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The accurate prediction of convective cloud development in advance of thunderstorm formation
(so‐called “convective initiation,” CI) is a challenging forecast problem, one in which the processing
of 5–15 min interval imagery from geostationary satellites (e.g.,Meteosat SecondGeneration) offers
considerable promise. A present drawback to using sequences of visible or infrared (IR) satellite
images to monitor growing cumulus clouds is that higher altitude cirrus clouds often obscure the
view of the low‐level cumulus in the pre‐convective environment. In particular, cirrus anvils from
pre‐existing convection, and cirrus caused bydeep layer quasi‐geostrophic ascent, are very common
in pre‐CI environments. Cloud derived parameters from GOES are used here to demonstrate how
quantities like visible optical depth (τ), emittance, liquid water path, and effective particle size can
be used to quantify cumulus cloud growth in advance of CI. Time rates of change of these derived
quantities, as well as IR interest fields that describe cumulus cloud development rates beneath
cirrus, are analyzed as τ of the cirrus are binned from 1 to>50. Results confirm that if cirrus possess
τb20, up to>90% of the “signal” in the IR interest field remains, compared to clear‐sky values, and it
is proposed that CI can still be adequately nowcasted using IR channel data similar towhat is done in
the absence of cirrus. Similarly, cloud derived parameters become valuable as their time rates of
change measure cumulus cloud growth beneath the higher clouds. In contrast, once τ values
increase beyond ∼20, cumulus cloud growth signals decrease significantly through cirrus, and as τ
becomes >40, little information from the cumulus remains.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction and motivation

Ongoing research is focused on the detection of so‐called
“convective initiation” (CI) of new convective storms using time
sequences of geostationary satellite observations of growing
cumulus clouds, which provide valuable and unique information
in advance of radar observed precipitation. For this study, CI is
defined as the first occurrence of a≥35 dBZ radar echo at the−
10 °C altitude, aswell established byprevious studies (Browning
andAtlas, 1965;Marshall andRadhakant, 1978; Schreiber, 1986;
Wilson and Schriber, 1986; Wilson et al., 1992; Wilson and
Mueller, 1993;Mueller et al., 2003; Roberts and Rutledge, 2003).
. Mecikalski).
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The geostationary satellite observations are in the visible
(VIS) and infrared (IR) spectrum (0.365–13.4 microns, μm)
and available every 5–15 min from instruments including
the Geostationary Operational Environmental Satellite (GOES),
Meteosat Second Generation (MSG) Spinning Enhanced Visible
Infra-Red Imager (SEVIRI), as well as the Chinese Fengyun (e.g.,
FY–2 F), and the Japanese Multi‐Functional Transport Satellite
(MTSAT‐2). The main limitations in CI nowcasting algorithms
presently are related to the following: (1) sensor resolution in
the IR channels being mostly above the cumulus cloud scale
(3–4 km in IR), (2) the ability to accurately and consistently
detect cumulus clouds in satellite imagery, and (3) difficulties in
tracking early‐growth cumulus clouds across successive images
while focusing on the realistic scales of the main updraft, which
is related to sensor resolutions being too low. More optimal IR
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field resolutions for thunderstorm nowcasting using satel-
lite data are 0.375 to 2 km, which are presently (publicly)
available only on polar orbiting sensors that have overpass
repeat cycles far too low to capture the rapid evolution of
growing cumulus clouds [e.g., the MODerate Resolution Imag-
ing Spectroradiometer (MODIS; repeat cycle of up to ~4 h in
Midlatitudes (when both the Terra and Aqua instruments are
considered, and/or from the Visible Infrared Imaging Radio-
meter Suite (VIIRS) instrument].

One of the more robust approaches in 0–1 h CI nowcasting
is the SATellite Convection AnalySis and Tracking (SATCAST)
system that processes a sequence of 2–3 day and night images
spaced 5–15 min apart per nowcast, using the cloud classifica-
tion algorithm of Berendes et al. (2008) and cloud object
tracking method of Walker et al. (in press; see Mecikalski and
Bedka (2006). The SATCASTmethodology is based on the early
detection of new storm development offered by satellite (as
satellite VIS and IR data “see” clouds), whereas operational S‐
and C‐band radar cannot detect clouds, requiring instead the
presence of significant hydrometeors with sizes larger than a
few millimeters. Sieglaff et al. (2011) present a method of
cumulus cloud growth monitoring, that combines the 10.7 μm
IR channel cooling rate thresholds of Roberts and Rutledge
(2003) and a “box averaging” tracking approach. Procedures as
employed in SATCAST, specifically threshold‐based scoring using
multiple IR channels, channel differences, and time trends of
single and multiple channel differences (Mecikalski et al.,
2010), are being applied in current and forthcoming upgrades
to convective storm nowcasting systems, like those developed
by the Nowcasting Satellite Analysis Facility (SAF) as supported
by the European Organisation for the Exploitation of Meteoro-
logical Satellites (EUMETSAT), and the Corridor Integrated
Weather System (CIWS) as supported by the Federal Aviation
Administration (Iskenderian et al., 2009).

