visible light.

* trace gas total column density using the “spectral
fingerprints” of many gases.

e Usually, there is little information on the vertical
distribution of aerosols or trace gases, although limb
view or active sensors can do this.

Source: Gupta, P.; Follette-Cook, M.; Strode, S.; Malings, C. (2023). ARSET - NASA Air Quality-Focused Remote Sensing for EPA Applications. NASA Applied Remote Sensing Training
Program (ARSET). http://appliedsciences.nasa.gov/join-mission/training/english/arset-nasa-air-quality-focused-remote-sensing-epa-applications
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 Examine a large area: where are the hotspots? how is long-range transport happening?
* Track changes over time: how much has the average concentration over an area changed over time?
e A picture is worth a million datapoints: Anyone can understand a satellite photo of a smoke plume.

Sources: TROPOMI Nitrogen Dioxide, Sep. 17, 2024, viewed in NOAA JSTAR Mapper
NASA GSFC Nitrogen Dioxide Trends for World Cities https://airquality.gsfc.nasa.gov/no2/world
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Satellite does not measure air pollution
directly but measures spectral radiances .~

‘‘‘‘‘

i ne— E E BN I SN B B G G B e . N
B

Nl e e clouds & smoke

e WL L

10 km? vertical column

IR S S feases %,Q-e-mso's_? measurement Aerosol Optical

Depth

Surface Layer

bare soll pavement built up area

osphere.
* See through clouds: most satellite measurements are blocked by cloud cover.
* See what is happening at “nose level”: satellites measure quantities in the whole atmosphere.

* See at different times of day: polar-orbiting satellites will observe a location once per day.

Source: Gupta, P.; Follette-Cook, M. (2018). Satellite Remote Sensing of Air Quality. NASA Applied Remote Sensing Training Program (ARSET).
https://appliedsciences.nasa.gov/join-mission/training/english/arset-satellite-remote-sensing-air-quality
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Aerosols — MODIS and VIIRS AOD

e

MODIS Aqua Deep Blue AOD (Launched 1999)
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VIIRS SNPP Deep Blue AOD (Launched 2011)
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2 Satellites (Aqua, Terra) 3 Satellites (SNPP, NOAA-20, NOAA-21)
1 km high-resolution AOD (MAIAC) 0.75 km high-resolution AOD (in development)

Source: Gupta, P.; Follette-Cook, M.; Strode, S.; Malings, C. (2023). ARSET - NASA Air Quality-Focused Remote Sensing for EPA Applications. NASA Applied Remote Sensing Training
Program (ARSET). http://appliedsciences.nasa.gov/join-mission/training/english/arset-nasa-air-quality-focused-remote-sensing-epa-applications
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- MODIS MAIAC AOD in Google Earth Engine

®

Earth Engine Data Catalog Q, Search / @ english ~

Home View all datasets Browse by tags Landsat MODIS Sentinel Publisher Community APl Docs

MCD19A2.061: Terra & Aqua MAIAC Land Aerosol Optical Depth Daily 1km 0 -

Dataset Availability
2000-02-24T00:00:00Z-2024-09-25T723:55:00Z
Dataset Provider
NASA LP DAAC at the USGS EROS Center
Earth Engine Snippet

ee.ImageCollection("MODIS/861/MCD19A2_GRANULES") [A

Tags
aerosol aod agua daily global maiac modis nasa terra usgs
med1%a2
Source: https://developers.google.com/earth-engine/datasets/catalog/
Diescription Bands Terms of Use Citations DOls

The MCD19A2 V6.1 data product is a MODIS Terra and Aqua combined Multi-angle Implementation of Atmospheric Correction (MAIAC) Land Aerosol Optical Depth (AOD) gridded Level 2 product
produced daily at 1 km resolution. For more information see the MAIAC user guide.

