High-resolution forecasting of wildfire activity and smoke:
the High-Resolution Rapid Refresh (HRRR)
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Introduction
There is a high demand for high-resolution smoke
forecasts over the US for various applications:
Ø Smoke/air quality alerts (health, outdoor
activities)
Ø Visibility (ground transportation, aviation)

San Francisco skyline during the Camp fire, November 2018

Ø Smoke impact on meteorology to improve
weather forecasting
Ø Solar energy production
Fatal accident caused by wildfire smoke on
Interstate 40 in Arizona, October 2016

http://weatherwest.com

Rapid Refresh and High Resolution Rapid Refresh models
Smoke was implemented operationally in RAP/HRRR in Dec 2020

Ø A smoke tracer is added to the RAP/HRRR weather
Ø
Ø

Ø
Ø
Ø

forecast models
The satellite fire radiative power (FRP) data are used
to estimate the fire emissions and heat fluxes in real
time
RAP-Smoke enables simulating smoke transport
over Central and North Americas, and provides
lateral boundary conditions of smoke to HRRRSmoke (for example, Siberian smoke to HRRR-AK).
The HRRR-Smoke (3km) model is able to capture
the mesoscale flows and smoke transport in complex
terrain
Smoke feedbacks on radiation and visibility are
included in these models
The smoke forecasting capability was transitioned to
NOAA’s operational RAPv5/HRRRv4 systems in
December 2020

RAP
HRRR
AK

HRRR
CONUS

Operational weather forecast models at NOAA/NWS:
RAP (white): 13km grid spacing. HRRR (green): 3km grid spacing
(https://rapidrefresh.noaa.gov/)

Why run rapidly-updating NWP systems?
Most NWP systems are run 2x or 4x per day. Rapidly-updating NWP systems take advantage of the most recent
observations, and provide updates for users needing short-term forecasts for decision-making (aviation, severe
RAP 12h vector wind forecast RMSE
weather, energy, firefighting, etc.)
1 Jan – 21 Sep 2017
RAP 6h vector wind forecast RMSE
RAP 1h vector wind forecast RMSE
RAP 0h vector wind forecast RMSE

Wind verification vs
CONUS rawinsondes

Wind improvement
from hourly updating
vs 6-h updating

More details on the meteorological configuration of RAP/HRRR:
https://doi.org/10.1175/MWR-D-15-0242.1
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Rapidly-updating NWP for Alaska
Exp. HRRR-AK-Smoke
Jan 2016
Jan 2017

HRRR-AK-Smoke:
started Jul 2016

Primary Exp. HRRR-AK

Operational HRRR-AK

HRRR-AK:
started Mar 2016

HRRRv2 (no AK domain):
Aug 2016

Jan 2018
Jan 2019

Late 2018: Updated DA/physics
Smoke capability merged

HRRRv3:
July 2018

Jan 2020
Jan 2021

HRRRv4:
Dec 2020
Smoke capability merged
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Ingesting the real-time VIIRS and MODIS FRP data to the HRRR-Smoke model
The clustering procedure performs a
combination of all fire radiative power
(FRP) data from VIIRS and MODIS
according to the model spatial
resolution and grid configuration.

Averaged satellite FRP data (24 hours) mapped over
3x3km HRRR CONUS grid pixels for 19 August 2018

Biomass burning emissions are
estimated as
𝑀 ∈ = 𝐹𝑅𝐸"#$% !"#,!%& . 𝛾. 𝐸𝐹 ∈
FRE= FRP x time

Numerous big wildfires in the northwestern US and western Canada
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Near-surface smoke forecast for 19 August 2018
This plot shows simulated fine
particulate matter (PM2.5 or
fire smoke) concentrations and
wind at the first model level
(~8m above ground). This is
24-h forecast valid at 00 UTC
20 Aug 2018.