It is generally agreed that ground and space based C‐, S‐
and Ku/Ka band radar platforms are limited, not being able
to adequately nowcast the CI process because they cannot
adequately observe kinematic processes in early stage
(0–30 min) cumulus clouds, and/or are unable to observe
precipitating hydrometeors (smaller than ~10 μm in diam-
eter) until CI has actually occurred. Therefore, geostationary
satellites play a vital role in the thunderstorm forecast problem
because developing cumulus clouds are readily observed in VIS
and IR data 15–60 min in advance of precipitation formation.
However, when cumulus cloud development is obscured by
middle or higher level clouds, satellite‐based methods have
been known to fail simply because the cumulus clouds are not
identified (in lieu of the higher clouds), or cannot be identified
due to the obscuration, and therefore cannot be tracked and
monitored (related to points 2 and 3 above).

As thunderstorm nowcasting is a significant problem in
operational weather forecasting, especially related to avia-
tion applications (Murray, 2002; Mecikalski et al., 2007), the
motivation is high to capture as many occurrences of CI in
satellite observations as possible, whereas nowcasting CI
correctly is a matter involving proper use of VIS and IR
datasets toward linearly extrapolating cloud growth trends.
The obscuration of cumulus clouds by higher level altocu-
mulus, altostratus or cirrus‐type clouds typically results in
most cloud typing algorithms classifying the dominant cloud
type as the observable cloud, or defining a “multi‐layer”
cloud scene. Yet, in many cases, experts trained in satellite
analysis can see growing cumulus clouds in the presence of
other clouds, especially when the overlying cirrus clouds are
“thin” (Min and Duan, 2005), or not too thick that VIS light
cannot penetrate upward from beneath, enough to discern the
lower level cumuli. As examples, Fig. 1(a–f) shows cases of
growing cumulus occurring beneath veils of cirrus clouds over
30 min periods in 1 km resolution GOES VIS channel data, in
which the cirrus clouds at an initial time (t) gradually increase
in terms of visible optical depth (τ), from Fig. 1a to f. In Fig. 1,
the top row (a) represents growing cumulus clouds at time t
(far left) in which the estimated τ of the “cirrus–cumulus cloud
system” is between 1 and 10, whereas by time t+30 min (far
right), τ values have increased to those typically found in deep
convective clouds, near or greater than 40 (Hong et al., 2007).
Fig. 1(b–f), demonstrates increasing initial time‐t and τ values,
and hence an increasing difficulty in visually detecting and
quantifying the growth of the underlying cumulus clouds.

In many ways, this study follows on that of Mecikalski
et al. (2011) in which it was determined how to interpret
cloud‐derived parameters for growing cumulus clouds in
advance of CI, specifically cloud τ, cloud‐top pressure, and
particle effective radius. Mecikalski et al. (2011) found that
cumulus cloud growth is quantifiable in τ fields regardless of
the sky condition, specifically the pre‐CI sky conditions do not
need to be completely clear above the developing cumulus
clouds in order for cloud growth to be detected. Therefore, this
study addresses several specific questions: (1) How thin (in
terms of τ) does cirrus need to be before they completely
obscure the underlying lower/cumulus clouds, such that
signals of growing cumulus clouds in IR and cloud parameter
data can no longer be quantified? Subsequently, (2)what value
of τ is associated with cirrus that are too thick for growing
cumulus to be detectable and quantified beneath? (3) When
the cirrus are thin, how and what IR and derived cloud
parameter fields can be used to evaluate growing cumulus
clouds? And, (4) when overlying clouds are present, can
derived cloud parameters be used to characterize growing
convective clouds better than simple IR channel data?

