
1. Introduction
Marine boundary layer (MBL) clouds play an important and integral role in Earth’s climate system. Their spatial 
distribution, radiative properties, and dynamics interact with the aerosol, moisture, and temperature structure 
of the maritime environment (e.g., Albrecht, 1989; Paltridge, 1980; Twomey, 1977). Their widespread spatial 
coverage throughout the world’s oceans translates to a significant, integrated impact upon the top-of-atmosphere 
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radiation budget (e.g., Hartmann & Short, 1980). Variability among climate prediction models is driven primar-
ily by uncertainties in the cloud response in the climate system (Bony & Dufresne, 2006). The underpinning 
modeling challenge is how best to account for complex feedbacks involving aerosol, cloud, and precipitation 
(IPCC, 2014; Stevens & Feingold, 2009). A complete, accurate, diurnally resolved description of MBL cloud 
distribution, properties, and processes forms a vital baseline for understanding the role of clouds in current state 
of climate, and how the balance might change in a warming climate. Here, satellite-based remote sensing from 
passive imaging radiometers plays an essential role in the detection and quantitative description of MBL clouds 
occurring globally.

Cloud detection is a basic first-step for satellite-derived properties of the land/ocean surface, the cloud-free atmos-
pheric column, and retrievals of the cloud properties themselves (Ackerman et al., 1998; Heidinger et al., 2012). 
Daytime cloud detection is well-addressed in most cases by visible-spectrum (VIS) bands, which can take advan-
tage of the strong contrast between the bright (reflective) clouds and the dark (absorptive) ocean surface. Cloud 
detection is inherently more challenging at night, when traditional satellite observations lack VIS information and 
must rely instead on measurements of upwelling infrared (IR) energy in the atmospheric window bands. Here, 
absolute temperature contrast between clouds and the surface, or spectral contrasts between IR bands where cloud 
radiometric properties (e.g., Ellrod, 1995; Heidinger & Pavolonis, 2009; Lee et al., 1997) differ from those of the 
underlying surface, provide a means of detection with variable levels of efficacy.

Unfortunately, absolute IR temperature contrast cannot always be relied upon in situations of widespread stra-
tocumulus (occurring at scales of 100–1,000  km), especially over the warmer waters of the tropical oceans. 
Likewise, IR multispectral tests such as the nighttime low cloud test (NLCT, described in Section 2) traditionally 
used for MBL detection weaken in situations where the cloud top particle size is large (e.g., clean maritime 
airmass environments) or vanish entirely in cases of overriding thin cirrus blocking the signal. These and other 
factors lead to these techniques missing about 10% of nighttime clouds globally (Heidinger et al., 2012; Petrenko 
et al., 2010). Because of the inherent limitations to IR cloud detection techniques, uncertainties propagate to our 
fundamental description of the nocturnal environment.

Here, we examine a specific environmental condition that produces false alarms in nighttime IR based cloud 
detection, with a focus on over-water scenes. The problems occur most often in coastal zones, ocean banks, 
and river estuaries, but are also found over the open ocean—typically in localized areas and often having 
well-defined boundaries. These issues were first noticed when comparing IR-based cloud detection to moon-
light reflectance  imagery from a relatively new nighttime visible sensor, the Day/Night Band (DNB; Miller 
et  al.,  2013).  The  initial hypothesis was that the DNB would see more nighttime low clouds by overcoming 
absolute IR contrast and large-particle issues. However, we also noted areas where the IR algorithm “saw” clouds 
where none in fact existed.

The DNB is a visible/near-IR bandpass radiometer on the Visible/IR Imaging Radiometer Suite (VIIRS), carried 
on the National Oceanic and Atmospheric Administration (NOAA) Joint Polar Satellite System (JPSS; Goldberg 
et al., 2013) Suomi National Polar-Orbiting Partnership (S-NPP) and NOAA-20 satellites. The DNB’s unique 
low-light sensitivity (down to 3 × 10 −5 W m −2 sr −1, or ∼10 million times fainter than reflected sunlight in this 
same spectral bandpass) offers the capability to detect clouds in a manner similar to daytime observations, but 
by way of reflected moonlight. DNB observations on lunar nights (i.e., when the moon is above the horizon at 
the time of satellite observation) enable use of a lunar irradiance model (Miller & Turner, 2009) to convert DNB 
measured calibrated radiances into corresponding lunar reflectance. This lunar reflectance enables application of 
daytime cloud mask algorithms. For this study, these masks can be compared directly against the IR-only tech-
niques as an initial step in revealing instances of false-alarm.

The goals of this research are (a) to describe instances of IR-based low cloud false alarms, (b) determine the 
physical basis for these issues, and (c) develop new algorithms to help mitigate the problem in global nocturnal 
cloud masks. Here, we address the first two goals. The paper is structured as follows: Section 2 describes the 
observational datasets (measurements and derived products) used in this study. Section 3 presents examples of 
the false-alarm MBL clouds for a variety of examples. Section 4 outlines a proposed physical basis and associated 
processes. Section 5 evaluates our hypothesis via numerical simulations. Section 6 considers the physical mech-
anisms that precondition the environment for false alarms. Section 7 considers the implications of these false 
alarms to climate data records and operational users. Section 8 concludes the article.

Methodology: Steven D. Miller, Lewis 
D. Grasso
Project Administration: Steven D. 
Miller
Resources: Steven D. Miller, Yoo-Jeong 
Noh
Software: Steven D. Miller, Yoo-Jeong 
Noh, Lewis D. Grasso, Curtis J. Seaman, 
Andrew K. Heidinger
Supervision: Steven D. Miller
Validation: Steven D. Miller, Yoo-Jeong 
Noh, Lewis D. Grasso, Alexander 
Ignatov, Andrew K. Heidinger, SungHyun 
Nam, Boris Petrenko
Visualization: Steven D. Miller, 
Yoo-Jeong Noh, Lewis D. Grasso, Curtis 
J. Seaman, William E. Line
Writing – original draft: Steven D. 
Miller, Yoo-Jeong Noh, Lewis D. Grasso, 
Alexander Ignatov, William E. Line
Writing – review & editing: Steven D. 
Miller, Yoo-Jeong Noh, Lewis D. Grasso, 
Curtis J. Seaman, Alexander Ignatov, 
Andrew K. Heidinger, SungHyun Nam, 
William E. Line, Boris Petrenko



Earth and Space Science

MILLER ET AL.

10.1029/2021EA002137

3 of 23

2. Observations
2.1. The GOES Advanced Baseline Imager

To observe the temporally resolved development and evolution of both actual MBL clouds and the false-alarms, 
we use geostationary satellite imagery from the Advanced Baseline Imager (ABI) on the GOES-R series of 
Geostationary Operational Environmental Satellites (GOES; Kalluri et al., 2018; Schmit et al., 2017, 2018). The 
ABI is a 16-band radiometer offering sensitivity from the visible to thermal IR, with band-dependent spatial 
resolution ranging from 0.5 to 2 km (at nadir), and domain-dependent temporal resolution from 30 s (mesoscale 
boxes) to 10 min (full disk). The first two members of GOES-R are GOES-16 (“GOES-East”) and GOES-17 
(“GOES-West”), each stationed over the equator at 75.2°W and 137°W longitudes, respectively. The ABI offers 
moderate spatial resolution imagery (2 km pixel size, at nadir) in its IR bands in conjunction with high tempo-
ral resolution (operating in “scan Mode 6” which provides 10 min full-disk, 5-min continental United States 
(CONUS), and 30-s mesoscale (1,000 km × 1,000 km) coverage; Schmit et al., 2017).

