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Abstract The infrared window region (780–1,250 cm− 1, 12.8 to 8.0 μm) is of great importance to Earth's
climate due to its high transparency and thermal energy. We present here a new investigation of the transparency
of this spectral region based on observations by interferometers of downwelling surface radiance at two DOE
Atmospheric Radiation Measurement program sites. We focus on the dominant source of absorption in this
region, the water vapor continuum, and derive updated values of spectral absorption coefficients for both the self
and foreign continua. Our results show that the self continuum is too strong in the previous version of Mlawer‐
Tobin_Clough‐Kneizys‐Davies (MT_CKD) water vapor continuum model, a result that is consistent with other
recent analyses, while the foreign continuum is too weak in MT_CKD. In general, the weaker self continuum
derived in this study results in an overall increase in atmospheric transparency in the window, although in
atmospheres with low amounts of water vapor the transparency may slightly decrease due to the increase in
foreign continuum absorption. These continuum changes lead to a significant decrease in downwelling
longwave flux at the surface for moist atmospheres and a modest increase in outgoing longwave radiation. The
increased fraction of surface‐leaving radiation that escapes to space leads to a notable increase (∼5–10%) in
climate feedback, implying that climate simulations that use the new infrared window continuum will show
somewhat less warming than before. This study also points out the possibly important role that aerosol
absorption may play in the longwave radiative budget.

Plain Language Summary The spectral region in the infrared from 780 to 1,250 cm− 1 (12.8–8.0 μm)
is referred to as a window due to its transparency; in this region, thermal radiation emitted by the surface can
pass relatively unimpeded through the atmosphere, allowing Earth to cool. The limited amount of atmospheric
absorption that does occur in this region is primarily due to water vapor, in particular an absorption mechanism
termed the water vapor continuum. The strength of water vapor continuum absorption in the infrared window
therefore has important consequences for Earth's climate. This study provides a new evaluation of water vapor
continuum absorption in the infrared window from an analysis of spectrally resolved measurements of
downwelling surface radiances. Our results indicate that for most atmospheres the strength of water vapor
continuum absorption is less than had been previously thought due to reduced absorption related to the
interactions of water vapor molecules with other water vapor molecules, that is, the water vapor self continuum.
The derived water vapor continuum changes allow the Earth to cool ∼5–10% better than had previously been
thought, and climate simulations that use the revised infrared window continuum will show somewhat less
warming than before.

1. Introduction
Atmospheric absorption in the infrared window (780–1,250 cm− 1, 12.8 to 8.0 μm) plays an important role in
Earth's radiation budget and climate, a consequence of this spectral region's high thermal energy, relative
transparency, and the properties of its most important source of absorption, the water vapor self continuum. The
self continuum is a weak absorber under typical atmospheric conditions, but its strength increases quadratically
with water vapor abundance, thus under moist conditions self continuum absorption can result in significant
atmospheric opacity. The importance of the infrared window region and the dominance of the water vapor self
continuum absorption in this region make it imperative that the properties of this absorber be known with high
certainty so that atmospheric applications that depend on window absorption can be regarded with confidence.
This study presents the result of a new radiative closure analysis (Mlawer & Turner, 2016; Shepherd et al., 2003)
of water vapor continuum absorption in the infrared window.
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Longwave radiation that escapes to space (outgoing longwave radiation or OLR) is a critical component of the
Earth's radiation budget.Most of the thermal radiation emitted by theEarth's surface is absorbed by the atmosphere,
which then emits thermal radiation at its own temperature, which typically is less than the surface temperature. An
exception to this general behavior occurs in spectral regions that are relatively transparent in clear skies, in which
the warm radiation emitted by the surface is only slightly attenuated and therefore escapes the atmosphere. These
spectral regions are called “windows”—the most important with respect to Earth's thermal radiation is the infrared
window. For six reference atmospheres, Table 1 shows the total surface flux emitted by the surface, the surface flux
in spectral regions inwhich the total vertical optical depth is less than 1, and the fraction of this “transparent‐region”
flux that is in the infrared window. These values indicate that only a limited amount of the surface flux has the
potential to escape to space, and a large fraction of that amount is in the infrared window.

The infrared window plays a crucial role in climate and climate feedback (e.g., Jeevanjee et al., 2021; Koll &
Cronin, 2018; Seeley & Jeevanjee, 2021). At typical current surface temperatures the infrared window is the
primary spectral region in which the radiation that escapes to space can change as the planet adjusts to an energy
imbalance, such as is being currently precipitated by anthropogenic increases in greenhouse gases. The infrared
window is also critically important with respect to downwelling and net flux at the surface. In opaque spectral
regions, the downwelling flux arriving at the surface typically is emitted at a temperature close to the surface
temperature, resulting in a small net flux at the surface. In contrast, in the infrared window emitted downwelling
radiation that reaches the surface is usually significantly smaller than the upwelling radiation, leading to a large
net flux. The net flux divergence, which drives radiative cooling and heating, is also of unique importance in this
window. The quadratic dependence on water vapor abundance of the self continuum optical depths leads to large
relative gradients in optical depth in the lower atmosphere, and therefore large radiative flux divergences. Due to
this effect, for moist atmospheres around 75% of the longwave cooling rate near the surface occurs in the window
(Mlawer et al., 1997).

Section 2 of this paper provides background information on water vapor continuum absorption in the infrared
window. Section 3 presents information about the radiometric measurements used in this study, the radiative
transfer model calculations used to compare with these measurements, and details about how the atmospheric
properties used in the calculations were obtained. Section 4 contains details about how the measurement‐
calculation differences were analyzed and then utilized to derive self and foreign continuum coefficients in the
infrared window, as well as the temperature dependence of the self continuum. Section 5 compares the derived
results to results obtained in previous studies and Section 6 discusses the impact of the new window water vapor
continuum results on atmospheric applications. Section 7 provides a summary and discussion.

2. The Water Vapor Continuum in the Infrared Window
In this study, we consider the Mlawer‐Tobin_Clough‐Kneizys‐Davies (MT_CKD) water vapor continuum model
(Mlawer et al., 2012, 2023), the primary source used in the community to specify water vapor continuum ab-
sorption in the thermal infrared spectral region. We provide a summary here of important points concerning the
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Table 1
Most of the Transparent Portion of the Longwave Region is in the Infrared Window

Reference atmosphere
Precipitable water vapor

(cm)
Total surface flux

(W/m2)
Surface flux
for OD < 1

Fraction of OD < 1 flux
in IR window

Tropical 4.1 451.62 155.56 0.98

Midlatitude summer 2.9 420.03 171.19 0.97

US standard 1.4 387.41 199.71 0.85

Subarctic summer 2.1 382.15 158.48 0.96

Midlatitude winter 0.9 309.34 178.37 0.74

Subarctic winter 0.4 247.16 165.62 0.60

Note. For six reference atmospheres: total upwelling longwave flux at the surface, precipitable water vapor, upwelling flux in
the portions of the longwave that are sufficiently transparent (vertical optical depth < 1) so that a significant fraction of the
radiation emitted by the surface reaches the top of the atmosphere, and the fraction of the transparent‐region surface flux that
is in the infrared window region. Surface emissivity is assumed to be unity.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041366

MLAWER ET AL. 2 of 33



evolution of the MT_CKDmodel and relevant laboratory measurements in the atmospheric window. Water vapor
continuum parameters discussed in this section are defined in Mlawer et al. (2023) and for convenience are
provided below in Section 3.2.

