CONSIDERATIONS ON
DAYLIGHT OPERATION OF INVERSUS 3.7-jtmi CHANNEL ON
NOAA AND METOP SATELLITES
BY DANIEL ROSENFELD, ELSA CATTANI, SAMANTHA MELANI, AND V I N C E N Z O LEVIZZANI

The 3.7-jum channel is advantageous for most cloud applications because of the greater
sensitivity to cloud-top microstructure and smaller surface and 3-D effects.

B

eginning with the NOAA-15
spacecraft, the sensor, the limitation of transmitting only five
launched on 13 May 1998, a channel at 1.6 jum, channels simultaneously remains. The spectral span
called 3A, was added to the new generation of the AVHRR/3 channels and their main applications
Advanced Very High Resolution Radiometer are presented in Table 1.
(AVHRR/3) on board the
National Oceanic and AtTABLE 1. The spectral span of the AVHRR/3 channels and their main
mospheric Administration
applications.
(NOAA) polar orbiting satellites. The major purpose
Wavelength (/zm)
Channel
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of the new channel is for
0.58-0.68
1
Daytime cloud and surface mapping
improving snow and ice
detection. Channel 3A is
2
0.725-1.00
Land-water boundaries
time shared with the pre1.58-1.64
3A
Snow and ice detection
existing 3.7-jUm channel,
3B
Night cloud mapping, sea surface temperature
3.55-3.93
now called channel 3B.
Although AVHRR/3 is a
4
10.30-1 1.30
Night cloud mapping, sea surface temperature
six-channel radiometer, as
1 1.50-12-50
Sea surface temperature
5
with previous versions of
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Depending on the satellite channel, 3A is operated
during the daylight portion of the orbit and channel
3B at nighttime, or channel 3B is operated continuously. For example, NOAA-15 is the current backup
m o r n i n g satellite with an equator crossing time of
0730 Local Solar Time (LST) and operates channel 3B
continuously because of the poor solar illumination
offered for 1.6-/jm operations. The primary operaw h i c h was
t i o n a l m o r n i n g satellite, NOAA-17,
launched on 24 June 2002, has an equator crossing
time of 1000 LST and switches between channels 3A
and 3B as discussed above. The primary afternoon
satellite, NOAA-16, launched on 21 September 2000,
operates the 3.7-jum channel, 3B, continuously in support of global fire detection. All three satellites provide High Resolution Picture Transmission (HRPT)
for direct readout and local use.
The 1.6- and 3.7-jum wave bands can both be used
for the following major cloud applications/retrievals:
•
•
•
•

cloud drops effective radius, re (Nakajima and King
1990; Baum et al.2000).;
cloud phase (ice or water) (Hutchison 1999; Inoue
2000; Inoue and Aonashi 2000);
discrimination between clouds and ice or snow on
the ground (Hutchison 1999; Inoue 2000); and
identification of ice and snow on the ground, and
sea ice (Hutchison et al. 1997).

The 1.6-jUm spectral band, together with the channel in the visible (VIS) spectral range, helps discriminate between small aerosols and desert dust, although
a quantitative analysis of the 0.65- and 0.9-^m radiances can provide similarly unambiguous discrimination, as in the case of the Moderate Resolution Imaging Spectrometer (MODIS) (King et al. 1992, 2003).
The perceived changes brought about by the new
sensor can be summarized as follows.
•

Solar reflection and thermal emission occur simultaneously within the 3.7-jum waveband and therefore need to be separated for quantitative applications, while the 1.6-jUm wave band only detects
reflected solar radiation.
• Cloud observations with the 3.7-jUm channel are
much less affected by surface contamination than
those at 1.6 jum, thus the 3.7-jum channel measures
more faithfully and unambiguously the effective radius of the particles near cloud tops. Contributions
to the m e a s u r e d 1.6-^m r a d i a t i o n c o m e f r o m
deeper in the cloud, producing an integrated signal from both cloud top and the inner portions of
the cloud, including surface contributions.
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•

The 3.7-^m radiation field is affected by the atmospheric water vapor, so that the radiances have to
be corrected for this effect. In contrast, the 1.6-^m
radiation is negligibly affected by a t m o s p h e r i c
water vapor.

