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Synthetic satellite imagery

• Simulated/synthetic satellite imagery is “generated by passing output from an NWP 
model through a forward radiative transfer model capable of computing realistic 
radiances for different spectral bands”

• An integrated view (2D image) of the 3D atmosphere 
that includes clouds

• Identification of features that are important to 
thunderstorm development in a manner consistent 
with actual satellite imagery, making diagnosis more 
intuitive and efficient

• Provides means for comparing model output with real 
satellite imagery at high temporal intervals before 
convective initiationBikos et al. (2012, WAF)



• From a forecaster’s perspective:
1. The ability to view model-forecast clouds in terms of how it would look from the 

real satellite images; forecasters trained to evaluate satellite imagery can apply 
same techniques to the model forecast imagery

2. Monitor trends in the real satellite imagery during the day to assess how much 
confidence one should have in the model forecasted weather events

• From a NWP developer’s perspective:
1. Improving forecast via data assimilation

• The ability to simulate satellite images is the first step towards assimilation of satellite radiances 
into a NWP model

2. Useful in revealing model skill (e.g., microphysics processes)
3. Useful in identifying model errors (both NWP model and the RTM)

Benefits of synthetic satellite imagery



Useful in revealing model skills
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https://www.ecmwf.int/en/elibrary/81337-scale-dependent-verification-precipitation-and-cloudiness-ecmwf

• Evaluate model skills in predicting cloud systems by comparing with real satellite image

Cold air advection
Frontal system

10.8 μm

https://www.ecmwf.int/en/elibrary/81337-scale-dependent-verification-precipitation-and-cloudiness-ecmwf


Useful in identifying model errors
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• Model errors in microphysics processes (e.g., Grasso et al. 2014)
NSSL WRF-ARW WSM6 package produces too 
little ice mass in the upper troposphere that 

caused a significant reduction of anvil coverage

It is hypothesized that 
conversion rates from 

cloud to graupel & from ice 
to snow were too 

excessive, causing lack of 
ice in simulated anvil.

A 50 % reduction in psaci
(snow accretes ice to form 

snow) conversion

• CRTM errors (e.g., Grasso et al. 2018) 

~ 30 K Tb discrepancy between observed & CRTM simulations is evident 
in RAMS, NSSL-WRF, CAPS-WRF, and HWRF (all diff MP schemes)

A CRTM error that neglects solar 
reflection was fixed (since v2.3)

Ice optical property look-up-
table (LUT) in CRTM was updated



Synthetic satellite imagery in NWP centers

https://confluence.ecmwf.int/display/FCST/Simulated+satellite+data

ECMWF

Recently added 
visible channels!!!

GOES-16/17 
ABI water 

vapor
channel

https://www.emc.ncep.noaa.gov/hurricane/HFSA/tcall.php
NCEP EMC

GOES-16/17 ABI
infrared channel

DMSP-F16 SSMI/S 
microwave channel

https://confluence.ecmwf.int/display/FCST/Simulated+satellite+data
https://www.emc.ncep.noaa.gov/hurricane/HFSA/tcall.php


Synthetic satellite imagery in NWP centers

https://satimage.cwb.gov.tw/SPD/?menu_index=0
CWA

• These are Himawari 8/9 AHI synthetic satellite images 
from NCEP 0.25 product created using the JCSDA 
Community Radiative Transfer Model (CRTM)

• An experimental set of products made by the CWA 
satellite data processing division.

With CWA WRF, we can 
generate synthetic satellite 

imagery in higher 
spatiotemporal intervals as 

well as ensemble of synthetic 
satellite images!

• We use the NCEP Unified Post-Process (UPP) 
package, which incorporates the CRTM as the 
satellite simulator.

