Green Thunderstorms Observed
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ABSTRACT
Green thunderstorms have been observed from time to time in association with deep convection or severe weather
events. Often the green coloration has been attributed to hail or to reflections of light from green foliage on the ground.
Some skeptics who have not personally observed a green thunderstorm do not believe that green thunderstorms exist.
They suggest that the green storms may be fabrications by excited observers. The authors have demonstrated the existence of green thunderstorms objectively using a spectrophotometer. During the spring and summer of 1995 the authors
observed numerous storms and recorded hundreds of spectra of the light emanating from these storms. It was found
that the subjective judgment of colors can vary somewhat between observers, but the variation is usually in the shade
of green. The authors recorded spectra of green and nongreen thunderstorms and recorded spectral measurements as a
storm changed its appearance from dark blue to a bluish green. The change in color is gradual when observed from a
stationary position. Also, as the light from a storm becomes greener, the luminance decreases. The authors also observed and recorded the spectrum of a thunderstorm during a period of several hours as they flew in an aircraft close to
a supercell that appeared somewhat green. The authors' observations refute the ground reflection hypothesis and raise
questions about explanations that require the presence of hail.

1. Introduction
Anecdotal reports of green thunderstorms abound,
as noted by Bohren and Fraser (1993). The coloration
of these storms is often reported as a yellowish or
greenish cast to the sky. This color is often said to be
an indicator of severe weather, hail in particular.
Bohren and Fraser (1993) in one paper offer two distinct hypotheses, one by Bohren and one by Fraser,
for the appearance of green storms.
According to Fraser, green light does not emanate
from the thunderstorm itself. Rather, the storm pro-
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vides a dark backdrop against which green airlight is
seen. During the day, a black object at a distance will
not appear black. Light scattered by the intervening
air will cause the object to appear brighter than it actually is. If we assume that the airlight is sunlight scattered by molecules and particles that are small
compared with the wavelength of the light, the color
of the scattered light will be dominated by various
shades of blue. If we add to this light another source
of light that is predominantly red, such as light from
the setting sun, the airlight can be perceived as various shades of green.
Bohren states that green light does emanate from
the thunderstorm itself. Since absorption of light by
water, either in a solid or liquid state, is at a minimum
in the wavelengths of light that correspond to a blue
color and rises steadily with increasing wavelength,
any sunlight that passes through a significant distance
in cloud hydrometeors will take on a bluish cast. Late
in the day, sunlight is enriched in the longer wavelength (redder) light because a large portion of the
shorter wavelength (bluer) light is scattered out. When
this reddened light illuminates an object with an ab2857
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sorption minimum in the blue, the result can be perceptually green transmitted light. The primary requirement is that the path through the water (or ice) must
be long enough to allow sufficient absorption of the
light at the long-wavelength (red) end of the spectrum.
For a more detailed discussion of these two hypotheses, see Bohren and Fraser (1993). In their paper they
issue a plea for someone to venture out into a storm
environment with a spectrophotometer to measure the
optical properties of green thunderstorms. During the
spring and summer of 1995 we accomplished that goal
with a hand-held spectrophotometer to obtain the
spectra of green and nongreen storms.

storms in these five states, but storms appeared green
to the human observer only in Oklahoma and Texas.
This does not mean that green thunderstorms did not
occur in Kansas, Colorado, or Florida, only that we
did not happen to observe any during the data collection period.