These apparent advantages of the 1.6-^m wave
band made it readily applicable for rendering quite
informative color composite images that highlight
areas of ice and snow on the ground as well as the
presence of glaciated clouds. However, as it will be
shown here, the 3.7-jum wave band has advantages
over the 1.6-^m wave band for several major cloud
applications that can be realized by removing the thermal component from the wave band and correcting
for the water vapor absorption.
A synergetic use of both wave bands best addresses
the ambiguities between cloud-top effective radius,
internal cloud microstructure, and surface contribution, a n d this r e p r e s e n t s the best sensor choice.
Unfortunately, only one of the two channels may be
selected at any given time on the AVHRR/3. It is the
view of the authors that the 3.7-jum channel provides
more value than the 1.6-/im channel, and thus the
3.7-jum channel should be operated continuously.
There is a need for an informed process that involves
the users and scientific communities, for determining the operational mode of AVHRR/3, which would
lead to optimal use of present and future operational
satellite resources of NOAA and EUMETSAT.
DRAWBACKS OF USING THE

CHANNEL

3A O P T I O N . A m a j o r setback is the loss of the
3.7-jUm channel's ability to locate hot spots, an indicator of fires. Fires typically occur during daytime,
and can be detected in their very early stage by low
Earth orbiting (LEO) satellites, much earlier than by
the geostationary (GEO) satellites because of the better spatial resolution offered by the AVHRR. Therefore, the early warning capabilities of fire signature
detection and fire characterization is considerably undermined if channel 3B is switched off. In fact, during the Colorado forest fire episode in June 2002,
NOAA-16 was operated with channel 3B switched on
during the daylight portion of the orbit and continues in that mode today.
An application of critical importance for a variety
of meteorological and climate applications is the retrieval of cloud properties. Cloud effective radius and
thermodynamic phase are used for a great number of
applications, and those properties are mainly determined using the 3.7-^m channel data. At the time, the
operational scenario for channels 3A and 3B were
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decided upon by the satellite operator, NOAA, many
of those applications were just emerging and thus did
not play a crucial role in the channel selection decision. Now however, it is time to revisit the operational
scenario for channels 3A and 3B since cloud microphysics as derived from VIS, near infrared (NIR), and
infrared (IR) channels will soon enter the chain of
operational meteorology. With a great deal of simplification, the upcoming applications can be summarized as
retrieval of liquid water path (e.g., Han et al. 1999);
retrieval of supercooled water in clouds (Rosenfeld
and Woodley 2000);
• r e t r i e v a l of p r e c i p i t a t i o n f o r m i n g p r o c e s s e s
( R o s e n f e l d a n d L e n s k y 1998; R o s e n f e l d a n d
Woodley 2003);
• improved rainfall measurements from space and
ground based radars (Rosenfeld and Ulbrich 2003);
• improved satellite rainfall measurements using
VIS/IR multispectral methods (e.g., Ba and Gruber
2001; Levizzani et al. 2001; Sorooshian et al. 2000;
Vicente et al. 1998) and microwave (MW) algorithms, especially rapid update blended techniques
(e.g., Todd et al. 2001; Turk et al. 2000);

•
•

•

identification of cloud types, convective or stratif o r m , by their m i c r o s t r u c t u r e (Rosenfeld a n d
Lensky 1998) and identification of the early stages
in the development of severe storms;
• identification of air pollution by the impact on
cloud microstructure (Rosenfeld 1999, 2000); and
• climate impacts of aerosols by their interactions
with clouds (e.g., Nakajima et al. 2001; Breon et al.
2002).