• We generate synthetic satellite images for 
CWAWRF via UPP with modifications made to 
ensure compatibility and consistency.

https://satimage.cwb.gov.tw/SPD/?menu_index=0


(imp_physics = 7: Goddard scheme*)

“Satellite data are most valuable when they are animated and enhanced 
with a color table (Suchman et al. 1981)”

Synthetic AHI images from WRFD (d01)



Synthetic SSMI/S images from WRFD (d02)

At 37 GHz (spatial resolution ~ 30-45 km):
• Ocean appears relatively cold;
• Liquid & precipitating clouds appear warm
• Highlights low-level clouds and rain

At 85-91 GHz (spatial resolution ~13-15 km):
• Liquid clouds, moist air mass & ocean 

appears relatively warm;
• Deep convection appears cold;
• Reveal internal storm structure

(imp_physics = 97: TCWA1 scheme) Typhoon Haikui 2023



Synthetic AHI images from TWRF (d02)

Typhoon 
Haikui
(2023)

(imp_physics = 97: TCWA1 scheme)
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WRF 
output

Qx + EFRx
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Q

SFC …

UPP 
(via CRTM)

visual
comparison

Real Tb image 
on native
AHI grid 

Synthetic Tb 
image 

on WRF grid

Remap for image comparison

Himawari HSD 
reader

https://github.com/simonrp8
4/Himawari_HSD_Reader

gather all 10 segments,
and geo-registered

AHI HSD 
dataset

HS_H08_20220606_*00_
*_FLDK*.bz2

Remap* to WRF grid
for quantitative comparison

https://github.com/simonrp84/Himawari_HSD_Reader


Synthetic AHI images from TWRF (d02)

Typhoon 
Haikui

(imp_physics = 97: TCWA1 scheme)



Summary of CWA WRF synthetic sat image
• Synthetic Himawari-8/9 AHI IR (band 7-16) and SSMI/S MW satellite images can now be 

generated from the CWA WRF output via the use of UPP.
• It is currently being implemented to be part of the operational production line of WRFD, providing 

CWA forecasters with high spatiotemporal resolution of synthetic satellite images to aid their forecast.

• Simple side-by-side visual comparisons suggest that the CWA WRF synthetic satellite 
images are qualitatively comparable to the real images. 

• It is straightforward to extend to other OP systems
• M06 (TGFS-driven WRFD), WEPS, or AI-driven DWP (if hydrometeors are output variables). 
• Some modifications to the UPP code are required to address the microphysics consistency.

• Now that CWA WRF is successfully interfaced with UPP, we are taking advantages of the 
available features in UPP to generate products such as 10 m gust potential, surface 
visibility, etc that are of great interests to CWA forecasters.



Tested
Case

Domain size
(x, y, z)

Forecast 
length (h)

Output 
frequency

Total # of 
processed

wrfout files
# of CPU used Process Time

WRFD

D1: 662 x 386 x 52 72 6-hourly 13 64 ~ 10 min

D2: 1161 x 676 x 52 72 6-hourly 13 64 ~ 35 min

TWRF D2: 1161 x 676 x 52 48 6-hourly 9 64 ~ 45 min*

RWRF
451 x 451 x 52 12 1-hourly 13 64 ~ 14 min

451 x 451 x 52 12 1-hourly 13 108 ~ 9 min

* Includes 4 channels from SSMI/S (37 H/V GHz and 92 H/V GHz) in addition to 10 AHI channels

Computing time & cost



Backup slides
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Radiative Transfer Models
• Community Radiative Transfer Model (CRTM): 

• Widely used by US operational entities & research community
• Website: https://www.jcsda.org/jcsda-project-community-radiative-transfer-model
• Developed and maintained by the JCSDA
• Designed to be a library to link to from other models
• A fast 1-D RTM using sensor response functions convolved with a ling-by-line RTM 
• CRTM up to v2.4.0 (Oct, 2020) via GitHub (https://github.com/JCSDA/crtm/wiki)
• CRTM v3 onward for JEDI (latest is v3.1.0): https://github.com/JCSDA/CRTMv3/releases

• Radiative Transfer for TIROS Operational Vertical Sounder (RTTOV): 
• Used mostly by the European agencies (e.g., ECMWF, UKMO) and Japanese operational 

and research entities
• Website: https://nwp-saf.eumetsat.int/site/software/rttov/
• Developed and maintained by EUMETSAT-funded NWP SAF
• Latest public release: v13.2 (Dec, 2022)