We refer again to Fig. 1 as it introduces the methodology of
this study, whereas the τ and other data used herein will be
discussed in Section 2. In Fig. 1, the rows (a–f) show examples of
cumulus cloud development occurring beneath cirrus clouds of
increasing τ at time t, from (a) 1–10 to (f)>50. As seen, once the
τ increases to >13 (Fig. 1b) the cumuli are significantly visually
obscured from view, and the main turrets or updrafts become
visible by t+30 min only when they protrude through the
cirrus cloud shield. The processing methodology is described in
Section 3, and the main results will be discussed in Section 4.
Section 5 concludes the paper.

2. Data and quality estimates

The datasets used in the analysis are as follows: (1) GOES
1 km VIS 0.651 μm and IR 3.9, 6.5, 10.7 and 13.3 μm channel
data, (2) derived cloud parameters, that rely upon GOES VIS
and IR data, and (3) National Weather Service Weather
Surveillance Doppler Radar (WSR‐88D) base‐level reflectiv-
ity observations within the National Mosaic and Multi-
sensor QPE (NMQ) dataset. The GOES 1 km VIS data were
used for case identification, whereas 253 events were



Fig. 1. Cases of CI occurring beneath cirrus (and other higher) cloud types as seen in GOES‐13 imagery. The top row (a) represents growing cumulus clouds a time
t in which the estimated visible optical depth (τ) values are between 1 and 10, whereas by time t+30 min, τ values have increased to those typically found in
deep convective clouds, near 40 (Hong et al., 2007). Other examples (b–f) demonstrate increasing initial time (t) τ values and an increasing difficulty in visually
seeing the presence and growth of the underlying cumulus clouds. Results in Tables 1 and 2 are categorized into τ bins as shown in panels a–f.
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initially identified in the months April–May 2011, for cumulus
clouds developing beneath cirrus clouds over a region covered
by the GOES‐13 satellite, specifically between 66.2° and 104.5°
W, and 16.0° and 45.6° N. Data from 1415 through 2345 UTC
were used to capture daytime CI events when VIS channel data
can be used, and when the presence of cirrus clouds prior to
rapid cumulus cloud development can be confirmed. Due to
missing cloud parameter data for several hours, 248 events
were used in the analysis to follow. All cases were documented
by a human expert, with the goal being to capture clouds from
an early cumulus mediocris and “towering cumulus” stage to
the later‐time cumulonimbus (or near cumulonimbus) stage of
development, as done in Mecikalski et al. (2010). Given the
time frequency of the cloud properties data (see below), all 248
events were cataloged over 30–min time periods, and care was
taken to collect events in which cumulus clouds were far from
the precipitation stage at time t at 15 or 45 min after the top of
an hour, and then near or at the cumulonimbus stage 30 min



Fig. 1 (continued).
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later (time t+30 min). Thus, all cases then occurred between 15
and 45 minwithin a clockhour, or between45 min after an hour
to 15 min past the top of the following hour (e.g., between 1615
and 1645 UTC, or between 2045 and 2115 UTC, respectively).

TheNMQreflectivity fields (Zhang et al., 2011)were obtained
from the National Severe Storms Laboratory (NSSL), a seamless
high‐resolution national radar mosaic developed from ~140
WSR‐88D radars in the continental United States and 31 C‐band
weather radars in southern Canada. The comparison to radar
imagery was done to prove that CI did occur for all cases at or
after the t+30 min time. A quantitative comparison to rainfall
intensity (in terms of future‐time dBZ values) was instead not
done, as the main motivation for this study is the characteriza-
tion of growing cumulus clouds in advance of CI. Therefore, the
results of the study apply strongly to nowcasting CI.

From the GOES‐13 cloud parameter dataset (discussed
below), derived 0.651 μm VIS reflectance (ρ; fractional per-
centage), 10.7 μm cloud top brightness temperature (TB; K),
emittance (ε; unitless), τ (unitless), particle size (re; μm), cloud
water path [CWP; mg(cm)−2], cloud top height (Cz; km), cloud
effective height (Ce; km), and cloud base height (Cb; km) were
used. For “optically thick” clouds (τ>6), Ce is equivalent to Cz as
determined using the atmosphere‐corrected 10.7 μm TB; for
“optically thin” clouds (τ≤6), Ce lies between Cb and Cz as



Table 1
Binned vertical optical depth (τ), averaged over events, of 0.651 μm VIS
reflectance (ρ; fractional percentage), 10.7 μm cloud top brightness temper-
ature (TB; K), emittance (ε; unitless), τ (unitless), liquid water path [CWP;
mg(cm2)], particle size (re; μm), cloud top height (Cz), cloud effective height
(Ce), and cloud base height (Cb). Also shown are 30‐min changes in ρ, ε, τ, CWP,
Cz and TB30, denoted by the “30” subscripts. See text for discussion of the
behavior of these quantities.