GeoColor (Miller et al., 2020), a multispectral blended imagery product applicable to ABI, displays low clouds at 
night as identified by the aforementioned nighttime low cloud test (NLCT). In a general sense, the NLCT involves 
a brightness temperature (BT) difference (BTD) between the longwave IR (LWIR; near 11 μm) and mid-wave IR 
(MWIR; near 4 μm) observations. First demonstrated by Ellrod (1995), the NLCT is predicated on cloud spec-
tral emissivity differences that exist between these two bands. For optically thicker clouds (visible optical depth 
exceeding ∼5) and relatively small cloud top particle size (<15 μm typical of MBL clouds), a lower emissivity 
at 3.9 μm results in cooler BT, and a positive NLCT. For the ABI NLCT, Band 13 (10.35 μm) is used for LWIR 
and Band 07 (3.9 μm) is used for MWIR. Similarly, the VIIRS-equivalent NLCT is based on its M15–M12 
(10.763–3.7 μm) moderate resolution or I5–I4 (11.45–3.74 μm) imager resolution BTDs. Positive NLCT, when 
it occurs, is encoded as an information layer in GeoColor and colorized light blue. ABI and VIIRS GeoColor 
imagery are available for viewing in near real-time via the Satellite Loop Interactive Data Explorer in Realtime 
(SLIDER; Micke, 2018) website (http://rammb-slider.cira.colostate.edu).

For the current research, we utilized ABI-rendered GeoColor to provide a qualitative depiction of the locations 
where the NLCT indicates the presence (actual or false-alarm) of low cloud at night. The ABI’s high tempo-
ral resolution facilitates distinguishing between the actual and false-alarm clouds. Whereas the meteorological 
low clouds evolve over time, the false-alarm structures tend to vary more slowly as they are tied to sea surface 
temperature (SST) features. The ABI offers additional meteorological context that can be lost with single-pass 
polar-orbiting satellite data—useful for identification of air masses and their movement, which may play a role 
in driving these false-alarm cases.

2.2. The VIIRS DNB

VIIRS is an optical spectrum (visible to thermal-IR) scanning spectroradiometer carried on board NOAA JPSS 
satellites (S-NPP and NOAA-20; Goldberg et al., 2013). These two satellites fly in sun-synchronous polar orbits 
(inclination of 98.7°), providing a ∼1,330 local time ascending node (LTAN) and a conjugate descending node 
at ∼0130. The 22-band VIIRS includes 16 moderate resolution bands (M-bands) with spatial resolution of about 
750 m at nadir, 5 imagery-resolution bands (I-bands; 375 m pixel size), and a special sensor dedicated to low-light 
visible imaging at night—the DNB.

The DNB (Miller et al., 2013) is unique among the VIIRS spectral suite, enabling a nighttime visible/near-IR 
imaging capability. The DNB is integrated within VIIRS, sharing the same optical assembly as the other bands, 
but has its own set of focal plane arrays. To limit the projection-based growth of detector footprint when scanning 
from nadir to scan-edge, most VIIRS bands apply three aggregation modes—switching points along the scan 
where sub-detectors that comprise the VIIRS pixels are combined. The aggregation modes range from three at 
near-nadir, two at mid-swath, and one at swath edge. In contrast, the DNB employs 32 aggregation zones from 
nadir to scan edge, achieving a near-uniform pixel resolution of ∼742 m (Schueler et al., 2013) across the entire 
imagery swath. The DNB provides calibrated radiance observations during day and night with 14-bit radiometric 
resolution—a key advance to the heritage low-light sensor from the Defense Meteorological Satellite Program 
(DSMP), Operational Linescan System (OLS; Elvidge et al., 1997).

http://rammb-slider.cira.colostate.edu
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The DNB is designed to utilize moonlight in the same way as conventional visible sensors use sunlight, producing 
a form of visible/near-IR (500–900 nm bandpass, ∼700 nm band center; Liao et al., 2013) imagery at night that 
offers similar advantages over IR imagery for MBL cloud detection. Since moonlight is roughly five to six orders 
of magnitude fainter than sunlight, it resides far below the noise floor of most conventional visible sensors (Lee 
et al., 2006, 2010; Miller et al., 2013). The sensitivity (∼3.0 × 10 −5 W m −2 sr −1) is about four orders of magni-
tudes higher than that of the visible channels on the Advanced Very High Resolution Radiometer (AVHRR), the 
Moderate-resolution Imaging Spectroradiometer (MODIS; Platnick et al., 2003), or other conventional optical 
spectrum imaging radiometers. The DNB offers sensitivity to these weak signals through extended dwell time, 
accomplished via time-delay-integration (TDI) of a series of detectors oriented in the along-scan (i.e., cross-
track) dimension.

The DNB operates two focal plane arrays (FPA) to filter high-energy particle (HEP) impacts which produce 
contamination in the imagery, especially near the Southern Atlantic Anomaly (SAA). Three gain modes (low/
mid/high) operate simultaneously to handle the dramatic variation in typical scene radiance moving from 
daytime, through the terminator, and into the night. The low-gain mode (daytime) data are calibrated and spec-
trally normalized with respect to an on-board solar diffuser that has a reflectance monitored for stability. This 
day-side calibration is transferred to the night via a calibration transfer approach, examining portions of the earth 
scene near the day-side and night-side of the terminator where the adjacent gain modes (e.g., low/mid and mid/
high) are both unsaturated. The noise equivalent radiance increases from ∼1 × 10 −10 W cm −2 sr −1 at nadir to 
∼3 × 10 −10 W cm −2 sr −1 at scan edge (Liao et al., 2013).

Lunar reflectance is calculated from the DNB radiance observations using a model of the downwelling, top-of-at-
mosphere lunar irradiance at 1 nm resolution, convolved to the DNB response function (Miller & Turner, 2009). 
Once converted to reflectance, the nighttime DNB measurements can be used for cloud detection and optical 
property retrievals in a way similar to daytime reflectance measurements (e.g., Walther et al., 2013; Walther & 
Heidinger, 2012). For this study, the DNB was used to identify IR-based low cloud false alarms by confirming 
clear-sky conditions over water. Figure 1 shows how on nights with strong moonlight (the period of the lunar 
cycle between waxing and waning Gibbous phase), and away from the specular reflection (glint) region, DNB 
imagery offers very strong contrast between clouds and the ocean background. For these periods, we use the DNB 
reflectance imagery as an independent indicator of clear sky scenes, immune to thermal emissivity atmospheric/
surface variations.

2.3. Operational Cloud Mask Products

Two versions of VIIRS cloud mask algorithms were examined in this study—the operational NOAA Enter-
prise Cloud Mask (ECM) and the Advanced Clear-Sky Processor for Ocean (ACSPO) Clear-Sky Mask (ACSM). 
The latter algorithm is more conservative than the ECM in its assessment of clear sky scenes, as it attempts to 
ensure that no clouds pass through undetected to contaminate its SST retrievals. The ECM and ACSM, described 

Figure 1. Comparison between Suomi-NPP VIIRS imagery from (a) VIIRS M15 (10.76 μm) and (b) DNB nighttime lunar 
reflectance, collected simultaneously at 0930 UTC on 6 October 2017. Notice the increased contrast and structural detail of 
clouds in DNB imagery compared to conventional IR imagery.
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in  more detail below, were compared directly against DNB imagery to identify possible false alarms in nighttime 
MBL cloud fields.

2.3.1. Enterprise Cloud Mask

The ECM algorithm is NOAA’s operational cloud mask, part of the NOAA Enterprise Cloud Suite (https://www.
star.nesdis.noaa.gov/jpss/clouds.php). The algorithm uses a multi-spectral Naïve Bayesian technique trained 
against lidar observations from the Cloud-Aerosol Lidar and IR Pathfinder Space Observation (CALIPSO; 
Winker et al., 2009) mission, which has been applied to various sensors including AVHRR, MODIS, VIIRS, and 
ABI (Heidinger et al., 2012, 2016). Whereas the ECM has optional code in place to utilize lunar information (i.e., 
moonlight reflectance from the DNB), it does not currently exercise this option in operational mode.

