
1. Introduction
Water, one of the most ubiquitous substances on Earth, naturally occurs in a triad of phases as either a solid, 
liquid or gas. The gaseous component of the water cycle is a key ingredient in regards to subsequent formation of 
precipitation, which ultimately provides necessary nourishment for the ecosystem. Measuring the occurrence and 
location of water vapor in the atmosphere is crucial for ensuring accurate weather forecasting, capturing energy 
transport, and investigating the radiative effects on atmospheric and surface conditions. Thus, it is important to 
observe the spatial distribution of water vapor at various altitudes.

The first geostationary orbit satellite with water vapor imaging capability was the Meteosat-1, a European Me-
teorological Geostationary Satellite launched in 1977. The Meteosat series carried an imaging radiometer with a 
5.7–7.1 μm water vapor channel (Morel et al., 1978). Since that time, all the world's geostationary imagers have 
continued this tradition, although there have been additional spectral bands, with narrower spectral widths (Ack-
erman et al., 2019). The short wavelength side of the water vapor absorption band, approximately 5–6 μm, has 
fewer other absorbing gases, and should be considered for imaging applications. In fact, a number of designed, 
launched or to be launched, geostationary sounders employ the short wavelength side of the water vapor band, 
including the Geostationary Imaging Fourier Transform Spectrometer (Smith et al., 2009), the Geosynchronous 
Interferometric Infrared Sounder (GIIRS, Yang et al., 2017) and the hyperspectral Infrared Sounder (Holmlund 
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Plain Language Summary Long before images are sent back to Earth from satellites, the needed 
spectral bands have to be specified. The band specification includes attributes such as the wavelength centers, 
widths, and signal-to-noise ratio. This paper investigates the rationale for including data from a region of the 
electromagnetic spectrum that has not been used for imaging from geostationary orbit. If implemented, these 
short wavelength water vapor bands would provide unique information regarding low-level moisture and mid-
level turbulence. This paper quantifies the expected reflected component from the sun and the influence of land 
heating on observations, both of which are relatively larger at shorter wavelengths.
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et al., 2021). For example, one of the spectral regions covered by China's GIIRS is 6.06–4.44 μm (1,650–2,250 
cm‒1). There are many uses of geostationary sounders including information on temperature and moisture pro-
files, derived atmospheric stability, atmospheric composition (such as ozone), and the u and v components of the 
wind at various altitudes (Menzel et al., 2018; Schmit et al., 2009).

Even though the short wavelength side may be included by geostationary sounders, it also should be considered 
to add bands to the world's operational imagers at shorter wavelengths because imagers offer a faster refresh and 
finer spatial resolution. These bands may even be possible at a nominal 1 km resolution, allowing the resolution 
of finer features, such as atmospheric turbulence or moisture gradients. These new, short wavelength water vapor 
bands could supplement the current 16 spectral bands on advanced imagers, such as the Japan Advanced Himawari 
Imagers (Bessho et al., 2016), United States Advanced Baseline Imager (ABI, Schmit et al., 2017, 2018), Ko-
rea Advanced Meteorological Imagers (Choi & Ho, 2015) and Europe's Flexible Combined Imager (Holmlund 
et al., 2021). China's Advanced Geosynchronous Radiation Imager has 14 spectral bands, but subsequent versions 
will have 18 spectral bands (Yang et al., 2017). Currently the U.S. is defining its constellation and instrument 
suite for a geostationary suite as a follow-on to the GOES-R series.

As was done with the spectral selection of the GOES-16 Advanced Baseline Imager, there are many factors to 
consider (Schmit et al., 2005), including continuity with previous instruments and synergy with other instruments 
in low earth and geostationary orbits. Yet, advances are also needed to better monitor the earth-atmosphere sys-
tem. A number of attributes may be competing, for example, a wider instrument response will improve the signal-
to-noise ratio, but may also average over differing spectral features. Hence, when exploring new spectral bands, 
not only is the central wavelength an important consideration, but also the band's spectral width and shape. One of 
the main advantages of considering short wavelength bands for imaging purposes is that there is less blurring due 
to diffraction compared to longer wavelengths, allowing for finer spatial resolution. These enhanced images are 
desirable in order to detect water vapor features in greater detail and improve atmospheric turbulence detection.

This paper uses a spectral response function from the ABI to estimate the implications of shifting the central 
wavelength to the short wavelength side of the mid-infrared water vapor absorption band. Proposed bands are 
chosen to optimize remote sensing sensitivity of mid-level and low-level water vapor. A short wavelength water 
vapor band around 5.6 m would help better detect turbulence if spatial resolution is improved to nominally 1 km. 
A second band at 5.1 μm could sense lower level moisture, without interference from other absorbing gases. 
Weighting functions are modeled in order to determine the atmospheric pressure levels from which radiation is 
emitted. The weighting functions are compared to other existing ABI bands if applicable. A complete investiga-
tion also includes estimating the reflected solar component and diurnal surface temperature contribution to the 
observed brightness temperatures for a variety of environmental factors, including solar zenith angle, precipitable 
water vapor, and surface emissivity. These results will help inform decisions regarding the band selection of the 
next generation of geostationary imagers.