Initial τ 01–10 11–20 21–30 31–40 41–50 >50

Events 89 63 37 15 11 33

ρ 0.38 0.62 0.73 0.77 0.79 0.89
TB 261.6 244.3 232.8 236.7 239.0 232.1
ε 0.011 1.001 1.002 0.993 1.001 1.003
CWP 0.07 0.23 0.53 0.72 0.78 1.75
τ 5.0 14.2 24.3 33.5 44.0 89.7
re 19.5 26.9 34.7 28.6 29.9 30.8
Cz 6.7 9.9 11.5 11.2 11.0 11.1
Ce 5.9 8.5 10.1 9.7 9.6 9.8
Cb 4.7 5.1 5.7 5.2 4.7 4.3
ρ30 0.30 0.19 0.11 0.04 0.15 −0.02
ε30 0.508 −0.024 −0.004 0.008 0.000 −0.002
τ30 34.9 47.8 52.8 29.4 55.4 0.4
CWP30 0.69 1.02 1.23 0.58 1.24 0.17
Cz30 3.1 1.1 0.7 0.5 1.2 1.1
TB30 −19.6 −12.1 −4.9 −3.2 −10.4 −7.7

Table 2
Interest fields for convective and first‐flash lightning initiation, binned
according to visible optical depth (τ). See text for discussion of the behavior
of these quantities. Values for ρ and ρ30 are in fractional percentage. Values
of all channel difference and 30‐min time rate of change fields are in °C,
while TB data are in degrees Kelvin. In the last two columns, “MB06_CI”
refers to “Mecikalski and Bedka (2006) CI interest fields threshold values,”
and “Harris_LI” refers to “Harris et al. (2010) LI interest field threshold
values.

Initial τ 01–10 11–20 21–30 MB06_CI Harris_LI

Events 89 63 37

ρ 0.38 0.62 0.73 n/a b0.11
30‐min ρ trend 0.30 0.19 0.11 n/a ≤−0.04b

TB 261.6 244.3 232.8 b273 b273
30‐min TB trend −19.6 −12.1 −4.9 b−4 ≤−12b

T3.9−10.7 μm 20.1 22.0 24.2 n/a b17
T6.5−10.7 μm −25.9 −12.9 −6.5 −35 to

−10
≥−30

T13.3−10.7 μm −14.8 −7.7 −4.3 −25 to
−10

≥−13

30‐min T3.9−10.7 μm

trend
4.9 2.7 2.7 n/a >3b

30‐min T6.5−10.7 μm

trend
12.5 4.7 1.7 >6a >10b

30‐min T13.3−10.7 μm

trend
7.3 2.4 1.1 >6a >8b

a Values are doubled from per 15 min rates, as shown in Mecikalski and
Bedka (2006).

b Values are doubled from per 15 min rates, as shown in Harris et al.
(2010).
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dictated by ε or cloud transparency (Smith et al., 2008). For
ice clouds, the retrieved field of effective diameter (de) is
divided by 2, and all values presented here are then re. For
CWP, as the “cirrus–cumulus cloud system” is analyzed, this
quantity pertains to combined liquid and ice water paths, to
make a total CWP. Given 30 min over which each event was
observed, 30‐min time trends in several fieldswere determined,
those being ρ (ρ30), TB (TB30), ε (ε30), τ (τ30), CWP (CWP30), and
Cz (Cz30). These time trends will be valuable toward answering
some of the above questions, as well as in estimating how these
data can be eventually used in applications that monitor
thunderstorm development.