(https://rapidrefresh.noaa.gov/hrrr/HRRRsmoke/)

Vertically integrated smoke forecast for 19 August 2018
This

plot

shows

vertically

integrated smoke at the same
forecast time as the previous

South-north vertical cross-section

plot.
Plume rise is simulated using
Freitas et al. (2010) parameterization.
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Direct radiative feedback of smoke plumes

Slide courtesy of Russ Schumacher (Colorado State University)

Forecast verification using VIIRS AOD data, 20 August 2018
HRRR-Smoke AOD

VIIRS satelllite AOD x smoke mask

HRRR-Smoke does NOT assimilate any AOD data
The model does NOT simulate the aerosol composition, aging and hygroscopicity
The model does NOT include anthropogenic aerosols or dust

HRRR-Smoke vs. AirNow PM2.5 measurements (August 11-20, 2018)
The HRRR-Smoke forecasts were used for planning the outdoor activities and sport events in
the smoke affected areas of the western US.

r= 0.62
median bias= -17 ug/m3

24-hour PM2.5 standard
set by EPA 35 µg/m3
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Meteorological verification (Western US; ~450 surface stations)
HRRR 12h forecast (weather model)
HRRR-Smoke 12h forecast (weather model with feedback)
2m air temperature bias

10m wind speed bias

Air temperature forecast for Spokane airport

Bias ~5 oC !
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Surface visibility forecasts for 15 August 2018

Reduced visibility due to smoke

Numerical Weather Prediction system
without smoke (HRRR)

NWP model with smoke (HRRR-Smoke)

Visibility is an important forecast product, widely used in the weather community (impacting, for example, ground
transportation and aviation)

Verification of surface visibility forecasts over the western US (<104W)
CSI (Critical Success Index), for surface visibility < 10 miles, forecast length: 12 hours, domain average.
CSI = X/(X+Y+Z); X - hit, Y - miss, Z - false alarm; CSI is an indicator of warning skill used in weather
forecasting. Higher values indicate greater skill.
Real-time visibility data from ~450 weather stations in the western US are used in the verification.
HRRR-Smoke
HRRR (no smoke)

2018

By simulating smoke we can improve our visibility forecasts.
HRRR-Smoke is the first NWP model in the US to include the smoke impact on visibility.

Surface visibility forecast for Spokane airport
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Forecasting the air quality impact of the Camp fire in California
The fire started on 8 November 2018.

PM2.5 concentrations from AirNow sites, 2pm LT 11 Nov

HRRR-Smoke forecasts, 11 November

Camp fire

www.airnowtech.org
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Time series of the air temperature forecast (12 hours lead time) bias for HRRR (the weather model)
and HRRR-Smoke (the weather model with smoke feedback), for the weather stations around
Sacramento CA during the Camp fire

HRRR (no smoke)
HRRR-Smoke

Forecasting the air quality impact of the Camp fire in California
00 UTC 9 Nov

HRRR vertically integrated
smoke

Suomi NPP visible satellite

20 UTC 9 Nov

20

Forecasting the air quality impact of the Camp fire in California
20 UTC 12 Nov

20 UTC 15 Nov
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Forecasting the air quality impact of the Camp fire in California
Comparison of HRRR-smoke concentrations
(shading) compared with stereoscopic plume height
retrievals from GOES (small white circles).

Evaluation of HRRR-smoke for the Camp Fire (early online release in BAMS, led by Tina Chow of UC Berkeley):
https://doi.org/10.1175/BAMS-D-20-0329.1
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Evaluation of the HRRR-Smoke forecasts using the FIREX-AQ aircraft measurements
Idaho

Washington

Aircraft trajectory

Williams Flats fire, Aug 7, 2019

Williams Flats fire
started August
2, 2019
Forecast
Measured

https://csl.noaa.gov/projects/firex-aq/

More detailed verification
of HRRR-Smoke and other AQ
forecast models for the Williams
Flats fire can be found in
Ye et al., ACP 2021, doi:

10.5194/acp-21-14427-2021

Swan Lake Fire: 06 UTC 19 Aug 2019 initialization, 36-h forecast

Munson Creek Fire: 00 UTC 6 Jul 2021 initialization, 36-h forecast

Why another fire weather index?
There are lots of existing fire weather indices, for example the Haines Index, Hot Dry Windy
Index, Canadian Fire Weather Index, etc.
Most existing indices are derived from daily surface observations, and intended to capture fire
activity of the day. However, fires exhibit major sub-daily variability in activity.
An hourly fire weather index would be useful for fire weather forecasting efforts, as well as for
prediction of wildfire smoke emissions in the coming hours / days.
Convection-allowing models (CAMs) are now capable of predicting the diurnal evolution of the
planetary boundary layer, in addition to orographic forcing related to terrain features of ~10 km
scale, and deep moist convection with its outflows and gust fronts. These phenomena are some
of the most important drivers of fire behaviour, which argues for the development and
application of a fire weather index directly to CAM forecasts.