2. Imaging Bands in the Mid-Infrared Water Vapor Absorption Band
The radiative effects of atmospheric constituents, with the primary focus on water vapor, are simulated to un-
derstand how band selection will effect radiances and brightness temperatures (Tb). To test out a range of con-
ditions we use six different standard atmospheres, including mid-latitude summer, mid-latitude winter, tropic, 
U.S. standard, sub-Arctic winter, and sub-Arctic summer profiles (McClatchey et al., 1972; Minzner, 1977). The 
standard profiles are input into a forward model to determine the resultant brightness temperatures and ultimately 
estimate the moisture detection capabilities.

Spectral signatures of seven gases of interest, as measured in the U.S. Standard Atmosphere (Figure 1, top panel), 
indicate the impacts (in Tb difference) caused by removing these atmospheric components individually using the 
fast radiative transfer model RTTOV v11.3 (Matricardi et al., 2001; Saunders et al., 1999), whereas the influ-
ence of 1000 DU of SO2 was modeled with the Pressure–layer Fast Algorithm for Atmospheric Transmittances 
(Hannon et al., 1996). How radiation emitted from the Earth interacts with various absorbing gases, in clear-sky 
scenes, dictates where imager spectral bands are, or are not, placed. For example, if one wants to monitor SO2 
associated with volcanic eruptions, then one may want bands covering 7.3 and 8.6 μm. One also might want to 
utilize nearby spectral bands, such as 7.0 μm, that are not sensitive to SO2 for baseline comparisons. In this paper 
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the focus is on improving the capability for monitoring H2O, which has the wide and strong spectral signature 
from 5 to 8 μm (Figure 1, top panel).

2.1. Radiative Transfer Model

The radiative transfer model used to investigate two proposed bands at 5.1 and near 5.6 μm (to be introduced 
in Section 2.2) is the Principal Component-based Radiative Transfer Model (PCRTM, Liu et al., 2006). These 
exploratory center wavelengths are shorter than the ABI bands so it is necessary to model the solar contribution 
to simulated brightness temperatures using the PCRTM version 4.2 which is capable of modeling reflected solar 
radiation (Liu et al., 2016). The Infrared Atmospheric Sounding Interferometer (IASI, Hilton et al., 2012) in-
strument model within PCRTM is used to generate continuous radiance spectra covering the wavelength range 
4.2–15.5 μm sampled at 0.25 cm−1. The primary inputs to PCRTM are surface emissivity, solar zenith angle 
(SZA), skin temperature, surface pressure, profiles of atmospheric temperature, and concentration profiles of 

Figure 1. The top panel indicates the spectral impacts (in brightness temperature difference) of seven gases of interest (colored lines) as measured in the U.S. standard 
atmosphere spectrum, caused by removing these atmospheric components individually in a forward model. The bottom panel shows modeled brightness temperatures 
using the U.S. standard atmosphere. The spectral response functions of three GOES-16 Advanced Baseline Imager infrared bands and the two proposed bands we will 
explore in this paper are normalized and then scaled to illustrate overlap across the brightness temperature spectrum.
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various atmospheric constituents across 101 pressure levels. The input pro-
files of temperature and various atmospheric molecules are from one of the 
six standard profiles mentioned above. The skin temperature is taken as 
the lowest level of the temperature profile and the surface pressure is set to 
1,000 hPa. In Section 4 we investigate the effect on brightness temperature 
of changing targeted inputs including scaling the water vapor profile, varying 
the surface emissivity and SZA, and perturbing the skin temperature.

2.2. Proposed Bands

Satellite imagers measure across a range of wavelengths as described by 
spectral response functions (SRFs). A U.S. standard atmosphere is modeled 
to produce an example brightness temperature spectra from 2,500–1,176 
cm−1 (4.0–8.5 μm), focusing on the water vapor absorption band centered 
at 6.3 μm (Figure 1, bottom panel). In addition, SRFs of three existing ABI 
bands and the two proposed imaging bands are overlayed across the bright-
ness temperatures to give a sense of possible variations in observed Tb. Al-

though the bottom panel of Figure 1 illustrates the range of brightness temperatures that fall within a given spec-
tral response function (SRF), in practice the modeled spectral radiance must be convolved with a given SRF and 
then converted to Tb to get an accurate estimate of Tb for each band. The proposed bands shift (in wavenumber) 
the SRF of ABI Band 10 to a new center frequency. These proposed bands are an estimation using a relatively 
narrow SRF used on GOES-16 (ABI Band 10 centered at 7.3 μm is approximately 35 cm−1 wide at full-width-
half-max). The simulations thus reflect what is possible from a theoretical standpoint, but in practice the actual 
spectral band characteristics are subject to specific instrument design and fabrication constraints that are not 
discussed in this work.

The peak of the blackbody emission occurs at longer wavelengths (λ > 10 μm) for typical earth surface and at-
mosphere temperatures, hence moving the SRF center to the short wavelength side of the water vapor absorption 
band generally implies a lower total spectrally integrated radiance. To estimate the effect, we compute the total 
spectrally integrated radiance using the peak normalized SRFs for the existing ABI bands as well as the proposed 
bands. These values are listed in Table 1. While the total radiance is much lower at the 5.6 μm center wavelength 
versus 6.9 μm, we note that the radiance is still comparable to the radiance for ABI channel 7 centered at 3.9 μm. 
The total integrated radiance at 5.1 μm is greater than of the band at 5.6 μm, although the magnitude is about 4–6 
times smaller than ABI Bands 8, 9 and 10.