MNOTE: This product has been released with the caveat that the reprocessing for the full mission is expected to continue through summer 2023.
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- Gases — NASA's OMI and ESA's TROPOMI

OMI SO,, Nyiragongo, Sep. 10, 2024 TROPOMI SO,, Nyiragongo, Sep. 10, 2024
22 24 26 28 30 a2 34 22 24 26 28 30 32 34
2.0 2.0
1.8 i 1.8
1.6 —1.6
l4=s 1.4
0, =}
= Q,
1.2E = 1.2c§r
c
705 110
8 { 5§
085? —0.88N
- < Ly O
0.6 o6
0.4 :0.4
1.2 —-0.2
Joo Jo.0
22 24 28 & 0 8 Ft 22 24 26 % 30 32
Data: NASA Aura Project Data: BIRA-IASB/DLR/ESA/EU Copernicus Program
NO,, SO,, HCHO, Ozone - 13 x 24 km NO,, SO,, HCHO, Ozone, CO, CH, - 3.5 x 7 km
Source: NASA GSFC Global Sulfur Dioxide Monitoring Home Page https://s02.gsfc.nasa.gov/
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Earth Engine Data Catalog Q_ search / @ English ~

Home View all datasets Browse by tags Landsat MODIS Sentinel Publisher Community API Docs

Sentinel-5P OFFL NO2: Offline Nitrogen Dioxide @O -

Dataset Availability
2018-06-28T10:24:07Z2-2024-09-20T22:55:18Z
Dataset Provider
European Union/ESA/Copernicus
Earth Engine Snippet

ee.ImageCollection("COPERNICUS/S5P/0OFFL/L3_N02") [A

Tags
air-quality copernicus esa eu knmi nitrogen-dioxide no2 pollution s5p
sentinel tropomi
Source: https://developers.google.com/earth-engine/datasets/catalog/
Description Bands Image Properties Terms of Use

OFFL/L3_NO2

This dataset provides offline high-resolution imagery of NO, concentrations.

Nitrogen oxides (NO5 and NO) are important trace gases in the Earth's atmosphere, present in both the troposphere and the stratosphere. They enter the atmosphere as a result of anthropogenic

' P tation for GEEDEVS Nairobi C it
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GMAOQO's core mission is to enhance
the value of NASA's observations to
understand, analyze and predict
changes In the physics, chemistry
and biology of the Earth system
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Data Assimilation

Observation Observation

o - Background (prior)

Data Assimilation System
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Source: Joint Center for Satellite Data Assimilation, https://www.jcsda.org/
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GEOS-CF Composition Forecast

-24h +24h +48h +72h +96h +120h
v o :zzzzll‘;ﬂ I Data assimilation for meteorology & stratospheric ozone

1. GEOS FP and FP-IT analysis %,

T~

NO DATA ASSIMILATION OF AIR QUALITY INFORMATION

Meteorology |
2. GEOS-CF hindcast & forecast _

restarts for next day

GEOS GEéf‘gmghem]  Combine GEOS meteorology with GEOS-Chem chemistry
Meteorology J e 250 chemical species

%“ Hourly temporal resolution
+ "’ '-f“ 0.25 degree (25 km) spatial resolution
:‘““'2‘ *:“. \ Global coverage
::é',::;" e Daily 1-day hindcast and 5-day forecast

Source: Keller, C., et al. (2021) “Description of the NASA GEOS Composition Forecast Modeling System GEOS-CF v1.0”. Journal of Advances in Modeling Earth Systems, 13:4.

@

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020MS002413
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NASA FLUID webpage

GEOS CF Forecast Initialized on 12z 09/29/2024
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- GEOS-CF Forecasts in Google Earth Engine

L

Earth Engine Data Catalog Q. GEOS-CF / @ English ~

Home View all datasets Browse by tags Landsat MODIS Sentinel Publisher Community API Docs

GEQOS-CF fcst tavgilhr v1: Goddard Earth Observing System Composition Forecast - -

Dataset Availability
2022-10-01T00:00:00Z-2024-09-27712:00:00Z
Dataset Provider
NASA / GMAO
Earth Engine Snippet
ee.ImageCollection("NASA/GEOS-CF/v1/fcst/tavglhr") [A
Tags

composition forecast geos gmao nasa

Source: https://developers.google.com/earth-engine/datasets/catalog/

Description Bands Image Properties Terms of Use Citations DOls

This dataset contains meteorological forecast (fcst) of time-averaged frequency data (tavg1hr). Use the 'creation_time' and 'forecast_time' properties to select data of interest. The Goddard Earth
Observing System Composition Forecast (GEOS-CF) system is a high-resolution (0.25°) global constituent prediction system from NASA's Global Modeling and Assimilation Office(GMAO).