b. Colorimetric definitions
The SpectraView software allows the user to calculate many different photometric and radiometric
quantities. The quantities of interest to us were the
spectral radiance, peak radiance, luminance, color
temperature, dominant wavelength, and excitation
purity of a source of light. Wyszecki and Stiles (1982)
give an excellent, detailed review of all the photometric concepts mentioned here. Other good sources on
2. Observational technique
this subject include Optical Society of America
(1953), M a c A d a m (1970), and Billmeyer and
a. Spectrophotometer
The first author participated in the Verification of Saltzman (1981). Any source of visible light is perthe Origins of Rotation in Tornadoes Experiment ceived by a human observer to be equivalent to a mix(VORTEX) (Rasmussen et al. 1994) during the spring ture of white light and light of a single wavelength.
of 1995 in the southern Great Plains. The goal of the This single wavelength is called the dominant waveproject was to study tornadogenesis. Our project to length. The relative amount of the single wavelength
observe green thunderstorms was carried out in col- light in the mixture is called the purity. We have cholaboration with the VORTEX program. To accom- sen to use the C o m m i s s i o n Internationale de
plish our goals, we carried a Photo Research PR-650 l'Eclairage (CIE) standard illuminant D65 for the
SpectraColorimeter, a video camera, and still cameras white light (achromatic) source needed to compute the
to keep records of what we were observing. The dominant wavelength and purity; D65 represents a
PR-650 is a lightweight portable spectrophotometer phase of natural daylight and is the primary standard
that can measure the entire visible spectrum (380- daylight illuminant.
780 nm) with a spectral bandwidth of 8 nm. The specFigure 1 shows a spectrum of a deep blue sky retral accuracy is specified as ±2 nm, traceable to corded on 14 May 1995 at 1612 UTC looking to the
National Institute of Standards and Technology stan- northwest in Moore, Oklahoma. The top part of Fig. 1
dards. The viewfmder field of view is 7°; however, shows a plot of spectral radiance versus wavelength.
the field of view for the spectral measurement is 1 ° The peak wavelength, or the wavelength where the
centered in the viewfmder. This allows us to measure spectral radiance is greatest, is 412 nm. The spectral
small portions of the sky. The instrument provides radiance then falls off gradually with increasing wavevarious colorimetric, photometric, and spectral data length. The wavelengths near the peak of this specthat can be displayed with the software purchased with trum indicate what is typically assigned to a violet
the instrument.
color. However, the sensitivity of the eye to shorter
Because a large number of anecdotal reports asso- wavelengths decreases rapidly with decreasing waveciate green thunderstorms with the presence of hail, length, so humans perceive the sky to be blue rather
our initial plan was to obtain spectra of green-colored than violet. The bottom part of the figure shows a 1976
clouds from near the reflectivity maxima, or precipi- CIE chromaticity diagram. This diagram represents a
tation core, of as many thunderstorms as possible. In color space where an individual spectrum may be repaddition to recording spectra near the precipitation resented by a pair of chromaticity coordinates (u\ v').
core of a storm, we would record spectra from vari- The coordinates are arrived at by integrating the specous vantage points surrounding the storm. We inter- tral power of the sample stimulus multiplied by three
cepted more than 30 storms during the spring and previously defined color matching functions over
summer of 1995 in Oklahoma, Kansas, Texas, wavelength (Wyszecki and Stiles 1982). The curved
Colorado, and Florida. We obtained spectra from line on the chart is called the spectrum locus, and it
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represents pure spectral colors, whereas the straight
line represents various shades of purple. Our blue sky
spectrum is indicated on the chart by the chromaticity point (diamond-plus shape). The D65 standard
illuminant, or a standard white light source that closely
resembles daylight, is represented by the star symbol.
To compute the dominant wavelength and purity of a
spectrum sample, one needs to know the reference
achromatic (white) source. Since D65 is close to that
of daylight, we chose D65 for our reference source.

Wyszecki and Stiles (1982) define excitation purity
as an exactly defined ratio of distances in the 1931
chromaticity diagram, indicating how far the chromaticity point of the given stimulus is displaced from the
given standard illuminant point toward the spectrum
locus of pure colors, or the purple line. Figure 1 shows
an updated (1976) chromaticity diagram. The essentials of the definition for purity hold for the newer
diagram, although a ruler can no longer be used to
measure purity. This definition is associated with the
saturation of a color when viewed under normal conditions; the higher the purity, the more saturated a
color appears. In Fig. 1, the coordinates u\ V indicate the chromaticity point of the light being measured. The coordinates u',w7 v'w indicate the standard
illuminant or the white-light point. Finally, the coordinates u'b, v'h indicate the dominant wavelength.
The dominant wavelength is that for which a line
drawn from the standard illuminant, D 65 in this case,
through the chromaticity point intersects the spectrum
locus. The deep blue sky spectrum of Fig. 1 has a calculated purity of 30.2%, indicating that humans can
perceive vivid colors even when the purity is low. It
is not necessarily true that the peak wavelength equals
the dominant wavelength. More often than not they
are different. The fact that humans can perceive distinct colors even though the purity is low results in
our ability to see even the slightest tint of green in
thunderstorms.
7