For reference, self and foreign continuum optical depths from the current version of MT_CKD (v4.1.1) are shown
in Figure 1 for six reference profiles. Figure 2c indicates that the most recent laboratory measurement of the self
continuum in this region (Baranov et al., 2008) agrees well at atmospheric temperatures with the MT_CKD
continuum model, which is based on a field study (Turner et al., 2004), despite a disagreement in the temperature
dependence (Figure 3). (Further details and historical perspective can be found in Section S1 in Supporting In-
formation S1.) However, a direct comparison between self continuum coefficients from laboratory measurements
and field studies does not provide a full picture.

There is an important distinction between the window self continuum values based on field studies (i.e., those that
motivated the development of CKD_2.1 andMT_CKD_1.0, as shown in Figure 2b) and those based on laboratory
studies (Figure 2c). Laboratory studies utilize cells that contain pure water vapor, while the atmospheric paths
relevant to field studies are comprised of mostly air (primarily nitrogen and oxygen) with a small fraction of water
vapor. Therefore, field studies of the self continuum have a dependence on the water vapor foreign continuum,
while laboratory studies typically do not. Although the foreign continuum is much weaker than the self continuum
in the window (Figure 1), significantly inaccurate values assumed for the foreign continuum can still have an
impact on the derived self continuum in analyses of field observations. Therefore, the evolution of window foreign
continuum values is key to a proper understanding of past field studies of window self continuum absorption.

The original CKD foreign continuum values (Clough et al., 1989) in the window were based on Burch (1982),
which supported the conclusion that the foreign continuum was a very weak absorber in this region (Figure 4). A
major increase in the window foreign continuum came about with advent of MT_CKD (Mlawer et al., 2012),
which resulted not from new foreign continuum measurements in this region but rather as a consequence of
constraining the model's derived line shape parameters to fit the foreign continuum behavior from 500 to
750 cm− 1 in its predecessor version, CKD_v2.4.1. These increased MT_CKD foreign continuum coefficients in
the window were subsequently shown to be consistent with field observations by Turner et al. (2004). Even with
this increase, foreign continuum absorption in this region remained rather weak compared to that of the self
continuum. However, more recent laboratory measurements (Baranov & Lafferty, 2012; Cormier et al., 2005)
supported a much higher level of foreign continuum absorption. As can be seen in Figure 4, the Baranov and
Lafferty (2012) study indicated that the foreign continuum was ∼2–4 times greater than MT_CKD_1.0, although
the reported strength was about half as large as specified in Cormier et al. (2005). Given the relative optical depths
of the window foreign and self continua shown in Figure 1, assuming a 2–4 times larger foreign continuum would
have an appreciable effect on the self continuum absorption derived in a field study.

It is instructive to understand to what extent the self continuum values derived in previous field studies would
have been affected had a stronger foreign continuum been utilized in these studies instead. To evaluate this, we
modify the current version of MT_CKD (v4.1.1) such that the window foreign continuum coefficients are
increased to be generally consistent with the Baranov and Lafferty (2012) values. This modified foreign

Figure 1. Optical depths due to the MT_CKD_4.1.1 water vapor self (solid) and foreign (dotted) continua for a vertical path
for six reference atmospheric profiles.
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Figure 2. Various perspectives on the water vapor self continuum in the infrared window. (a) Water vapor self continuum coefficients for five versions of the CKD and
MT_CKD continuum. The yellow curve is the self continuum at the beginning of this study, MT_CKD_4.1.1, and the purple curve shows the result of this study,
MT_CKD_4.2; (b) Overview of the self continuum in ∼2004. Shown as ratios with respect to MT_CKD_4.1.1 are several previous versions of CKD and MT_CKD as
well as two sets of laboratory measurements (blue circles and black squares) and the result from the Taylor et al. (2003) field campaign (orange X's); (c) Key evaluations
of the self continuum before this study are shown as ratios with respect to MT_CKD_4.1.1; (d) Overview of the self continuum after this study. Shown as ratios with
respect to MT_CKD_4.1.1 are the most recent laboratory measurements from three groups (pink stars, black squares, and green pentagon) and the results from three
field studies (Taylor et al., 2003, orange X's; CKD_2.1 (green dashed curve), which was motivated by Westwater et al., 1995); MT_CKD_1.0 (yellow dashed curve),
which was motivated by Turner et al. (2004) that have been adjusted to account for a stronger foreign continuum (as described in Section 2) than had been used in their
respective original analyses. The purple curve shows the significant decrease in the self continuum that is derived in this study, MT_CKD_4.2—note that in some
regions the corresponding derived error (purple vertical lines with end caps) is significant.
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Figure 3. The temperature exponent n (see Equation 5) of the self continuum coefficients from 750 to 1,250 cm− 1 from
several laboratory studies (various symbols), the previous version of MT_CKD, v4.1.1 ≅ v1.0 (yellow curve), and the
version derived in this study, MT_CKD_4.2 (purple curve), with estimated uncertainties shown in vertical purple lines
without end caps.

Figure 4. Water vapor foreign continuum coefficients from 750 to 1,250 cm− 1 for the original version of the CKD model
(black curve), the current version of the MT_CKD model (v4.1.1, which is equivalent to MT_CKD_1.0, yellow curve), the
laboratory results from Baranov and Lafferty (2012, cyan stars) and Cormier et al. (2005, green pentagon), and a version of
MT_CKD (v4.1.1+BL, cyan curve) that was adjusted to be consistent with the Baranov and Lafferty (2012) results. The
foreign continuum derived in this study, MT_CKD_4.2, is shown in purple, with associated uncertainty values shown with
vertical lines without end caps. The pink curve shows the foreign continuum (MT_CKD_4.2_closure) needed to obtain
radiative closure with the Southern Great Plains (SGP) observations used in this study. Error bars based on the SGP data set
are pink vertical lines (slightly offset in the x‐direction for clarity) with end caps.
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continuum version is shown as MT_CKD_4.1.1+BL in Figure 4. We use this modified version to estimate
(method described in Appendix A) the change in the self continuum values that would have been obtained in three
prior field studies had a greater foreign continuum been assumed rather than the values that actually were used in
these studies. These reconsidered self continuum values are shown in Figure 2d as MT_CKD_1.0_adj,
CKD_2.1_adj, and Taylor_adj (which, respectively, are based off the studies of Turner et al. (2004), Westwater
et al. (1995)/Han et al. (1997), and Taylor et al. (2003)). We also include on this figure the self continuum
laboratory results of Cormier et al. (2005), Baranov et al. (2008), and Burch and Alt (1984), which improved upon
the previous measurements by the Burch group.

