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Article

A SmallSat Concept to Resolve Diurnal  
and Vertical Variations of Aerosols, Clouds, 
and Boundary Layer Height
John E. Yorks, Jun Wang, Matthew J. McGill, Melanie Follette-Cook,  
Edward P. Nowottnick, Jeffrey S. Reid, Peter R. Colarco, Jianglong Zhang,  
Olga Kalashnikova, Hongbin Yu, Franco Marenco, Joseph A. Santanello,  
Tammy M. Weckwerth, Zhanqing Li, James R. Campbell, Ping Yang, Minghui Diao, 
Vincent Noel, Kerry G. Meyer, James L. Carr, Michael Garay, Kenneth Christian, 
Angela Bennedetti, Allison M. Ring, Alice Crawford, Michael J. Pavolonis,  
Valentina Aquila, Jhoon Kim, and Shobha Kondragunta

ABSTRACT: A SmallSat mission concept is formulated here to carry out Time-varying Optical 
Measurements of Clouds and Aerosol Transport (TOMCAT) from space while embracing low-cost 
opportunities enabled by the revolution in Earth science observation technologies. TOMCAT’s 
“around-the-clock” measurements will provide needed insights and strong synergy with existing 
Earth observation satellites to 1) statistically resolve diurnal and vertical variation of cirrus cloud 
properties (key to Earth’s radiation budget), 2) determine the impacts of regional and seasonal 
planetary boundary layer (PBL) diurnal variation on surface air quality and low-level cloud distribu-
tions, and 3) characterize smoke and dust emission processes impacting their long-range transport 
on the subseasonal to seasonal time scales. Clouds, aerosol particles, and the PBL play critical 
roles in Earth’s climate system at multiple spatiotemporal scales. Yet their vertical variations as a 
function of local time are poorly measured from space. Active sensors for profiling the atmosphere 
typically utilize sun-synchronous low-Earth orbits (LEO) with rather limited temporal and spatial 
coverage, inhibiting the characterization of spatiotemporal variability. Pairing compact active 
lidar and passive multiangle remote sensing technologies from an inclined LEO platform enables 
measurements of the diurnal and vertical variability of aerosols, clouds, and aerosol-mixing-layer 
(or PBL) height in tropical-to-midlatitude regions where most of the world’s population resides. 
TOMCAT is conceived to bring potential societal benefits by delivering its data products in near–real 
time and offering on-demand hazard-monitoring capabilities to profile fire injection of smoke 
particles, the frontal lofting of dust particles, and the eruptive rise of volcanic plumes.
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C louds and aerosol particles with strong diurnal processes play critical roles in Earth’s 
hydrological, radiation, and air quality systems. Geostationary (GEO) sensors have long 
captured the significant horizontal and diurnal variability of clouds (Painemal et al. 

2013; Delgado-Bonal et al. 2022), dust (Wang et al. 2003; Kondragunta et al. 2018), and fires/
smoke (Zhang and Kondragunta 2008; Huff et al. 2021). However, GEO imagers provide high 
temporal resolution at the expense of vertical profiling, spatial resolution, and information 
content. While the GEO imagers for weather monitoring have similar capabilities, the GEO 
hyperspectrometers vary considerably in capability around the globe (Table ES1 in the online 
supplement; https://doi.org/10.1175/BAMS-D-21-0179.2). For example, the coverage and spatial 
resolution are 300–500 nm and 3.5 × 8 km2, respectively, for Geostationary Environment 
Monitoring Spectrometer (GEMS), and 305–775 nm and 8 × 8 km2 for Sentinel-4, and their 
algorithms for aerosol height retrievals are very different (Kim et al. 2019; Nanda et al. 2019; 
Chen et al. 2021).

The community also relies on a large cohort of polar, sun-synchronous, low-Earth-orbit 
(LEO) missions for global monitoring that, while providing excellent vertical profiling, spa-
tial resolution, and information content, do not have the temporal sampling to statistically 
resolve the diurnal variability of cloud and aerosol fields, even at regional and seasonal 
scales, required to validate and improve aerosol transport, numerical weather, and climate 
model assumptions and skills. Data from the Terra and Aqua missions have led to >20,000 
and >15,000 publications, respectively. To bridge the observation gap between GEO and LEO, 
the community is increasingly looking to develop affordable sensors that can be flown on 
multiple small satellites (as defined in Table ES2) as a constellation in LEO and launched via 
rideshare (multiple smaller-sized payloads can be transported to orbit on the same launch 
vehicle to reduce costs per payload). CubeSats are less than ~50,000 cm3 in volume and <54 kg 
in mass, while SmallSats are up to 1,700,000 cm3 in volume and 450 kg in mass and typically 
launch on an evolved expendable launch vehicle (EELV) secondary payload adapter (ESPA).
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In the near future, there is a need for at least two types of missions: 1) the large or flagship 
missions with multiple sensors to extend the record of the cloud and aerosol for long-term 
climate monitoring and 2) new architectures that creatively utilize advanced SmallSat tech-
nologies to measure cloud and aerosol properties that are new or otherwise limited in spatial or 
temporal coverage, therefore offering constraints to both improve models and better interpret 
the climate data records generated in mission type 1. While a single SmallSat in a LEO has 
limited spatial coverage on the daily basis, the inclined orbit and synergistic imager/lidar 
data enable the diurnal variability of phenomena to be statistically resolved at regional and 
seasonal scales (Noel et al. 2018; Lee et al. 2019), as demonstrated in the “TOMCAT provides 
unprecedented sampling to statistically resolve diurnal variability at nearly global scale” 
sidebar.

Historically, flagship missions consisting of large sun-synchronous LEO satellites with 
large sensors have been the mainstay of global cloud and aerosol monitoring, starting with 
the Advanced Very High Resolution Radiometer (AVHRR) on NOAA satellites in late 1970s. 
NASA’s Earth Observation System (EOS) followed in 2000 with the school-bus-sized Terra 
spacecraft (5,190 kg) and its Moderate Resolution Imaging Spectroradiometer (MODIS; King 
et al. 2013), Multiangle Imaging SpectroRadiometer (MISR; Diner et al. 1998), and Clouds 
and the Earth’s Radiant Energy System (CERES) instruments. Placed in a polar orbit with a 
1030/2230 local equatorial crossing time (LECT), Terra observations were intended to coincide 
with the minimum in daytime cloud cover and allowed for the first global daytime aerosol 
measurements. In 2002, the Aqua spacecraft (2,850 kg), with its own MODIS and CERES 
instruments joined Terra in EOS, creating a second set of observations at 0130/1330 LECT 
and forming the anchor of the NASA A-Train system. Like the Terra orbit, Aqua overpass time 
was strategically selected: any earlier it would simply repeat the MODIS Terra observations 
and have to cope with additional solar backscatter and glint, any later, and the scenes would 
be more dominated by cirrus shields from convection.