7

3. Surface daylight spectra

FIG. 1. (a) Visible spectral radiance measurements of a deep
blue sky. Recorded on 14 May 1995 at 1612 UTC in Moore,
looking to the northwest and up approximately 45°. The peak
spectral radiance occurs at 412 nm. (b) 1976 CIE chromaticity
diagram of the spectrum in (a). The "*" represents the D65 standard
illuminant. The diamond-plus on the chart represents the spectral
stimulus, or chromaticity point. The dominant wavelength is the
wavelength at which the line passing from the achromatic
stimulus through the chromaticity point intersects the spectrum
locus. This occurs at 477.2 nm. The excitation purity is calculated
to be 30.2%.
Bulletin of the American

Meteorological

Society

There are several spectral features that are common
to all the spectra we recorded at the surface of the
earth. These features are attributed to the typical spectrum of solar daylight at the e a r t h ' s surface.
Henderson and Hodgkiss (1963) studied spectra of
daylight, recorded at the ground, during a 15-month
period. Figure 2 shows an example of the results of
their study. The three curves show the similarity of
the daylight spectra using the same color-correlated
temperature (CCT). The CCT is used to classify a light
source with a color temperature when the curves of the
spectral power distribution of the source deviate from
that of a blackbody (Berger-Shunn 1994). The color temperature assigned is one that most closely resembles a
blackbody radiator at the same brightness and viewing
conditions (Wyszecki and Stiles 1982). Two features
evident from their figure also appear as highlights on
our spectra. These features are a dip in the spectral
2857
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Henderson and Hodgkiss (1963). The
dip shows up near 430 nm, and the spectrum is nearly flat between 450 and
600 nm. We further see the variations in
the spectral response in the near infrared.
The second test spectrum (Fig. 4) is of
the green panel on the chart. The features
of the solar spectrum are still evident in
this measurement, although they are
muted.

4 . Observational perspective
FIG. 2. Examples of the daylight spectra measured at the surface of different
origins but the same color-correlated temperature (after Henderson and Hodgkiss

Many scientists at the University of
Oklahoma have seen green thunderstorms

power near 430 nm and a relatively large variation in
power in the near-infrared region of the spectrum.
To verify that our instrument functioned properly
we recorded spectra of a Macbeth Color Checker chart
at a distance of about 1.5 m. The chart was illuminated
with bright sun and cloudless skies at 1855 UTC on
3 October 1995 in Norman, Oklahoma. The chart was
oriented in a plane perpendicular to the incident radiation. Figure 3 shows the spectrum of daylight reflected by the light gray panel of the chart. The
measured spectrum is similar to the one measured by

under various conditions in conjunction
with their research. We conducted a subjective poll of these scientists to ascertain their visual impressions of green thunderstorms.
We asked each person to match as closely as possible
their impressions of green thunderstorms to those colors found on the Macbeth Color Checker chart.
Although there are only four shades of green on the
chart, we expected many mixtures of the four colors
in their responses. We made no attempt to have the
scientists recall details about the storm. We only
wanted to get an idea of what they believed most
closely represented a typical green sky associated with
thunderstorms.

FIG. 3. Spectrum of sunlight reflected by the light gray "neutral
8" panel on the Macbeth Color Checker chart. Spectrum was
recorded on 3 October 1995 at 1855 UTC in Norman under clearsky conditions. The peak spectral radiance occurs at 480 nm. The
dominant wavelength is 579.6 nm, and the excitation purity is
calculated to be 9.96%.

FIG. 4. Spectrum of sunlight reflected by the green panel on
the Macbeth Color Checker chart. Spectrum was recorded on
3 October 1995 at 1855 UTC in Norman under clear-sky
conditions. The peak spectral radiance occurs at 536 nm. The
dominant wavelength is 560.6 nm, and the excitation purity is
calculated to be 34.35%.
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The four colors represented on the chart were defined by MacBeth as moderate olive green, light bluish green, strong yellow green, and strong yellowish
green. Over half of the scientists questioned (16 out of
26) indicated that light bluish green, or a mix of light
bluish green with a shade of gray, most closely represented the appearance of a green thunderstorm. The
remaining responses were evenly divided among the
remaining three colors. Most of the respondents indicated that the green thunderstorm appeared brighter
than the normal light from the storm, but the following measurements of luminance show otherwise.