rendering clouds m u c h more opaque at the longer
wavelength. Therefore, the satellite observed radiation
at 3.7 jum comes mostly from cloud top, whereas a significant fraction of the 1.6-jum radiation can originate
from the lower parts of the cloud and the underlying
surface. Figure 1 demonstrates this point: it shows the
m i n i m u m cloud depth necessary to neglect the surface c o n t r i b u t i o n to the t o p - o f - t h e - a t m o s p h e r e
(TOA) reflectance at the two wave bands.
In deep convective clouds where the surface effects
are no longer an issue there are substantial differences
between r obtained from 1.6- and 3.7-/urn radiation.
Platnick (2000) carried out radiative transfer computations and developed weighting functions that estimate the vertical penetration of photons into a cloud.
Using Platnick's (2000) weightings of maximum vertical photon penetration it was found that photons at
1.6 jum can penetrate more than four times deeper
into deep convective clouds than photons at 3.7 jum,
in accordance with our calculations shown Fig. 1.
Therefore, while 3.7-jum radiation is influenced by the
properties of the uppermost 100-200 m of the convective cloud, 1.6-jUm radiation originates f r o m as
deep as 500-1000 m in that same cloud. If the cloud
reaches precipitation potential, precipitation particles
from the deeper portions of the cloud increase the retrieved 1.6-jum re compared to 3.7-jum retrieved val-

Theoretically, both 1.6- and 3.7-jum channels are
equally suitable for retrieving cloud particle effective
radius and t h e r m o d y n a m i c phase. This is true if
clouds are vertically homogeneous and surface properties are well k n o w n (Baum and Spinhirne 2000;
Rolland et al. 2000); however, those two assumptions
are rarely valid.
THEORETICAL

CONSIDERATIONS.

The

physical principle guiding the different radiative response at the 1.6- and 3.7-jum wave bands depends
f u n d a m e n t a l l y u p o n the bulk properties of water
droplets and ice crystals (Liou 1992). The absorption
of ice is about double that of water in both wave bands,
making them equally suitable for distinguishing between water and ice.
Note, however, that absorption at 3.7 jum is greater
by almost two orders of magnitude than at 1.6 jum,
AMERICAN METEOROLOGICAL SOCIETY

FIG. I. Sensitivity of 1.6- and 3.7-jUm channels to desert
and sea surface effects for two values of the retrieval
accuracy (Are), 0.5 and I ^m. For each re and Are the
corresponding reflectance accuracy has been determined for an optically thick cloud. Cloud geometrical
thickness that is required to mask the surface effects
to within Are as a function of re is shown for a cloud with
a liquid water content (LWC) of I g m - 3 . Calculations
are based on the Signal Simulator for Cloud Retrieval
( S S C R ) radiative t r a n s f e r c o d e ( s e e o n l i n e at
www.ccsr.u-tokyo.ac.jp/-clastr/). Satellite and solar zenith angles are 5°, and the relative azimuth 80°.
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ues that represent mainly near-cloud-top particles.
Because cloud drops grow monotonically with height
in nonprecipitating convective clouds, in such clouds
the 1.6-jUm retrieved re from deeper in the cloud will
be smaller than the 3.7-jum values. This logic has been
the basis for using the 3.7-jum near-cloud-top rg for
determining the microstructure and precipitation
processes of convective clouds (Rosenfeld and Lensky
1998; Rosenfeld and Woodley 2003). This important
application is not possible with 1.6 /xm r .
Reflectance at 3.7 jum decreases with increasing r ,
and saturates at re > 30 jlim, whereas the 1.6-jum channel is sensitive to much higher values of r . However,
the saturation of the 3.7-^m signal for these large
drops is compensated by their fast precipitation from
cloud top into the deeper cloud layers where little radiation from 3.7 jam reaches the satellite sensor. On
the other hand, ice particles with re greater than those
causing saturation of the 3.7-jum reflectance are quite
common in glaciated cloud tops. In this case, the additional information provided by the 1.6-jum wave
band can be essential.
The optical thickness of a cloud with a given water content and fixed geometrical depth is sixtimes
greater for small (r g = 5 jum) c o m p a r e d to large
(r = 30 jum) droplets. Furthermore, clouds with large
r typically contain m u c h less water because cloud
droplets coalesce and precipitate quickly. In addition,
the larger droplets also freeze faster at supercooled
temperatures. This explains the much smaller liquid