In the coming years, the A-Train hosted seven-member spacecraft, including a lidar on the 
Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO; Winker et al. 
2009) and cloud radar on the CloudSat (Stephens et al. 2003) spacecraft allowing for day and 
night observations of the coupled cloud and aerosol system (635 and 995 kg, respectively). 
Future planned missions, such as ESA’s upcoming EarthCARE with a lidar operating at a  
different wavelength (355 nm), will stay near the ~0130/1330 LECT to continue the multi-
decadal data record critical for Earth climate monitoring. While these active sensors provide 
detailed profiling information of aerosols and clouds, they only capture a small “snapshot” 
of the spatiotemporal variability due to limited spatial coverage (<1% of global surface) and 
constant LECT (Noel et al. 2018). Thus, even at seasonal and regional scales, consistent 
observations of the diurnal cycle of clouds and aerosols remain elusive, limiting publications 
that explore the diurnal variability of aerosol vertical distributions to only 80 (Table ES3), 
and numbers are similar for ice clouds and planetary boundary layer height (PBLH).

Given the strong scientific need to measure cloud and aerosol properties with improved 
spatial/temporal coverage and new affordable technologies that can be used synergistically 
to provide such observations, the cloud and aerosol communities can adopt recent strate-
gies of the precipitation/convection community, which has already embraced the observ-
ing system concept of flagship LEO and GEO sensors supported by distributed SmallSats. 
For example, the convection and precipitation observing system consists of the flagship 
Global Precipitation Measurement (GPM; Hou et al. 2014) mission that utilizes larger passive  
microwave radiometer and radar remote sensors (3,850 kg satellite, with a 780 km radar 
and 150 kg radiometer). Representative examples of SmallSat instrument concepts that en-
able distributed architectures to target spatiotemporal variability and processes that are not  
observed by GPM, as discussed in Stephens et al. (2020), include the Temporal Experiment 
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for Storms and Tropical Systems Demonstration (TEMPEST-D) and RainCube. TEMPEST-D 
is a passive microwave radiometer that fits on a 6U CubeSat (as defined in Table ES2) and 
weighs only 14 kg (Reising et al. 2016). RainCube (12 kg total mass) is an atmospheric radar 
that utilizes a compact deployable antenna for compatibility with a 6U CubeSat platform 
(Peral et al. 2019). The Investigation of Convective Updrafts (INCUS) mission (launch is 
2026), recently selected under the Earth Venture Mission (EVM-3), will utilize these technolo-
gies in a distributed architecture to obtain time-difference estimates of convective vertical  
motion that will enable the community to relate subdaily convective processes and dynam-
ics to precipitation measurements from GPM. Furthermore, the Time-Resolved Observations 
of Precipitation structure and storm Intensity with a Constellation of SmallSats (TROPICS) 
mission comprises four CubeSats, each hosting a passive microwave spectrometer, in three 
low-Earth orbital planes to provide observations of tropical cyclones at high temporal  
resolution (Blackwell et al. 2018).

To our knowledge, there has not been a mission designed for a SmallSat that carries both 
active and passive sensors, in a distributed architecture or otherwise, to profile the distribution 
of aerosols and clouds at time-varying manner (different local times). This is primarily due 
to the challenges of reducing hardware size, mass, and cost while simultaneously maintain-
ing the performance requirements for a backscatter lidar system. Smaller lidar and imager 
technologies are needed to provide synergic data that either augment our capability or pro-
vide the constraint to improve the retrieval of cloud-top height and other height information 
(such as for thick dust plumes) from infrared channels of GEO imagers in both day and night.

We present a single platform SmallSat mission concept that pairs a compact backscatter 
lidar (“TOMCAT uses four techniques for cloud, aerosol, and PBL height estimates” sidebar) 

TOMCAT uses four techniques for cloud, aerosol, and PBL height estimates
The combination of passive multiangle and multiband observations with active lidar measurements on the same platform enables, for the 
first time, intercomparison and evaluation of four different techniques to “map” cloud, aerosol, and PBL heights across the ~450 km imager 
swath. These four techniques have heritage from the following proven algorithms (Fig. SB1): 1) a threshold-based profiling technique similar 
to CATS (Yorks et al. 2021) and CALIPSO (Vaughan et al. 2009), 2) stereo imaging using coincident visible measurements from LEO and 
GEO sensors, respectively, at different view angles (Carr et al. 2019, 2018), 3) MISR-like stereo height retrievals from three 26°-separated 
view angles (Mueller et al. 2017; Nelson et al. 2013), and 4) oxygen (O2) B-band technique to determine the aerosol optical centroid height 
(AOCH) (Chen et al. 2021; Xu et al. 2017, 2019).

Fig. SB1.  TOMCAT provides a comprehensive dataset of cloud, aerosol, and PBL heights by combining four different  
techniques, enabled by the coincident lidar and multiangle imager data. (left) The lidar provides the top and base height 
of atmospheric layers (green), while the O2 B band enables estimates of the AOCH (blue). (right) Two stereo techniques are 
employed: a MISR-like multiangle method (orange) and a LEO–GEO method (purple).
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with a passive multiangle imager in low-inclination orbit to obtain Time-varying Optical 
measurements of Clouds and Aerosol Transport (TOMCAT) in three dimensions. TOMCAT 
is designed to statistically resolve the vertical and diurnal variations of aerosols, clouds, 
and aerosol-mixing-layer height (AMLH), a proxy for the PBLH defined as the top of the 
mixing layer as observed by aerosol lidar data (Eresmaa et al. 2006; McGrath-Spangler and  
Denning 2013; Yang et al. 2013; Dang et al. 2019), as well as characterize the processes  
related to the diurnal evolution of aerosol emissions, cloud fraction, and cloud-top-layer height 
(Fig. 1). Please see an artist rendering of TOMCAT in Fig. ES1. Given the nature of turbulence 
associated with boundary layer process and the sporadic nature of dust and smoke emissions, 
the statistically resolved diurnal cycles therein are studied and described by TOMCAT to 
provide a strong constraint for numerical model predictions from the seasonal and regional 
point of view (“TOMCAT provides unprecedented sampling to statistically resolve diurnal 
variability at nearly global scale” sidebar).

The development of the TOMCAT lidar is a result of NASA Earth Science Technology  
Office (ESTO) investments in instrument capabilities and advances in SmallSat technologies. 
It provides the Earth science community with an affordable option for exploring the spatio-
temporal variability of clouds and aerosol particles, particularly when (i) paired with a passive 
sensor that provides column measurements and cloud/aerosol heights over a swath and/or 
(ii) utilized in a distributed architecture of multiple copies flying in formation. TOMCAT has 
a strong heritage from and key differences with past and planned sensors. Its lidar concept 
stems from the Cloud–Aerosol Transport System (CATS; McGill et al. 2015; Yorks et al. 2016) 
that operated for 33 months on the International Space Station (ISS), providing vertical profiles 

Fig. 1.  Near-real-time lidar data products from TOMCAT, combined with aerosol forecast models, enable air quality forecasting 
and hazardous plume monitoring applications. The TOMCAT lidar and multiangle imager provide the data products necessary to 
achieve science objectives that advances our understanding of the diurnal and seasonal variability of aerosols, clouds, and PBL 
vertical structure. Icons (bottom-right corners in each panel of the second row) are used throughout the paper to highlight the 
mission’s five themes/objectives.