The overall impression given by Figure 2d is murkier than in Figure 2c (or in Figure 8 of Baranov et al., 2008), but
the observational evidence clearly allows the possibility that the window self continuum is significantly weaker
than in current MT_CKD. However, the diversity of values shown suggests that there is no consensus for the
strength of the window self continuum. The main motivation for this current study is to bring some clarity to this
question of great importance.

3. Elements of the Comparison
Our analysis of water vapor continuum absorption in the infrared window is based on comparisons between clear‐
sky radiance measurements by the Atmospheric Emitted Radiance Interferometer (AERI; Knuteson et al., 2004a,
2004b) and corresponding calculations by the Line‐By‐Line Radiative Transfer Model (LBLRTM; Clough
et al., 2005). The LBLRTM calculations use as input a combination of in situ measurements, retrieved quantities,
and model output.

Our radiative closure analysis is based on observations taken at two sites operated by the DOE Atmospheric
RadiationMeasurement (ARM) program. The primary data set is more than 2 years of observations (March 2016–
October 2018) from the ARM Southern Great Plains (SGP) site, the world's largest and most extensive climate
research facility. The SGP site consists of in situ and remote‐sensing instrument clusters and has been collecting
data since it was established in 1993. Also used in this study are observations from the ARM Observations and
Modeling of the Green Ocean Amazon (GoAmazon; Martin et al., 2016) campaign (MAO), held from January
2014 through October 2015 in Manaus, Brazil. Due to MAO's tropical location the median precipitable water
vapor (PWV) amount for the profiles used in our analysis is far greater than for SGP (Figure 5) and provide an
excellent data set for validating the self and foreign continuum derived from SGP observations.

Figure 5. Precipitable water vapor amounts for the cases used in this study.
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We provide here details about each of the three elements (measured radiances, modeled radiances, and specifi-
cation of the atmospheric state) involved in this radiative closure study.

3.1. Radiometric Measurements

Measurements from the AERI, a Fourier transform infrared interferometer that measures downwelling spectrally
resolved infrared radiance from 550 to 3,000 cm− 1 (Turner et al., 2016), are used in this study. An AERI uses two
detectors to have sensitivity to radiance in the 3.3–19 μm band, and the maximum optical path delay provides a
spectral resolution of 0.5 cm− 1. The instrument regularly views two well‐characterized blackbodies, which are
operated at ambient temperature and 60°C, respectively. These blackbody observations, together with a correction
for the detector's non‐linearity, allows the instrument to measure downwelling spectral infrared radiance with a
radiometric accuracy better than 1% of the ambient radiance. Additionally, a calibrated metrology laser and
corrections for the finite field‐of‐view of the instrument provide spectral calibration. Details on the instrument and
its calibration method are provided in Knuteson et al. (2004a, 2004b).

The signal observed from the sky is calibrated using the ambient and hot blackbody views using the complex
arithmetic technique proposed by Revercomb et al. (1988). However, careful analysis has shown that there can still
exist a slight positive bias to the observed sky radiance; this is most easily seen in extremely dry clear‐sky scenes
(Delamere et al., 2010; Turner, 2003). Initially, the source of this biaswas assumed to be something in the foreoptics
(e.g., a small amount of scattered ambient radiation). More recently, a new hypothesis was formulated suggesting
that emission from the aft optics is not accounted for in the calibration. The functional form of an aft optics
correction would be the same as used in Delamere et al. (2010), with the contribution from the “offending” tem-
perature being that of the aft optics. However, Delamere et al. (2010) and earlier studies used data from version 2
AERIs (see the appendix in Turner et al., 2016), while the AERIs used in this study are considered version 4 and
have small changes to the optics of the instruments relative to version 2. For this study, the observations did not
definitively support either an issue with the foreoptics or the aft optics, thus no bias correction was applied.

A zenith‐looking AERI, deployed at an altitude of 320 m, has been providing operational radiance measurements
at SGP since 1995, observing radiances emitted downward by the atmosphere for a large range of water vapor
column amounts. Similarly, an AERI was deployed (altitude of 50 m) at MAO during GoAmazon. Figure 6 shows
average AERI radiances from observations used in this study for different PWV ranges.

3.2. Model Calculations

Radiance calculations by LBLRTM_v12.15.1 are used in our radiative closure analysis, which focuses on the
780–1,280 cm− 1 region. Absorption line parameters used in these calculations utilize the line file version
AER_v3.8.1 and continuum absorption is specified by MT_CKD_4.1.1 (for our baseline calculations). (These
models and databases are available at https://github.com/AER‐RC, the GitHub repository of the AER Radiation
and Climate Group.) We also perform LBLRTM calculations for which the water vapor continuum is changed to
MT_CKD_4.1.1+BL. All calculations used in this study include all relevant absorption due to water vapor,
carbon dioxide (including first‐order line coupling), ozone, nitrous oxide, methane (first‐order line coupling),
ammonia, CCl4, CFC‐11, CFC‐12, HNO3, HCFC‐22, and PAN.

The MT_CKD water vapor continuum model (Mlawer et al., 2012, 2023) provides water vapor self and foreign
continuum coefficients (cm2/molecule/cm− 1) every 10 cm− 1 from 0 to 20,000 cm− 1. To obtain continuum co-
efficients in between the stored values, a cubic interpolation using the four closest stored values is performed.
Absorption coefficients Cx (cm

2/molecule) can be obtained by multiplying the continuum coefficients C̃x by the
radiation term R as follows:

Cx (ν,T,ρx) = C̃x (ν,T,ρx) R(ν,T) (1)

where ν is the wavenumber, T is the temperature, the subscript “x” denotes either “self” or “foreign,” and the
radiation term R is given by the following equation:

R(ν,T) = ν tanh(
hcν
2kT

), (2)
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where h is Planck's constant, c is the speed of light, and k is Boltzmann's constant. The dependence on density
implied by the notation for C̃x is given by the following equation:

C̃x (ν,T,ρx) = C̃x (ν,T,ρx,ref )(
ρx

ρx,ref
) (3)

where ρ is the density of the gaseous molecules interacting with water vapor in the respective process (i.e., water
vapor for the self continuum; all gaseous molecules except for water vapor for the foreign continuum) and the
reference density at which coefficients are stored corresponds to a pressure of 1,013 mbar and a temperature of
296K. The optical depth of the self or foreign continuum is given by the product of the absorption coefficient Cx

and the water vapor column amount W (molecules/cm2) as follows:

τx (ν,T,ρx) = W(H2O) C(ν,T,ρx). (4)

The temperature dependence of the self continuum coefficients in the MT_CKD model is given by the following
equation:

C̃s(ν,T) = C̃s(ν,296K) (296/T)n(ν) (5)

where n is a wavenumber‐dependent dimensionless parameter and the density dependence of the coefficients has
been suppressed for clarity. The foreign continuum coefficients are assumed not to be dependent on temperature.

