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Overview of Instruments and Launch Timeline
In less than a year, Tomorrow.io will begin launching a constellation of satellites designed to 
provide rapid-revisit, high-quality precipitation estimates worldwide. This constellation will be 
composed of a mix of Ka-band radars and microwave sounders.

Pathfinder Radar

Operational Radar
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Ka-band Radar Simulations and Retrievals
To perform trade studies on the radar hardware parameters and assess radar performance, a 
high-fidelity spaceborne radar simulator was developed from open-source components. This 
simulator was applied to high-resolution (1 km horizontal) mesoscale model output from 
Tomorrow.io’s Comprehensive Bespoke Atmospheric Model (CBAM).

 

Microwave Sounder Simulations and Retrievals
Similar to the radar trade studies, in order to determine the optimal combination of radars and 
sounders we created a database of simulated sounder observations and associated model 
fields and trained a Quantile Regression Neural Network (QRNN) on this database. As with the 
radars, in order to avoid overfitting to the model and radiative transfer microphysics 
assumptions, these were perturbed stochastically in the database generation process.

Optimization of ice scattering models with GPM data

Sounder retrieval examples and internal validation

 

Optimizing the Constellation for Real-time Precipitation Analysis and Nowcasts

The first satellites to launch will be two radar-equipped Pathfinders 
in early 2023. These will test the ARENA backend hardware in 
space for the first time, test various radar operating modes, and 
refine the retrieval algorithms. With a fixed, solid parabolic antenna, 
these radars will lack the ability to scan a swath, but can be flexibly 
pointed at any desired angle by maneuvering the spacecraft.

The first generation of Tomorrow.io operational radars will 
achieve a 400-km swath with the same ARENA backend 
components as the Pathfinders, but with the addition of a 
swath-capable antenna. These are scheduled for launch 
beginning in late 2023. Both Pathfinders and the first two 
operational radars are fully funded by the US Air Force, under the 
AFVentures Strategic Funding Increase (STRATFI) program.

To further reduce timeline risk and augment the radar observations of precipitation, as well as 
provide additional thermodynamic information in non-precipitating scenes for assimilation into 
NWP, Tomorrow.io will also launch a constellation of 6U Cubesat microwave sounders on a 
similar timeline to the operational radars. These will be based on the MIT-Lincoln Labs TROPICS 
3U Cubesat and have similar channels (8 in the W-F bands, and 4 in the G band).

Model atmospheric state:
- 3D fields of P, T, and ⍴v
- 2D field of surface winds or land NRCS 
(from GPM obs)
- 3D fields of hydrometeor mass mixing ratio 
and number concentration (if 2-moment)

Specify high-level radar params:
- Instrument sensitivity (i.e. min detectable dBZ)
- Range weighting function (RWF) and antenna 
beam pattern
- Specify orbit trajectory and scan pattern (conical 
or cross-track) and /rate

Atmospheric/EM scattering model Instrument model

Calculate all single scattering quantities for all 
cloud/precip species & surface:
- Gas extinction: βext,g(r)
- Hydrometeor coefs: ηbs(r), βext,h(r), βscat(r), g(r)
     ↳ Leveraging the ARTS DDA database and 
stochastic microphysics perturbations
- Surface NRCS: σ0(x,y)
     ↳ Leveraging GPM Ka wide-swath data

Calculate sampling parameters:
- Define antenna pattern sampling grid (~100 
samples per time step)
- Determine viewing geometries for each beam 
sample

Prepare for radiative 
transfer (RT) calculation:
- Interpolate 
model-derived fields to 
radar range axis 

Perform RT calculation:
- Includes multiple 
scattering
- Independent pixel approx.
- Returns apparent 
reflectivity vs. range

- Explicitly calculate 
surface scattering 
including 
attenuation and 
NUBF

- Average surface and volumetric 
contributions over beam pattern and convolve 
with RWF → dBZ(r)
- generate received power profiles that 
explicitly includes pulse compression and 
thermal noise in the detection via MC 
sampling

Radar Simulator Overview Simulated Overpass of Squall 
Line over Kansas

TOA (orange) and surface (blue) intersection 
points for conical scan with Nyquist sampling

Clear NUBF 
effects on 
clutter profile 
shape

Example simulated reflectivity profiles (no noise 
added) from white box region above.

CFAD Comparisons to GPM KaPR
Tropical Oceanic Convection Winter Mid-latitude Cyclone

Lake-effect SnowSouthwest US Monsoon Convection

Example of simulated reflectivity profiles with noise added.