The stereo height and AOCH generally correspond to the top height and central height of the aerosol layer, respectively, thereby 
providing complementary information to characterize aerosol vertical distribution. Hereafter, the stereo heights for aerosols and 
clouds are referred to as aerosol plume height (often but not necessarily always above the PBLH) and cloud-top height, respectively. 
While the stereo imaging method is robust for quantifying the height of aerosol plumes that are visibly heterogenous (i.e., near 
the source region), the O2 B-band technique excels at retrieving AOCH for long-range transport cases (Xu et al. 2018). Furthermore, 
LEO–GEO and MISR-like stereo techniques complement each other through their respective strength in tackling the atmospheric 
motion vector (AMV) in the along-track and across-track directions, respectively, and they together provide better estimates of both 
AMV and cloud-top height or aerosol plume height at the same time (Horváth and Davies 2001; Mueller et al. 2017; Wu et al. 2009). 
The stereo technique, in comparison with other passive techniques, has a unique strength to derive the height of mid- and low-level 
clouds, including PBL clouds (Wu et al. 2009). All passive techniques can be refined and improved by collectively using lidar data to 
help classify the scenes dominated by PBL clouds.
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TOMCAT provides unprecedented sampling to statistically resolve diurnal  
variability at nearly global scale
The TOMCAT mission concept enables the accurate statistical determination of the diurnal variability of aerosol, cloud, and PBL vertical 
structure that is representative of seasonal time scales and regional spatial scales (not diurnal variability within a single day). Several studies 
have shown that atmospheric reanalysis datasets and model parameterizations have large discrepancies (a factor of 2–3 depending on 
the local time and location) in the diurnal variation of PBLH, even at the season or annual scales (Liu and Liang 2010; Zhang et al. 2020). 
To demonstrate the TOMCAT sampling, we subsampled modeled atmospheric output from the NASA Goddard Earth Observing System, 
version 5 (GEOS-5), Nature Run along example TOMCAT orbit tracks at an hourly, 0.5° horizontal resolution for the period June–August 2006.  

Fig. SB2.  The TOMCAT mission concept provides data to statistically resolve the diurnal variability of 
PBLH on regional and seasonal scales. (top) For a 90-day period over a 5° latitude × 5° longitude grid 
box around Beijing, China (see inset), TOMCAT covers the entire diurnal cycle and provides more obser-
vations per hour than CATS and CALIPSO. (bottom) The TOMCAT spatiotemporal coverage also enables 
more accurate estimates of PBLH as a function of time of day.
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of clouds and aerosols. CATS, like any space-based lidar, only provides measurements along 
the spacecraft track in a narrow footprint (~30 m).

To spread information across the satellite track, the lidar is paired with a multiangle 
imager that draws heritage from MISR measurements. This pairing enables the retrieval of 
stereo heights of clouds and aerosol plumes along a 400 km swath (Nelson et al. 2013) as 
well as estimates of the aerosol-layer height passively by using O2 B bands (Chen et al. 2021; 
Xu et al. 2017, 2019). Unfortunately, MISR, CALIPSO, and CATS are on different satellite plat-
forms with different orbits so their coincident measurements are scarce. To date, regardless 
of their wavelengths, a lidar and a visible multiangle imager capable of determining cloud 
and aerosol heights have not flown together in space. Although the NASA Earth System  
Observatory (ESO) Atmosphere Observing System (AOS) mission may fly a nearly identical  
SmallSat backscatter lidar in a 55° inclination orbit, the architecture is not final at this time 
and there are no plans for a collocated multiangle imager in the inclined orbit to improve 
spatiotemporal sampling.

Scientific and operational needs
Key properties of the atmosphere such as temperature, wind, and humidity exhibit strong 
variations throughout the day as a result of the diurnal variability of incoming solar radiation. 
These variations impact important processes such as surface–atmosphere exchange, aerosol 
life cycle (emission, dispersion, transport, and removal), and cloud formation. As such, the 
2017–27 Decadal Survey for Earth Science and Applications from Space (ESAS 2017) high-
lighted the need for diurnally varying observations of clouds, aerosols, and the PBL following 
the National Academies of Sciences (NAS) recommendation (National Academies of Sciences, 
Engineering, and Medicine 2018).

Cirrus (high clouds) occur year-round, primarily over the tropics and midlatitudes,  
and have a significant influence on Earth’s radiative balance (ESAS 2017 objective C-2a, “most 
important”). They are the most common cloud type observed in the atmosphere (40%–60% 
instantaneous global occurrence rates), and over half are translucent, making their altitude, 
amount, and optical properties very difficult to resolve with passive radiometric imagers and  

The GEOS Nature Run was performed by the NASA Global Modeling and Assimilation Office (GMAO) (https://gmao.gsfc.nasa.gov/
global_mesoscale/7km-G5NR/). The model output was constrained to conditions that represent high aerosol loading (AOD > 0.1) and 
clear sky (cloud fraction < 80%) because this is when the largest diurnal variability is expected.

Figure SB2 (top) shows that TOMCAT (purple) fully covers the entire diurnal cycle at an average rate of ~12,000 observations  
per hour in a season (90 days) and over a 5° × 5° grid box (comparable to the grid resolution of CALIPSO level-3 monthly prod-
ucts). To estimate the number of samples from each mission, we multiplied all 0.5° model records (~50 km) that are located in the  
5° × 5° grid box by 10 to represent a 5 km along-track observation given that is the resolution of CATS and CALIPSO L2 data products 
(note that the TOMCAT concept L2 data products are at 3 km, but that is not considered for this sampling study). This provides a 
better estimate of the number of observations anticipated from TOMCAT compared to other lidar-related missions. The inclined orbit 
provides TOMCAT with 6 times more diurnal coverage compared to CALIPSO, which only provides data at 4 h day−1 (2–3 and 13–14 local  
hours) and the TOMCAT imager swath (450 km) creates 10 times more observations per hour than CATS (narrow 30 m curtain) during 
daytime hours.