The spectrum in the bottom panel of Figure 1 shows that it should be possible to sense low level water vapor 
on either end of the water-vapor absorption band. However, examining top panel of Figure 1, there are multiple 
atmospheric gases at the long wavelength end, above 7.3 μm, that could interfere with sensing water vapor and 
only a weak and narrow band of CO2 absorption (green line) near 5.2 μm that could interfere at the shortwave 
end. The impact of the absorbing gases N2O and CH4 on the longwave side of the water vapor absorption band 
are the same order of magnitude as H2O. Scaling the water vapor profile of the U.S. standard atmosphere and then 
modeling the change in Tb using the SRF of ABI band 10 shifted to 7.9 μm results in a change in Tb of 0.035 K 
per 1% change in H2O. The same sensitivity test for N2O(CH4) results in a change in Tb of 0.041(0.030) K per 1% 
change in the N2O(CH4) profile. The spatial and temporal variability of water vapor is generally greater than that 
of N2O and CH4, so to first order the measured Tb is related to the water vapor distribution. However, it is clear 
that changes in either N2O or CH4 could produce signatures in water vapor imagery that would be very difficult 
to characterize independently of the water vapor distribution if an imaging band was centered on the long wave-
length side of the water vapor absorption band.

At the 5.1 proposed band the Tb sensitivity is 0.059 K per 1% change in H2O, with no interfering gases. The pro-
posed 5.1 μm band is narrow and it is possible that a real-world short wavelength band would need to be spectrally 
wider to get adequate signal-to-noise, in which case it may not be possible to completely avoid the CO2 absorption 
at 5.2 μm. If the band did overlap the CO2 absorption feature at 5.2 μm, the influence would be much less then 
that of water vapor. Modeling the brightness temperatures using the SRF of ABI band 10 shifted to 5.2 μm results 
in a Tb sensitivity of 0.074 K per 1% change in H2O and only 0.006 K per 1% change in CO2. Thus, one major 

Band width (cm−1) Total radiance (mW/(m2 sr))

ABI Band 7, 3.9 μm 125 231

Proposed Band 5.1 μm 35 436

Proposed Band 5.6 μm 35 246

ABI Band 8, 6.2 μm 210 2,107

ABI Band 9, 6.9 μm 87 2,486

ABI Band 10, 7.3 μm 35 1,925

Note. Each band width is calculated at the full-width-half-max of the spectral 
response function.

Table 1 
Total Spectrally Integrated Radiances Across ABI Bands 7–10 and the 
Two Proposed Bands Using the Spectral Radiances From a Modeled U.S. 
Standard Atmosphere
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advantage of the short wavelength side of the water vapor band, where these proposed bands are located, is that it 
is relatively free from interference by other absorbing gases compared to the long wavelength side.

3. Simulating Band Characteristics
The first goal is to define a band on the short wavelength side of the water vapor absorption band to approximate 
the current ABI band at 6.9 μm. The second goal is to determine if a short wavelength band can be utilized for 
improved low level moisture detection. Since there is no target band for replication on the ABI or any other geo-
stationary imager, we investigate the characteristics of a proposed band at 5.1 μm, as introduced in Section 2.2.

3.1. Spectral Convolution Method

To better understand the nature of the two proposed spectral bands, the first method convolves a shifted SRF 
curve with high spectral resolution data to see how the brightness temperatures vary. This convolution method is 
the same basic method used in satellite inter-calibration as employed by the Global Space-based Inter-Calibration 
System (Gunshor et al., 2009; Wu et al., 2009). By using polar-orbiting high spectral resolution IASI data, real 
earth scenes are used to simulate the proposed water vapor bands and allow comparison to the existing bands on 
the ABI. The ABI Band 10 (7.3 μm) SRF is spectrally adjusted to simulate the proposed bands, chosen because 
it is relatively narrow. The shape and width of the SRF in wavenumber space is maintained during the shift. The 
adjusted SRFs are convolved with both theoretical (U.S. Standard Atmosphere spectrum) and observed (IASI) 
spectra.

In the case of IASI, the data are convolved with the shifted spectral SRFs and are an accurate spectral simulation 
of the band on a geostationary sensor. The term “convolved” is widely used in this application, though it may be 
more accurate to describe the process mathematically as a weighted average:

𝐶𝐶𝐶𝐶 =
∫ 𝜈𝜈2
𝜈𝜈1

𝐶𝐶(𝜈𝜈)𝑆𝑆(𝜈𝜈)𝑑𝑑𝜈𝜈

∫ 𝜈𝜈2
𝜈𝜈1

𝑆𝑆(𝜈𝜈)𝑑𝑑𝜈𝜈
 (1)

where CR is the Convolved Radiance, R is the IASI radiance at wavenumber ν, and S is the spectral response at 
wavenumber ν. In this method an average IASI radiance is calculated, weighted by the shifted SRF, for each IASI 
pixel, or Field of View (FOV). This is a useful method to simulate the spectral characteristics of these proposed 
bands, however the spatial resolution of IASI is not high enough to truly provide a sense of how images from 
a 1 km or even a 2 km imager band will look. This method does provide a quantitative method of comparing 
proposed bands to existing bands. Since most users prefer to look at brightness temperatures, a modified Planck 
function is employed to convert the radiances, identical to the method used operationally for the ABI (Schmit & 
Gunshor, 2020).