• Advanced Radiative transfer Modeling System (ARMS): CMA

• Optimal Spectral Sampling (OSS), Rapid Radiative Transfer Model (RRTM): AER

• Atmospheric Radiative Transfer Simulator (ARTS): U Hamburg & Chalmers U

• Spherical Discrete Harmonics Ordinate Method (SHDOM): CU Boulder

• Simulated Weather Imagery (SWIm; visible-wavelength): CSU/CIRA/NRL/NOAA GSL

• … and many more

October, 2023

These physics models rely on 
precomputed lookup tables (LUTs)

https://www.jcsda.org/jcsda-project-community-radiative-transfer-model
https://github.com/JCSDA/crtm/wiki
https://nwp-saf.eumetsat.int/site/software/rttov/
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Some basics of Radiative Transfer

Near Infrared

• Radiance to reflectance (percentage; 0-1)
• Solar/reflective bands (only available at daytime)
• visible & near-IR (absorption)

• Radiance to brightness temperature (Kelvin)
• Thermal/emissive bands (day/night)
• infrared
• Bands near 3.9 μm are unique because they sense 

both earth emitted radiation and significant 
reflected solar radiation during the day
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fcster can apply same techniques to sim. images

(Bikos et al. 2012)

Synthetic 
10.35 – 12.3 μm 

channel difference 
from the NSSL WRF 
initialized at 0000 
UTC 20 April 2011

(same in N-AWIPS)

Areas of deeper 
water vapor will 
have more positive 
10.35 – 12.3 μm 
brightness 
temperature 
differences.

Deepening water 
vapor associated 
with low-level 
convergence will 
then appear as local 
maxima increasing 
with time.

Could be useful in 
forecasting cloud 
and convection 
formation locations.
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Influence forecaster confidence in modeled event

NSSL 4-km 
WRF-ARW
synthetic
images

Real
GOES-13
IR images

Iowa
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0900 LT June 8, 2011 1500 LT June 8, 2011 2000 LS June 8, 2011

(Bikos et al. 2012)

Morning thunderstorm was 
depicted well (a vs. d), 
which increased forecaster’s 
confidence that 
thunderstorms would 
redevelop later in the day 
despite the extensive 
morning cloud cover.

Mississippi river



The need of microphysics-consistent
cloud and precipitation single-scattering property LUTs

• In “old” CRTM, a single (PSD) scattering look-up-table (LUT) 
approach that parameterizes the PSD to scattering properties via 
effective radius (Reff) per hydrometeor species was used:

• LUTs for liquid species are func (freq, Reff, T) and LUT for precipitation species are 
func (freq, effR, phase or particle bulk density) 

• They are used to calculate the values of single-scattering properties under a 
particular PSD of the specified bulk density. 

• But, CRTM did not specify (in literature & source code) what PSDs 
were used nor did it specifies how the Reff relates to these PSDs…  
which scattering regime? Geometric/nonselective, Rayleigh, or Mie 
scattering.

• If the PSD by a microphysics scheme do not match those used in 
constructing the CRTM scattering LUT (the so-called inconsistency), 
then the CRTM would incorrectly express the scattering properties 
of the clouds and precipitation.

• Baran et al. (2014, 2016) showed improved modeled 
short/longwave fluxes by directly coupling PSDs to scattering 
properties instead of parameterizing the relationship via Reff. 21

Key single-scattering properties include extinction efficiency, single scattering 
albedo, asymmetry factor and phase function, etc which represents the 
extinction, absorption, and scattering abilities of particles respectively.  



The need of microphysics-consistent
cloud and precipitation single-scattering property LUTs
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CRTM (as-released): Reff parameterized scattering properties Modified CRTM using distribution-specific scattering properties

“Scheme-consistent single-scattering properties is not a 
deliberate mechanism for impacting simulation-

observation bias, rather its primary motivation is to 
produce more meaningful correlations between Tb and 

modeled atmospheric states.”
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https://cpaess.ucar.edu/sites/default/files/meetings/2019/documents/Johnson.pdf

https://www.jcsda.org/news-blog/2020/8/28/version-30-of-jcsdas-community-
radiative-transfer-model-crtm