The operational ECM, available as Version 2 Revision 1 on NOAA’s Comprehensive Large Array-data Steward-
ship System (CLASS; https://www.class.noaa.gov), incorporates multiple cloud mask classifiers to compute a 
probability of a given pixel being cloudy. The ECM data used here comes from Versions 2.1 and 2.3 of the algo-
rithm. The versions differ only over land, and therefore can be considered identical for the oceanic application 
discussed here. These versions both use 11 classifiers which involve direct observations and clear sky estimates 
from a radiative transfer driven with forecast fields from the NOAA Global Forecast System (GFS). These clas-
sifiers include spectral and spatial metrics of the 0.65, 0.86, 1.38, and 1.6 μm reflectance and the 3.74, 10.76, 
and 11.45 μm brightness temperatures. The tests using the 10.76 and 11.45 μm bands involve clear-sky estimates. 
The ECM uses a classifier based on the 3.74–10.76 μm BTD, which is the reverse of the NLCT. While the ECM 
is equipped to use the DNB and I-Band information, the NESDIS Ground System could not support their use at 
the time of implementation. Future versions of the NESDIS Ground System will allow use of this information 
in the ECM.

Designed to operate on many different NOAA-managed satellites as well as some NASA and international-pro-
gram satellites, the ECM classifiers depend on the band availability for each sensor. The cloud probability 
distributions associated with each classifier are derived from CALIPSO observations for different surface types 
(deep-ocean, shallow-water, land, snow, Arctic, Antarctic, and desert). The algorithm reports pixel-level cloud 
probability with threshold-based categories of (clear, probably clear, probably cloudy, and cloudy).

2.3.2. Advanced Clear-Sky Processor for Oceans Clear-Sky Mask

The ACSPO is the NOAA enterprise SST system. It is designed to produce a consistent line of SST products from 
NOAA and MetOpAVHRR, Terra and Aqua MODIS, and S-NPP/NOAA-20 VIIRS sensors flown onboard low 
Earth orbiting satellites, as well as from the ABI and AHI sensors flown onboard third-generation geostationary 
(GOES-16/17 and Himawari-8) satellites (Pennybacker et al., 2019; Petrenko et al., 2014). ACSPO L2P products 
are publicly available at https://podaac.jpl.nasa.gov.

The ACSPO employs its own Clear-Sky Mask (ACSM; Petrenko et al., 2010), to generate global Level 2 Preproc-
essed (L2P) SST products by separating L2P pixels into those usable for SST (“clear”) and not usable for SST 
(including “cloudy” and “probably cloudy”). The primary goal of the ACSM is to select clear-sky SST pixels with 
high confidence, rather than to detect cloud. As such, it may be on a safe (conservative) side and overestimate 
the presence of cloud in some situations. The ACSM employs a set of filters, using deviations of retrieved SST 
from the first-guess L4 SST, observed BTs in the VIIRS bands M12 (3.7 μm, at night only), M15 (10.8 μm), and 
M16 (12 μm), and reflectance in the VIIRS bands M5 (0.67 μm) and M7 (0.87 μm; daytime only), as predictors.

The first guess SST employed in ACSPO is obtained from the 0.1° Level 4 SST analysis, produced by the Cana-
dian Meteorological Centre (Brasnett & Colan, 2016; Saha et al., 2012). The nighttime ACSM, analyzed in this 
study, includes four filters:

1.  SST filter analyzes deviations of retrieved SST from the first guess L4 SST. It initially classifies each pixel 
as “clear” or “cloudy,” using a relatively liberal threshold, and then reclassifies it based on the statistics of 
“clear” and “cloudy” pixels in its neighborhood

2.  The Warm SST and Low Stratus filters are both aimed at filtering abnormally warm SST retrievals caused by 
warm low stratus cloud over a cold-water surface. The Warm SST filter rejects warm deviations of retrieved 
SST from the first guess L4 SST, exceeding a predefined threshold, if the effective temperature of the atmos-
phere at the VIIRS 12 μm band as simulated with the Community Radiative Transfer Model (CRTM; Han 

https://www.star.nesdis.noaa.gov/jpss/clouds.php
https://www.star.nesdis.noaa.gov/jpss/clouds.php
https://www.class.noaa.gov
https://podaac.jpl.nasa.gov
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et al., 2006), is warmer than the first guess SST. The Low Stratus filter additionally detects contaminated 
pixels using a combination of the observed BTs

3.  The Spatial Uniformity filter rejects pixels contaminated with sub-pixel cloud. It calculates median value of 
retrieved SST within 3 × 3 spatial window centered at the pixel, and subtracts the median from retrieved nine 
SSTs. The pixel is rejected if the variance of this difference over 3 × 3 spatial window exceeds a predefined 
threshold. The pixels rejected by this filter are classified as “probably clear,” and excluded from SST retrievals

ACSPO developers recommend using only the ACSM-derived “clear” pixels for valid SST retrievals.

2.4. In Situ Observations

Rounding off the observations for this study are in situ sampling of the surface and atmosphere. SST observa-
tions from the NOAA National Data Buoy Center (NDBC; https://www.ndbc.noaa.gov/) were used not only to 
confirm cool water zones, but also to infer the presence of MBL inversions. While buoy observations of the 4 m 
air temperature do not capture the lower atmospheric profile, they do give an indication of inversion conditions. 
These data are archived by the NOAA National Centers for Environmental Information (NCEI) for the entire 
network via a Thematic Real-time Environmental Distributed Data Service (THREDDS; https://www.ncei.noaa.
gov/access/marine-environmental-buoy-database/).

3. Case Study Examples
To illustrate the issue at hand, several regional examples are shown: Georges Bank/Nantucket Shoals/Gulf of 
Maine region, the northern California coast, the northern Gulf of Mexico, and over the Great Lakes. These exam-
ples span a diversity of physical processes, each of which produces the same basic environmental conditions that 
underpin the MBL cloud false-alarms. DNB lunar reflectance imagery was used to demonstrate the clear sky 
conditions, and GeoColor was used to show the relative stationarity of the false alarm features compared to the 
actual low cloud field.

3.1. Georges Bank/Nantucket Shoals/Gulf of Maine

Georges Bank is an oval-shaped (∼240 km long × ∼120 km wide) shallow (∼100 m) submarine bank that sepa-
rates the Gulf of Maine (between Cape Cod, Massachusetts and Nova Scotia, Canada) from the Atlantic Ocean. 
The Nantucket Shoals comprise another region of very shallow waters west of Georges Bank and closer to the 
Massachusetts shore, southeast of Nantucket Island. During our survey, false-alarm low clouds at night appeared 
often over this general shallow-waters region. Figure 2 shows an example of the effect, comparing GeoColor 
(Figure  2b) to DNB lunar reflectance imagery (Figure  2c). The false alarms occur amidst actual low cloud 
features located to the east and northeast. Overriding cirrus (gray/white in GeoColor) occurring mostly to the 
east of the region of interest, mask-out low cloud signals. These high clouds are detectable by other conventional 
IR-based techniques. Although the DNB provides additional benefit in terms of enabling the detection of low 
clouds residing below thin cirrus (e.g., Miller et al., 2013), this capability is beyond the scope of the current study.

Overlaid upon Figure 2c is the ground track for the CALIPSO Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIOP), which provided an opportune overpass of the region on the same night at 0646 UTC (∼15 min after 
the GOES and VIIRS observations). Figure 2d shows the CALIOP-derived Level-2 vertical feature mask (VFM; 
a cross section along the ground track at 5 km horizontal resolution). The VFM detected no clouds over the area 
of NLCT false alarm atop Nantucket Shoals; sensing only optically thin aerosol layers along that portion of the 
CALIOP track (segment A↔B in Figures 2c and 2d). These tenuous aerosol layers, which are not detectable by 
nighttime IR measurements nor even the DNB lunar reflectance observations, did not correlate with the field of 
low cloud false-alarms. These CALIPSO data confirmed the NLCT signals were indeed false alarms.