To get an initial estimate of where to center a band near 5.6 μm in order replicate the brightness temperature 
measured at 6.9 μm, the SRFs were convolved with a high spectral resolution (0.1 cm−1) U.S. Standard Atmos-
phere radiance spectrum and the resulting radiance was converted to a brightness temperature. For the ABI 
6.9 μm band, this calculation gives a brightness temperature of 244.231 K. A range of shifted central wavelengths 
are tested, starting at the SRF centered at 5.5 μm (1,818.18 cm−1) and repeated for the SRF centered every cm−1 
for ±40 cm−1 in order to find a close match to the 6.9 μm. Using this method, the closest match was centered at 
5.595 μm with a brightness temperature of 244.237 K. The simulation with the U.S. Standard Atmosphere is a 
reasonable place to start, but the analysis is limited to the replication of brightness temperature. In Section 3.2, 
weighting functions are used to analyze the measurements vertically since replicating the 6.9 μm band can be 
more complicated on scenes with different temperature and moisture profiles.

An illustrative case study from a recent scene over the Pacific Ocean provides insight into how using existing and 
proposed bands capture non-uniform amounts of water vapor at various levels of the atmospheric column. A RGB 
true-color image from GOES-West (Figure 2) provides the context for two IASI granules that are investigated 
across the various spectral bands. The case occurs east of the Hawaiian Islands, on 07 December 2020 with a start 
time of 18:00:00 UTC, ∼1.5 hr after sunrise. Two adjacent granules from IASI on METOP-A at 17:59:55 UTC, 
which are indicated by the cyan polygon in Figure 2, will be utilized in this section and in Figures 3–5. Concurrent 
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ABI products indicate a high altitude cloud band in the northwest section of the cyan bounded region, with a 
cloud top height of 10–12 km. In addition, there is a low level cloud deck in the center to west-center part of the 
image, with a cloud top height of 1–2 km. The scene contains a variety of cloud types and apparent clear-sky 
regions, ideal for investigating band characteristics.

Convolution with IASI granules provide qualitative and quantitative analysis of how well the proposed 5.6 μm 
band replicates the measurements from the 6.9 μm band. After convolving every FOV in the scene with both the 
simulated 5.595 μm and the ABI 6.9 μm SRFs and converting to brightness temperature, images were generated 
for comparison. Figure 3 shows that the 5.595 μm band (left panel) and the 6.9 μm band (middle panel) appear 
nearly identical, qualitatively. The right panel in Figure 3 quantifies the differences (5.595 band minus 6.9 μm 
band) that are not easily detectable by the human eye, resulting in a mean difference for this scene of 0.3°C and 
ranging from −0.4°C to 2.0°C. The northern middle region of the scene (lighter green in left and middle panels 
of Figure 3) yield the smallest absolute differences (closest to 0 K) in the right panel of Figure 3. The largest 
positive differences are in the areas of the high cloud deck (left upper region) and broken cloud field (middle 
upper region).

Figure 2. RGB true-color image from the advance baseline imager instrument on GOES-West, using the Full Disk scan starting at 2020-12-07 18:00:00. The cyan line 
shows the polygon associated with the two infrared atmospheric sounding interferometer granules shown in Figures 3, 4, and 5.
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Convolution of the proposed 5.1 μm band with IASI is used to determine if a band on the short wavelength side 
of the water vapor band is able to sense low-level water vapor. Comparing the 5.1 μm band to an infrared window 
band (ABI band 14, 11.2 μm) indicates if the proposed band is sensing surface emission, while comparing the 
5.1 μm band to the lowest level ABI water vapor band (ABI Band 10, 7.3 μm) shows sensitivity to unique water 
vapor features at a level not currently being sensed by the ABI. The left panel in Figure 4 shows what the 5.1 μm 
band would look like for the same scene shown in Figure 3. Note that the brightness temperature scale is the same 
as in left and middle panels of Figure 3. This band sees some similar water vapor features as the 6.9 or 5.595 μm 
bands, but the warmer brightness temperatures suggest a detection of water vapor deeper into the atmosphere, 
closer to the surface. In contrast, the 11.2 μm ABI band is a fairly clean window band with only small water vapor 
absorption, but mostly receiving signal from the surface or the tops of clouds (middle panel of Figure 4). The 
cooler low level clouds are indicated by the orangish-yellows in the 11.2 μm image (middle panel) and correspond 
to cooler temperatures in the 5.1 μm image (left panel), thus limiting the ability to detect low level water vapor in 
these regions. The right panel in Figure 4 shows that the 7.3 μm ABI band would sense much cooler brightness 
temperatures than the 5.1 μm band.

The prominent water vapor feature of this scene is evident in the warmer brightness temperatures of the 5.1, 5.6, 
6.9, and 7.3 μm band images (Figures 3 and 4). This water vapor feature could be described as a lower-case letter 
“u”, somewhat skewed to the east and is not evident in the 11.2 μm band (Figure 4). In what might be considered 
the cradle of the “u” shape and also at the upper left interior section of this water vapor feature there are differ-
ences between the 6.9 and 5.1 μm bands. In Figure 3 the 6.9 μm, or 5.595 μm band, is generally colder (white 

Figure 3. Images of the simulated 5.595 μm band (left), the simulated 6.9 μm band (advanced baseline imager band 09, middle), and the 5.595–6.9 μm difference 
(right). These infrared atmospheric sounding interferometer granules are from METOP-A on 07 December 2020 at 17:59:55 UTC and are coarser spatial resolutions 
than would be from an advanced geostationary imager. Region is indicated in Figure 2.