Impact of model horizontal resolution
The capability to simulate fire weather depends on capturing mesoscale phenomena.
Convection-allowing models (like HRRR and prototype RRFS) with 3-km grid spacing are capable
of representing deep convective storms and their outflows, as well as terrain-induced
circulations.
Valid 21 UTC 8 Sep 2020
13-km RAP
21-h fcst

3-km HRRR
21-h fcst

In this case, there was cold
high pressure surging
westward into the Great
Basin, and strong offshore
winds along the west coast.
Note that the HRRR
captures the severe
downslope windstorm in
northern Utah (max
observed gusts ~100kt)

On 30 June 2013, firefighters on the Yarnell Hill Fire (AZ) were entrapped by a wildfire which
shifted spread direction to due a convective outflow boundary.
The HRRR was able to predict the deep moist convection, and its dissipation and the associated
outflow boundary which impacted the fire.
Predicting such events is critical for firefighting operations.
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NOAA Hourly Wildfire Potential (HWP):
We developed the HWP relationship based on an analysis of meteorological forecasts from the
3-km HRRR vs. fire radiative power from polar orbiting satellites for 9 major CONUS wildfires
during 2018-2020. The prediction is for FRP per 3 x 3 km HRRR pixel.
To account for uncertainty, the meteorological variables are averaged across a 27 x 27 km box
centered on each fire, and averaged over the previous 4h. We use 00 UTC initializations only.
The HWP is a unitless quantity, with some bounding of the met variables:
DD = max(dewpoint depression, 15K)
W = max(10-m wind gust potential diagnostic, 3 m/s)
S = snow water equivalent term = max[ (25 mm - SWE) / 25 mm, 0 ]
M = soil moisture availability term = (0.01 [100 – mstav in %])
HWP = 0.215 W DD M6.42 S
HWP is plotted from 0-100, although it can exceed 100 in extreme conditions.

Table of Wildfires used to develop HWP
Wildfire

US State

Analysis Start Date

Analysis End Date

Mendocino
Complex

California

21 Jul 2018

26 Aug 2018

Watson Creek

Oregon

16 Aug 2018

26 Aug 2018

South Sugarloaf

Nevada

19 Aug 2018

26 Aug 2018

Camp

California

8 Nov 2018

21 Nov 2018

Williams Flats

Washington

2 Aug 2019

10 Aug 2019

Pine Gulch

Colorado

1 Aug 2020

4 Sep 2020

Cameron Peak

Colorado

13 Aug 2020

24 Oct 2020

Dolan

California

16 Aug 2020

7 Nov 2020

Lionshead Complex Oregon

17 Aug 2020

12 Nov 2020

Creek

California

5 Sep 2020

6 Nov 2020

East Troublesome

Colorado

14 Oct 2020

24 Oct 2020

Munson Creek Fire

Alaska

29 Jun 2021

4 Aug 2021

Italics indicates fires not used in the training, but reserved for independent verification.

Scatter plots for the nine training fires, showing 10 x HWP vs. FRP per pixel. r = 0.41
a)

b)
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Cameron Peak Fire (Colorado, 2020)
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Corr:
0.2
0.62
Mean Bias: -3937 -1234 (MW)

Satellite FRP (RAVE)
ML forecast
HWP forecast

Strong wind

2

Moderate wind
Snowstorm
arrived
The fire started
dying down

FRP (MW)

1.5

Very warm
weather begins

1

0.5

0
3

4

5

6

7

September, 2020 (UTC)

8

3

• As the August FRP time series show the Cameron Peak fire was inactive during the end of
August. However, in the beginning of September the fire started flaring up due changing
synoptic conditions (wind and record warm temperatures).
• The HWP index helps to predict the expected changes in the fire behavior due to expected
windstorm or precipitation. As the time series plot shows the HWP index is able to capture
the peak fire intensity during afternoon of September 7th, 2020.
• The HWP index helps also to predict the die down of the wildfire on September 8th, 2020
due to the snowstorm that moved into the region.
• Some uncertainties related to this analysis need to be considered, such as the fuel
availability, terrain and the impact of firefighting operations. Moreover, the fires are
sometimes underdetected due to cloud cover or dense smoke mask.
• The HWP algorithm is incorporated into RRFS-Smoke. Thus it provides a simple way of
forecasting the evolution of large wildfires due to changing weather conditions.
• The HWP index can be used to predict the change in the burning wildfire. We still have to
rely on the satellite detections for newly started wildfires and prescribed fires.