GEOS-CF offers a new tool for atmospheric chemistry research, with the goal to supplement NASA's broad range of space-based and in-situ observations. GEOS-CF expands on the GEOS weather
and aerosol modeling system by introducing the GEOS-Chem chemistry module to provide hindcasts and 5-days forecasts of atmospheric constituents including ozone (03), carbon monoxide (CO),

nitrogen dioxide (NO2), sulfur dioxide (S02), and fine particulate matter (PM2.5). The chemistry module integrated in GEOS-CF is identical to the offline GEOS-Chem model and readily benefits from
the innovations provided by the GEOS-Chem community.
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Data Fusion in Google Earth Engine



The goal of our project is to...

Global Data Sources Local Data Sources

...integrate diverse global and local air —— o Regulatory Monitors L_"" Hom S
quality data sources... e sh M LRl . S MOTESites

...using the cloud computing platform of
Google Earth Engine...

data quality

Community Science

...to provide synthesized estimates and
forecasts of air quality at a local scale
but with a global scope...

...freely accessible by air quality
managers worldwide, facilitating their

. : current 3-hour ahead

decision-making processes. : : — , —

local air quality decision-making with fused global & local data

Source: NASA GMAO Science Snapshot “Google Earth Engine Data Fusion Tool to support Air Quality Managers”
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Phase 1. Model Only

"‘ forecast model (GEOS-CF)
““ F0o8) = Mx, t)

{
i
%

‘ model surface concentration M (x, t)
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Phase 2: Model & Satellite

Phase, _____Estimate Uncertainty

forecast model (GEOS-CF) cell-to-cell variability of model
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Phase 2: Model & Satellite

Phase, _____Estimate Uncertainty

forecast model (GEOS-CF) cell-to-cell variability of model
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Phase 2: Model & Satellite
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Phase 2: Model & Satellite
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Phase 3 & Phase 4 (simulation)
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Phase 3 & Phase 4 (simulation)

GO gle Earth Engine Q. Search places and datasets... @ 0 ;ﬁ*‘_
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Prototype User Interface

Earth Engine Apps Q  Search places

This application visualizes hourly NO_and PM_. concentration forecasts for Rio de
Janeiro. Forecasts are generated daafy for the next day using the NASA GEOS-CF
forecast, satellite retrievals from the TROPOMI and MAIAC AOD instruments, and
ground-level air quality measurements from reference-grade monitors and low-cost
sensors. Reference-grade monitor data are shown with purple squares, while low-cost
sensors are shown using green circles. All times are displayed in the local timezone.,

To get started, select a parameter, forecast product, and datetime from the dropdown
menus below. Once a forecast is selected, an animated gif will appear in the bottom
right for that forecast type. You can minimize the window using the “Show/Hide
Forecast Animation” button in the top-right. Map layers may be turned on or off in the
"Layers” drop-down in the top-right. This application is still under development; any
data shown are still preliminary.

To generate a time series of forecasted NO, or PM__, click on any point to retrieve the
hourly forecasted NO_/PM_ concentrations for the selected date and time at that
specific location.

Select the parameter, input data, and time of interest to view forecasts

NO, $

Model, satellite, and interpolated ground monitors 5

Forecast time (local):

| 2024-09-08 19:00 &

Concentration Forecast at Clicked Location Lo Animated Forecast
—e— NO_

NI

30
08.07 23:00 0908 15:00 08.09 07:00 09-09 23.00 08-10 1500

Date and Tame

NO, Concentraton (pg/
m?