Figure 4. Images of the simulated 5.1 μm band (left), the simulated 11.2 μm band (advanced baseline imager (ABI) band 14, middle) and the simulated 7.3 μm band 
(ABI Band 10, right). These IASI granules are from METOP-A on 07 Dec 2020 at 17:59:55 UTC and are coarser spatial resolutions than would be from an advanced 
geostationary imager. Region is indicated in Figure 2.
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or light green) in these aforementioned areas compared to the bottom of the “u”-shape (purple). The contrast 
between the bottom of the “u”-shape and both the cradle and upper left interior section of the water vapor feature 
is less pronounced in the 5.1 and 7.3 μm band images (Figure 4) indicating a more uniform distribution of water 
vapor at lower levels in the atmosphere. In general, the 5.1 μm band image shows detailed brightness temperature 
variations due to the prominent water vapor feature and warmer brightness temperatures compared the other 
water vapor sensitive bands, indicating that the 5.1 μm band is useful for looking at unique aspects of low level 
water vapor features.

To further investigate the differences between the bands in Figure 4, Figure 5 shows the 5.1 minus 11.2 μm band 
difference (left panel) and the 5.1 minus 7.3 μm band difference (right panel). Generally, presence of high and low 
clouds reduces the differences between bands. One exception is the high clouds in the northwest region, where 
the brightness temperatures are warmer in the 5.1 μm band. The higher brightness temperatures could be due to 
changes in the spectral emissivity of the ice clouds between the two wavelengths, or due to solar reflection at the 
shorter wavelength that is not present at 11.2 μm. Increases in brightness temperatures due to surface reflection of 
solar radiation will be considered in Section 4.1, but solar reflection off of clouds are not a main concern because 
it is difficult to observe low level water vapor below a cloud deck regardless if it is day or night. The aforemen-
tioned cradle and the upper left interior section of the “u”-shape are where the biggest differences in the water va-
por feature appears as deeper blues (left panel) and deeper reds (right panel). In these areas the 5.1 μm has much 
colder brightness temperatures compared to the surface (deeper blue) and much warmer brightness temperatures 
compared to 7.3 band (deeper red), both due to the presence of low level water vapor. Thus, the 5.1 μm band is 
well suited to provide insight into lower-level water vapor that none of the existing ABI bands can provide.

3.2. Weighting Function Method

The second method utilized in understanding the proposed bands was to generate weighting (or contribution) 
functions (WF) to visualize the relative contribution of atmospheric pressure layers to the emitted radiance. 
PCRTM is used to compute layer transmittance, on the standard 101 level grid, at the IASI instrument resolution 
(0.25 cm−1 sampling), covering the entire mid infrared (IR) range. The transmission from the top of the atmos-
phere (TOA) was then calculated using the PCRTM layer transmission for the wavelength range containing the 
ABI band. The ABI SRF was interpolated to the PCRTM wavenumber grid and the band transmission for each 

Figure 5. Differences of the images in Figure 4. The left panel is the simulated 5.1 μm band minus the simulated 11.2 μm band advanced baseline imager (ABI band 
14). The right panel is the simulated 5.1 μm band minus the simulated 7.3 μm band (ABI Band 10). Region is indicated in Figure 2.
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layer was calculated by convolving the interpolated SRF with the TOA trans-
mission. The WF was then generated by calculating dT/dln(P), where P is 
pressure and T is layer transmission. More on the concept of WF can be found 
at: https://cimss.ssec.wisc.edu/goes/wf/.

Weighted mean pressures of the WF on the short wavelength side of the water 
vapor absorption band are calculated in order to approximately match that of 
the 6.9 μm band. The weighted mean pressure of the WF takes into account 
the contributions from each layer as opposed to comparing the pressure level 
of the peak value of the WF which is dependent on model vertical resolu-
tion and independent of WF shape away from the peak. Using Band 9 SRF 
(Figure 1, bottom panel) to find the WF of the U.S. Standard atmosphere 
the weighted mean pressure is found to be 381.8 hPa. This weighted mean 
pressure is about 2.9 hPa more than that of the U.S. standard atmosphere 
calculated at 5.6 μm using Band 10 SRF. The aforementioned WFs are shown 
in Figure 6 and it is evident that the shapes are very similar, indicating that 
water vapor detection would be consistent at these two bands. The shape of 
the peak of the 5.6 μm WF is a bit flatter and is shifted upwards for most 
pressure levels, contributing to the weighted mean being at a higher altitude 
(lower pressure level).

As an independent check on the results from Section 3.1, which compares 
brightness temperatures to find the optimal wavenumber shift to match Band 
9, a similar concept of comparing weighting functions is used to find an 
optimal shift. The weighted mean difference is calculated for each of the six 
standard atmospheres by shifting the Band 10 SRF in 0.001 μm increments. 
The small increments are for exploratory purposes since the ability to en-
gineer the central wavelength to be this precise is not feasible. The results, 
depicted in Figure 7, are in agreement with Section 3.1 which found the opti-
mal shift to be 5.595 μm using the U.S. Standard atmosphere. In fact, all six 
cases, which have different water vapor content and distributions, cross the 

zero difference marker between 5.595 and 6.0 μm. Interestingly, the weighted mean difference does not strictly 
decrease with an increase in the shifted wavelength value. This is because the shape of brightness temperature 
spectrum has a complicated structure and does not decrease monotonically with an increase in wavelength (Fig-
ure 1, bottom panel).