5. Case 1— S o u t h w e s t Oklahoma
The first example is from a storm that VORTEX
teams intercepted in southwestern Oklahoma during
the afternoon of 7 May 1995. A squall line developed
in the far eastern portion of the Texas Panhandle and
moved eastward into Oklahoma. VORTEX crews intercepted a high-precipitation supercell (Doswell and
Burgess 1993) with a well-defined eastward moving
gust front, which had formed with this line. We recorded three spectra of the storm as it approached our
viewing position in Mountain Park, Oklahoma, located about halfway between Lawton, Oklahoma, and
Altus, Oklahoma. The spectra we recorded were attained under the thunderstorm base, in the inflow region not far from the precipitation core. The first
spectrum (Fig. 5a) was recorded at 2206 UTC looking to the northwest at a point under the approaching
outflow boundary in the precipitation core region. The
dominant wavelength was 486.1 nm, which is in the
wavelength region typically assigned as blue. Visual
observations confirmed the blue color of the clouds,
which is typical of the color seen in the core of a
deeply convective thunderstorm. We observed the
approach of the outflow boundary for several minutes
and recorded a second spectrum (Fig. 5b) 3 min later,
looking at the same region of the sky. Although we
noticed little change visually in cloud color toward the
green, a subtle change in spectral characteristics of the
storm began to occur. The dominant wavelength increased to 494.7 nm. After another 3 min, we recorded
a spectrum (Fig. 5c), again looking at the same portion of the sky, under the advancing gust front. A distinct change could be seen in the spectrum, and the
color of the clouds began to take on a greenish cast.
The dominant wavelength increased to 535.5 nm.
There was a noticeable decrease in the relative reBulletin of the American
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FIG. 5. Spectra of a severe thunderstorm observed near
Mountain Park on 7 May 1995, looking to the northwest, (a) At
2206 UTC the storm appeared to be dark blue in color. The peak
spectral radiance occurred at 456 nm. The dominant wavelength
was 486.1 nm, and the excitation purity was calculated to be
8.00%. At (b) 2209 UTC the sky coloration had changed little
from that of 2206 UTC. The peak spectral radiance occurred at
460 nm. The dominant wavelength was 494.7 nm, and the
excitation purity was calculated to be 3.23%. (c) At 2212 UTC
visual observers noted a greenish cast to the clouds. Spectrum was
recorded looking to the north. The peak spectral radiance occurred
at 460 nm. The dominant wavelength was 522.9 nm, and the
excitation purity was calculated to be 2.12%. (d) For 2232 UTC,
spectrum of a green thunderstorm. Spectrum was recorded 16 km
east-southeast of Mountain Park, looking to the north. The peak
spectral radiance occurred at 536 nm. The dominant wavelength
was 536.8 nm, and the excitation purity was calculated to be
2.86%.