NO, Concentration (ug/m?*)

2024039052200

Keyboard shortcuts | Map data ©2024 Google | Skm ey | Terma
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Pros and Cons of Google Earth Engine

» Data Avallablility and Accessibility
+ Many air-quality-relevant Earth observations datasets are already available
+ Many interoperability issues (resolution, coordinate systems) are solved “under the hood”
- In-situ alir quality data are yet not available/accessible

« Computation
+ Efficient computation over large spatial and (to a lesser extent) temporal scales
- Interfacing with in-situ data (e.g., extracting raster data at vector coordinates) Is inefficient
- Costs associated with operational computations introduced since the project started

* User Interface
+ Ready-made interface options allow for most common display functions
- Some unforeseen issues (display scale factors, automatic local time adjustment)

GO®DDARD

EARTH SCIENCES
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NASA Applied Remote Sensing Training Program (ARSET)

hitps://appliedsciences.nasa.gov/arset

ARSET provides accessible, relevant, and
cost-free training on remote sensing

satellites, sensors, methods, and tools. Training Themes

Our trainings are:

- Online and in-person @ AGRICULTURE

- Open to everyone
- Live, instructor-led, or self-guided

- Provided at no cost, with materials and
recordings available from our welbsite

- Often multi-linguadl

- Tailored to those with a range of
experience in remote sensing, from
infroductory 1o advanced

GO®DDARD

EARTH SCIENCES

CLIMATE & RESILIENCE
DISASTERS

ECOLOGICAL CONSERVATION
HEALTH & AIR QUALITY

WATER RESOURCES

CODS®
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EARTHDATA Offers

The Air Quality Data Pathflnder 3

for Your Research & Applications

Air pollution is one of the largest global environmental and health threats.
NASA provides data resources to better understand the movement of
pollutants and the impact of events leading to poor air quality. This
Pathfinder helps you access, and leverage data acquired from NASA’s
satellite, airborne, and ground-based missions and campaigns. Visit the EARTHDATA

Air Quality Data Pathfinder

Available Data Types: Qata are from satellites, T hion

e Aerosols airborne and ground-based e

. Trace Gases (e.g., Nitrogen _platfor.ms., MRS \ — « Commonly Used Datasets for Air Quality Research

. _’_ Including: N— A

Dioxide, Sulfur Dioxide, Carbon and Applications
Monoxide, etc.) * AIRS * OMPS * Tools for Using Data

« Weather (e.g., Air Temperature, * AMSR?2 * SMAP « Resources for Applying and
Clouds, Precipitation, etc.) « GPM « TROPOMI Connecting NASA Data

« Land Surface (e.g., Soll « MODIS * VIIRS « GIS Resources
Moisture, Surface Reflectance,  OLI/TIRS « GEOS  Tips for Getting Help and
Topography, etc.) Connecting with NASA experts

, _  OMI MERRA-2
Human Dimensions e Tutorials and more!



https://www.earthdata.nasa.gov/learn/pathfinders/air-quality-data-pathfinder?utm_source=event&utm_medium=presentation&utm_campaign=air-quality-pathfinder

https://hagast.org/

~_Health and‘Air Quality Applied Science Team

“Our goal is to use NASA's data and satellites

to pursue cutling edge applied research in
order to keep you healthy and safe.”

Partner

GO®DDARD

Use NASA satellite & other data to help
solve real-world public health and air
quality problems.

Work around the world on diverse issues

related to health and air quality. H AQA ST

Collaborate with public stakeholders to
help QU|de Iong—’rerm research. Getting started with NASA satellite data for

“Tiger Teams" pursue short-term, high- health and air quality:
: S : x . S https://hagast.org/getting-started/
Impact projects in small groups.
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Geostationary Orbit: < 1 day
(minutes, hours)

Geostationary Orbit

Spectral & Radiometric Resolution

L

- - - - - =>
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S 0.6 [ OMI / Multispectral band width: 10-50 nm |
s MODIS
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o
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Hyperspectral band width: ~0.5 nm

1800
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Polar Orbit

Satellite and Instrument Characteristics to Consider

Coverage

Polar Orbit (swath):
global coverage over many orbits

Geostationary Orbit (field of regard):

hemisphere or regional coverage

Spatial Resolution
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Earth Engine Apps

 GEOS-CF Air Quality Data Explorer

The GEOS Composition Forecasting (GEOS-CF) system
produces global, three-dimensional distributions of
atmospheric composition at 25 km2 resolution. This data
exploration tool allows you to view global GEOS-CF products
and make simple visualizations. Below you may select a
chemical species, a region of interest, and a start date.