Figure 6. Weighting functions (WF) using the spectral response functions 
(SRF) from advanced baseline imager (ABI) Band 10 shifted to 5.6 μm (blue) 
and the SRF of ABI band 9 at 6.95 μm (red). Both weighting functions use the 
U.S. standard atmosphere as input into PCRTM.

Figure 7. The weighted mean differences of the weighting functions using the six standard atmospheres listed in the legend. 
Weighted mean differences are calculated by subtracting the static weighted mean of advanced baseline imager Band 10 from 
the weighted mean at the shifted spectral response function at the given wavelength.

https://cimss.ssec.wisc.edu/goes/wf/
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The weighting function technique is also used to investigate the proposed 5.1 μm band, sensitive to moisture in 
the lower troposphere. PCRTM is run for the six standard atmospheres at a solar zenith angle of zero. The pre-
cipitable water vapor (PWV) for each of these atmospheres differs according to the integrated amount of water 
vapor in the entire column. The PWV values and weighting functions for each case are shown in Figure 8. Cases 
with more moisture content result in a more elevated peak in the WF compared to drier atmospheres. It is evident 
that the 5.1 μm band would be useful in detecting moisture originating from pressure levels close to the surface. 
In winter these drier cases have their peaks at or close to the surface, indicating that the surface will be visible at 
5.1 μm since a lack of moisture means the atmosphere will have increased transparency. Implications of surface 
contributions will be explored in Section 4.

4. Surface Considerations
As established in Section 2, water vapor is the primary absorbing gas for the proposed 5.1 and 5.6 μm bands. 
The lack of other absorbing gases is ideal for water vapor detection, although for a dry atmospheric columns it 
makes it more likely that the satellite sensor will detect radiation emitted by the surface or reflected from the 
Sun. The sources of radiation not originating from the atmosphere can be accounted for by using complimentary 
window bands which are not as sensitive to the amount of water vapor in the atmosphere. For completeness, we 
quantify the possible effects of solar radiation and surface emission on brightness temperature under a variety of 
conditions.

4.1. Solar Reflection

Solar radiation decreases sharply at wavelengths greater than 4 μm and this threshold is often used as a cut-off 
between shortwave and longwave radiation regimes (i.e., Driemel et al., 2018). Yet the magnitude of the TOA 
radiance at wavelengths greater than 4 μm that originates from the sun are substantial (Coddington et al., 2016). 
The incident radiance at the TOA passes through the atmosphere with a path length determined by the SZA. Next, 
solar radiation is reflected by the surface before making a return trip through the atmosphere to the satellite as 
determined by the sensor zenith angle. For Lambertian reflection the reflectively is the amount of radiation that 
is not absorbed at a given wavelength, thus, reflectivity is estimated as 1.0 minus the surface emissivity (ϵ). Fig-
ure 9 shows the emissivity across the Continental United States (CONUS) at 5.1 and 5.6 μm on 1 June 2020. The 
emissivity at these specific wavelengths was derived using hingepoints from the UW-Madison baseline fit (BF) 
global emissivity data (Seemann et al., 2008) to obtain high spectral resolution values via the UW High Spectral 
Resolution Emissivity Algorithm (Borbas & Ruston, 2010). In general, the reflectivity at 5.6 μm is less than that 

Figure 8. Weightings function for the proposed 5.1 μm band derived from one of the six standard atmospheres as indicated in the title. This spectral band is sensitive 
to the lower troposphere, peaking at higher pressure levels in dryer atmospheres and including more surface contribution. The precipitable water vapor (mm) is given at 
the top of each panel.
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at 5.1 μm. The minimum emissivity at 5.1 μm(5.6 μm) is 0.840 (0.876), hence, for a perfectly transmissive atmos-
phere the maximum reflectance would be about 16%(12%) of the solar radiation at the TOA.

The two main factors that determine the atmospheric transmittance are the path length and amount of water vapor 
present throughout the column. Hence, we investigate how SZA and PWV modulate the reflected solar contri-
bution to Tb under a range of surface emissivity conditions shown in Figure 9. The change in brightness temper-
ature (ΔTb) due to the reflected solar component is calculated by subtracting the Tb with sun below the horizon 
(SZA = 95) from the Tb with the sun above the horizon (SZA 𝐴𝐴 𝐴  90). The range of PWV values shown in Figure 10 
is manifested by scaling the water vapor profile of the U.S. Standard atmosphere by 10%–200% (1.3–26.0 mm). 
For PWV values greater than 25 mm the ΔTb due to the reflected solar component at 5.1 μm becomes negligible 

Figure 9. Surface emissivity at 5.1 μm (top) and 5.6 μm (bottom) on 1 June 2020. Values are derived from the Global 
Infrared Land Surface Emissivity Database (Seemann et al., 2008).
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and only is above 1 K for low surface emissivity (𝐴𝐴 𝐴 0.9) and low moisture content (PWV 𝐴𝐴 𝐴  7 mm). The right panel 
of Figure 10 shows how ΔTb varies with changes in SZA and surface emissivity for the U.S. Standard atmosphere, 
indicating an even lower reflected solar component for larger SZAs. Overall, for a majority of conditions in the 
CONUS region the solar contribution will be small for the 5.1 μm band and even smaller for the 5.6 μm band (not 
shown). In fact, for the 5.6 μm band the largest ΔTb for the variables shown in Figure 10 is 0.012 K for a surface 
emissivity of 0.8, SZA = 30, and scaled PWV of 10%, suggesting solar reflection will have no impact on the 
5.6 μm band. Clouds will also reflect solar radiation but can be accounted for by using masking based on cloud 
detection from other standard geostationary imaging bands.