The improved temporal sampling enables median hourly PBLH to be statistically resolved with an accuracy or root-mean-square error 
(RMSE) of 165 m over Beijing, China. The RMSE is computed by comparing the mean diurnal cycle of PBLH from each sensor to the mean 
diurnal cycle of the model truth within the 5° grid box around Beijing. Therefore, it does not include potential PBLH retrieval errors, just 
the error due to sampling with the TOMCAT mission concept. A concept that flies four copies of TOMCAT sensors (blue) in a 55° inclina-
tion orbit separated by 90° in the same orbital plane would further improve the ability to statistically retrieve the diurnal variability of 
PBLH on such a regional and seasonal scale. The increased sampling (~40,000 h−1) compared to the single copy of TOMCAT yields further 
improvement in accuracy (RMSE of 82 m). Near-global PBLH climatologies such as the example in Fig. SB2 provide important context for 
the ground-based PBLH measurements that have finer temporal resolution (can resolve the diurnal variability on a single day) but have 
limited global coverage. Thus, an important aspect of achieving the TOMCAT science objectives would be combining these observations 
with ground-based PBL, aerosol, and cloud measurements.
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active radar-based sensors (Mace et al. 2009). The sign of global net daytime radiative 
forcing for cirrus clouds is presently unknown, though ground-based lidar measurements 
suggest it may be a function of time of day (Campbell et al. 2016). Over many regions, par-
ticularly the tropics, cirrus occurrence is tied to convective processes triggered by solar input 
as a function of time (Sassen et al. 2009). Modern global models persistently show large 
discrepancies in diurnal cycle of clouds (DCC) and vertical distribution of clouds (VDC) for 
all clouds as a whole, in part due to the lack of observational constraints (Vignesh et al. 
2020). For example, cloud-top height (CTH) is critically important for estimating cloud-top 
radiative cooling, but its retrieval shows significant differences among various passive 
remote sensing techniques; little is known about the variation of its retrieval uncertainty 
with the time of a day. Intrinsically coupled with strong diurnal cycle of solar radiation, 
the deficiency in simulating the phase and amplitude of the diurnal cycle of cloud frac-
tion can lead to a systematic difference of ~2–3 W m−2 in net radiative energy at the top 
of atmosphere among different climate models (Yin and Porporato 2017). Furthermore, 
climate model simulations were previously found to underestimate ice water content (IWC) 
of cirrus clouds by a factor of 3–10 in the Northern Hemisphere when compared against 
aircraft observations (Patnaude et al. 2021). Due to the limited time-varying observations 
of IWC, model representations of diurnal differences in cirrus microphysical properties 
still require further investigation.

Aerosols, such as dust in arid regions and smoke particles in fire-prone regions and down-
wind areas, are responsible for poor air quality that causes millions of premature deaths every 
year and have significant ramifications for the health of the biosphere as well (Lelieveld et al. 
2015; Murray et al. 2020). The magnitude of aerosol emissions for dust and smoke alike is 
typically determined by factors such as wind speed, temperature, humidity, atmospheric 
stability, soil moisture, and human activity and therefore are characterized by strong diurnal 
variability that are sometimes compounded with seasonal variabilities (as further discussed 
below). Interactions between aerosol emissions and the PBL determine aerosol transport and 
dispersion, with important implications for climate and air quality (ESAS 2017 objective W-5a, 
“most important”). Aerosols exhibit further spatiotemporal variability due to their diverse 
sources including windblown dust, wildfires, volcanic eruptions, fossil fuel combustion, and 
a variety of anthropogenic emissions. Two aerosol types that are important for long-range 
transport, desert dust and smoke from biomass burning, have emissions that are strongly 
affected by diurnally coupled meteorological processes (Wang et al. 2004, 2006; Giglio 2007; 
Andela et al. 2015; Lee et al. 2019; Yu et al. 2021). Recent analysis of CATS observations con-
firmed statistically significant diurnal variability in dust and dust mixture profiles over key 
dust sources, including the Bodélé depression, the West African El Djouf, the Rub’ al-Khali 
desert, and western and southern North America driven by underlying meteorological pro-
cesses in these regions (Wang et al. 2003; Lee et al. 2019; Yu et al. 2021). The dust emitted 
at various times of day is prominently transported across oceans and continents, providing 
key nutrients to marine and terrestrial ecosystems (i.e., soluble aerosols that are food for fish) 
and also causing poor air quality (Uno et al. 2009; Yu et al. 2012, 2015). Significant seasonal 
and diurnal variability in dust and dust mixture was identified in CATS observations over the 
vegetated regions in the Amazon and tropical southern Africa likely driven by enhanced dust 
emission due to wildfires (Yu et al. 2021). Biomass burning emissions also show substantial 
regionally dependent diurnal variability with daytime enhancements in wildfire burning 
intensity corresponding with increases in emissions and plume lofting (Seidel et al. 2012; 
Andela et al. 2015). A comparison of different chemistry transport models found differences 
as high as a factor of 10 in the vertical distribution of aerosols (Kipling et al. 2016), limiting 
the reliability of surface air quality estimates from space since aerosol optical depth retrieved 
widely from existing satellites is a columnar quantity.
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Within the PBL (~from the surface up to ~0.5–3 km above Earth’s surface), aerosol par-
ticles, also known as particulate matter (PM), are pollutants that cause poor-air-quality 
conditions harmful to human health (Li et al. 2017). Determining the effects of key diurnal 
PBL processes at minute to subseasonal time scales on air quality, weather prediction, and 
water cycle research was deemed a “most important” objective by ESAS (2017) (W-1a). PBLH 
and its spatiotemporal variability is a function of regional land and ocean characteristics, as 
well as seasonal atmospheric patterns (Holtslag et al. 2013; Baklanov et al. 2017). Further-
more, the PBL and its height vary considerably on time scales of an hour or less due to the 
diurnal cycle in solar heating (Molod et al. 2019; Wang and Christopher 2006), affecting the 
exchange of aerosols, water vapor, and energy with the free troposphere. In turn, PBLH can be 
defined from a backscatter lidar perspective as the top of the AMLH and/or top of PBL clouds 
(McGrath-Spangler and Denning 2013; Dang et al. 2019). This PBLH is an essential, diurnally 
dynamic aspect of Earth’s coupled system that must be represented properly in weather, cli-
mate, and air quality forecast models to accurately predict the complex interactions between 
the surface (land and ocean) and the atmosphere (Esau and Zilitinkevich 2010; Holtslag et al. 
2013). Thus, there is a need for observational global datasets suitable for evaluating and 
improving PBLH in weather and climate models (Shin et al. 2018). Measurements of AMLH/
PBLH diurnal variability remain elusive outside of limited, point-based ground instruments 
and field campaigns (Molod et al. 2019; Seibert et al. 2000; Seidel et al. 2010; Shin et al. 2018). 
Additionally, global PBLH climatologies estimated from radiosonde data do not capture the 
diurnal variability due to the fixed launch times at 0000 and 1200 UTC each day.