Figure 3 compares the SST retrievals, the conventional NLCT, and NOAA operational ECM and ACSM clear-
sky mask products at 0630 UTC on 30 July 2018. Magenta bounded areas of Figure 3 show locations of false 
alarms. The conservative ACSM indicates “Cloudy” or “Probably Cloudy” confidence levels in regions where 

https://www.ndbc.noaa.gov/
https://www.ncei.noaa.gov/access/marine-environmental-buoy-database/
https://www.ncei.noaa.gov/access/marine-environmental-buoy-database/
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the DNB (see Figure 2) showed dark ocean. The ECM places most of these regions in the “Probably Clear” 
category. Actual low clouds on the eastern-side of the region appear in the low cloud test as positive values in the 
standard IR low-cloud at night detection (red areas of Figure 3b), and are confirmed by both the NOAA masks 
and the DNB imagery of Figure 2. High/thin clouds produce zero or strongly negative differences in the NLCT, 
but are flagged correctly as cloud in the masks (based on the results of other mid/high cloud tests which are not 
at issue here).

Figure 2. (a) Bathymetry of the Gulf of Maine region. (b) GeoColor imagery from GOES-16 ABI collected on 30 July 2018 at 0632 UTC. (c) VIIRS DNB lunar 
reflectance from the same date at 0630 UTC. (d) CALIPSO Lidar Vertical Feature Mask data collected at 0650 UTC for the cross sectional track shown in (c). Light 
blue regions in (b) show areas where GeoColor analyzes false alarm (“F”) low clouds over Nantucket Shoals, Georges Bank, and coastal Maine area, corresponding to 
dark ocean and only thin aerosol layers (i.e., clear skies) in (c) and (d), respectively. Segment “A↔B” in (c) and (d) shows a subset of the CALIOP ground track that 
crosses the false alarms over Nantucket Shoals.
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3.2. Northern California Coast

Figure 4 demonstrates another example of the NLCT false alarms for the waters offshore of San Francisco on 
0920 UTC on 7 September 2020. GeoColor imagery from GOES-16 ABI shows an actual low cloud bank in the 
southwest portion of Figure 4a, and what appear to be more diffuse low clouds near the coast. The time-matched 
(0925 UTC) S-NPP VIIRS DNB imagery (Figure 4b) shows strong lunar reflectance off the actual low clouds in 
the southwestern portion, and dark ocean (indicative of clear-sky conditions) near the coast. However, the NLCT 
(Figure 4c) shows slightly positive values throughout the same clear-sky region. Figures 4e and 4f show the 
ACSM and ECM operational masks each experiencing varying levels of confusion in the false alarm region, with 
the more conservative ACSM assigning “cloud” to nearly the entire region. The probabilistic ECM hedges toward 
clear-sky in most areas, but leans toward probably cloudy in areas where the SST (Figure 4d) is locally cooler.

3.3. Gulf of Mexico, Mississippi River Outlet

Occasionally, the waters near the mouth of the Mississippi River, and nearby coastal regions of the Gulf of 
Mexico (especially to the west of the river delta, flowing westward along the coast) produce NLCT false alarms. 

Figure 3. S-NPP VIIRS observations and derived products on 30 July 2018 at 0630 UTC (corresponding to Figure 2). (a) SST retrievals, (b) the conventional “low 
cloud at night test” (NLCT; 10.7–3.7 μm BTD), (c) ASCPO Clear Sky Mask (only “Confidently Clear” pixels are used for SST), and (d) the NOAA Enterprise Cloud 
Mask. Magenta lines encompass the regions of main low-cloud false alarm around Georges Bank/Nantucket Shoals and coastal Gulf of Maine.
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Figure 5 shows an example of one such riverine plume seen on the night of 1 March 2018, with the same informa-
tion as presented in Figure 4. The cool river waters discharging from the mouth of the Mississippi (yellow inset 
box in Figure 5) into the relatively warm waters of the Gulf of Mexico manifest in Figure 5d as a plume of cooler 
SST near 288 K, which for this case study was more than 10 K cooler than surrounding Gulf waters.

River sediments appeared in the daytime visible imagery (not shown in Figure 5), which matched the SST pattern 
and serve as an additional tracer for the cooler river waters. These turbid waters can also reflect moonlight at 
night (Shi & Wang, 2018), rendering the use of the DNB as an independent source of clear-sky confirmation 
more difficult for this scenario. Here, the multi-hour spatio-temporal persistence of the NLCT signal, vis-à-vis 
the drifting and ephemeral low cloud field, provides more definitive evidence of the false alarm effect.

3.4. Great Lakes

On 1 June 2020, Tropical Storm Cristobal formed in the southwestern Gulf of Mexico just east of the Yucatan 
Peninsula. After spending several days lingering over the Yucatan, the storm headed north, making landfall 
in southeastern Louisiana on 7 June 2020. From there, Cristobal took an unusual northward track into the 
upper-midwestern United States, remaining as a tropical depression all the way to Iowa on 9 June 2020. Asso-
ciated with  Cristobal was strong low to mid-level tropical moisture, leading to flash flooding as far north as 
Minnesota and Wisconsin. Per rawinsonde data near Green Bay, copious mid- to upper-level atmospheric mois-
ture advected from the south over the Great Lakes region between 1200 UTC on 9 June 2020 and 0000 UTC on 
10 June 2020.

Figure 6 shows how Lake Superior produced particularly strong NLCT signals on the night of 9 June. Corre-
sponding DNB imagery showed that these signals did not correspond to actual clouds, leading to significant 
confusion in the operational cloud masks—especially that of the ACSPO. Per NOAA CoastWatch and VIIRS 
SST retrievals, the average lake water surface temperatures were ∼278  K. Meanwhile, the near-surface air 

Figure 4. Analysis of the San Francisco, California area on 7 September 2020 at 0920 UTC: (a) GeoColor imagery with blue corresponding to low clouds per the 
NLCT, (b) VIIRS observations of DNB lunar reflectance, (c) the NLCT BTD, (d) SST, (e) ECM cloud mask, and (f) the ACSPO clear-sky mask. A large region of 
false-alarm cloud occurs along the California coast, corresponding to dark ocean in (b) but moderate NLCT in (c).
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temperature in Green Bay, WI was ∼293 K with a low-level inversion peaking near 950 mb with a temperature 
of ∼298 K. Examining Figures 6c and 6d, the cool waters of Lake Superior corresponded to larger NLCT false 
alarm signals—in the 2–3 K range—compared to warmer waters of Lakes Michigan and Huron (Figure 6d) and 
NLCT values in the 0–1 K range.

4. A Physical Basis
The examples presented above vary significantly in terms of their underlying dynamical processes, but each 
results in a common set of underpinning environmental conditions that give rise to NLCT false alarms; namely, 
anomalously cool values of SST juxtaposed with a relatively warm and moist lower atmospheric layer. This 
section describes, from a radiative transfer and satellite remote sensing perspective, a hypothesis for how these 
conditions produce false cloud signals in the NLCT.

4.1. “Clean” Versus “Dirty” Atmospheric Windows

The hypothesis of a warm/moist inversion and a cool underlying surface is based on the understood radiometric 
behavior of the atmospheric bands used for IR-based low cloud detection. For the cloud-free atmosphere, neither 
the LWIR nor MWIR are perfectly “clean” (i.e., transparent to radiation at these wavelengths) atmospheric 
windows. For nadir-viewing observations, the surface emission dominates the contribution to the observed BT in 
both bands, but water vapor emission contributes to the column-integrated signal as well. Figure 7 (https://cimss.
ssec.wisc.edu/goes/wf/examples/ABI/) shows a notional spectrum of atmospheric transmittance and weighting 
functions corresponding to the MWIR and LWIR spectral bands. These weighting functions show non-negligi-
ble sensitivity of both bands to the lower atmosphere, but particularly for the LWIR. As a result, the enhanced 
water vapor absorption of the LWIR band corresponds to ∼20% lower transmittance (i.e., a “dirty” atmospheric 

Figure 5. As in Figure 4, showing NLCT false alarms southeast of the Mississippi River delta on 1 March 2018 at ∼0710 UTC. GeoColor imagery (a) show weak 
signatures of low clouds within the inset box, despite DNB-indicated clear skies (b). The positive NLCT feature (c) within the inset box remained stationary over the 
course of the night amidst the evolving meteorological cloud field, and correlated with a patch of cool river water discharge seen in the retrieved SST (d). The false 
alarm signal corresponded to uncertainty in the ECM (e) and ACSPO (f) operational masks.

https://cimss.ssec.wisc.edu/goes/wf/examples/ABI/
https://cimss.ssec.wisc.edu/goes/wf/examples/ABI/
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window) compared to the cleaner MWIR, and an increased sensitivity to emissions in the boundary layer where 
atmospheric moisture typically is most abundant, particularly over bodies of water.