4.2. Surface Temperature

Water vapor imagery can be used for qualitative purposes as is currently done 
with ABI Band 10 at 7.3 μm. A complicating factor when using a band for 
qualitative analysis could be variable surface emission due to the diurnal cy-
cle of the land surface temperature. If the atmosphere is transparent enough, 
changes in surface temperature will contribute to variations in brightness 
temperature. The weighting function of the 5.6 μm band (Figure 6) is essen-
tially zero near the surface, whereas the weighting function of the 5.1 μm 
band (Figure  8) indicates a portion of observed radiance would originate 
from the surface for all six of the standard atmosphere cases.

The impact of changes in surface temperature on observed brightness tem-
peratures is estimated by perturbing the modeled skin temperature (Fig-
ure 11). By increasing the skin temperature (Tskin) input into PCRTM by 1 K, 
the resulting change in the TOA radiance (ΔTb) is computed. The ratio of the 
two values (ΔTb/ΔTskin) captures the relative change in radiance from surface 
temperature changes. Figure 11 shows this ratio expressed as a percentage for 
the 5.1 μm band. The contours show that this effect is non-negligible for the 
5.1 μm band across a range of PWV values as ΔTb/ΔTskin is greater than 24% 
for PWV values less than ∼18–22 mm, with a small dependence on surface 
emissivity. Thus, the diurnal cycle of land temperatures will be an important 

Figure 10. Reflected solar component at 5.1 μm. Left is the change in brightness temp due to precipitable water vapor (PWV) and emissivity with a SZA = 30°. PWV 
is scaled US std atm (0.1–2.0). Right is the change in brightness temp due to solar zenith angle and emissivity for the US std atm (PWV = 13 mm). Note the maximum 
range of each color bar are different, although the white contours are the same intervals.

Figure 11. Impact of changes in the skin temperature on the observed 
brightness temperature (ΔTb/ΔTskin), at 5.1 μm, due to precipitable water vapor 
(PWV) and emissivity. PWV variability is accomplished by scaling the U.S. 
Standard Atmosphere (x0.1–4.0).
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consideration when comparing day and night images. Keeping in mind likely complications due to the spectral 
dependence of the land surface emissivity, it is possible that the surface heating effect could be partially mitigated 
with complementary window channels sensitive to surface temperature.

For qualitative use of a low-level water vapor band, that may not utilize complementary channels, it is worth 
considering trade-offs in order to reduce surface temperature effects. By shifting the center wavelength to longer 
values it reduces the impact of the change in surface temperature on observed brightness temperatures because 
the weighting function is shifted to higher altitudes, hence limiting the overlap at the surface. The wavelength 
shift also increases the altitude at which water vapor is primarily detected. This trade-off is evident in Figure 12 
which depicts how the surface temperature impact is most pronounced in drier conditions and for shorter wave-
length bands (top panel). Concurrently, the weighting function is shifted to lower pressure levels for longer wave-
length bands, when considering an atmospheric state with a given PWV, such as that of the mid-latitude summer 
atmosphere (bottom panel). The vertical resolution, as depicted by the weighting function, determines how close 
to the surface an instrument can detect water vapor before being affected by the radiation emitted at the surface. 
This trade-off is an important consideration for determining the final band characteristics.

5. Conclusions
New water vapor sensitive spectral bands are recommended for the next generation of imagers from geostationary 
orbit. Utilizing the short wavelength side of the water vapor absorption band offers a number of benefits, includ-
ing improved spatial resolution due to less blurring from diffraction. In addition, there are fewer other absorbing 

Figure 12. The surface impact, ΔTb/ΔTskin (top panel) for precipitable water vapor (PWV) scaled values of the U.S. 
Standard Atmosphere (x0.1–4.0) and the weighting functions (bottom panel) for the mid-latitude standard atmosphere 
(PWV = 26.34 mm) for band central wavelengths ranging from 5.0 to 5.4 μm.
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gases to interfere with the effect of water vapor absorption, simplifying the qualitative and quantitative analysis. 
Advances in low-level vapor vapor detection and finer spatial resolution in the mid-troposphere enhance our abili-
ty to predict weather events. Ultimately, the resultant imaging improvements will benefit society by strengthening 
forecast models and informing real-time decision making.