Operationally, aerosol and AMLH monitoring are critical for a number of decision aids 
related to human health, transportation, and defense. Forecasting hazardous air quality 
and hazardous plume events is traditionally a function of national weather or environmental 
agencies, and has been typically performed with regional-scale models. Increasingly, global 
near-real-time aerosol forecasts are being produced by major international weather forecasting 
agencies and research institutions (Xian et al. 2019), opening a pathway to more accurately 
conveying information about intercontinental transport of aerosol plumes. These forecast 
models rely on near-real-time (NRT) observations for generating forecast initial conditions 
through data assimilation. Case studies assimilating lidar vertical profiles show a 20%–40% 
improvement in the simulation of volcanic plume distributions, aerosol backscatter, aerosol 
number concentration, and surface mass concentrations (Escribano et al. 2022; Ye et al. 2021; 
El Amraoui et al. 2020; Hughes et al. 2016; Sekiyama et al. 2010; Zhang et al. 2011). Opera-
tional and quasi-operational global aerosol models do not currently assimilate lidar vertical 
profiles since data are not available in NRT and the data lack the spatiotemporal information 
needed to improve model predictions on a global scale (Benedetti et al. 2018).

The TOMCAT SmallSat mission
The TOMCAT mission concept falls into the “new architectures that creatively utilize  
advanced SmallSat technologies” category discussed earlier in the paper, yet directly  
responds to emergent scientific and observation needs of the diurnal and vertical distribution  
of aerosol and cloud properties. Both the lidar and the imager fit on a SmallSat that is smaller 
than a household refrigerator and weighs about 300 kg. While many possible mission con-
cepts can be formulated for such instruments, this single platform SmallSat mission con-
cept costs less than $200 million (e.g., the approximate cap for PI-led NASA Earth Venture  
Mission), a sharp contrast from recent flagship missions such as ICESat-2 (Markus et al. 
2017), which cost about $1 billion and weighs ~1,500 kg. This TOMCAT concept addresses 
three scientific questions that are articulated in the sections above, including (i) How do the 
vertical and diurnal variability of ice cloud properties affect Earth’s radiation budget? (ii) How 
do changes in PBLH with local time influence regional and seasonal surface air quality and 
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low-level cloud distributions? (iii) How do smoke and dust emission processes impact their 
atmospheric distributions and long-range transport on subseasonal (~2 weeks–2 months) to 
seasonal time scales (~2–4 months)? It will be equipped with NRT capabilities to uniquely 
support operational hazardous plume monitoring, aerosol forecasting, and air quality (AQ) 
assessments. Figure 2 shows the science traceability matrix that links the measurement  
requirements to the science and application goals.

Fig. 2.  The TOMCAT science traceability matrix provides a clear and concise tracking of instrument and mission requirements back 
to the science objectives. The three TOMCAT science objectives all trace back to the 2017–27 Decadal Survey for Earth Science and 
Applications from Space (National Academies of Sciences, Engineering, and Medicine 2018), as highlighted in paratheses after  
the objective text. Requirements are based on TOMCAT simulations and heritage from CATS, CALIPSO, and different passive  
sensors as discussed in the text.
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TOMCAT data will be instrumental to fill gaps in our understanding of time-varying 
vertical profiles of ice clouds, aerosol particles (anthropogenic pollution, volcanic, smoke, 
dust), and PBLH. Data will also be provided in NRT for improving prediction of air quality and 
hazardous plumes from fires and volcanic eruptions in the tropics and midlatitudes. TOMCAT 
utilizes a straightforward implementation of a commercial SmallSat carrying a lidar and an 
imager. The TOMCAT lidar, a compact version of the CATS instrument, employs photon count-
ing detection and a high-repetition-rate laser that continuously operates at 532 and 1,064 nm 
to measure backscatter and depolarization at both wavelengths. The TOMCAT imager consists 
of three cameras that provide radiance measurements at three angles separated by 26° and 
three bands (412, 670, 688 nm) with a swath width of ~450 km and a nadir pixel resolution of 
~400 m. The spacecraft is in a 50°–55° inclination orbit to provide comprehensive spatial and 
temporal coverage of the tropics and midlatitudes covering over 97% of Earth’s population. 
The low orbit altitude (400–450 km) maximizes the lidar signal-to-noise ratio (SNR), while 
the multiple-angle imager with O2 B band improves the spatial converge of aerosol and cloud 
height retrievals (“TOMCAT uses four techniques for cloud, aerosol, and PBL height estimates” 
sidebar). The O2 B band is selected because vegetated surface reflectance is low at this band 
and it is sensitive to the change of both thick and thin aerosol-layer height (“TOMCAT uses 
four techniques for cloud, aerosol, and PBL height estimates” sidebar). These mission charac-
teristics enable TOMCAT to statistically resolve the diurnal variability of the vertical structure 
of cloud, aerosol, and AMLH at unprecedented accuracy and temporal coverage compared to 
previous lidar-based missions (“TOMCAT provides unprecedented sampling to statistically 
resolve diurnal variability at nearly global scale” sidebar). The TOMCAT data latency (<4 h) 
enables the data to be ingested into forecast models to improve the skill of hazardous air 
quality and aerosol plume forecasts.

The TOMCAT instrument design and feasibility
SmallSat lidar with on-demand pointing.  Stephens et al. (2020) reported that over the past 
decade previous publications have referred to lidar technologies on a SmallSat as infeasible 
(Selva and Krejci 2012) and problematic (Selva and Krejci 2012). However, technology ad-
vances have yielded the TOMCAT lidar design that fits the mass (<120 kg), volume (<1.0 m3), 
and power (<475 W) constraints of a SmallSat (Fig. 3), yet adds capabilities and improves 
performance compared to previous space-based lidars (“Compact, SmallSat lidar with added 
capabilities and better performance” sidebar). Many lidar concepts are designed to rely on 
big laser pulse energies (typically with low laser repetition rate) to overcome the noise floor 
of the detector, thereby having power requirements that are incompatible with a SmallSat 
implementation. In contrast, the TOMCAT lidar uses a high repetition rate, low pulse energy  

Fig. 3.  A half-scale printed model of the TOMCAT payload demonstrates fit and assembly of the SmallSat  
ESPA Grande package. (left) The laser (orange) is attached to the bottom panel of the instrument.  
(center) The telescope (yellow) and detectors (red and green) are shown in the fully assembled instru-
ment, while (right) the electronics cards are shown on the side panel. The panels are clear in this 3D 
printed model, but the actual panels are made of M55J composite over an aluminum core.
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Compact, SmallSat lidar with added capabilities and better performance
The TOMCAT lidar utilizes an affordable, low-risk standard backscatter lidar while leveraging the technology and algorithm heritage 
of CATS and CALIPSO, yet advances current capabilities (Table SB1) and performance (Fig. SB3) of these space-based lidars to provide 
essential data about cloud and aerosol heights and properties. To detect faint aerosol layers and optically thin cirrus clouds over all 
hours of the day, the TOMCAT lidar is designed to have higher daytime SNR than CALIPSO and CATS, as well as a minimum detectable 
backscatter (MDB; the backscatter at which the weakest atmospheric feature can be detected) at 532 nm at night and day that is better 
than the 532 nm nighttime MDB for CALIOP (<8.0 × 10−4 km−1 sr−1 for cirrus cloud between 10 and 12 km).