The GOES‐13 cloud parameter data are from the National
Aeronautics and Space Administration (NASA) Langley Re-
search Center, Cloud and Radiation Group near‐real time
products (http://www-angler.larc.nasa.gov). Though nomi-
nally having a 4‐km resolution, the analyzed radiance data
are sampled at 8×8 km horizontal resolution every 30 min,
15 and 45 min past the top of each hour. The daytime cloud
parameters were derived using the visible infrared short-
wave‐infrared split window technique (VISST; Minnis et al.,
2008, 2011a) developed for the Clouds and Earth's Radiant
Energy System (CERES) project (Wielicki et al., 1998). The
GOES‐13 VIS channel was calibrated against the MODerate
resolution Imaging Spectroradiometer (MODIS) 0.63‐μm
channel following the procedures of Minnis et al. (2002).
Validation of the VISST‐derived parameters has been per-
formed using surface, aircraft, and other satellite borne
sensors (Minnis et al., 2011b and references therein; Zheng
Fig. 2. Similar to Fig. 1 (also GOES‐13 images), as examples of CI occurring beneath ci
bottom (d) as labeled on image. These are shown to exemplify the highly varying
cumulus beneath the cirrus may not be seen in visible imagery.
et al., 2011; Painemal et al., submitted for publication). The
comparisons were mostly conducted for single‐layer over-
cast stratus or cirrus cloud cases owing to the challenges
involved for multilayer and cumulus cloud validation. Even
for “uniform” overcast clouds, errors in matching sensor
fields of view and in the reference instrument retrievals
themselves introduce significant errors into the validation. It
is even more difficult using surface‐based or aircraft sensors
to determine the properties definitively in broken clouds or
overlapping clouds than for the simpler cloud morphologies.
With respect to cumulus clouds specifically, observational
obstacles make the VISST cloud parameter validation more
challenging. These include, among others, rapid cloud evolution,
difficulty in obtaining in‐cloud measurements when updraft
strengths are large (>20 ms−1, making aircraft flights danger-
ous), and very high cloud‐to‐cloud variability (leading to quality
estimates over cumulus fields being highly variable and often
unrepresentative).

For this study, we focus mostly on cloud properties for
optically thin (τb6) cirrus over optically thick (τ>6) cumulus
clouds. Although the presence of cirrus over liquid clouds will
bias the satellite‐retrieved τ's andCWPs (Minnis et al., 2007), the
focus of this analysis is on relative changes in cloud properties
over time, and therefore the use of 30‐min time changes in the
fields effectively removes systematic and bias‐type errors. Given
rrus with initial‐time τ values b15 on 31May 2011, increasing from top (a) to
scenes in which CI and LI may be nowcasted, and in particular, when the

http://www-angler.larc.nasa.gov
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the comparisons between GOES‐VISST retrieved fields and
those obtained from other satellite sensor data (e.g., MODIS
Aqua and Terra) we feel confident, after taking into account
data/time matching and reference sensor uncertainties, that
the instantaneous τ results are within 20% of some truth value,
albeit obtaining “truth” is an equally challenging problemwhen
comparing satellite derived quantities to aircraft or retrievals
from surface‐based instruments, as noted above [see also Min
and Harrison (1996) and Trishchenko et al., 2001]. As discussed
in the following section, the results for the 248 events are
averaged into six τ bins, which further reduces the “noise” in
these retrievals caused by mismatches between the individual
clouds being sampled at 4‐km resolution in GOES, and the 8‐km
resolution VISST data.

3. Processing methodology

Given that the main focus of this study is to evaluate the
objective detection of growing cumulus beneath cirrus clouds
using satellite fields, τ is a baseline dataset for categorizing
events and organizing the interpretation of the VISST and IR
channel fields, for addressing the questions posed above. Bins
with τ values >40 represent examples where cumulus cloud
development should be largely obscured thick cirrus and/or
middle level clouds (Hong et al., 2007), while binswith τb30
represent events where at least some information on the
underlying clouds resides in the VISST and IR datasets. As
shown above, Fig. 1(a–f) exemplifies cases in τ bins (a) 1–10,
(b) 11–20, (c) 21–30, (d) 31–40, (e) 41–50, and (f) ≥51. The
latter two bins [Fig. 1(e–f)] show main convective updrafts
poking through the higher clouds around t+16 to t+30 min,
in which it is challenging to determine whether any cloud
parametersmay have identified cumulus cloud growth in these
situations. The maximum value of τ in these data is 128, with
missing or clear sky values set to−9.