water content in maritime clouds with respect to continental clouds (Zipser and LeMone 1980; Black and
Hallett 1986), especially when they are supercooled
(Rosenfeld and Woodley 2000; Khain et al. 2001). The
limitation of using the 1.6-jum wave band for retrieving cloud-top properties is thus further exacerbated.
T h r e e - d i m e n s i o n a l effects such as lateral c l o u d
boundaries in convective elements strongly affect the
1.6-jUm radiation (Varnai 2000). Those effects are far
less important in the m u c h more absorbed 3.7-jum
radiation (Fu et al. 2000). A final consideration is that
a correction for water vapor absorption has to be applied to the 3.7-^m radiation since water vapor significantly impacts the re retrieval in this channel but
not at 1.6 /im.
E X A M P L E S . A few examples will now be used to
clarify the theoretical radiative transfer considerations
of the last section.
Surface effects. M O D I S imagery of stratocumulus
clouds over the Mediterranean sea surface and semidesert land in the Middle East are shown in Figs. 2
and 3, respectively. The stratocumulus cloud deck
seems best identified at 3.7 jum over the dark sea surface as shown by the T - r diagram (see Rosenfeld and
Lensky 1998) in Fig. 2, which delimits the cloud vertical extent between the 0 and - 5 ° C isotherms. The
same procedure apparently failed at the shorter wavelengths. Partially cloudy pixels over the dark sea sur-

FIG. 2. 0820 UTC 4 Dec 2001.
MODIS image of shallow conv e c t i v e and s t r a t o c u m u l u s
clouds over t h e southeastern
corner of t h e Mediterranean
Sea. The color composite associates red to the visible, green to
the 3.7-/zm reflectance, and blue
to the brightness temperature,
according to the color scheme
of Rosenfeld and Lensky (1998).
The T - re diagrams refer to the
MODIS version-3 official re product at 1.6, 2.1, and 3.7 /im. The
different curves from black to
pink in the T - re diagrams refer
t o the various percentile lines
with the median (50th percentile) in yellow. Clouds occur at
the temperature range of 0° to
-5°C. Note that surface contamination creates false clouds at higher temperatures, with a false increase of the
re of these partly cloudy pixels. This effect is most obvious at 1.6 jllm, lesser at 2.1 /zm, and completely absent
at 3.7 /an. At 3.7 fim, the MODIS cloud mask classifies fully cloudy also pixels that are partially cloudy and then
the retrieval algorithm finds values that are out of range and rejected.
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face are characterized by
T > 0°C (below cloud base)
and reflectance values
smaller than those of fully
cloudy pixels over the same
surface. This causes an increase in the r e values at
2.1 jum and 1.6 jum (Fig. 2),
which is n o t expected in
these shallow convective
clouds (Rosenfeld and
Lensky 1998).
The algorithm failed at
3.7 jum over land. Platnick
et al. (2003) point out the
difficulty of cloud masking
over nonvegetated surfaces
and transitional areas between desert and vegetated
surfaces. Surface contamin a t i o n d e c r e a s e s t h e retrieved effective radius if
the surface is brighter than
an infinitely optically thick
cloud with the same micros t r u c t u r e t h r o u g h o u t its
entire depth. Apparently,
the semidesert surface in
Fig. 3 is brighter than the
cloud at 3.7 a n d 2.1 /urn,
causing a decrease with
i n c r e a s i n g T in t h e retrieved r e at the w r o n g l y
i d e n t i f i e d c l o u d y pixels
where T > 0°C. The problem h e r e is t h a t t h e decrease of the retrieved r
e

FIG. 3. Same as in Fig. 2 with the same cloud deck, but over the semidesert
land area off the southeastern corner of the Mediterranean Sea. Here the
clouds are shallower and the surface effects are stronger than over the sea.

FIG. 4. 1628 UTC 13 Apr 1998. TRMM image of convective clouds over the
Amazon, analyzed as in Fig. 2 with the superimposed PR-derived rain areas.
The T - re diagrams for the 1.6- and 3.7-jum channels refer to the product of
the algorithm by Rosenfeld and Lensky (1998). The precipitating areas as depicted by the TRMM PR are marked with white dots. Although clouds are
precipitating according to the TRMM PR, no rainout is evident in the 3.7-/zm
T - re diagram, suggesting only moderately active warm rain processes. The
1.6-jUm re are larger and scattered more widely than those retrieved at 3.7 jum
show. The vegetated surface contamination increases the 1,6-jum reflectance
of shallow clouds and induces a false decrease in the retrieved re at the shallowest portions of the clouds, with the highest T.