Simulations of the TOMCAT lidar were performed using the GSFC backscatter lidar simulator, developed for CATS prelaunch testing 
and algorithm development. Instrument specifications (Table 1) are used to simulate raw photon counts with random Poisson noise and 
solar background counts computed over different surface types and viewing conditions. The atmospheric state (i.e., profiles of extinction 
and backscatter) can be initialized using aircraft/ground-based data, GEOS model scenes, or simplified canonical cases. Observables such 
as total attenuated backscatter are then determined with systematic uncertainties (e.g., calibration uncertainty) using the lidar equation. 
The simulator has been verified against CATS data and by other institutions as part of AOS mission development work.

The TOMCAT lidar has 2–3-times-higher 532 nm SNR than CALIPSO and CATS at daytime, as shown in Fig. SB3. This enhanced  
SNR is primarily due to 2- and 3.6-times-more laser power than CATS and CALIPSO, respectively, and a ~35% lower orbit altitude than 
CALIPSO. The TOMCAT lidar will measure 532 nm backscatter (at raw resolutions) within a smoke aerosol layer (AOD = 0.10) between 
0 and 2 km with an SNR of 6.82 (night) and 3.28 (day). The projected lidar SNR also results in 532 nm MDB (for cirrus cloud between 10 
and 12 km) of 5.3 × 10−4 km−1 sr−1 during daytime operations and 4.1 × 10−4 km−1 sr−1 during night (Table SB3), ensuring TOMCAT will 
detect cloud, aerosol, and PBL heights accurately over all hours of the day. The TOMCAT lidar daytime 532 nm MDB, while not as good 
as its nighttime, will be better than CALIOP’s nighttime 532 nm MDB (used for its layer detection algorithms).

Fig. SB3.  Simulations of daytime 532 nm attenuated total backscatter for (left) CATS and (right) 
TOMCAT demonstrate the 3-times-better SNR of the TOMCAT lidar compared to CATS, which improves 
layer detection. The simulated scene is from airborne CPL data of smoke and clouds over Idaho and 
Nevada (18 Aug 2015).

Table SB1.  TOMCAT has more capabilities than previous space-based lidars and better MDB than 
CALIPSO. An asterisks indicates values from McGill et al. (2007). A hat/caret indicates CATS 532 nm 
values for mode 7.1 as reported by Yorks et al. (2016).

Capability TOMCAT CALIPSO CATS

532 nm backscatter ✓ ✓
1,064 nm backscatter ✓ ✓ ✓
532 nm depolarization ✓ ✓
1,064 nm depolarization ✓ ✓
<6 h data latency ✓ ✓
Inclined orbit ✓ ✓
Off-nadir pointing ✓
532 MDB, day (km−1 sr−1) 5.30 × 10−4 1.70 × 10−3* 2.20 × 10−2∧

532 MDB, night (km−1 sr−1) 4.10 × 10−4 8.00 × 10−4* 1.0 × 10−3∧
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laser operating in conjunction with  
photon-counting detectors. This ap
proach offers significant advan-
tages in the size, mass, and power 
required for the laser transmitter, 
while providing equivalent mea-
surement sensitivity and spatial 
resolution. By integrating signals 
from multiple laser pulses, the mea
surement dynamic range is main-
tained. The Cloud Physics Lidar 
(CPL; McGill et  al. 2002) instru-
ment, with over 20 years of aircraft 
operation, and the CATS lidar have 
proven the high-repetition-rate, low- 
pulse-energy approach. Table 1 highlights the primary lidar instrument parameters. The 
SmallSat lidar design is mature as all components have CATS or other spaceflight heri-
tage, or have undergone maturation and testing through NASA-funded technology invest-
ments. In addition, a life test is being conducted on the qualification laser, which began on  
4 October 2020 and has continued since with no performance degradation.

Multiangle observation imager. The multiple angle imaging techniques have been demon-
strated by many satellite missions and therefore are relatively mature. Since the lidar drives 
the cost of TOMCAT, three commercial off-the-shelf cameras complete the TOMCAT instru-
ment suite, complementing the lidar data with cloud and aerosol heights over a wide swath. 
Several flight-qualified and proven high-resolution cameras exist from commercial vendors 
that can provide a 55° × 55° FOV, corresponding to 1,944 × 1,944 pixels. Each camera oper-
ates over a specific wavelength band (405–420, 660–680, and 687.3–688.2 nm), using a 
commercial off-the-shelf bandpass filter. One possible candidate for such cameras would be 
the Malin Space Science Systems ECAM-50 wide FOV camera due to its modular, adaptable, 
high-reliability imaging system (Malin et al. 2010). Camera operation would be limited to 
beta angles between ±75. Each camera uses a standard 4.7 mm effective focal length (EFL), 
f/3.5 lens mounted to its detector, resulting in ~200 m nadir ground resolution in a ~450 km 
cross-track × ~450 km along-track image in a 400–450 km orbit. The camera images overlap 
every 26° so that as the spacecraft proceeds forward the nadir pixel of the current image 
falls on the 26° forward pixel of the previous image. Figure ES2 illustrates the measure-
ment geometry, with images taken every 27.98 s, allowing ~47% image overlap. The blue  
(412 nm) and red (670 nm) bands have SNRs > 1,000, while O2 B band (688 nm) has an SNR 
of >200, all at a 3.3 km resolution after coadding, thereby enabling three different aerosol 
height estimates (“TOMCAT uses four techniques for cloud, aerosol, and PBL height esti-
mates” sidebar). The imager and specifications presented here are just one way to provide 
wide-swath passive height retrievals that are complementary to the lidar data. Other passive 
concepts, such as tandem stereo cameras or a polarimeter, could also enable estimates of 
cloud and aerosol heights over a swath.

TOMCAT scientific data products, applications, and validation
Lidar level-1 and level-2 data products. The projected TOMCAT lidar archival level 1 (L1) 
and level 2 (L2) data products are demonstrated in Fig. 4 using CATS 1,064 nm nighttime 
data, which have very similar SNR to the expected TOMCAT nighttime performance. A full 
list of the data products, as well as their resolutions, uncertainties, and data processing  

Table 1.  The TOMCAT lidar instrument parameters. The 
vertical and horizontal resolutions (see the last two rows) 
are easily adjusted to other values if desired/required by  
different science objectives.