Once the τ bins were formed, the VISST cloud parameters
were also binned, and the 30 min time trends were computed.
Next, the CI and lightning initiation (LI) interest fields as
developed in Roberts and Rutledge (2003), Mecikalski and
Bedka (2006) and Harris et al. (2010) are also computed to
determine under what conditions they may still show useful
information, in “thin” cirrus situations. Although this study does
not focus on LI nowcasting, the similarity in the CI and LI interest
fields (in terms of IR channels used, and spectral information
considered) is such that evaluating both of these together in this
study makes sense, considering both CI and LI components are
within the SATCAST system, and because both nowcast types
are heavily influenced by the presence of cirrus obscuring initial
cumulus cloud development.

4. Results

Table 1 presents the categorical τ results, within the τ
ranges 1–10, 11–20, 21–30, 31–40, 41–50, and ≥51 [as in
Fig. 1(a–f)]. All events in which τ values were >50 at time t
were grouped, to the maximum value of 128.

From Table 1, static bin‐to‐bin values of ρ, TB, ε, CWP, τ, re, Cz,
Ce and Cb are seen to changemost rapidly until τ is≥20. In other
words, as τ increases between 0 and 30, sub‐cirrus cloud
information becomes attenuated quickly. In particular, ρ in-
creases from0.383 to 0.726, afterwhich it increasesmore slowly
(0.726 to 0.889, between τ=21 to τ≥51).With τ≤10, TB values
show influences from both ground and cloud‐top temperatures
within the 8×8 km pixels, as TB averages are near 262 K; then,
the TB's becomemore indicative of cirrus cloud tops as τ's exceed
20, decreasing to ≤239 K. CWP values increase by 3, 6 and 10
times [0.07 to 0.53 mg (cm)−2] as τ values increase from 20 to
30 and toward 40, respectively, which is consistent with the
VISST methodology as higher τ will be correlated to increasing
CWP (Smith et al., 2008; Minnis et al., 2011a; see also Watts
et al., 1998). Importantly, average τ values within each bin are
near the midpoint, showing a uniform distribution across the
248 event dataset on a per τ‐category basis.

Values of re increase as τ increases to 30. The dual con-
tributions from both developing cumulus and cirrus cloud types
lead to a steady increase in average re to near 35 μm. As the
cirrus clouds fill the scene, re values decrease some to b30 μm,
possibly indicative of the formation of more uniform size
distributions in the cirrus and particle settling (Haag and
Kärcher, 2004; Westbrook et al., 2007). Cloud top values for
optically thick (Cz) and optically thin (Ce) clouds show a
consistent increase with time until τ exceeds ~20. Ce values
are less easily interpreted as these results include contributions
from clouds at both layers (Smith et al., 2008). Cb values are
steady near 5 km, verifying deepening clouds in the scene
when considered with Cz.

The time rate of change fields ρ30, �30, τ30, CWP30, Cz30, and
TB30 are also shown in Table 1. These are developed to help
answer the questions above. Values of ρ30 are >0.30 in the first
τ category, and then rapidly fall to b0.10 as a rule. Similarly, the
largest values of �30 occur when the cirrus clouds have τb10,
with steady values independent of τ as it increases to >10; �30
values become small and fluctuate somewhat randomly
between±0.01 especially as τ increases beyond 21. Therefore,
both ρ30 and �30 become insensitive at higher τ. τ30 and CWP30
show sensitivity (larger change magnitudes with increasing τ)
in the first three categories, until τ values exceed 30. There are
indications that larger changes in τ and CWP occur until τ
reaches 50, which suggests that these two fields would have
more value than other parameters diagnosing cumulus cloud
growth even when cirrus are very thick (i.e. time rates of
changes could be monitored in regions of known cirrus cloud
canopies, with τ≤50). Values of Cz30 show positive altitude
changes, i.e. cumulus cloud growth, until τ become >20, with
more random behavior thereafter.

For the last 30‐min time‐change field in Table 1, TB30,
interesting patterns are seen. First, within the 89 event 1–10 τ
bin, the averaged TB30 value is −19.6 °C, which is much greater
in magnitude than that found by Roberts and Rutledge (2003)
for convective clouds in advance of CI [i.e. ≤−8 °C(30 min−1)].
Second, for the 11–20 τ bin, the −12.1 K TB30 value shows
contributions from the colder, higher level cirrus clouds within
an 8 km2pixel, but is alsowell below the “clear‐sky”Roberts and
Rutledge threshold range. Given the behavior of the TB30 field,
Table 2 presents 10 interest fields as developed and demonstrat-
ed in Mecikalski and Bedka (2006) and Harris et al. (2010),
which can specifically guide users of geostationary satellite
observations on when these data will and will not provide value
when 0–1 h nowcasting CI and first‐flash LI beneath cirrus,
respectively. As above, the events in Table 2 are subset by τ
values ≤10 (89), between 11 and 20 (63), and between 21 and
30 (37); the original threshold values for CI and LI are also
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shown. In place of the 3.9 μm ρ as shown in Harris et al. (2010),
the VISST ρ values are shown, and therefore only a qualitative
comparison between ρ fields can be made.