In light of this enhanced LWIR sensitivity to the moist boundary layer, the criteria for false-positive low cloud 
detection (NLCT > 0) becomes more apparent. Figure 8 provides a conceptual illustration of the mechanism, 
described as follows. We begin with an idealized scene where the surface emissivity is nearly unity and spatially 
homogenous at both the MWIR and LWIR (a condition satisfied by water bodies), such that any atmospheric 
sensitivity differences between the two bands are obviated by taking the NLCT. If the boundary layer air temper-
ature is warmer than the surface and is moist (such that water vapor emissions become important in the LWIR), 
then the LWIR BT will exceed the surface temperature due to the atmospheric emission. Since the MWIR is less 
sensitive to this warmer atmosphere and more sensitive to the cooler water surface, BT(MWIR) < BT(LWIR), 
resulting in a positive NLCT—and a false alarm signal for clouds. Thus, we hypothesize that NLCT false alarms 
occur in conditions of warm/moist air overriding cool water surfaces.

5. Numerical Model Simulations and Synthetic Satellite Imagery
To evaluate the hypothesis of warm/moist air overriding cool SST as being the underpinning condition for produc-
ing the MBL cloud false alarms, we conducted numerical simulations to reproduce the NLCT in a controlled way. 
These simulations allow quantification of the NLCT as a function of variable environmental conditions, and 
potentially, help to reformulate cloud detection algorithms when a priori information suggests these conditions 
exist in nature. Conversely, the simulations can help to infer the presence of such environmental conditions when 
NLCT false alarms are confirmed by some independent means.

Figure 6. As in Figure 4, showing widespread NLCT false alarms over the Great Lakes, particularly strong over Lake Superior as seen in GeoColor imagery (a) on 9 
June 2020, 0720 UTC. The false alarms, seen as clear sky (dark water) in DNB imagery of (b) and prominent in the NLCT signal of (c), coincided with the arrival of 
deep tropical moisture over the Midwest from the remnants of Tropical Storm Cristobal. Cooler lake surface temperatures for Lake Superior (d) correlate with higher 
NLCT values in (c). Both the ECM (e) and ACSPO (f) operational masks show false alarms of varying degree.
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5.1. Idealized Simulations

The hypothesis for production of false alarm low clouds in the NLCT is demonstrable with idealized radiative 
transfer simulations. Here, we select an atmospheric sounding with configurable moisture profile and SST applied 
to the CRTM (Version 2.2.3) to produce the NLCT over a range spanning a representative range of each param-
eter. Figure 9 shows the atmospheric sounding and SST range assumptions and the corresponding CRTM simu-
lations of the NLCT. Water vapor mixing ratio (w; the density of water vapor divided by the density of dry air, in 
units of g kg −1) values are representative of the near-surface atmospheric layer, with the range [3, 19 g kg −1] being 
representative of high latitudes (e.g., 60 N) to tropical values, respectively. Likewise, the SST range from [280, 
298 K] spans a similar latitudinal range of climatological values. Realizing that positive NLCT values signify the 
increasing probability of low cloud, with typical bounds (e.g., as used in GeoColor) of [0.0 = confident clear and 
4.0 = confident cloud], it is apparent from these simulations that a significant false alarm signal (NLCT > 1.0 K) 
emerges for the combination of SST < 286 K and w > 8 g kg −1.

5.2. Case Study Simulation

To evaluate the extent to which the idealized relationship of a moist atmospheric layer above a relatively cool/
uniform surface applies to a real-world scenario, we simulated the Georges Bank/Gulf of Maine case study 
(Section 3.1) as a representative example, using the Advanced Research Weather Research and Forecast (WRF) 
model (ARW, Version 3.7.1, http://www.wrf-model.org; Skamarock et  al.,  2005). The model domain was 
defined via a Lambert projection (useful for mid-latitude domains) with standard longitude of 70°W, reference 

Figure 7. Atmospheric column spectral transmittance (top), showing differences between the window qualities of the MWIR (∼4 μm) and LWIR (∼11 μm) regions 
comprising the NLCT. Lower two panels show the specific weighting functions of the ABI 3.9 and 11.2 μm bands for a mid-latitude summer atmospheric profile. The 
increased sensitivity of the LWIR to water vapor emission leads to higher sensitivity to the lower atmosphere.

http://www.wrf-model.org
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Figure 8. Conceptual illustration showing an example of the kind of atmospheric and surface conditions that can produce a low-cloud false alarm signal in the IR-based 
NLCT.

Figure 9. (a) Variations in atmospheric sounding and (b) CRTM simulations of the NLCT for a range of sea (or, lake) surface temperatures and water vapor mixing 
ratios, as shown. Significantly positive (>1 K) NLCT values, emerging for cool surface temperatures and moist profiles (lower-right corner), appear as false alarm cloud 
in the GeoColor product.
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latitudes of 30°N and 50°N, a 10 km resolution outer grid (dimensions of 300 × 300; to capture the synoptic 
scale conditions), a nested 2 km resolution inner grid (dimensions of 376 × 376; to capture fine-scale thermal 
patterns tied to the NLCT false-alarm field), and 32 vertical levels. The vertical resolution is non-uniform, with 
10 levels residing within the lowest 2 km of atmosphere above the surface—sufficient for capturing boundary 
layer vertical structure at sub-km resolution. Lateral boundary initial conditions for the outer grid employed GFS 
1.0° data (∼110 km resolution at the equator) from the National Centers for Environmental Prediction (NCEP). 
The model enlisted the WRF Single-Moment 6-class (WSM6) microphysics scheme (Hong & Lim, 2006), the 
Yonsei University planetary boundary layer scheme (Hong et  al.,  2006), a simple cloud-interactive radiation 
scheme (Dudhia, 1989), and the Rapid Radiative Transfer Model (RRTM) longwave radiation scheme (Mlawer 
et al., 1997).

Model SSTs were initialized with the 0.5° NOAA Real-Time, Global, SST High-Resolution (RTG_SST_HR) 
analysis data. Inspection of the model SST initialization vis-à-vis satellite clear-sky observations (i.e., as iden-
tified by the DNB lunar reflectance imagery) showed overall close agreement, with the exception of specific 
areas of warm-bias over the Georges Bank, the Nantucket Shoals, and coastal Maine. These locations reflect 
stronger localized upwelling effects not captured in the analysis. To improve the realism of the simulations, the 
RTG_SST_HR analysis was adjusted in these clear-sky warm-bias locations to conform with the observed ABI 
3.9 μm clear-sky observations.

The ARW model was integrated forward at 60 s time steps, run from 0000 to 1200 UTC for 30 July 2018 to cover 
our Georges Bank/Nantucket Shoals/Gulf of Maine case study. ABI observations were simulated using param-
eters extracted from the model’s environmental state vector (namely latitude, longitude, surface temperature, 
monthly averaged surface spectral emissivity (Seemann et al., 2008), pressure (hPa), temperature (K), and water 
vapor mixing ratio (g kg −1) as input to the CRTM. To concentrate on the NLCT false alarms, which occur in 
clear-sky scenarios, model cloud condensate parameters were excluded from these CRTM calculations. Simula-
tions of ABI Bands 7 (3.9 μm) and 13 (10.35 μm) allowed for direct comparison with observations.