with increasing T is what is
to be n o r m a l l y e x p e c t e d
(Rosenfeld a n d W o o d l e y
2003). When moving to the
even shorter wavelength of
1.6 jum, the retrieval over
land (Fig. 3) seems c o m pletely useless f o r t h e s e
clouds.
Figure 4 is for microphysically maritime convective clouds over the Amazon observed by the Visible
and Infrared Sensor (VIRS) on board the Tropical
Rainfall Measuring Mission (TRMM). Rain areas are
displayed as observed by the Precipitation Radar (PR)
on board that satellite. For these deeper precipitating
clouds with large droplets a false decrease with deAMERICAN METEOROLOGICAL SOCIETY

creasing height of the 1.6-jum r occurs over the vegetated surface—recall that vegetated surfaces appear
bright at 1.6 jum. The criterion for rejecting partially
filled cloudy pixels is based on the selection of the
pixels with VIS reflectance > 0.4. If no surface contamination had been present in the fully cloudy pixels, the clouds would have been darker than the surJUNE 2004
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face at 1.6 jam. Therefore, surface contamination induces a false decrease of the retrieved re, as is evident
by comparing the vertical profile of the 1.6-jum r to
that of the 3.7-jum channel where surface effects do
not play such a disrupting role.
A similar analysis of TRMM observations of shallow convective clouds over the equatorial west Pacific
(Fig. 5) shows that the contamination by the dark sea
surface sharply increases the 1.6-jum effective radius
of the shallowest clouds. Only a hint for such an increase was observed at 3.7 jlim.
It is very difficult to correct for surface effects over
land areas with large albedo variability. The highly
noisy r value at 1.6 jum over a densely vegetated area
of the Amazon in Fig. 4, compared with the very tight
T- r relation based on the 3.7-jum channel, are a clear
demonstration of that problem.
Precipitation effects. In precipitating clouds there is a
rapid increase of r > in a t o p - d o w n direction, accounting for the progressively increasing number and size
of precipitation h y d r o m e t e o r s w h i l e a p p r o a c h i n g
cloud base. This consideration also concerns ice hydrometeors developing in supercooled clouds, because
the ice hydrometeors absorb very strongly the 1.6-jum
radiation, thus contributing to increase the cloud top
r values because of the larger particles beneath.
Maritime clouds are typically composed of large
droplets, which coalesce quickly into drizzle and raindrops. The 3.7-jum T - r relationships of such clouds
are typified by a rainout signature (Rosenfeld and
Lensky 1998; Rosenfeld and W o o d l e y 2003). The
rainout is characterized at cloud top by an initial increase of re with decreasing T, reaching a constant re

value (« 25 jum) because the additional growth is balanced by the precipitation of the largest drops from
cloud top deeper into the cloud. However, the 1.6-jUm
radiation i n c o r p o r a t e s c o n t r i b u t i o n s f r o m m u c h
deeper into the cloud, being strongly affected by the
larger drops that precipitated f r o m the cloud top.
Therefore, the flattening of the r profile in the rainout
zone does not occur at 1.6 jum and the values of the
retrieved re are unrealistically high, corresponding to
drops much larger than 35 jum. The shallow convective precipitating system over the ocean in Fig. 5 displays a well-defined rainout zone at the 3.7-jum wave
band around 27 jum, while the r values at 1.6 jum are
off scale and unrealistically large. Another example
of precipitating clouds is shown in Fig. 4 over land in
the Amazon, where no rainout zone is evident, suggesting only a moderately active warm rain process.
In this case, the retrieved re values at 1.6 ^ m are exaggerated with respect to 3.7 jum, to a smaller extent than
in the raining-out clouds in Fig. 5. Nevertheless, once
again, precipitation induces larger values and scatter
of r at 1.6 jum for a given T compared to the tighter
3.7-jum T - r relationships.
Anvils of severe storms. Both 1.6- and 3.7-jum wave
bands perform equally well in detecting ice particles
on top of glaciated clouds. The 1.6-jum channel saturates at much larger particle sizes than the 3.7 jum, so
that it can detect larger ice particles near cloud tops.
However, this has little impact on the analysis of intense convective storms, apparently because ice particles forming in their vigorous updrafts do not often
reach the effective size at which the 3.7-jum wave band
saturates.