Example time series: Lionshead Complex (Oregon, 2020)
Here we show times series of the HWP over a 27 x 27 km box from the 3-km HRRR, averaged
over the previous 4 hours. The max and min curves are the spatial max and min in the 27 x 27
km box. We plot 10 x HWP to better match the FRP values.
For this fire, the HWP indicated a period of elevated fire conditions due to strong offshore winds
in the 8-9 Sep 2020 period.
HWP: r = 0.31

Example time series: Camp Fire (California, 2018)
For this fire, the HWP predicted the FRP quite well during the first days of the fire (8-11 Nov).

HWP: r = 0.77

Example time series: Mendocino Complex (California, 2018)
This fire exhibited a somewhat predictable diurnal cycle, with no major changes in weather
conditions. The HWP is able to capture the diurnal cycle quite well.

HWP: r = 0.45

Example time series: Munson Creek Fire (Alaska, 2021)
This fire near Fairbanks flared up several times during July 2021. The HWP does not capture the
magnitude of the peak FRP values, but does indicate periods of increased activity during 1-5
July, 11-14 July, and 18-22 July.

HWP: r = 0.07

Independent validation of HWP vs. other fire weather indices
HWP: r = 0.43
HDWI: r = -0.01
Fosberg: r = 0.07

HWP: r = 0.27
HDWI: r = -0.13
Fosberg: r = 0.08

Realtime forecast graphics of the HWP
HRRR graphics have been updated to use the latest HWP formulation.

Transitioning of the RAP/HRRR-Smoke models to the FV3 dynamical core
RAP

3 km resolution FV3 limited area model domain
HRRR
AK

HRRR
CONUS

Finite-Volume Cubed-Sphere
Dynamical Core (FV3)

The new Rapid Refresh Forecast System (RRFS) will allow hourly forecasts over Alaska, with ensemble DA

Implementation of the smoke and fire plume rise modules into
Unified Physics System using Common Community Physics Package (CCPP)

Smoke coupling

https://ufscommunity.org/

Time series of the hourly FRP for the Williams Flats fire
Hourly FRP data is ingested into the RRFS-Smoke model.

PyroCb
event
The HRRR-Smoke FRP time series is based on the VIIRS and MODIS data, and a climatological diurnal cycle.
The RRFS-Smoke FRP time series is based on the GOES-16/17 ABI and VIIRS data.

Verification of the RRFS-Smoke simulations by using the lidar measurements
from FIREX-AQ (preliminary results)

Smoke

Differential Absorption Lidar (NASA Langley)

Normalized profiles

Verification of the RRFS-Smoke simulations by using the lidar measurements
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Smoke

Differential Absorption Lidar (NASA Langley)

Normalized profiles

Conclusions
Ø RAP/HRRR are now running hourly in operations with smoke prediction.
Ø Direct radiative feedback upon meteorology, and impact of smoke on near-surface visibility, quantitatively
improve forecasts in certain times and regions.
Ø Extensive validation (over CONUS so far), as well as user feedback, demonstrates the value of the predictions
for air quality forecasting.
Ø The new ”Hourly Wildfire Potential” (HWP) index is able to capture a portion of the hourly variability in fire activity
due to meteorology, and enables improved prediction of future fire emissions.

Future Plans
Ø More research is needed on the direct radiative feedback, and also indirect microphysical feedbacks.
Ø Further development is needed to account for missed detections due to cloud cover or thick smoke.
Ø Machine learning approaches may be beneficial for the HWP index, in addition to accounting for sub-grid terrain
and fuel density characteristics.
Ø We will begin experimental real-time simulations with the next-generation Rapid Refresh Forecast System
(RRFS), using hourly FRP data from both VIIRS and GOES.

Webpages
Ø HRRR-smoke (CONUS):
https://rapidrefresh.noaa.gov/hrrr/HRRRsmoke/
Ø HRRR-smoke (Alaska):
https://rapidrefresh.noaa.gov/hrrr/HRRR-AKsmoke/
Ø RAP-smoke:
https://rapidrefresh.noaa.gov/RAPsmoke/
Ø Prototype experimental RRFS:
https://rapidrefresh.noaa.gov/RRFS/

Thank You!