More details about this formulation can be found in Mlawer et al. (2023).

3.3. Specification of the Atmospheric State

Multiple observations are used to create the profiles used as input to the model calculations. The foundation for
the temperature and water vapor profiles are observations by radiosondes (hereafter sondes), which were usually
launched four times daily during our study period at SGP and twice a day at MAO. However, sonde measurements

Figure 6. Average AERI radiances used in this study from MAO (blue curve) and for two precipitable water vapor bins at
Southern Great Plains (red and green curves). A “radiance unit” (RU) is 1 mW/(m2 sr cm− 1).
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are not directly used as input to the radiative transfer calculations in our analysis. The sonde launch location at
SGP is ∼250 m from where the AERI is deployed so its measured temperatures and humidity values in the lowest
several hundred meters cannot provide the required accuracy for our closure study, and sonde humidity mea-
surements have well‐known accuracy issues (Turner et al., 2016). For our study, we use the TROPoe (Turner &
Löhnert, 2014) physical retrieval algorithm to retrieve profiles of temperature and humidity that provide closure
with the sonde profiles, the AERI radiance observations between 538 and 722 cm− 1 (i.e., regions of the spectrum
wherein the water vapor line shape and continuum absorption have undergone validation (Delamere et al., 2010;
Mlawer et al., 2019)), and the brightness temperatures at 23.8 and 31.4 GHz from a microwave radiometer
(MWR; Cadeddu et al., 2013). For this study, the TROPoe retrieval utilizes the latest version of the MT_CKD
continuum (v4.1.1; Mlawer et al., 2023) and the AER line file, ensuring that its water vapor spectroscopy from
538 to 722 cm− 1 includes recent upgrades.

The TROPoe algorithm is a 1‐dimensional variational retrieval approach using the optimal estimation framework.
It has been extensively modified to include a wide number of measurements (with their uncertainties) from
different instruments in the observation vector (Turner & Blumberg, 2019; Turner & Löhnert, 2021). A prior data
set is used to constrain the retrieval; for SGP, sonde launches from over 10 years were used to create seasonal
priors, whereas all the sondes launched during the Go‐Amazon field campaign were used to create the single
yearly prior for the MAO site. Ultimately, the retrieval finds the solution (i.e., the retrieved thermodynamic
profiles) that provides the best fit with all the observations (i.e., sonde, AERI radiances, and MWR brightness
temperatures) and the prior (within their uncertainties). The TROPoe retrieval is run at the sonde launch time.

The TROPoe profiles only extend to 17 km, as that is the maximum height of the prior data set used to constrain
the retrieval. Above 17 km, temperature values from Modern‐Era Retrospective analysis for Research and Ap-
plications, Version 2 (MERRA‐2; Randles et al., 2017) are used. For water vapor, values are taken from reference
atmospheric profiles (U.S. standard for SGP, tropical forMAO) (Anderson et al., 1986) above 17 km. For the SGP
cases used in this study, the ratios of the PWV values of the TROPoe‐derived and sonde profiles average 0.984
(stdev 0.015) with virtually no dependence on PWV.

In the uncertainty analysis of the water vapor continuum absorption parameters derived in this study (Section 4.6),
an alternative data set of temperature and water vapor profiles is also considered. This specification directly uses
the sonde‐measured temperature and water vapor profiles in which the sonde water vapor measurements are
scaled such that agreement is attained between the 23.8 GHz measurement of the collocated MWR and a cor-
responding radiative transfer calculation (Turner et al., 2016). This method to specify the thermodynamic profile
has been previously used in similar radiative closure studies (e.g., Mlawer & Turner, 2016; Turner et al., 2004).
For the SGP cases used in this study, the ratios of the PWV values of the TROPoe‐derived and MWR‐scaled
sonde profiles average 0.988 (stdev 0.011).

The profiles of trace gas abundances that are used in the radiative transfer calculations are obtained from multiple
sources. MERRA‐2 profiles corresponding to the SGP and MAO locations are used to specify ozone. For CO2,
N2O, CH4, HCOOH, HNO3, and PAN, monthly climatologies for each year are used; these were originally
developed for the NASAAura satellite project and updated over time by the Tropospheric Emission Spectrometer
(TES;Worden et al., 2007) and TRopospheric Ozone and its Precursors from Earth System Sounding (TROPESS;
Worden et al., 2022) teams. Monthly climatologies from TES/TROPESS are also used for four other molecules
(CCl4, CFC‐11, CFC‐12, and HCFC‐22), which are scaled to be consistent with surface abundance values from
the NOAAHalocarbons and other Atmospheric Trace Species (HATS) program (https://gml.noaa.gov/hats/flask/
flasks.html). All other molecular profiles are specified using the reference values stored in LBLRTM (U.S.
standard atmosphere for SGP, tropical atmosphere for MAO).

4. Results of Measurement‐Calculation Comparisons
4.1. Case and Channel Selection

More than 3,000 sondes were launched at SGP during our study period. For each sonde, AERI measurements
(∼90) within a 35‐min window associated with each sonde launch (t − 5 to t + 30 min) are averaged. Given the
large number of sondes and the many AERI channels in the targeted spectral region (780–1,280 cm− 1), we can be
selective with respect to the AERI radiance measurements we use in the study to minimize the possibility that our
analysis is affected by clouds, insensitivity to water vapor continuum absorption, and trace gas uncertainty.
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To avoid cloud contamination, we remove cases where a cloud might be contributing to the downwelling infrared
radiance using two tests: the cloud liquid water path retrieved by TROPoe is less than 2 g/m2 and the magnitude of
the standard deviation of the 900 cm− 1 radiance observation over the 35‐min window is less than 0.3 RU. This
initial screening removes cases that fail either of these tests for the presence of clouds, resulting in 453 cases being
identified as clear‐sky observations.