Parameter Value

Laser type Nd:YVO4

Laser wavelengths 1,064 and 532 nm

Laser pulse energy 4 kHz

Laser pulse length 3 mJ (1,064 nm), 2 mJ (532 nm)

Transmitted beam divergence 70 μrad (1,064 nm), 35 μrad (532 nm)

Telescope diameter 60 cm

Telescope field of view 115 μrad (1,064 nm), 85 μrad (532 nm)

Vertical resolution 60 m

Horizontal resolution 16 Hz, 478 m
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algorithms, are presented in Table ES4. These lidar data products and processing algorithms 
have robust heritage from CATS, CALIPSO, and the airborne CPL. The quality of the TOMCAT 
lidar data products are a function of the quality of the backscatter data, which is related to 
the SNR, MDB, and calibration uncertainty. The TOMCAT lidar design and algorithms result 
in backscatter calibration uncertainties of 3%–8% (532 nm) and 5%–10% (1,064 nm) using 
calibration techniques similar to CATS and CALIPSO (Getzewich et al. 2018; Kar et al. 2018; 
Pauly et al. 2019; Vaughan et al. 2019). L1 attenuated backscatter profiles are transformed 
into L2 data products such as layer heights (Yorks et al. 2021), PBLH (Palm et al. 2021), 
extinction coefficient (Young and Vaughan 2009; Hlavka et al. 2012), and IWC (Heymsfield 
et al. 2014) using heritage CALIPSO and CATS algorithms (Table ES4).

Imager level-1 and level-2 data products. The coincident multiangle and multiband mea-
surements provided by the TOMCAT imager are highly complementary to the TOMCAT lidar 
data, enabling retrievals of cloud, aerosol, and PBL heights that augment the lidar’s narrow 
footprint (~30 m) with a wide swath (~450 km) during the day. The imager provides visible 
radiances at three different angles that, with vicarious calibration (using a radiometrically 
stable calibration target such as the Libyan or White Sands deserts to monitor and correct 
for relative degradation), enable retrievals of cloud-top height and aerosol plume heights 
with an uncertainty of 100–200 m (Nelson et al. 2013; Carr et al. 2018, 2019), and the 
AOCH with an uncertainty of <500 m (Xu et al. 2017, 2019; Chen et al. 2021). Both AOCH 
and stereo height retrievals do not require onboard absolute calibration because the former 
depends on the ratio between O2 B and its adjacent continuum band and the latter depends 
on the georeferenced feature contrast. Both retrievals can be evaluated using TOMCAT lidar 

Fig. 4.  Lidar level 1 data products include (top left) attenuated total backscatter and perpendicular backscatter at 532 and  
1,064 nm (units: km−1 sr−1). These products are used to create level 2 products such as (top right) aerosol type and cloud phase. 
The lidar data examples are CATS nighttime 1,064 nm attenuated total backscatter from 9 Sep 2017 over Central Asia and 
are representative of TOMCAT nighttime performance given the very similar nighttime 1064 nm SNRs between CATS and the  
TOMCAT lidar. (bottom) Also shown are the examples of synthetic data of TOMCAT imager data, including level-1B georefer-
enced radiance data, the stereo height data, and the AOCH data. Here, VIIRS, MISR, and TROPOMI data are used as the proxy for 
generating TOMCAT synthetic imager data. (bottom left) The image is rendered via three band overlays assuming that the data 
in green band, not available in TOMCAT imager, can be estimated from TOMCAT’s blue and red bands, following the technique 
by Miller et al. (2012).
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data, yielding important statistics when generating the lidar-imager synergistic L2 PBLH 
products. TOMCAT lidar depolarization ratios and multiangle images (from the cameras) 
can also help to separate nonspherical dust particles from spherical smoke particles, espe-
cially over the places such as northern Sahel and Australia region where dust and smoke 
coexist, and from spherical anthropogenic particles, especially over Asia (Omar et al. 2009; 
Nowottnick et al. 2022).

Level-3 synergistic data products for improved spatiotemporal sampling and resolving  
diurnal variability.  TOMCAT combines lidar and passive stereo techniques to deliver 
near-global vertical and diurnal observations of aerosol, clouds, and PBL on seasonal to 
subseasonal time scales (via statistical averages for each hour). With an inclination angle 
of (50°–55°), the TOMCAT spacecraft orbits over the primary aerosol transport pathways, 
aerosol emission regions, midlatitude storm tracks, and tropical convection zones at a dif-
ferent local time each overpass. This sampling enables the diurnal variability of the geo-
physical variables to be statistically resolved; for each meteorological season (~90 days), the 
TOMCAT L2 data of cloud and aerosol occurrence, backscatter coefficient, extinction coef-
ficient, and IWC can be gridded by region (i.e., 5° latitude × 5° longitude grid boxes), altitude  
(60 m bins), and hour of day (grid boxes can be modified based on the accuracy required for 
specific science targets). These measurements fundamentally challenge global atmospheric 
model development and provide novel constraints for model evaluation. We list some  
examples here:

•	 Clouds: Over many regions, and particularly the tropics that are the primary focus of the 
TOMCAT orbital configuration, cirrus occurrence is tied to convective processes triggered 
by solar radiation (Sassen et al. 2009). TOMCAT observations enable the derivation of 
diurnally consistent ice scattering models that benefit a host of operational and applied 
research endeavors, including more accurate radiative transfer for weather/climate mod-
els and improved remote sensing retrievals of ice cloud properties. Estimates of ice cloud 
diurnal variability and processes can be further enhanced by flying the TOMCAT sensors 
in orbit with a radar capable of measuring cloud properties.

•	 Aerosols: TOMCAT, like CATS before it, has robust nighttime 1,064 nm data to reliably 
detect the full vertical extent of aerosol plumes (Rajapakshe et al. 2017). In the day-
time, the stereo camera imaging technique and AOCH retrieval from O2 B band provides 
complementary information about smoke and dust injection heights across a wider swath 
over both source and downwind regions. Additionally, the two TOMCAT stereo imag-
ing techniques can retrieve motion corresponding to the winds at the top of the plume. 
These capabilities, in combination with the TOMCAT orbital characteristics, enable the 
3D characterization of smoke and dust at different times of day (Lee et al. 2019; Yu et al. 
2020) that better constrain aerosol emissions, improve PBL and injection parameteriza-
tion schemes in global models, and link emissions to downwind long-range transport 
patterns (Yu et al. 2019).