Daryl Kleist (NOAA) sort of mentioned this when he visited last year

https://cpaess.ucar.edu/sites/default/files/meetings/2019/documents/Johnson.pdf
https://www.jcsda.org/news-blog/2020/8/28/version-30-of-jcsdas-community-radiative-transfer-model-crtm


CRTM v3
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https://github.com/JCSDA/CRTMv3/releases

https://forums.jcsda.org/t/cloud-coefficients-for-
parametrizations/495

See Moradi et al. (2022)
DDA stands for Discrete Dipole Approximation; it is a technique 
for simulating the optical/scattering properties of non-spherical 

hydrometeors in the microwave region

https://forums.jcsda.org/t/cloud-coefficients-for-parametrizations/495
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fcster can apply same techniques to sim. images

(Bikos et al. 2012)

Synthetic 
10.35 – 12.3 μm 

channel difference 
from the NSSL WRF 
initialized at 0000 
UTC 20 April 2011

(same in N-AWIPS)

Areas of deeper 
water vapor will 
have more positive 
10.35 – 12.3 μm 
brightness 
temperature 
differences.

Deepening water 
vapor associated 
with low-level 
convergence will 
then appear as local 
maxima increasing 
with time.

Could be useful in 
forecasting cloud 
and convection 
formation locations.
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Influence forecaster confidence in modeled event

NSSL 4-km 
WRF-ARW
synthetic
images

Real
GOES-13
IR images
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(Bikos et al. 2012)

Morning thunderstorm was 
depicted well (a vs. d), 
which increased forecaster’s 
confidence that 
thunderstorms would 
redevelop later in the day 
despite the extensive 
morning cloud cover.

Mississippi river
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atmosphere(1)%n_layers = lm
atmosphere(1)%absorber_id(1) = H2O_ID
atmosphere(1)%absorber_id(2) = O3_ID
atmosphere(1)%absorber_units(1) = MASS_MIXING_RATIO_UNITS
atmosphere(1)%absorber_units(2) = VOLUME_MIXING_RATIO_UNITS
atmosphere(1)%level_pressure(0) = TOA_PRESSURE

atmosphere(1)%cloud_fraction(k) = min(max(cfr(i,j,k),0.),1.)
atmosphere(1)%level_pressure(k) = pint(i,j,k+1)/r100
atmosphere(1)%pressure(k) = pmid(i,j,k)/r100
atmosphere(1)%temperature(k) = t(i,j,k)
atmosphere(1)%absorber(k,1) = max(0.  & ,q(i,j,k)*h1000/(h1-q(i,j,k))) ! use mixing ratio
atmosphere(1)%absorber(k,2) = max(ozsmall,o3(i,j,k)*constoz)

atmosphere

! 03/15/2024 TCW: add features specific to CWA WRFD: following module_ra_goddard.F in WRFV3.8.1
else if (imp_physics==7) then

atmosphere(1)%cloud(1)%water_content(k)=max(0.,qqw(i,j,k)*dpovg) ! water
atmosphere(1)%cloud(2)%water_content(k)=max(0.,qqi(i,j,k)*dpovg) ! ice
atmosphere(1)%cloud(3)%water_content(k)=max(0.,qqr(i,j,k)*dpovg) ! rain
atmosphere(1)%cloud(4)%water_content(k)=max(0.,qqs(i,j,k)*dpovg) ! snow
atmosphere(1)%cloud(5)%water_content(k)=max(0.,qqg(i,j,k)*dpovg) ! graupel
atmosphere(1)%cloud(1)%effective_radius(k)=10. ! water
atmosphere(1)%cloud(2)%effective_radius(k)=min(125.,max(25.,125.+(t(i,j,k)-243.16)*5.)) ! ice
atmosphere(1)%cloud(3)%effective_radius(k)=0. ! rain
if ( qqi(i,j,k) > 0 ) then

atmosphere(1)%cloud(4)%effective_radius(k)=min(125.,max(25.,125.+(t(i,j,k)-243.16)*5.)) ! ice + snow
else

atmosphere(1)%cloud(4)%effective_radius(k)=125. ! snow
endif
atmosphere(1)%cloud(5)%effective_radius(k)=0. ! graupel