sponse of the blue portion of the spectrum, particularly in the region between 400 and 500 nm. Although
the sky brightness appeared to change little between
2206 UTC and 2212 UTC, the luminance decreased
from 193.9 to 90.5 Cd nr 2 , a reduction of 53.4%.
While these spectra were recorded at the same location and only 6 min apart, the approach of the storm
could have resulted in an increase in the optical thickness of the cloud in the region where the spectral
measurement was taken. If so, the observed shift in
the spectrum toward green is consistent with Bohren's
hypothesis of selective absorption by the water content of the cloud.
We continued to observe the approach of the storm
until the outflow boundary was just to our northwest.
To avoid being caught in the precipitation core and
to allow us to continue to observe the storm, we
moved to a position approximately 16 km to the eastsoutheast of Mountain Park. We attempted to stay in
the same storm-relative position as we were in when
2857
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we recorded the first spectrum of this storm (Fig. 5a).
Observers at this time noticed a dramatic shift in the
color of the storm to a bright bluish green. The observers believed that the sky was brighter; however,
the data show that the luminance had decreased
throughout the observation period, indicating that the
optical thickness of the cloud had increased in the
region where the spectral measurement was taken.
This perceived brightness may be a result of two factors. First, the color of green in the sky is unusual and
may be more noticable against the usual color of the
thunderstorm. Second, as the observer's eyes become
adapted to the dark, the sky appears brighter, even
though objectively it is not. Luminance and brightness
are not the same things. Luminance can be measured
by a machine (as we report) and is the light flux radiated in a given direction per unit area per unit solid
angle (Wright 1969). Brightness cannot be measured
by a machine and is not objective.
Perhaps the most prevalent anecdotal explanation
is that hail is the cause of the green light observed in
conjunction with thunderstorms. Evidence of hail was
reported with this storm long before we recorded our
green spectrum. The squall line was reported to have
produced large hail approximately 72 km to the west
and 80 km to the northwest of our initial location.
Furthermore, WSR-88D radar reflectivity data indicated the possibility of hail up to an hour before we
recorded our spectra. The squall line maintained its
intensity as it passed through our area. We observed
a distinct, gradual shift in the spectral properties of
this severe thunderstorm. During a time when hail was
most likely falling, we observed and recorded spectra of a blue-colored storm. The blue color was observed visually and with the spectrophotometer. As
the storm maintained intensity, we noticed a spectral
shift toward the green. From this data, we are unable
to definitively say that hail was or was not a cause of
the green light. We did, however, observe the storm
to change color from blue to green while we were in
approximately the same storm-relative position. We
may postulate that, as the storm moved closer to our
position, the geometry of our view changed in such a
way that we were able to see the green color. We plan
to continue to take measurements that will, we hope,
allow us to arrive at the cause of the green color in
the clouds.
To complete the data collection on this storm, we
waited again until the storm was in about the same
relative position as in Fig. 5c and then recorded a
spectrum (Fig. 5d) at 2232 UTC looking to the north
2902

under the outflow boundary. Although this is a
slightly different perspective than that for the other
three spectra, the dominant wavelength continued to
increase to 536.8 nm, and the peak in the spectrum
occurred at 536 nm. There was also a further reduction in the luminance of the clouds as the color continued to shift toward the green. The luminance
dropped to 71.5 Cd m~2, approximately one-third of
the value recorded only 25 min earlier. We believe
this to be the first spectrum recorded of a thunderstorm that visually appeared green.
Among those who do not discount observations of
green thunderstorms completely, some persist in the
belief that the green light associated with some severe
thunderstorms is directly attributable to reflection
from green vegetation. Bohren and Fraser (1993) refute this hypothesis with some elementary arguments,
but since it was a simple matter to make some relevant
quantitative observations for comparison, we recorded
spectra of ground cover in the vicinities of green and
nongreen thunderstorms. All of the measurements we
made of the ground were at the ground. Therefore, the
data we collected was not representative of the entire
surface beneath the storm, but rather were point measurements at our observation position. This does not
invalidate our argument. For instance, we recorded a
spectrum (Fig. 6a) of light reflected by the ground
beneath the approaching gust front. This spectrum was