FIG. 5. 0051 UTC 8 Nov 1998. VIRS TRMM image of shallow convective clouds
over the equatorial west Pacific, colored as in Fig. 2. N o t e the rainout zone
above the I3°C isotherm in the 3.7-jUm T - re diagram, indicating highly developed warm rain processes. Retrievals at 1.6 ^m produce off scale, unrealistically large cloud drops for the rainout zone. Surface contamination in the 1.6jUm radiation causes the clouds to look darker and induces a false increase in
the retrieved re at the shallowest portions of the clouds, with the highest T.
878
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T h e f i r s t a c c o u n t s of
3.7-jUm microphysical signatures observed from satellite on top of deep convective
storms
were
r e p o r t e d by Liljas (1984,
1986) a n d Levizzani a n d
Setvak (1996). In particular, Levizzani a n d Setvak
(1996) reported a source of
small ice crystals emanating in the vicinity of overshooting updrafts on top of
intense convective storms.
The small ice crystals above
the anvil are organized into
plume downstream from
the overshooting top area,
often having a structure
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similar to that of a smoke plume emanating from an
industrial chimney. Radiative transfer computations
by Melani et al. (2003a, b) have clearly attributed the
observed increased 3.7-jum reflectance to plumes of
small ice particles that are more accurately detected
at 3.7 jum.
C O N C L U S I O N S . The design of the A V H R R / 3
sensor on board NOAA and METOP satellites forced
the selection of either the 1.6- or the 3.7-jum channel,
so that they are not available simultaneously. The
1.6-jUm channel has been selected for daytime operation for the NOAA-17 satellite (note the change in
equator crossing time for N O A A ' s AM satellites).
However, the 1.6-jum channel is m u c h less suitable
than the 3.7 jum for almost all cloud applications.
1) The retrieved r at 3.7 jum provides rather unambiguous values for cloud-top particles when properly corrected for water vapor absorption, whereas
the r at 1.6 jum refer to an integrated signal from
both cloud top and the inner portions of the cloud,
with a substantial contribution from precipitation
that may exist.
2) Often reflected radiation from the underlying surface introduces significant interference for the
1.6-jum channel.
3) The two points above have a substantial impact on
precipitation measurements and emerging applications of cloud-aerosol interactions and air pollution monitoring.
4) The 1.6-jUm channel appears advantageous for
surface ice and snow detection because it takes
less p r o c e s s i n g , b u t t h e 3.7 jum can be u s e d
equally accurately, especially u n d e r high solar
zenith angles.
5) The 3.7-jum c h a n n e l has advantages over the
1.6-jum channel for thin clouds and particularly
for thin fog detection.
6) The 3.7-jum channel is necessary for the timely detection and warning of new small hot spots from
fires that tend to break out during the daytime and
often are not detectable when they are small from
geostationary orbit.
7) Most applications for cloud-related information
require m u c h greater timeliness than those for
surface and sea ice. Furthermore, the availability
of MODIS on TERRA and A Q U A satellites (in
both retrospective and real-time direct readout)
should enable NOAA to resume daylight operations with the 3.7-jum waveband of the AVHRR/
3 to enhance operational cloud, fog, and hot spot
applications.
AMERICAN METEOROLOGICAL SOCIETY

8) The climate record of the AVHRR 3.7-jum r must
be c o n t i n u e d , for a consistent m o n i t o r i n g of
t r e n d s in cloud p r o p e r t i e s a n d the way they
change, mainly due to aerosols.
In summary, the decision to operate the 1.6-jum
channel on AVHRR/3 during daytime instead of the
3.7-jum channel apparently did not have the benefit
of some of the insights provided herein, which explain
why the 3.7-jum channel is preferable. However, this
decision is easily changed for the operations of present
( A V H R R / 3 ) a n d f u t u r e sensors ( A V H R R series,
METOP and others) of all major agencies. That being realized, it remains that the use of combined 1.6,
2.1, and 3.7 jum in simultaneous operation (Chang and
Li 2002) with future satellite sensors will be the best
choice of all.
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