Two different methods find that a 5.6 μm band is comparable to that of the current ABI Band 10 at 6.95 μm in 
regards to the observed brightness temperatures and the mean pressure level at which the detected radiation was 
emitted from. The first method simulates brightness temperatures from a U.S. standard atmosphere, finding the 
smallest difference for a band centered at 5.595 μm. The second method compares weighting functions at 6.95 μm 
to that of a shifted band at 5.60 μm, resulting in a weighted mean pressure difference of only 3 hPa. These two 
methods find identical band centers at the accuracy possible from a practical standpoint. Continuity with past 
measurements is an important aspect of any future or follow-on mission so it is very encouraging to see imaging 
similarities using an IASI granule from METOP-A, convolved with both the 5.595 μm band and the current ABI 
Band 9. Furthermore, consistency in weighting function characteristics are beneficial in order to have similar ver-
tical sensitivity to past measurements, while also opening the door to the possibility of improving observational 
capabilities.

A band centered at 5.1 μm is well suited to observe water vapor in the lower atmosphere, although this would 
not negate the need for hyper-spectral IR measurements from the geostationary orbit (Schmit et al., 2008). There 
are less absorbing gases on the short wavelength side compared to the long wavelength side of the water vapor 
absorption band allowing for a more straightforward interpretation of brightness temperature changes. The spatial 
distribution of observed brightness temperature is strongly influenced by the presence, or lack thereof, of mois-
ture in the lower troposphere. This imaging capability is useful for detecting and tracking atmospheric rivers or 
cloud-free pre-convection over land. A unique band at 5.1 μm has a weighting function that peaks closer to the 
surface than what is currently available from geostationary orbit, providing the possibility of images of low-level 
water vapor as explored for a case on 7 December 2020. A future advanced geostationary imager would have the 
beneficial capability of enhanced spatial resolution compared to the IASI scenes shown in this paper, nonetheless 
it is clear that a 5.1 μm band would provide unique information not currently available from the existing 11.2 and 
7.3 μm bands.

It is envisioned that a spectral band (centered near 5.1 μm) sensitive to boundary layer water vapor in condi-
tionally unstable environments favorable for deep convection, is most likely to provide a benefit to operational 
meteorologists that produce short-term thunderstorm forecasts. The weighting functions of the three ABI water 
vapor bands (6.2, 6.9, and 7.3 μm) currently reveal limited if any insight into the character of boundary layer 
water vapor (below 800 hPa) for most mid-latitude and tropical atmospheres capable of supporting thunderstorms 
(Schmit et al., 2017). Though potentially challenging to use in quantitative products, brightness temperature con-
trasts due in part to differences in water vapor concentration associated with low-level jets transporting moisture 
can provide meteorologists situational awareness. This capability is especially valuable from the geostationary 
orbit due to the prospect of rapidly refreshing imagery where meteorologists could animate the 5.1 μm imagery. 
At sufficiently high spatial resolution, imagery may also evince atmospheric turbulence through gravity waves.

For atmospheric states with small amounts of water vapor in the atmospheric column there is an increased 
likelihood of the surface contributing to an observed brightness temperature change since there is little to no 
absorption by other gases. The reflected solar component is found to be less than 1 K except when considering 
PWV values below 7 mm and for low emissivity (relatively high reflectivity) surfaces. Also, changes in skin 
temperature affect observed brightness temperatures. For atmospheres with a PWV value less than about 20 mm, 
it is estimated that a given change in surface temperature will lead to more than a 24% change in the observed 
brightness temperature. Although land heating may be a factor for qualitative uses of the 5.1 μm band, it should be 
noted that very dry conditions are not the target application and there are strategies available to mitigate diurnal 
effects, such as utilizing infrared window bands that are primarily sensitive to surface emission. Ultimately, the 
center wavelength of a proposed low-level water vapor band could be shifted to longer wavelengths to reduce 
the surface emission contribution, but would detect water vapor higher in the atmosphere. The ideal central 
wavelength will depend on the approximate PWV for the meteorological applications where characterizing the 
pre-convective environment is important (i.e., moist atmospheres).
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In order to implement these imaging capabilities from geostationary orbit there are various considerations that 
need to be investigated for optimal performance. Trade-offs must be considered between spectral band center 
wavelength and band width, signal-to-noise ratio, and optical capabilities. While the total radiance levels listed 
in Table 1 show the integrated radiance for the two proposed bands is smaller than ABI Bands 8–10, we note that 
real detectors fabricated for use at the shorter wavelengths may also have reduced noise levels. Many sensors (in-
cluding the ABI) use HgCdTe photodetectors for these wavelength ranges, and we note that the internal noise is 
a strong function of the cutoff wavelength for the particular photodetector design (Rogalski, 2003). Furthermore, 
recent developments in infrared photodetectors design could lead to further reduced noise levels in the proposed 
wavelength ranges (Tan & Mohseni, 2018). While the engineering details of these promising bands at 5.1 and 
5.6 μm are beyond the scope of this study, these detailed considerations are prime areas for future studies.

Data Availability Statement
The IASI datasets can be obtained from NOAA CLASS (https://www.avl.class.noaa.gov/release/glossary/IASI.
htm) while the ABI Spectral Response functions can be found both on CIMSS (http://cimss.ssec.wisc.edu/goes/
calibration/) and NOAA (https://ncc.nesdis.noaa.gov/GOESR/ABI.php) pages. The GOES ABI data was ob-
tained through Amazon Web Services as part of the NOAA Big Data Program (https://registry.opendata.aws/
noaa-goes/). The surface emissivity data can be obtained from the Global Infrared Land Surface Emissivity 
Database (http://cimss.ssec.wisc.edu/iremis/).
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