Our analysis of the water vapor continuum focuses on AERI channel measurements that are sensitive to the
strength of water vapor continuum absorption. These spectral elements are identified by evaluating the sensi-
tivities of all AERI channels to a change in continuum strength. We first compute the change in spectral radiances
for all clear AERI cases due to a small perturbation in the self continuum, then bin these sensitivity values into
10 cm− 1 spectral bins and five PWV ranges. For each spectral bin and PWV range, we classify each channel in all
AERI cases as either “sensitive” or “insensitive” by computing a threshold between the two classes based on
minimizing the combined variance in both classes (Otsu, 1979). AERI channels that are classified as “sensitive”
for at least 50% of the cases in at least three of the five PWV ranges are used in the SGP analysis, and the other
channels are not considered further in our retrieval of water vapor continuum coefficients.

Given the very low optical depths associated with the foreign continuum (Figure 1), a small error in the speci-
fication of trace gas abundances can impact the determination of foreign continuum coefficients from the AERI
measurements. This can then impact the accuracy of the derived self continuum. To identify AERI channels that
may be non‐trivially impacted by inaccurate specification of trace gas abundances, the uncertainty for each
abundance value is required. We use a conservative estimate of ∼2 ppm for CO2, while the uncertainty in the total
column amount of N2O is estimated as 1% and CH4 as 0.02 ppmv. For HNO3 and PAN, the uncertainty is
calculated as the standard deviation of the monthly values for this location in the climatologies. For NH3 and
HCOOH, we use estimated uncertainties of 50%. For ozone, followingWargan et al. (2017), the stratospheric and
tropospheric uncertainties are estimated as 8% and 21%, respectively. For CCl4, CFC‐11, CFC‐12, and HCFC‐22,
the uncertainty is set to be consistent with the variance of the respective source value in the HATS database. Using
the uncertainty values for all trace gases, a sensitivity study is performed corresponding to an AERI observation
associated with a moderate PWV value (2.15 cm) and spectral differences are computed between a baseline
calculation in which the trace gases are at their standard abundances and a perturbed calculation in which these
abundances are increased by their respective uncertainties. The results from these calculations are shown in
Figure 7a. For a chosen uncertainty threshold value of 0.075 RU, we consider water vapor continuum coefficients
derived at spectral points for which the sensitivity to trace gas abundances exceeds this threshold to be less
reliable, while those AERI channels below this threshold and thus showing less sensitivity to trace gas uncertainty
are considered more reliable. Certain figures in this paper (Figures 7 and 9–11) distinguish between these two
categories of AERI channels through the use of large circles (greater confidence) and small circles (lesser
confidence). (The uncertainty threshold is significantly exceeded throughout the ozone band from 980 to
1,080 cm− 1 and radiative closure results in this spectral region are not presented in this study to avoid confusion.)

4.2. Initial Analysis

For each selected AERI channel, the residuals (measurement minus calculation) between the AERI radiance
measurements and corresponding LBLRTM calculations are grouped into 0.1 cm PWV bins. We eliminate the
impact of possible outliers by only considering the results in a PWV bin for cases that have a residual between the
25th and 75th quartiles. The mean of this “inner half” of cases is computed for all PWV bins (for each set of
LBLRTM calculations considered in this study).

For illustration, the behavior of these binned mean residuals as a function of PWV is shown in Figure 8 for three
AERI channels. Results are shown for LBLRTM calculations that use MT_CKD_4.1.1 (black) and
MT_CKD_4.1.1+BL (green; description in Section 2). The dependence of the residuals on PWV, fit with a
quadratic function for each channel, indicates that the measurement data set is not consistent with the LBLRTM

Figure 7. For AERI channels from 780 to 1,280 cm− 1: (a) Difference in calculated radiances due to the changes to abundances of trace gases described in Section 4.1.
The analysis in this study at spectral locations for which this change is less than the horizontal dotted line are viewed with greater confidence; (b) RMS differences
between radiances calculated with profiles utilized in this study and reasonable alternate profiles (as described in Section 4.6); (c) Interquartile range of measurement‐
calculation differences for all precipitable water vapor bins; (d) Total spectral uncertainty of measurement‐calculation residuals (black circles) and RMS of uncertainties
in 20 cm− 1 regions (red horizontal lines).
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calculations for either of these specifications of self and foreign water vapor continuum absorption. Furthermore,
the behavior of the residuals as a function of PWV suggests that more atmospheric opacity is needed in the
calculation for low PWV amounts, while the opacity is overestimated for higher PWV values. Other channels in
the infrared window show similar results.

The medians (over PWV bins) of the inner‐half mean residuals for calculation using MT_CKD_4.1.1 (black) and
MT_CKD_4.1.1+BL (green) are shown in Figure 9a for each AERI channel analyzed. AlthoughMT_CKD_4.1.1
appears to provide reasonable results, the results in this panel are misleading. As for the three channels shown in
Figure 8, a quadratic curve is fit to the values of binned mean residuals versus PWV for all AERI channels. The
linear and quadratic coefficients of the fit for each channel are shown in Figures 9b and 9c, respectively.
Reasonable overall agreement between the measured and calculated radiances would result in residuals that
would have little dependence on PWV—the values in Figures 9b and 9c would be more‐or‐less zero (i.e., follow
each panel's x‐axis). This is not the case for either version of LBLRTM (4.1.1 and v4.1.1+BL) available prior to
this study.

Since the foreign continuum depends linearly and the self continuum quadratically on the water vapor amount,
there is some validity in associating the behavior of the linear fit coefficient, as shown in Figure 9b, with an
inaccurate specification of the foreign continuum and the behavior of the quadratic coefficient (Figure 9c) with
the self continuum. However, due to the dependence of each on pressure, and hence on the water vapor profile and
not simply on PWV, and the dependence of the self continuum coefficients on temperature, such an association is
not exact. A modification in the specification of either continuum source will lead to changes in both the linear
and quadratic fit coefficients, so improvements to the results shown in Figure 9 can follow only from a simul-
taneous analysis of the foreign and self continua.

Figure 8. Residuals between AERI measurements at Southern Great Plains and corresponding LBLRTM calculations as a function of precipitable water vapor (PWV)
for three AERI channels in the infrared window. The black symbols are for LBLRTM calculations that use MT_CKD_4.1.1, the green symbols correspond to the use of
MT_CKD_4.1.1+BL, and the pink symbols result from using the continuum derived in this study, MT_CKD_4.2_closure. Quadratic fits to these residuals are shown as
curves in corresponding colors. Cases are binned by PWV and analyzed as described in Section 4.3.
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4.3. Retrieval of Self and Foreign Continua

Our SGP AERI data set, with its large number of cases and wide range of PWV values, is ideal for retrieving self
and foreign continuum coefficients in the infrared window. The wide range of temperatures that characterize the
water vapor profiles associated with these AERI observations also may allow the derivation of coefficients that
characterize the temperature dependence of the self continuum. Continuum properties determined in the analysis
of SGP cases are then validated using AERI measurements from the high‐PWVMAO data set, which is especially
informative with respect to the properties of the crucial self continuum.