Tomorrow.io is using machine learning to train Ka-only retrievals on GPM and simulated observations:

Step 1: Load GPM DPR and 
GMI data over a precipitation 
feature

Step 2: Replace 2BCMB ice profile with one 
consistent with Ku+Ka obs and selected ice 
scattering model from ARTS database

Step 3: Simulate GMI Tbs and compare 
to obs for each ice scattering model - 
what are the best models for each case?

CBAM output for North Pacific Cyclone on 2 October 2021 Simulated TROPICS observations for North Pacific Cyclone on 2 October 2021
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What is the baseline skill from Geo-IR precipitation retrievals?

Even a fairly dense (~30 satellite) mixed-inclination constellation will have some gaps 
owing to the irregular spacing of overpasses, and precipitation retrievals from 
geostationary satellites will need to be used to fill these gaps. Despite the 4+ decade 
heritage of infrared geostationary precipitation estimation techniques, advances are still 
being made at a faster pace than ever before, owing to recent advances in:
● Availability of high spatial, spectral, and temporal resolution data from the latest 

series of geostationary satellites;
● Availability of high-quality reference precipitation from GPM and national radar 

mosaic products such as MRMS;
● Advances in computing power, data storage, and data science methods to take 

advantage of these observations.
One such data-driven method is HydroNN (Pfreundschuh et al., 2022, AMT), which was 
developed to use convolutional neural networks to retrieve precipitation from GOES-16 
single- and multichannel observations trained on GPM 2BCMB precipitation data over 
Brazil, but can be applied to other inputs and outputs in different regions as well.

How quickly does information from an instantaneous 
snapshot degrade?

The correlation timescale of precipitation is another important consideration 
for designing a satellite constellation for its observation. If this time scale is 
relatively long – e.g., an e-folding timescale of several hours – then the focus of 
the constellation would be towards the high-quality radar observations. On the 
other hand, for short timescales, this information would only have value for a 
short period of time before the quality of the analysis would degrade to the 
always-available Geo-IR skill, and more frequent, intermediate quality 
observations from the microwave sounder would be more valuable.

Essentially, what we need is a measure of nowcast skill as a function of lead 
time. For a given lead time, how much information is lost from an old radar or 
sounder overpass? At what lead time does this degraded skill fall below the 
Geo-IR sensor? We used Tomorrow.io’s MRMS-based Nowcast over CONUS to 
answer this question - the skill drops exponentially over the first hour, but still 
exceeds the IR baseline until 3 hours after the nowcast was initiated.

What is the time-averaged skill that can be expected from 
various constellation configurations?

With knowledge of the skill of each sensor type that will go into a blended 
precipitation product, the decay timescale of this skill, and the revisit rate of each 
sensor type, we can model the time-averaged skill of a global precipitation product 
using a simple impulse-decay heuristic model. The results can be used to determine 
the “best” constellation configuration for a given cost. Of course, this does not 
account for additional benefits of each sensor (e.g., surface winds from radar, or 
thermodynamic profiles from microwave sounder) – these are currently being 
evaluated via the traditional NWP OSSE (see Jeff Steward’s presentation).

What is the skill of radar and sounder precipitation retrievals?

For the purpose of comparison, we will focus on 2 skill metrics at 5 km spatial resolution:
1. Heidke Skill Score (HSS) for detecting a 1mm/hr precipitation rate
2. Symmetric Mean Absolute Percent Error (SMAPE) in the 1-10 mm/hr precip rate range

For Ka-band radar, the retrieval statistics are from the Ka-only QRNN trained on GPM 
2BCMB retrieval output. The microwave sounder statistics are derived from the “held-out” 
portion of the mesoscale model database used for training the microwave sounder QRNN, 
and the geostationary IR statistics are based on the IR-only implementation of HydroNN.

As expected, the radar provides the highest quality precipitation information by both 
metrics, followed by the microwave sounder and IR-only retrieval.

Instrument/Algorithm Detection@1mm/hr (HSS) SMAPE @1-10 mm/hr

Geostationary IR/HydroNN 0.35 84%

KaPR/QRNN 0.90 35%

TROPICS/QRNN 0.76 58%

Example GOES-6 visible image with GPM and HydroNN precipitation over Colombia on 2020-09-29 14:47:42 UTC

GPM 2BCMB Precipitation HydroNN IR-only