Please select a chemical species

Please select a region ("Custom" region will set the area of
interest geometry to your current window extent.):

Select a Region 5

Please select a date. This date will be a start date for the 5
day timeseries below. Visualized chemical species will show
mean concentrations for this selected day.

0312019 3 4 5
| >

Jan 1, 2019
101/01/2019 9 |

Part of the NASA-
Google Partnershi
some GMAO prod
are being ingested

Google Earth Engine:

« GEOS-CF
* MERRA-2

Google Earth Engine
and Google Cloud tools

UCTS

Surface Concentration of NO2 (ppbv)

can apply statistical
methods and machine
Downscaling using CF Ratio Iearnlng technlques to
downscale and fuse
data products, improving
biases at sub-grid scale.

Timeseries Plots

The downscaling tool shows a higher resolution view of
surface level NO2. These data are estimated by multiplying
observations of NO2 from the TROPOMI instrument by a ratio
of surface level NO2 and tropospheric column NO2 from

b GEOS-CF model data.

a :5
i — View Estimated Surface NO2

Downscaling over San Francsico using a

Keyboard shortcuts | Map data ©2023 Gooale, INEGI | 20 km b1 Terms of Use RegreSSIOn MOdel
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Source: NASA GMAO Science Snapshot “A New Generation of GMAO Apps in Google Earth Engine”
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- NASA Global Earth Observing System (GEOS)

GEOS FP GEOS-CF MERRA-2
Type Analysis + Forecast Replay + Forecast Reanalysis
Domain Global Global Global

Simulation: ~12 km

Spatial Resolution Output: ~25 km (0.25°%0.312°) ~25 km (0.25°x0.312°) ~50km (0.5°x0.625°)

. 2-D data: Hourly . .
Temporal Resolution 3-D data: Every 3 h 15 min, Hourly Hourly, Daily, Monthly
Vertical Levels 72 (near surface-0.1 hPa) /2 (near surface-0.1 hPa) /2 (near surface-0.1 hPa)

Replay: 2018 — Present

Output available Analysis: '201 4 — Present Forecq'sT: 2019 — Present (agc 1980-Presant
Forecast: ~20 days collection)
~14 days (all collections)
e 1 Daily 10-day forecast at 007 . ~1-2 months behind real
Initialization Daily 5-day forecast at 121 Daily 5-day forecast at 127 Hme
Data Assimilation Yes No Yes

https://gmao.gsfc.nasa.gov/pubs/docs/L hitps://agmao.gsfc.nasa.gov/pubs/docs | hitps://amao.gsfc.nasa.gov/pubs/do
ucchesil 203.pdf * JKnowland1204.pdf * cs/Bosilovich/85.pdf *

File Specification Doc

Source: Gupta, P.; Follette-Cook, M.; Parrington, M.; Stewart, C. (2021). Introduction and Access to Global Air Quality Forecasting Data and Tools. NASA ARSET.
https://appliedsciences.nasa.gov/join-mission/training/english/arset-introduction-and-access-global-air-quality-forecasting-data-and
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GEOS-CF Performance
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a' |
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1 +1 42 43 +4 45 -1 +1 +2 +3 +1 42 +3 +4 +5

correlation

07 PM, . is biased high
25 NO, is biased low

0.00 -

SO, is biased very high (not shown)
Little variation in the skill scores out to 5 days

=0.25 -

Partner

-0.50

LI

+4 +5

1 41 42 +3 +4 45
forecast lead time (days)
Source: Keller, C., et al. (2021) “Description of the NASA GEOS Composition Forecast Modeling System GEOS-CF v1.0”. Journal of Advances in Modeling Earth Systems, 13:4.

@

1 +1 42 +3 +4 45 -1 +1 +2 +3

Slide Credit: K. Emma Knowland, NASA GMAO

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020MS002413
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- Why quantify uncertainty in air quality forecasting?