The retrieval of water vapor continuum properties in the infrared window begins with baseline LBLRTM cal-
culations of downwelling surface radiances for all the cases in the SGP AERI data set. These initial LBLRTM
calculations utilize MT_CKD_4.1.1+BL (i.e., corresponding to the green results in Figure 9), although the
retrieval results are fairly insensitive to this choice. Using the measurement‐calculation residuals, for each AERI
channel between 780 and 1,280 cm− 1 a least‐squares retrieval is performed of three independent variables—two
linear scale factors, one each for the self and foreign continuum coefficients used in the LBLRTM calculations,
and a scale factor for the exponent of the self continuum temperature dependence. The sensitivities of the re-
siduals to changes in the retrieved continuum properties (i.e., the Jacobian) used in the retrieval are obtained from
additional sets of LBLRTM calculations in which each of these three properties is perturbed by a small amount. In
the methodology, we apply the PWV binning discussed above. That is, at each spectral point a single residual and
corresponding sensitivities are computed for each PWV bin by averaging the “inner half” of the residuals for all
the cases in that bin.With this, each least‐square retrieval operates on 43 (the number of PWV bins) measurement‐

Figure 9. Comparison between AERI measurements at Southern Great Plains and corresponding LBLRTM calculations for
the spectral region 780–1,280 cm− 1: (upper) Median of the PWV‐binned residuals. The residual for each spectral point in a
precipitable water vapor (PWV) bin is computed as the mean of the “inner half” of all residuals in that bin, as described in
Section 4.2. The black symbols are for LBLRTM calculations that use MT_CKD_4.1.1, the green symbols correspond to
MT_CKD_4.1.1+BL, and the pink symbols result from using the continuum derived in this study, MT_CKD_4.2_closure;
(middle) Linear coefficient of the quadratic fit to the residuals as a function of PWV; (bottom) Quadratic coefficient of the
quadratic fit to the residuals as a function of PWV. The distinction between large and small circles is explained in Section 4.1.
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calculation residuals. A three‐variable retrieval is run to obtain scale factors for the self continuum, foreign
continuum, and temperature exponent of the self continuum. Figure 10 shows the results of this retrieval.

Using these results, an interim revised version of the MT_CKD water vapor continuum is created by smoothing
the retrieved spectral coefficients, interpolating through the ozone band region, and blending the retrieved values
into the continuum values in neighboring regions. Then the entire retrieval process is repeated, including new
sensitivity calculations using the interim MT_CKD version. This process is iterated until no further smoothly
varying change in the continuum parameters could further improve the results (i.e., the median residuals and the
linear and quadratic coefficients of the fit of the residuals with respect to PWV).

The median values of the measurement‐calculation residuals using the final retrieved continuum coefficients and
temperature dependence (MT_CKD_4.2_closure) are shown in pink in Figure 9a. As before, a quadratic function
is fitted to these residuals at each spectral point, and the fit coefficients are shown in Figures 9b and 9c. Figure 8
shows in pink the quadratic fit for MT_CKD_4.2_closure for the same example AERI channels shown in this
figure for prior versions of MT_CKD. The properties of the residuals between the SGP AERI measurements and
LBLRTM residuals are greatly improved when MT_CKD_4.2_closure is used in the calculations compared to
previous continuum versions. This improvement has resulted from increasing the atmospheric opacity for low
PWV cases (roughly PWV <2 cm) while decreasing it for higher PWVs.

4.4. Validation Using AERI Observations From MAO

As for the SGP analysis above, median residuals (Figure 11) are computed from the inner‐half mean residuals of
each PWV bin for the set of MAOAERI cases. (Each MAO PWV bin has a width of 0.2 cm.) As for SGP, no bias
correction is applied to the MAO AERI measurements. (For the warm and moist conditions of MAO, any such
correction would have only a small impact.) Due to the limited range of PWV values in the MAO data set,
quadratic functions are not fitted to the residuals. It is clear from Figure 11 that the residuals using
MT_CKD_4.2_closure are greatly improved compared to previous continuum versions.

Figure 10. Scale factor values (relative to MT_CKD_4.1.1+BL) obtained from the initial retrieval step described in
Section 4.3 for the self continuum (blue), foreign continuum (red), and self continuum temperature exponent (green).
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The self and foreign continuum coefficients retrieved from the SGP AERI measurements in this study are shown
(MT_CKD_4.2_closure) in purple in Figure 2d and pink in Figure 4, respectively. The retrieved temperature
exponents of the self continuum are shown in Figure 3 (purple). Detailed discussion of these results is provided in
Section 5.

4.5. An Adjustment to the Retrieved Foreign Continuum

4.5.1. Possible Issue With the Derived Foreign Continuum

The continuum coefficient retrieval described above did not include the spectral region from 990 to 1,070 cm− 1,
which has significant ozone absorption. In Figure 4, a reasonable spectral continuation of the AERI‐derived
foreign continuum coefficients across this region is shown with a thin pink curve segment. The overall flat-
ness of the foreign continuum coefficients in the 900–1,150 cm− 1 region does not agree with the corresponding
relative behavior of the coefficients derived by Baranov and Lafferty (2012) or that of MT_CKD_4.1.1, both of
which have much smaller continuum coefficients in the middle of this region (∼1,070 cm− 1) than at its endpoints.
For MT_CKD_4.1.1, this deep well is a natural consequence of the assumption that the continuum in this region is
due to the sum of transitions centered hundreds of wavenumbers away from this window region (e.g., at
100 cm− 1), with the continuum absorption from each transition decaying rapidly with increasing wavenumber far
(e.g., 800–1,000 cm− 1) from its center. Based on its generally flat behavior from 900 to 1,150 cm− 1, we conclude
that the MT_CKD_4.2_closure (pink) curve in Figure 4 may not represent the actual behavior of the foreign
continuum in this region.

The optical depths in this region from the MT_CKD_4.2_closure foreign continuum are small. Figure 12a shows
the derived foreign continuum optical depths at 980 cm− 1 for the daytime cases in the SGP data set. For a PWV of
2 cm, this optical depth is ∼0.03. At SGP, if there existed an atmospheric constituent with a small optical depth
that scaled somewhat linearly with PWV, then the impact in our analysis of such a constituent would be to inflate

Figure 11. Median of the PWV‐binned residuals between AERI measurements at MAO and corresponding LBLRTM
calculations for the spectral region 780–1,280 cm− 1. The residual for each spectral point in a precipitable water vapor bin is
computed as the mean of the “inner half” of all residuals in that bin, as described in Section 4.2. Residuals are shown for
MT_CKD_4.1.1 (black), MT_CKD_4.1.1+BL (green), and MT_CKD_4.2_closure (pink).
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the derived foreign continuum optical depth above the actual foreign continuum, and this artificial inflation would
disproportionately affect the derived foreign continuum most where it is smallest, that is, the 980–1,120 cm− 1

region.