Results of these simulations, compared against observations, are shown in Figure 10. As seen in Figure 10b, areas 
near Georges Bank, coastal Maine, and western Nova Scotia produced elevated values of the low-cloud BTD, 
translating to a false alarm field (Figure 10d). The fact that these simulations produce NLCT signals similar to 
those observed (Figure  10c) suggests a possible pathway toward mitigating the false alarms algorithmically, 
especially in cases where the a priori confidence clear sky is high.

Necessary adjustments to the model SST field (Figure 10a) point to the underlying issue of SST analyses not 
effectively capturing the physical processes discussed in Section 5. In other words, the conditions that give rise to 
the false alarms sometimes preclude the usage of the SST analysis, which itself may be biased toward excluding 
these cool SST anomalies due to its own ACSPO clear-sky mask algorithm. Here, intermittent views of DNB 
lunar reflectance could provide such confidence, allowing for local SST adjustments and model-based prediction 
of NLCT false alarm zones. Better still would be time-resolved DNB-type observations, either via an expanded 
constellation of low-earth-orbiting satellites or a geostationary based observation.

6. Environmental Preconditioning
Various physical mechanisms can yield the warm/moist air over cool SST conditions that leads to NLCT false 
alarms. Here, we consider the ones thought to be responsible for the examples shown in Section 3.

6.1. Tidal Mixing and Bathymetric “Shadows”

The Gulf of Maine region is characterized by the western boundary current system with a confluence of two 
counter-flowing currents: warm waters transported by the poleward-flowing Gulf Stream and cool waters trans-
ported by the equatorward-flowing Labrador Current. The cool shoreward waters of the Labrador Current orig-
inate from high-latitude freshwater runoff and Greenland ice melt. Particularly in the summer months, these 
waters undercut the warmer and more saline near-surface waters of the Gulf Stream, enhancing thermal stratifi-
cation (i.e., warm-over-cold water) zone on the northwestern (coastal) side of the Gulf Stream. In shallow water 
zones of coastal Maine and over Georges Bank/Nantucket Shoals submerged plateau (Figure 11), the local SST is 
tied to tide-bathymetry interaction. Enhanced vertical (turbulent) mixing in these shallow zones, driven by strong 
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tidal currents (Garrett et al., 1978; Guida et al., 2013; Katavouta et al., 2016), produces a mostly uniform distri-
bution of temperature and salinity throughout the water column. The process can manifest as sharp horizontal 
SST gradients between the cooler mixed waters and the surrounding unmixed and stably stratified waters (Clarke 
et al., 1943). Whereas this mixing yields high primary production and excellent fishing conditions throughout 
the region (e.g., Mountain & Taylor, 1996), it also generates surface conditions conducive to producing both the 
NLCT false alarm effect as well as a focal point for actual low cloud (e.g., advection fog) formation.

Figure 11 shows the proposed mechanism for NLCT false alarms in the Georges Bank/Nantucket Shoals/Gulf 
of Maine region. During the spring tides, vertical mixing over shallow water regions is enhanced due to stronger 
tidal flow than that during the neap tides. This enhanced vertical mixing and destabilized water column, in 
the presence of sustained stable stratification beyond the regions, produces a cool SST shadow of the shal-
low bathymetry. When relatively warm, moist low-level air from the Gulf Stream passes over this bathymetric 

Figure 10. WRF simulation of the 30 July 2019 at ∼0630 UTC Georges Bank/Gulf of Maine case study (corresponding to Figure 2), showing (a) values of surface 
temperature, (b) CRTM simulation of ABI 10.35–3.9 μm BTD based on the WRF model state vector, (c) actual GeoColor imagery from the GOES-R ABI, and (d) 
simulated “clear-sky” GeoColor imagery (without city lights included) using the CRTM results of (b) which shows the replication of some of the observed low-cloud 
false alarms. Meteorological clouds present in the southeast portion of the ABI-observed scene have been masked-out.
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shadow, the necessary conditions for the NLCT false alarm effect are met. For the 30 July 2018 case study of 
Section 3, NOAA NDBC (https://www.ndbc.noaa.gov/) data from Station 44008 (40.504°N, 69.248°W) near the 
Georges Bank recorded SST values ∼2 K cooler than the 4 m air temperature. With knowledge of stable stratifi-
cation zones, lower atmospheric temperature and moisture, local bathymetry, and the timing of tidal nodes, it may 
be possible to predict areas susceptible to this form of NLCT false alarm and mitigate for them.

6.2. Wind-Driven Coastal Upwelling

Wind-driven coastal upwelling in an equatorward-flowing eastern boundary current system is another mech-
anism that produces cool SST. The process is well-documented along the California coast (Barth et al., 2000; 
Castelao & Luo, 2018; Huyer, 1983), where cool, high-latitude waters are transported by the equatorward-flow-
ing California Current, associated with the North Pacific Subtropical Gyre (NPSG). Cool waters are upwelled 
along the coast due to offshore and onshore Ekman transport of upper/warm and lower/cool waters. Here, prevail-
ing northwesterly winds associated with a semi-persistent dome of high pressure over the Northern Pacific (asso-
ciated with the NPSG) induce offshore Ekman transport of warm near-surface waters, with upwelling of cooler 
sub-surface waters near the coast completing the circulation.

Figure 12 offers a conceptual illustration of the wind-driven coastal upwelling process along the California coast, 
near the San Francisco and Monterey Bay region of the 7 September 2020 California case study (Figure 4). 
The complex features of the upwelling front between warmer offshore water and nearshore cold water near the 
surface, as noted in Figure 4d, are related to meanderings of the equatorward-flowing California Current, mesos-
cale and sub-mesoscale eddies, and interaction between the coastal upwelling jet and local bathymetry (e.g., 
Barth et al., 2000; Send & Nam, 2012). In the 7 September 2020 California case study, NLCT false alarms were 
present both along the immediate coast and as filamentary structures extending westward, associated with cool 
SST waters drifting offshore from the coastal upwelling zone.

6.3. River Discharge

The Mississippi River discharges relatively cool freshwater into the Gulf of Mexico (GOMEX). In the summer 
months, the river plume circulation is characterized by westward flow along the Texas-Louisiana shelf, driven 
by easterly winds and the Coriolis force. Occasionally, eastward reversals of this flow occur, driven by westerly 
winds (da Silva & Castelao, 2018; Walker, 1996; Walker et al., 2005). The riverine plume can extend to the 
Florida Strait (Hu et al., 2005) or the Gulf Stream (Gilbert et al., 1996) under the influence of regional winds, 
Loop Current entrainment, and migratory/ephemeral eddies (Gilbert et  al.,  1996; Hu et  al.,  2005; Schiller & 
Kourafalou, 2014; da Silva & Castelao, 2018).

Figure 11. Bathymetry of the Gulf of Maine and surrounding waters. Georges Bank is the broad region of shallow bathymetry values, located near 40.8°N, 68.5°E. 
Shown at right is a conceptual view of tidal mixing along a vertical cross section transect (A↔B). Enhanced mixing over Georges Bank produces the bathymetric cool-
water shadow relative to adjacent unmixed and stably stratified waters. When coupled with a warm/moist lower atmosphere, this set-up can produce NLCT false alarms.

https://www.ndbc.noaa.gov/
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Where these fresh, lower density waters have not yet mixed-out with the higher salinity ambient GOMEX waters, 
a region of cool SST extends into the domain. When the BL temperature/moisture structure is dictated by the 
warmer GOMEX waters (e.g., southerly flow over the river discharge area)—it can set up the warm/moist over 
cool surface conditions conducive to producing NLCT false alarms. A similar process associated with prolific 
NLCT false-alarm production occurs in the Rio de la Plata, bordering Uruguay and Argentina in South Amer-
ica, and it is possible that the effect occurs in the vicinity of other major river discharges. The seasonality of the 
effect has not yet been examined in detail, but in keeping with the understood components of NLCT false alarm 
phenomenon, we speculate that this mechanism would be most pronounced during times of year when river 
discharge waters are relatively cool compared to ambient SST (e.g., springtime run-off from inland snowmelt), 
and when the atmosphere transitions into a warm/moist regime (e.g., late Winter to early Summer).