L

. . . . 40
Provide a prior estimate of the relative
confidence in a forecast 35 -

- - 30 -
Convey probabilities of specific events,
e.g., exceedance of standards —= 25
S 20
ldentify a range of likely outcomes 3
= 15
Quantify the impacts of different data
sources In reducing uncertainties
5
Identify the potential to reduce
. " 0
uncertainties through additional data
collection
GO®DDARD & (emao
Partner EARTH SCIENCES
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| forecasty
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Phase 1. Model Only

Phase, _____Estimate Uncertainty

forecast model (GEOS-CF) cell-to-cell variability of model

Fi(x,t) = M(x,t)

uncertainty due to forecasting by
‘ Vilx,t) = Vii(x, £, 7) ahead; evaluate using past forecasts
data fus.|0n +Vy(x, ) - uncfert.a.mty due to model internal
uncertainty variability
t :
variance) at +Vp,(x,t) - uncertainty due to model bias
phase 1 . .
uncertainty due to spatial
+ Ve1(x, t) - representativity (model scale)
-
Vi (x, ) = Eyrex (o.ter(6) [(M(x’, t") — M(x,t)) _
g lon | .
model surface concentration M (x, t)

lat
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Data Fusion Results

a) 1.0 b) 16
—— Phase 1
14 RT Phase 2
12 - —— Phase 3
10 - —— Phase 4
8 -

Reduced errors as phase increases

correlation
RMSE [ppb]

Phases 3 & 4 degrade correlation,
4 - Phase 4 improves correlations for

0.2 -

short-term forecasts

Unpublished work for a case study example

0 3 6 12 24 48 72 96 0 3 6 12 24 48 72 96 Performance is discussed in detail in Malings et al. (2021),
lead time [hrs] lead time [hrS] “Sub-City Scale Hourly Air Quality Forecasting by

Combining Models, Satellite Observations, and Ground
Measurements” Earth & Space Science.
DOI: 10.1029/2021EA001743

0.0
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Uncertainty Quantification Results

Case Study Detalls
San Francisco
September 2019
Surface NO,
Lognormal distribution
Cross-validation test
25 ground monitors

Ground Sites

39°N
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fraction of measurements in the 75% Cl

1.0

0.8 -

0.6 T

0.4 A

0.2 1

underconfident

..................................................................... .- target: 75%

overconfident

0.0

GMAO
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Uncertainty Quantification Results

Case Study Detalls
San Francisco
September 2019
Surface NO,
Lognormal distribution
Cross-validation test
25 ground monitors

Ground Sites

39°N
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fraction of measurements in the 75% Cl

Phase 1
Model
1.0
underconfident
0.8 A
.................................................................................... .- target: 75%
0.6 - overconfident
0.4 -
0.2 -
0.0
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Uncertainty Quantification Results

Case Study Detalls _ Pl\r;la?jell
San Francisco < ode
September 2019 X underconfident
Surface NO, < -,
Lognormal distribution E ...................................................................... .- target_ 0
Cross-validation test < Microscale 0.1 km 5 overconfident
25 ground monitors 5 Middle 0.5 km 3
Ground Sites § Neighborhood 4 km 13
B | GE) representative scale Urban 10 km 3
%5 0.2 1 of monitor sites Redi | 50 Kk 1
. *° c local regional ediona m
S | :
% O-O I | | | I |
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288ES
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o
8
Site Type
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Uncertainty Quantification Results

Phase 1
Model + Satellite Data

$£$_ .............................................. .- target: 5%
T - overconfident

Case Study Detalls
San Francisco
September 2019
Surface NO,
Lognormal distribution
Cross-validation test
25 ground monitors

underconfident

Ground Sites

39°N

fraction of measurements in the 75% Cl

representative scale
0.2 1 of monitor sites
s *° local regional
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Case Study Detalls

San Francisco
September 2019
Surface NO,
Lognormal distribution
Cross-validation test
25 ground monitors

39°N

Partner

Ground Sites
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Uncertainty Quantification Results
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fraction of measurements in the 75% Cl
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Uncertainty Quantification Results

Phase 1 Phase 3 Phase 4

Case Study Detalils _ o
Model + Satellite Data + Ground Data  + Kriging

San Francisco
September 2019
Surface NO,
Lognormal distribution
Cross-validation test
25 ground monitors

underconfident
--4mm target: 75%
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Ground Sites
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