FIG. 6. Spectra of the ground beneath a severe thunderstorm
(solid) and the difference between a "green" (Fig. 5d) storm and
a "blue" (Fig. 5a) storm (dashed). The ground appeared to be
bright yellow-green in color and consisted of growing wheat.
Spectrum was recorded on 7 May 1995 at 2208 UTC in Mountain
Park, looking to the northwest. The peak difference (456 nm)
between green and blue storms does not match the peak of the
green surface cover (552 nm).
Vol. 77, No. 7 2, December 7 996
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chosen as a best case example of a green surface beneath the storm because it consisted of young growing wheat brightly illuminated by sunlight passing
through a thin overcast to the southeast. In actuality,
the ground beneath the entire storm was more than
this; it was a mixture of green fields, plowed fields,
and mixed residential and commercial property. Any
of the nongreen surface color would certainly not
contribute to any green coloration of the clouds if the
ground reflection theory were correct. Let us, for a
best case example, consider the entire surface beneath
the storm to be that represented by this green surface
spectrum. If the most significant color of the thunderstorm when it was green was approximately that of
the ground, we could then argue that light from the
ground was a possible contributor to the green coloration of some storms. This was not found in our
data.
The peak in the recorded spectrum of the ground
occurred at 548 nm, and the dominant wavelength was
572.6 nm. Both agree with the subjective observation
of the wheat color, yellow-green. Also plotted on
Fig. 6b is a difference in the green storm (2232 UTC)
and the blue storm (2206 UTC) spectra. The difference spectrum shows a maximum in the spectral response at the shorter wavelengths, not in the
wavelengths representative of the green surface. The
peak in the difference spectrum is at 456 nm. If ground
reflection, in the ideal case of a carpet of green under
the cloud, were the cause of the green color in this
case, we would expect the difference spectrum to be
at a minimum near 550 nm, at the maximum of the
ground reflection curve.
There is no evidence in the difference spectrum
indicating any influence from the ground, green or
otherwise. With this one observation we cannot rule
out the possibility that, in some cases, reflection of
light by vegetation may be important, but it does not
seem to be the cause for the shift toward green in this
case. Furthermore, Bohren and Fraser (1993) cite reports of green thunderstorms over ground that was
definitely not green. Clearly, reflection by green
ground is not necessary for a thunderstorm to appear
to be green.

6. Case 2—Aircraft observations over
Texas
The second example was from a severe storm near
Sweetwater, Texas, on 31 May 1995. The storms that
Bulletin of the American
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developed were outside the VORTEX domain, so the
ground crews did not operate. To study the storm, the
first author flew on the National Center for Atmospheric Research (NCAR) Electra aircraft. The Electra
encountered two cells that appeared to have been initiated along a mesoscale outflow boundary. The
two cells merged around 2100 UTC, and a large hook
echo and mesocyclone developed near Sweetwater.
Another cell developed to the south, and at 2143 UTC
the Electra flew to the southern cell and began radar
studies. The "racetrack" patterns flown by the Electra
were predominantly oriented east-west, giving us a
view of all the storms to the north. The aircraft windows were clean and untinted, offering us a clear view
of the storms.
We were able to obtain 30 spectra of light emanating from the region of the storms, many of which were
green in color. Green light emanated primarily from
the core precipitation area and was observed visually
to be brightest just under the cloud base. Figure 7
shows three spectra recorded between 2019 UTC and
2057 UTC. For the spectrum recorded at 2019 UTC,
the instrument was pointed just under the cloud base.
The color of the cloud was observed to be dark blue.
The spectrum peak was at 452 nm, and the dominant
wavelength was 479 nm. This is in the spectral region
usually associated with the color blue. At 2039 UTC
a spectrum of the same storm revealed a slight shift
in the spectral characteristics. At that time we observed the precipitation core taking on a greenish cast.
The spectral peak had shifted 8 nm toward green, and
the dominant wavelength had also shifted toward
green. The trend toward green continued, visually and
as measured by the instrument, for as long as we observed this storm. As in the previous example, the
luminance decreased as the color of the clouds shifted
toward green. The last spectrum of light from this
storm was recorded at 2057 UTC. The dominant
wavelength had shifted to 489.5 nm.
Again, to check the possibility that ground reflection might have a role, we recorded a ground spectrum at 2034 UTC (Fig. 8). The ground under the
storm was a mix of plowed fields and green crops. In
this case, the luminance from the ground was approximately one-third that of the clouds (2039 UTC), indicating a much weaker light source for illuminating
the base of the cloud. Furthermore, the dominant
wavelength of the light f r o m the ground was
582.8 nm, which was very different from the green
spectrum (485.8 nm) recorded only 5 min later at
2039 UTC.
2857
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FIG. 7. Spectra of a thunderstorm observed to be dark blue and
blue-green in color. The ordinate is plotted in logarathmic coordinates in order to show the large differences between the curves.
These spectra was recorded from the NCAR Electra aircraft on
31 May 1995 near Sweetwater, looking to the north, (a) At
2019 UTC the storm appeared visually to be blue in color. The
peak spectral radiance occurred at 452 nm. The dominant wavelength was 479.0 nm, and the excitation purity was calculated to
be 12.19%. (b) For 2039 UTC, spectrum of a precipitation core
of a severe thunderstorm observed to be light blue-green in color.
The peak spectral radiance occurred at 460 nm. The dominant
wavelength was 485.8 nm, and the excitation purity was calculated to be 9.72%. (c) For 2057 UTC, spectrum of very bright,
light-blue-green-colored clouds associated with a severe thunderstorm near Sweetwater. The peak spectral radiance occurred
at 460 nm. The dominant wavelength was 489.5 nm, and the excitation purity was calculated to be 7.98%.