6.4. Radiative Cooling

The loss of sensible heat via thermal emission (radiative cooling) of water surfaces, especially in situations of 
clear-sky nights (reducing downwelling thermal emissions), light wind conditions is yet another way to produce a 
cool lower boundary skin temperature. In the most extreme cases (over land) of high-altitude desert surfaces, the 
radiative cooling can exceed 40 K (Eriksonn & Granquist, 1982). While not as extreme an effect for water bodies, 
whose high heat capacity and relatively high conductivity (especially saltwater) compared to soils dampen the 
amplitude of diurnal surface temperature variation, the NLCT false-alarm scenario can still occur in situations 
where a relatively warm and moist mid-level-atmosphere airmass overrides the cooler surface of a calm (unmixed) 
lake body. The case of tropical moisture arriving over the Great Lakes over the nighttime hours (Section 3.4) is 
one example of such a scenario. Calm conditions may not be a firm-requirement, however; coastal areas, where 
the sea/land breeze amplifies the diurnal cycles of surface wind, surface temperature, and resultant sensible heat 
flux is another mechanism for chilling the surface.

6.5. Other Possible Mechanisms

Based on the simulations of Section 4, we can envision other scenarios holding potential for NLCT false alarms. 
This includes oceanic fronts and localized upwelling inside cold-core eddies, especially in the tropics (latitudes 
±23.5°) where relatively warm waters and corresponding warm/moist lower atmosphere prevail. At mid/upper 
latitudes NLCT false alarm signal have been noted in VIIRS and GOES-E ABI imagery over the northern Atlan-
tic Ocean along boundaries between the North Atlantic Drift current and the cool-water Labrador and East Green-
land currents. Similarly, in the North Pacific Ocean, Himawari-8 AHI has detected the effect offshore of northern 
Japan, along the interface between the cool-water Oyashio front to the southeast of Hokkaido. Each scenario 
involves the juxtaposition of warm subtropical and cool subarctic surface waters. Here, we postulate that warm/
moist boundary layer air associated with the warm subtropical waters moves across the cool subarctic waters, 

Figure 12. As in Figure 11, but for coastal upwelling along the California coast. Shown at left is a bathymetry map with a horizontal cross section transect (A↔B), 
and at right is a conceptual view of wind-driven coastal upwelling along this transect. Here, northwesterly winds associated with a semi-persistent high pressure dome 
over the northern Pacific are out of the page, inducing offshore (westward) and onshore (eastward) transport of surface warm waters and sub-surface cool-waters which 
upwell near the coast.
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providing the warm/moist air over cool SST conditions set-up necessary for generating NLCT false alarms. A 
global survey of oceanic fronts may yield additional areas that are inherently prone to the NLCT false alarms—
with the potential for introducing local-to-regional scale biases in the SST climatology.

7. Discussion
The presence of systematic false alarms in low cloud estimation at night holds implications for a variety of down-
stream applications. This section considers a subset of those applications and lays the groundwork for follow-on 
research.

7.1. Operational Weather Forecasting

The nocturnal MBL false alarms have direct implications for operational products and services provided by the 
National Weather Service (NWS). NWS forecasters make use of the BTD and related multispectral three-color 
composite (or Red/Green/Blue) imagery products for real-time tracking of low-clouds and fog at night, both over 
land and water. The presence of low clouds and fog, or lack thereof, as diagnosed in satellite imagery, influences 
the issuance and content of numerous forecast products, including: aviation products, such as Terminal Aero-
drome Forecasts (TAFs), the Aviation portion of the Area Forecast Discussions (AFDs), County Warning Areas 
(CWAs), Airman’s Meteorological Information (AIRMETs), and aviation grid edits; marine products, such as 
Marine Weather Statements and the Marine portion of the AFD, and Fog Advisory products.

Additionally, the presence of low clouds and fog plays a role in Decision Support Services provided by the office, 
including in the issuance of social media posts as well as in relaying of relevant information directly to inquiring 
partners (e.g., mariners) via email, phone, or other communication pathways. An important caveat is that actual 
low clouds and fog may develop under the same environmental conditions responsible for producing the NLCT 
false alarms (e.g., advection fog caused by moist air over a cool ocean surface). Thus, forecasters must be aware 
that the BTD signal may represent an actual liquid cloud, a false alarm, or both. As a result, false alarms present in 
fog and low cloud products increases the difficulty of human-based cloud analysis at night, potentially reducing 
the quality of forecast products and services provided to the end user.

The NLCT false alarm phenomenon juxtaposed with actual low clouds/fog is perhaps best illustrated via tempo-
rally resolved satellite imagery, where the two components can sometimes be distinguished. Supporting Infor-
mation Movie 1 shows the Georges Bank/Nantucket Shoals/Gulf of Maine region as observed by GOES-E ABI 
visible imagery on 28 July 2020. Here a low cloud field locked to some of the shallow water features is apparent 
during the day, with the shoals serving as a focal point for persistent fog production. Heading into the night of 
that same date, Supporting Information Movie 2 shows how the NLCT depicts these persistent fog features. The 
important point here is that actual low clouds can be produced over these same locations where clear sky false 
alarms form—differentiating between the two is aided by an observation, that is, independent of the complicating 
emissive factors of the scene.

Here, DNB imagery (when available) can serve as the deciding factor on the presence of low clouds. In another 
example over the same region but from several nights later (2 August 2020), Supporting Information Movie 
3 shows GOES-E ABI GeoColor imagery with a mixture of actual nighttime low clouds and false alarms, as 
revealed upon sunrise over the region. In this case, the variation and magnitude of the NLCT provides a limited 
ability to disentangle the actual low clouds from the false alarm field. Supporting Information Movie 4 shows a 
comparison between the ABI imagery and the VIIRS DNB for a matching time of the Suomi satellite overpass 
(∼0529 UTC on 2 August 2020). Here, moonlight reflectance reveals the actual low cloud field and differentiates 
the NLCT false alarms in a similar way to the sunrise ABI imagery. Thus, having a temporally resolved version 
of the DNB, for example, on the geostationary platform, would resolve in a far more effect way these true versus 
false low cloud fields, particularly on nights with available moonlight.

7.2. SST Climatology

The NLCT false alarms hold implications to the local-to-regional scale SST climatology. Since this climatology 
is based on nocturnal SST retrievals in confident clear zones (based on the conservative ASCPO clear-sky mask), 
a systematic omission of valid SST may occur in regions conducive to producing the NLCT false-alarm effect 
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regularly. Thus, areas prone to deep water upwelling (e.g., along shore or within eddies/gyres/whirls), river or 
meltwater discharge into a relatively warm waters, tidal mixing effects, oceanic fronts, or even critical radiative 
cooling should be examined for local biases.

Rejection of valid cool-anomaly SSTs due to false-alarm effects (e.g., due to the NLCT), coupled with retention 
of SST values when the effect is not taking place (e.g., when the surface is warmer, or when the atmosphere 
is cooler/drier) could lead to localized positive (warm) biases in the SST climatological record, especially in 
areas where the surface/MBL set-up is more common or periodic. Whereas these biases may not be sufficiently 
widespread to make their presence felt in the global SST statistics, they could bear relevance locally. Examples 
include the assessment of SST changes in the vicinity of coral reefs (via the tidal mixing over shallow waters), 
or along coastal zones (coastal upwelling) important for marine ecosystems. Detailed studies of these areas must 
be conducted to vet this hypothesis, but we raise it here as a potential implication of the current findings and as 
a target for future research.