Similar to TB and TB30, with τ≤10, values of channel
difference fields 3.9–10.7 μm, 6.5–10.7 μm, 13.3–10.7 μm,
and the 30‐min 3.9–10.7 μm, 30‐min 6.5–10.7 μm and 30‐
min 13.3–10.7 μm time trends, are all within the threshold
ranges defined inMecikalski and Bedka (2006) andHarris et al.
(2010; see also Ackerman, 1996; Schmetz et al., 1997; Ellrod,
2004) for clear‐sky growing cumulus cloud conditions. Average
ρ and ρ30 values are however not consistent with those found
in Harris et al. (2010), as ρ's are much larger than 0.11 and 30‐
min changes in ρ are positive. These behaviors in ρmay be due
to the brighter cumulus clouds within the scene, and contri-
butions from clouds containing liquid hydrometeors versus ice.
Within the second τ bin, except for ρ and ρ30, field values
remain within the defined clear‐sky critical threshold ranges,
yet are all smaller in magnitude. As τ values reach and exceed
30, the IR contributions from cirrus overwhelm those from the
cumulus clouds, except for the TB and TB30 fields.

Implications from Table 2 results are that cirrus, middle level
and/ormulti‐level cloud scenes in GOES observationswith cloud
system τb20 are “thin enough” for an objective algorithm to be
able to discern growing convective clouds beneath, and to
provide nowcasts of CI and LI with some level of confidence
(much as can be done in clear sky conditions). As examples of
growing cumulus clouds in advance of CI, occurring with τb15
andwhere data in Tables 1 and 2will operate reasonablywell for
diagnosing cumulus growth, Fig. 2(a–d) shows 30‐min se-
quences of growing cumulus clouds in GOES 1 km VIS satellite
imagery. In Fig. 2(a–d), the τ value at time t for the 8 km pixel is
shown, and these represent cases similar to Fig. 1a. This is done
to demonstrate how visually different low (b15) τ scenes can
appear in VIS imagery; the ability to see VIS light (i.e. ρ) from
bright cumulus clouds beneath a thin veil of cirrus, in essence,
clouds that are composed of water drops versus ice crystals, is a
function of sun angle, whereas high sun angles and mid‐day
images (1945–2015, Figs. 1a and 2c) make beneath‐cirrus cloud
observations somewhat easier. In contrast, Fig. 2d shows a later
afternoon (2215–2245 UTC) case when cirrus clouds with τb15
(13.0 in this case) completely mask developing cumulus clouds
beneath.

It is important to note that 30‐min observation frequen-
cies are nearly too low for use in a real time or operational
system that nowcasts CI and LI. There are several reasons for
this, including: (1) cumulus clouds often deepen explosively
within timeframes ≤15 min, making 30‐min data too infre-
quent to capture the main growth signal; and, (2) when
tracking clouds or cloud objects, tracking errors can be large
when using 30‐min data from a geostationary sensor, based on
the increased likelihood of missed objects due to incorrect
velocity determinations, cumulus clouds evolving too rapidly,
or due to nonlinear cloud motions in high vertical wind shears
within severe storm environments, as noted inMecikalski et al.
(2008) and Walker et al. (in press). However, the use of 8 km
resolution fields in this study helps minimize tracking
errors, albeit all tracking was done by a human expert. The
goal when using GOES VISST (or similar) cloud parameters
within a thunderstorm nowcasting system should be to
produce them as near to the native temporal and spatial
resolutions of the geostationary platform as possible (e.g., 3 km
sampling distance, every 5 min for MSG), which is the goal
within the NASA Langley Research Center.