! 03/15/2024 TCW: add features specific to CWA WRFD: following module_ra_goddard.F in WRFV3.8.1

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Depending on the microphysics option: code modifications needed !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
atmosphere(1)%cloud(1)%n_layers = lm
atmosphere(1)%cloud(1)%Type = WATER_CLOUD
atmosphere(1)%cloud(2)%n_layers = lm
atmosphere(1)%cloud(2)%Type = ICE_CLOUD
atmosphere(1)%cloud(3)%n_layers = lm
atmosphere(1)%cloud(3)%Type = RAIN_CLOUD
atmosphere(1)%cloud(4)%n_layers = lm
atmosphere(1)%cloud(4)%Type = SNOW_CLOUD
atmosphere(1)%cloud(5)%n_layers = lm
atmosphere(1)%cloud(5)%Type = GRAUPEL_CLOUD

Effective radius is 
conceptualized as the 

“mean radius for scattering”
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surface(1)%sensordata%n_channels = channelinfo(sensorindex)%n_channels
surface(1)%sensordata%sensor_id = channelinfo(sensorindex)%sensor_id
surface(1)%sensordata%WMO_sensor_id = channelinfo(sensorindex)%WMO_sensor_id
surface(1)%sensordata%WMO_Satellite_id = channelinfo(sensorindex)%WMO_Satellite_id
surface(1)%sensordata%sensor_channel = channelinfo(sensorindex)%sensor_channel

surface(1)%land_type = model_to_crtm(itype)
if(gridtype=='B' .or. gridtype=='E')then

surface(1)%wind_speed = sqrt(u10h(i,j)*u10h(i,j)   &
+v10h(i,j)*v10h(i,j))

else
surface(1)%wind_speed = sqrt(u10(i,j)*u10(i,j)   &

+v10(i,j)*v10(i,j))
end if
surface(1)%water_coverage = sfcpct(1)
surface(1)%land_coverage = sfcpct(2)
surface(1)%ice_coverage = sfcpct(3)
surface(1)%snow_coverage = sfcpct(4)

surface(1)%land_temperature = tsfc
surface(1)%snow_temperature = min(tsfc,280._r_kind)
surface(1)%water_temperature = max(tsfc,270._r_kind)
surface(1)%ice_temperature = min(tsfc,280._r_kind)
if(smstot(i,j)/=spval)then

surface(1)%soil_moisture_content = smstot(i,j)/10. !convert to cgs !???
else

surface(1)%soil_moisture_content = 0.05 ! default crtm value
end if
surface(1)%vegetation_fraction = vegcover
!       surface(1)%vegetation_fraction = vegfrc(i,j)
surface(1)%soil_temperature = 283.
!       surface(1)%soil_temperature = stc(i,j,1)
surface(1)%snow_depth = snodepth ! in mm

surface
geometryinfo(1)%sensor_zenith_angle=sat_zenith
geometryinfo(1)%sensor_scan_angle=sat_zenith

!only call crtm if we have right satellite zenith angle
IF(geometryinfo(1)%sensor_zenith_angle <= MAX_SENSOR_SCAN_ANGLE &

.and. geometryinfo(1)%sensor_zenith_angle >= 0.0_r_kind)THEN
geometryinfo(1)%source_zenith_angle = acos(czen(i,j))*rtd ! solar zenith angle
geometryinfo(1)%sensor_scan_angle = 0. ! scan angle, assuming nadir

geometryinfo

channelinfo
allocate( channelinfo(n_sensors))
error_status = crtm_init(sensorlist_local,channelinfo, Process_ID=0,Output_Process_ID=0 )

if (channelinfo(j)%sensor_id == isis_local ) then
sensorindex = j
exit sensor_search

endif

if(isis=='abi_g16')channelinfo(sensorindex)%WMO_Satellite_Id=270
if(isis=='abi_g16')channelinfo(sensorindex)%WMO_Sensor_Id=617

rtsolution
allocate(rtsolution (channelinfo(sensorindex)%n_channels,1))

do n=1,channelinfo(sensorindex)%n_channels
tb(i,j,n)=rtsolution(n,1)%brightness_temperature

end do
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