7.3. Tidal Periodicity

It stands to reason that NLCT false alarms related to tidal mixing (e.g., Georges Bank/Nantucket Shoals/Gulf 
of Maine, described in Section 5.1) would correlate with the 29.3-day lunar cycle (synodic month). Due to the 
combined gravitational effects of the Moon and Sun, tidal amplitudes are maximized ∼2 days after the New and 
Full moons (spring tides), while tidal amplitudes are minimized ∼2 days after the First and Last Quarter lunar 
phase (neap tides). During the spring tides, coupled with conditions of strong/sustained thermal stratification 
in the upper ocean, we expect (all else being equal) the greatest tidal mixing effects will occur over the shallow 
bathymetry regions—posing the greatest potential for NLCT false alarms via this spring-neap tide (∼2 weeks 
cycle) mechanism. Longer period variations in tidal mixing due to annual and lunar nodal cycle of tide-generating 
force are also expected. The Sun/Earth distance results in stronger “spring” tides in December–February, near 
perihelion, and weaker ones in June–August (aphelion). The Moon’s orbital eccentricity vis-à-vis the lunar nodal 
cycle plays yet another factor, such that a spring tied that coincides with the Moon (either Full or New) at perigee 
will produce the strongest tidal mixing effects.

The strength of thermal stratification in the upper ocean varies with season. During the summer months, stratifica-
tion is the strongest due to enhanced ocean surface warming (e.g., Yamaguchi et al., 2019), such that tidal mixing 
would produce a more pronounced SST reduction compared to the surroundings. Combined with increased mois-
ture in the warmer lower atmosphere in the summertime, due to stronger sunlight-induced evaporation, the condi-
tions for NLCT false alarms may increase. The magnitude and variation of these effects vis-à-vis the spring-neap 
lunar nodal cycle and seasonality is a topic of ongoing research.

Identification of tidal-mixing NLCT false alarms via DNB imagery contain inherent sampling limitations related 
to the available moonlight across the lunar cycle. Whereas the spring tides near Full Moon provide strong lunar 
reflectance signals for identifying false alarms, the complementary spring tides near New Moon must rely on 
DNB airglow reflectance—a much noisier form of imagery—for detection. The timing of neap tides provides 
sufficient moonlight for effective DNB imagery beginning two nights after First Quarter lunar phase (waxing 
gibbous)—perhaps catching the tail-end of these neap tides. On the waning side of the lunar cycle, the DNB can 
utilize moonlight through Last Quarter and up to two nights thereafter (waning crescent)—catching the neap tide 
completely. Thus, a DNB-validation study based on the Full Moon and Last Quarter periods is the suggested path 
forward.

7.4. Extension to Land Surfaces

Although not the focus of the current study, certain land surfaces—particularly vegetation-sparse and silica-rich 
desert regions—produce NLCT false alarms in satellite imagery as well. Here, the low 3.9 μm emissivity often 
associated with these surfaces produces a cool radiometric BT (i.e., serving the same “function” of the cool water 
upwelling, river discharge, or radiative cooling of high-emissivity water surfaces). The desert regions of south-
western North America (Great Basin, Mojave, Colorado Plateau, Sonoran, and Chihuahuan deserts) can produce 
NLCT false alarms particularly during the mid- to late-summer months, when monsoonal effects usher warm/
moist air over the rapidly cooling nocturnal land surface. Similar land effects occur in other parts of the world, 
including deserts in the subtropical zones of Africa, Southwest and East Asia, and Australia. In these regions, 
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NLCT corrections predicated on surface emissivity and lower atmospheric properties may be explored as a miti-
gation for false alarms.

8. Conclusions
With the help of the VIIRS/DNB, this study points out a caveat to nocturnal cloud detection based on conven-
tional IR-band tests that bears relevance to weather analysis and climate parameters. Examination of DNB satel-
lite imagery, initially for the purpose of assessing what fraction of nocturnal clouds were being missed by these 
IR tests, revealed in some cases the over-statement of low clouds by those tests. Through a combination of 
observations and numerical modeling, we attempted to explain this seemingly counterintuitive false-alarm signal.

To summarize our findings, the false alarm effect arises due to a special circumstance of the atmosphere and 
surface that exposes inherent limitations of the NLCT, a test which exploits the spectral differences in emissivity 
between the LWIR (∼11 μm) and MWIR (∼4 μm) spectral bands when observing optically thick liquid-phase 
clouds. In most circumstances, this emissivity difference yields a positive BTD in the presence of liquid clouds 
observed at night. However, the current research shows how a positive LWIR-MWIR BTD can also occur in 
conditions of warm/moist air overriding a cool, uniform, and highly emissive surface, due to additional sensitivity 
of the LWIR observation to the atmospheric moisture. For the aforementioned conditions, this added sensitivity 
can impart a warm bias to the LWIR observations compared to the MWIR, which for this same environmental 
scene will be biased toward the cool surface. Effectively, the LWIR senses a blend of the surface and atmospheric 
emission, while MWIR senses a more pristine surface emission signal. This situation results in a positive LWIR-
MWIR BTD (defining the NLCT) that is completely unrelated to the presence of meteorological clouds (and thus 
classified here as “false alarm”).

For water surfaces (effectively a blackbody emitter in both spectral bands), and under idealized uniform atmos-
pheric conditions, the NLCT false alarm correlates positively with the underlying SST spatial structure. In nature, 
the structure of the lower-atmospheric temperature/moisture profile combines with surface structures of the SST 
field, yielding complex variations in the NLCT false alarm effects.

We note that the false alarm effect described here is not limited to water surfaces—similar effects have indeed 
been observed over certain land surfaces (particularly over barren, mineral-rich soils). We postulate that simi-
lar scenarios of warm/moist over cool surface are responsible as well, although the mechanisms controlling 
the surface component differ (here, tied to spectral emissivity and land surface radiative cooling as opposed to 
oceanic circulation processes) from those considered for the over-water problems. We will explore the over-land 
problem as part of future research on this general topic.

Considering the circulation of the ocean, atmosphere, the distribution of land masses, as well as the higher 
frequency (e.g., tidal) and lower frequency (e.g., seasonal) oscillations, we predict that the conditions responsible 
for the NLCT false alarm effect occur globally and vary across space/time in a complex way. However, given 
this new understanding of the underlying physical processes, we can begin to explore ways to disentangle these 
factors, anticipate the likely “problem areas,” and introduce modifications to our current cloud-detection algo-
rithms to help mitigate these issues where and when they are expected to occur. Doing so could lead to a more 
robust statement on the nocturnal low cloud field, applicable to improving a variety of downstream purposes 
spanning the interests from research to operations and from weather to climate.

Proliferation of satellite-based low-light visible information would be useful to advancing this effort as well, 
given its ability to provide unambiguous validation of cloud-free scenes via moonlight. Currently, the DNB 
flies on two NOAA satellites, with the potential for a three-satellite system if Suomi NPP continues into the 
early period of JPSS-2 (planned for launch in Fall 2022). Drifting of Suomi NPP to a mid-evening (e.g., 2200) 
orbital plane as suggested by Stokes et al. (2021) would begin to provide better temporal sampling across the 
night—useful for identifying these stable NLCT false alarms amidst the ephemeral cloud field. However, the ∼4 
to 5 hr gap is not optimal and may not be practical to implement (requiring a multi-year drift process) vis-à-vis 
the expected remaining lifetime of Suomi’s VIIRS sensor. Low-light visible observations at high temporal refresh 
rates, either via deployment on additional polar-orbiting satellites or upon a geostationary satellite, would enable 
continuous monitoring of nocturnal cloudy/clear regimes, overcoming the issues encountered in this study during 
periods of moonlight and in a limited way on moonless nights via reflected airglow (Miller et al., 2012).
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Data Availability Statement
All GOES and VIIRS satellite data and retrievals used in this research are freely available via the NOAA Compre-
hensive Large Array-data Stewardship System (www.class.noaa.gov). The WRF-ARW Version 3.7.1 model used 
in the simulations is available at http://www.wrf-model.org. The NOAA Enterprise Cloud Mask (ECM cloud 
product) data are also available in near real-time from www.ospo.noaa.gov.
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