4.5.2. A Correction for the Possible Contribution of Aerosols

We now explore the possibility that the presence of aerosols in the skies over SGP can lead to such an over-
estimation of the foreign continuum in our analysis. We obtain retrievals of aerosol optical depth (AOD) with two
markedly different approaches. We analyze periods coincident with the daytime cases in our data set and assume
that the daytime result are representative of the entire data set.

The first approach is to retrieve AOD and aerosol refractive index (RI) within 1 hour of the AERI observations at
SGP used in our analysis from the Aerosol Robotic Network (AERONET; Dubovik & King, 2000). We estimate
the AOD at ∼1,000 cm− 1 (10 μm) from AERONET observations at shortwave infrared (longest wavelength
observed is 1,640 nm) and visible wavelengths coupled with assumptions about aerosol composition. We assume
that the AOD at longer wavelengths is dominated by contributions from an external mixture of coarse‐mode

Figure 12. As a function of precipitable water vapor (PWV) for the daytime Southern Great Plains AERI cases analyzed in
this study: (a) Foreign continuum optical depths fromMT_CKD_4.2_closure; (b) Aerosol optical depths at 980 cm− 1 derived
from AERONET measurements assuming a combination of a deliquescent aerosol and mineral dust (black points with
dashed black fitted line), retrievals from AERI observations at 2,500–2,860 cm− 1 assuming a hydrated sulfate aerosol
(modeled as liquid, red diamonds), retrievals from AERI observations at 2,500–2,860 cm− 1 assuming montmorillonite
spheres (dust, blue squares), and a 74/26 combination of the liquid and dust aerosol assumptions, respectively (green linear
fit, individual values not shown for figure clarity). Positive correlation with PWV is seen for all modeled aerosols.
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aerosols composed of deliquescent aerosol (produced through hygroscopic growth) and mineral dust. The RI of
deliquescent aerosol converges with that of water, 1.3 at 1,640 nm and 1.2 + 0.05i at 10 μm. The RI of dust
depends on the composition, which is assumed to be iron‐oxide/hematite, a common soil component for the SGP
region, having an index of refraction of about 1.6 at 1,640 nm and 2 + 0.02i at 10 μm. We allow the retrieved real
part of the RI which spans the range from 1.3 to 1.6 μm to dictate the relative fraction of deliquescent aerosol to
dust, and thus infer the effective RI of the external mixture at 10 μm. Lastly, we use Mie scattering theory to
extend the measured AOD from shorter wavelengths out to∼10 μm. Clearly, the deliquescent components should
have a positive dependence on relative humidity and PWV, a fact that is borne out in Figure 12b. The aerosol
Angstrom exponent, which typically varies between +2 and 0 at the shorter wavelengths that are observed by the
AERONET system, are be moderately negative (− 0.65) over the 1,000–1,100 cm− 1 spectral range, driven by
changes in the refractive indices that vary notably in the longer wavelength range while being virtually constant at
shorter wavelengths.

The AOD values obtained from this analysis are shown as black circles in Figure 12b. The results in Figure 12
show the estimated AOD at 980 cm− 1 is approximately half of the derived foreign continuum optical depth. The
aerosol optical depths scale reasonably linearly with PWV, a consequence of the hygroscopicity of ambient
aerosol whereby aerosols increase in size through uptake of water vapor from the atmosphere, supporting the
inference that the presence of aerosols could have impacted our retrieval of foreign continuum coefficients.

The second approach to retrieve AOD uses the downwelling radiance observations made by the AERI in the
2,500–2,860 cm− 1 (3.5–4.0 μm) spectral region. Since at 2,500–2,860 cm− 1 the downwelling AERI radiance
observation is dominated by scattered solar radiation during the daytime, in this analysis we use only the daytime
AERI samples that coincide with the AERONET observations used in the first approach. We apply the physical‐
iterative mixed‐phase cloud retrieval algorithm (MIXCRA; Turner, 2005) to these AERI observations assuming
that the “cloud” was composed of aerosol particles (as was done in Turner, 2008). We apply MIXCRA with two
distinct assumptions for aerosol type: one, modeling the aerosol as liquid droplets (representing a hydrated sulfate
aerosol, shown as red diamonds in Figure 12b), and the other assuming montmorillonite spheres (i.e., dust, blue
squares in Figure 12b). The Interagency Monitoring of Protected Visual Environments (IMPROVE; Malm
et al., 1994) project provides measurements of the mass of sulfate and soil particles that have diameters less than
2.5 μm. Based on IMPROVE data from Stilwell, OK (the closest IMPROVE site to ARM SGP during 2016–
2018), over our analysis period, the mean ratio of the sulfate (liquid) aerosol mass to the sum of the sulfate and soil
mass is determined to be 0.74. We thus estimate the AOD at 980 cm− 1 using 0.74 * AODliquid + 0.26 * AODdust,
which yields somewhat higher AOD results (green line in Figure 12b) as a function of PWV as the first method
that was based on AERONET observations.

These AOD estimates establish that it is plausible that the presence of aerosols has impacted the determination of
the MT_CKD_4.2_closure foreign continuum coefficients shown in Figure 4. However, the assumptions about
aerosol properties made in the analyses above are quite speculative and the actual aerosol optical depths in the
infrared window may differ significantly from those we derived. The possibility that our continuum coefficient
retrieval has been impacted by aerosols leaves us with two choices, each of which has positive aspects and flaws.
We could ignore this likely contamination of our derived foreign continuum (MT_CKD_4.2_closure in Figure 4)
and its problematic flat spectral behavior, and provide these foreign continuum coefficients in the next release of
MT_CKD. This choice, when used in concert with our derived self continuum, would provide radiative closure
with the AERI observations used in this study, but likely only because the water vapor continuum in this region
inappropriately included some absorption that is actually due to aerosols. The other choice is to use the analysis
above to make an estimate of the aerosol contribution to the derived foreign continuum, subtract this initial
estimate of this aerosol contamination from MT_CKD_4.2_closure, and then use the MT_CKD line shape
methodology (Mlawer et al., 2012) to compute foreign continuum coefficients that are in reasonable agreement
with this difference. By construction, this option would have relative spectral behavior in the middle of the
window that is similar to the behavior in MT_CKD_4.1.1 (also similar to that measured by Baranov & Laff-
erty, 2012), but would no longer provide closure with the AERI measurements since calculations using this
foreign continuum would be missing optical depth unless a user explicitly included longwave aerosols in their
calculation. Another drawback of this approach stems from the realization that any estimate of aerosol absorption
in the infrared window would be highly uncertain, which would lead to significant uncertainty in the foreign
continuum derived after the aerosol contribution is removed from the MT_CKD_4.2_closure foreign continuum.
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Given this difficult choice, we feel that it is important for the MT_CKD continuum model to provide our best
estimate of the actual foreign continuum despite the inherent uncertainty of the approach used to derive it.
Therefore, we choose to derive the new foreign continuum for MT_CKD_4.2 by accounting for the estimated
contribution of aerosols. Given that the use of MT_CKD_4.2 will not result in radiative closure, we will also
provide the MT_CKD_4.2_closure foreign continuum as an alternate foreign continuum choice for users of
MT_CKD.