•	 PBL: While lidar-based AMLH is not identical to the thermodynamically defined PBLH, 
profiles of backscatter and extinction have been used widely for PBL and air quality process 
studies and in modern Earth system models that include aerosol emission, transport, and 
removal processes (Yu et al. 2012; Koffi et al. 2012; Yu et al. 2015; Liu et al. 2020). Together 
with surface-based PBL observations, TOMCAT’s L3 data products describing the diurnal 
variation of aerosol extinction profiles and AMLH on regional and seasonal scales provide 
a dataset for 1) investigating PBL processes (science objective 2), complementing a future 
PBL-based satellite mission (Teixeira et al. 2021), and 3) advancing PBL parameterizations 
in weather, air quality, and climate models.
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Validation and synergy.  The vertical information from TOMCAT has strong synergy with 
ground-based networks and the next generation of geostationary atmospheric compo-
sition and weather satellites, and their coincident observations provide unprecedented 
three-dimensional (3D) time-varying observations of aerosol and cloud distributions.  
To estimate possible biases in the diurnal statistics due to seasonal or annual variability, 
data derived from surface sensing networks such as the Aerosol Robotic Network (AERONET; 
Holben et al. 1998), Micro-Pulse Lidar Network (MPLNET; Campbell et al. 2002), and ceil-
ometer networks (Caicedo et  al. 2020) can be used to evaluate and improve space-based 
data products. The estimates of aerosol and cloud diurnal variability from TOMCAT data 
are highly relevant to passive cloud and aerosol sensors in the program of record. The emer-
gent constellation of GEO sensors for atmospheric composition, such as the Tropospheric 
Emissions: Monitoring Pollution (TEMPO) mission (Zoogman et al. 2009) and GEMS (Kim 
et al. 2019), as well as sun-synchronous sensors such as the Multi-Angle Imager for Aerosols 
(MAIA; Diner et al. 2018), will generate AOCH products. However, none of these passive sen-
sors are equipped with an active lidar to accurately evaluate their AOCH products. TOMCAT 
data can be used to estimate biases in height retrievals from next generation GEO sensors 
due to solar zenith angle, limb angle, and scattering angle. TOMCAT also has strong synergy 
with the current generation of GEO weather satellites, such as Geostationary Operational  
Environmental Satellite (GOES-16/-17) Advanced Baseline Imager (ABI; Schmit et al. 2016). 
Ice cloud data products (i.e., cloud fraction, effective radius, cloud-top height, etc.) and 
aerosol products (i.e., AOD) from ABI and other GEO weather satellites complement TOMCAT 
data products. At night, TOMCAT lidar data may also be combined with the infrared bands 
from GEO imagers to improve the retrievals of dust-layer height and cloud-top height, reduc-
ing the uncertainties that otherwise could be large due to errors in surface temperature and  
atmospheric profile of temperature and water vapor.

Applications. TOMCAT NRT data products enable timely and precise monitoring of the height 
and vertical distribution of aerosols and support two applications objectives (Fig. 5) that 
uniquely assist operational hazardous plume monitoring, aerosol modeling, and air quality 
forecasts. TOMCAT data are transmitted, received, processed, and distributed to application 
end users with the <4 h latency needed for incorporation into operational center forecast-
ing systems (Benedetti et al. 2018). TOMCAT excels at differentiating free troposphere from 
boundary layer aerosol events, leading to the development of better attribution of column 
aerosol loading in the vertical that improves aerosol monitoring and related decision support 
along major air routes between Asia, North America, and Europe. The TOMCAT NRT aerosol 
profiles and injection heights provide information about the vertical structure of hazardous 
plumes and directly address critical data needs identified by forecasting agencies. At night 

Fig. 5.  TOMCAT would achieve (left) two application objectives through its ability to provide NRT data to (right) application end 
users within 4 h and point off-nadir 20° with pointing accuracy of 200 m to sample hazardous events.
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when the TOMCAT imager is not available to provide supplementary aerosol-layer informa-
tion, the TOMCAT lidar, via its 20° (equivalent to 160 km for an orbit altitude of 435 km) 
off-nadir-pointing capability, may be directed to point to an area of interest (or during the day) 
to increase the frequency of profiling of the hazardous plumes. Several studies have outlined 
methods of including lidar detections of ash from CATS or CALIOP into an operational ash 
modeling framework (Vernier et al. 2013; Prata et al. 2015; Hughes et al. 2016). This type 
of data is also invaluable for verification of model output (Dacre et al. 2015; Crawford et al. 
2016) as well as insight into mixing processes of the downwind volcanic ash cloud layers 
(Bursik et al. 2021). Rerouting air traffic around volcanic ash requires an operational forecast 
of hazardous regions produced by Volcanic Ash Advisory Centers (VAACs) worldwide. The 
need for precise information on the vertical structure of volcanic ash clouds has never been 
greater, as the International Airways Volcano Watch (IAVW), which defines VAAC products 
and services, is evolving to include quantitative ash concentration forecasts (IAVW; WMO 
2020). Similarly, the National Wildfire Coordinating Group (NWCG; Lindley et al. 2020) rec-
ommends the need to “support the development of satellite missions and products that pro-
vide information about the vertical structure of smoke and aerosols” and “advocate for the 
inclusion of LIDARs, and/or the development of other technologies capable of direct sampling 
or derivation of smoke height, onboard future spacecraft.” TOMCAT NRT data products pro-
vide significant societal and economic benefits by meeting both the VAAC and NWCG needs.

Concluding remarks, significance, and summary
As stated in the 2017–27 Decadal Survey for Earth Science and Applications from Space, 
“Global, or near-global coverage of pollutants (e.g., PM, O3, and NO2) with diurnal variation is 
important to link air quality to health and ecosystem damages and to identify source impacts 
on air quality.” While several current (i.e., GEMS) and upcoming (i.e., TEMPO) missions provide 
coverage of the northern midlatitudes, these missions provide limited vertical information 
and do not cover much of central Asia, Africa, and the tropics where population growth and 
poor air quality are expected. It is critical to measure the spatiotemporal evolution of aerosols 
over these regions in the coming decades from space. The timing is perfect, as the past two 
decades have seen the rapid growth of revolutionary and emerging new technologies for Earth 
observation, enabling smaller and more affordable sensors that fly on multiple SmallSats to 
better observe the spatiotemporal variability and processes of clouds and aerosols not observed 
from the NASA EOS and/or GEO sensors.

In this paper, we outline a SmallSat mission concept that provides time-varying optical 
measurements of cloud and aerosol transport called TOMCAT. This mission concept couples 
active (lidar) and passive (imager) remote sensing observations to provide measurements of 
vertical profiles of backscatter and depolarization ratio required to retrieve cloud and aerosol 
physical parameters (Fig. 2), as well as multiangle radiance in the visible spectrum to deter-
mine cloud and aerosol plume heights. The TOMCAT mission concept 1) addresses the gaps 
in our understanding of aerosol, cloud, and PBLH spatiotemporal variability, 2) embraces the 
technology advances in smaller sensors and spacecraft, 3) leverages the heritage of the CATS 
and MISR measurement capabilities, 4) provides timely and precise monitoring of the height 
and vertical distribution of aerosols to improve air quality and hazardous plume transport 
predictions, and 5) offers an affordable option (<$200 million complete, full lifetime mission 
cost) that is ~5–6 times less than the typical flagship missions.

While we present one mission concept in this paper (a single spacecraft version),  
the SmallSat lidar enables many types of mission concepts besides TOMCAT. For example, 
four copies of the TOMCAT concept in the same orbital plane with spacecraft 90° apart  
(~6 h) would further improve the temporal sampling and ability to statistically resolve the 
diurnal variability of clouds and aerosols (“TOMCAT provides unprecedented sampling to 
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statistically resolve diurnal variability at nearly global scale” sidebar). The Earth science  
community should leverage the evolution of affordable spacecraft buses and rideshare 
launches over the coming decades by designing missions that utilize a distributed architecture 
of SmallSats and CubeSats to achieve unprecedented spatiotemporal sampling.
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