5. Conclusions

Given the need to accurately nowcast thunderstorm forma-
tion (i.e. CI and LI) over 0–1 h timeframes, one must exploit
5–15 min geostationary satellite observations as a means to
identify and monitor cumulus cloud growth, well in advance of
presence of radar‐detected precipitation. This study advances
our understanding by quantifying how cloud derived (or
satellite retrieved) parameters using the VISST algorithm for
GOES can be used for such monitoring, when sky conditions in
the pre‐convective environment are not completely cloud free,
and middle and especially higher altitude cirrus clouds are
present. As many pre‐convective storm environments are
highly dynamical (in the presence of strong quasi‐geostrophic
forcing), and that anvil cirrus from nearby storms are often
present in the vicinity of new storms developing in the late
afternoon and evening, application of these results should allow
satellite‐based CI and LI nowcasts to be made in what were
previously thought to be less than ideal situations, i.e. cases
when the cumulus clouds are slightly to totally hidden from
view.

For this study, we posed four main questions. The main
conclusions are the following, which come from the inter-
pretation of the results in Tables 1 and 2.

1. Values of τ>20 are found when the cumulus cloud growth
signals in IR and VISST fields are nearly obscured, mostly
making τ bin‐to‐bin and 30 min changes in cloud parame-
ters fields, and hence the CI and LI interest fields, invariant or
more randomly varying as τ increases.

2. When scene τ values are ≤20, cirrus clouds are “thin
enough” that useful quantification of cumulus cloud growth
can be made. This conclusion is reached as the main signal
magnitudes in the IR channels, channel differences, and
time rate of change in CI and LI interest fields are >90% of
those found in studies that focus on cumulus cloud
development in clear‐sky conditions. This is especially the
casewhen τ is less than ~10. Similarly, robust and consistent
(as a function of increasing τ) average 30‐min time changes
in cloud parameters are found to be strongly related to
cumulus cloud development with τ≤20.

3. When scene τ values are≤20, bin‐averaged ρ, ε, CWP, Cz and
Ce all show functionally continuous changes as τ increases.
The rate‐change quantities ρ30, τ30 and Cz30 show evidence
that they can be monitored until τ reaches 30, after which
their tendencies become more erratic and randomly varying
with increasing τ. ε30 and CWP30 lose sensitivity to increasing
τ, especiallywhen it exceeds 20. For the CI and LI IR indicators,
when τ≤10, all show values approaching thresholds
documented for clear‐sky conditions, with the exception
being the ρ and ρ30 fields (which remain too high). When
11≤τ≤20, TB, TB30 and the three IR channel differences 3.9–
10.7 μm, 6.5–10.7 μm and 13.3–10.7 μm, all remain in
documented clear‐sky critical threshold ranges. Once τ
increases beyond 21, only averaged TB and TB30 remainwithin
pre‐defined thresholds, yet they possess high contributions
from a thick cirrus cloud overcast (i.e. the colder/higher non‐
cumulus cloud TB's begin to dominate a scene).
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4. The derived GOES VISST parameters that show useful bin‐
to‐bin changes, when the CI and LI interest fields are no
longer valuable (specifically when τ is between 21 and 30),
are limited to ρ30, τ30, CWP30 and Cz30, given themore linear
changes as τ increases. Specifically, the τ30, CWP30 and Cz30
fields show useful bin‐to‐bin trends consistent with those
expected for deepening cumulus clouds (i.e. increasing τ
and CWP as cloud tops increase in altitude). Since ρ30 values
fall outside those examined by Harris et al. (2010), namely
being positive, more study is required in order to interpret
this field with respect to growing convective clouds and LI,
albeit the negative trend in ρ30 as average τ increases from 1
to 40 is consistent, providing useful information.

The outcome of this study is that 0–1 h CI and LI nowcasting
when cirrus clouds are present is quite feasible, assuming that
cloud‐derived parameters can be available in a real time fashion
(5–15 min after an image is collected), and that a geostationary
satellite‐based thunderstorm initiation nowcasting algorithm
canbe designed to identify thin cirrus. The presumption is that as
the resolutions (spectral and spatial) of operational geostation-
ary satellite sensors improve, there would be added capability
brought by more accurate quantification of cirrus clouds (using
channels near ~1.35 μmwavelength, e.g., as expected onGOES‐R
and the Meteosat Third Generation satellites). Use of more
sophisticated statistical and artificial intelligence methods to
infer newstorm formation from IR and cloudparameter datasets,
beyond simple thresholds (e.g., Williams et al., 2008), will help
toward more thoroughly exploiting these satellite data for this
specific application. All of this innovation will lead to additional
advanced lead times for the occurrence of potentially dangerous
and severe weather brought by convective storms.
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