thunderstorms that appear green to the human observer from both ground level and from the air. We
have further demonstrated that the optical properties
of thunderstorms do undergo transformations, often
with a change in color toward green, during their lifetimes. The change in color is gradual, but it may appear dramatic to an observer between observation
intervals as short as one-half hour. We have also found
that although the luminance of the clouds is decreasing as the color of the clouds shifts toward green, observers often perceive the green clouds to be brighter.
This may be attributable to the fact that green is an
unusual color overhead and, therefore, may be more
striking to the observer. We have seen from our aircraft data that the green color may last for an extended
time, although an observer on the ground would note
the color only as the storm passed overhead.
Much of the folklore regarding green thunderstorms involves the notions that hail or ground reflections cause the coloration of the clouds. We have
shown that ground reflections alone cannot account
entirely for the green coloration. Furthermore, we
have seen both green and nongreen clouds, in the
same storm, which almost certainly had hail during
the entire observational period. This does not rule out
the possibility that the presence of hail may contribute to the green appearance of some thunderstorms,
but it does suggest that the presence of hail may not
be required in order for a storm to appear to be green.
It is possible that the storms observed to be green in
these two cases satisfy the requirement of Bohren's

7. Conclusions
During the spring and summer of 1995, we used a
portable spectrophotometer to record the spectrum of
visible light transmitted and reflected by thunderstorms in Oklahoma, Colorado, Texas, Kansas, and
Florida under a variety of conditions. The principal
objective was to test the hypotheses of Bohren and
Fraser (1993) pertaining to the occurrence of thunderstorms that appear to be green to the human observer.
Conventional wisdom and general folklore, at least in
the Midwest and Great Plains, often attribute the green
appearance of thunderstorms to the presence of hail.
Until now, there has been no objective documentation
of the occurrence of green storms in conjunction with
thunderstorms or deep convection.
We have demonstrated that green thunderstorms
exist, although the exact definition of green is visually subjective and is based upon the perception of the
observer. We have observed and recorded spectra of
2902

FIG. 8. Spectrum of the ground under a blue-green-colored
severe thunderstorm. Spectrum was recorded from the NCAR
Electra aircraft on 31 May 1995 at 2034 UTC near Sweetwater,
looking to the north. The dominant wavelength is 582.8 nm, and
the excitation purity is calculated to be 13.65%.
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hypothesis (which does not require hail), but were
also so large that hail was produced by them as a
byproduct.
During all these observational periods, we did not
encounter a situation that fit the anecdotal description
of an eerie, sickening, yellow-green light that is often reported in coincidence with exceptionally severe
storms. Indeed, the color slides taken with the spectral measurements do not show the spectacular coloration of the storms reported by observers in the
field, although the spectral measurements clearly confirmed the subjective impression of the color of the
storm. Our goal for the 1996 storm season is to encounter one of the more extreme examples of green
thunderstorms and to document the event photographically and spectrally.
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There are few facets of modern physical oceanography that have not benefited from the influence of Henry Stommel. His creative zeal
knew little bound as his interests developed from regional issues such as the circulation in estuaries and convection in atmospheres
and ponds to the large-scale general ocean circulation that carried the stamp of his ideas for more than 40 years. Gathered together
in this three-volume set is virtually all of his published work, along with a selected sampling of some of his unofficial publications.
The three volumes combined contain over 1900 pages and cost only $95 for members, $160 for nonmembers, and $50 for students,
shipping and handling included. Please send prepaid orders to: Order Department, AMS, 45 Beacon St., Boston, MA 02108-3693.
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