In Appendix B, we discuss the approach used to derive a specification of the foreign continuum in the infrared
window that is consistent with both (a) the closure analysis described in Section 4.2 interpreted in light of the
aerosol absorption analysis above (i.e., in Figure 12b) and (b) the relative spectral behavior of the foreign con-
tinuum in this region given by the MT_CKD line shape calculation. This derivation uses the MT_CKD line shape
formalism to compute foreign continuum coefficients from 780 to 1,250 cm− 1 that, once subtracted from the
coefficients in MT_CKD_4.2_closure, is roughly consistent with the properties (AOD and Angstrom exponent in
the infrared window) of the aerosol absorption derived from the AERONET measurements.

4.5.3. The Adjusted Foreign Continuum

The foreign continuum coefficients (labeled as MT_CKD_4.2) that result from this aerosol‐removing procedure
are shown as a purple curve in Figure 4. Since a similar line shape formalism was used to derive these coefficients
as was done for MT_CKD_1.0 (virtually the same as MT_CKD_4.1.1), the MT_CKD_4.2 coefficients also have
a minimum near 1,100 cm− 1. The spectral behavior of the MT_CKD_4.2 coefficients now more closely resemble
the Baranov and Lafferty (2012) measurements than the derived coefficients before the assumed impact of
aerosols was accounted for. This agreement with an independent measurement of foreign continuum absorption
provides a measure of confidence that the aerosol adjustment has some validity.

A few observations are worth pointing out. First, calculations using MT_CKD_4.2 do not provide radiative
closure with either the SGP or MAO AERI observations. As shown in Figure 9, impressive agreement between
the observations and calculations is obtained using MT_CKD_4.2_closure, but this closure to some extent is due
to the assumed inclusion of the radiative effects of aerosols in that continuum version. Removing that contri-
bution, as has been done to construct MT_CKD_4.2, destroys that radiative closure. Therefore, a comparison
between the observations and calculations using MT_CKD_4.2 is not informative and we do not include those
results in Figure 9. Second, the strong agreement shown in Figure 11 between the MAO AERI measurements and
calculations using MT_CKD_4.2_closure occurs even though that continuum version is assumed to include the
impact of aerosols at SGP. This is possibly due to reasonably similar aerosol loading at SGP and MAO, both
continental sites, and the reduced relative radiative impact of aerosols at MAO compared to SGP given the higher
PWV amounts at MAO. Third, some consideration should be given to the results for MT_CKD_4.1.1 and
MT_CKD_4.1.1+BL in Figure 9 in light of the need for the aerosol adjustment detailed above. In both cases, the
foreign coefficients in the infrared window in these continuum versions were not derived from field studies, so
they could not have been impacted by aerosols in the same way that the MT_CKD_4.2_closure coefficients are
assumed to have been. The window self continuum used in these calculations (the same in both versions) was
derived by Turner et al. (2004), a radiative closure field study at SGP. It is reasonable that atmosphere opacities in
this previous study were affected by a similar aerosol loading as in the current study, and that the self continuum
coefficients derived in Turner et al. (2004) implicitly include the radiative effects of the aerosols. Therefore, no
further adjustment to these versions is needed to evaluate the behavior of their associated residuals, and it is fair to
compare them to those obtained using MT_CKD_4.2_closure, as is done in Figure 9.

4.6. Uncertainty Analysis

The determination of the uncertainties in our retrieved values of self continuum coefficients, foreign continuum
coefficients, and the temperature dependence of the self continuum in the infrared window is challenging.
Consideration must be given to typical uncertainties in radiative closure studies, such as those due to the
radiometric instrument and the specification of the atmospheric profile, as well as complexities in this study such
as the consideration of the role of aerosols in the derivation of the foreign continuum.We here provide an analysis
of key sources of uncertainty in our derived continuum values.

For our uncertainty analysis, we consider to what extent the retrieved continuum values can be modified while
maintaining “good agreement” between the measurements and calculations. How we define “good agreement”
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must reflect the uncertainties in both the measurements and calculations. The total uncertainty in the radiance
residuals at each spectral point provides a foundation for evaluating alternate sets of continuum values. If the
residuals generally stay within the radiance residual uncertainty values for all PWV bins, then any alternate values
are considered plausible. Using this approach, we can find limits past which good agreement is no longer possible,
therefore defining the uncertainty in each continuum parameter.

Sources of uncertainty in the radiance residuals arise from the uncertainty in (a) the specification of trace gas
abundances, (b) the temperature and water vapor profiles, and (c) the AERI radiance measurements. The method
used to determine the uncertainty due to the trace gas specification is discussed above and is shown in Figure 7a.
The uncertainty due to temperature and water vapor profiles is evaluated through the use of a reasonable alternate
specification of these profiles (see Section 3.3). Figure 7b shows the spectral RMS differences between calcu-
lations that use these alternate profiles and those that use the profiles employed in the analysis described above.
Finally, the AERI uncertainty is assigned a value of 0.1 RU based on the random error spectra of the instrument, as
estimated by the calibration equation used in its processing (Knuteson et al., 2004b; Revercomb et al., 1988).

In addition, it is clear from Figure 8 that there is variability in the final (pink) residuals as a function of PWV. To
account for this additional source of uncertainty, we compute the interquartile differences of the binned residuals
for each spectral point, which is shown in Figure 7c, and include this as an additional term in the uncertainty
calculations.

We assume that these four sources of uncertainty in the residuals are independent and add these values in
quadrature at each spectral point (total shown as black circles in Figure 7d). Since the determination of continuum
coefficients enforces a degree of spectral smoothness on the coefficients, we group the uncertainty values in
20 cm− 1 intervals. We take a conservative approach in assigning the final uncertainty value in each interval by
using the RMS of the spectral values, which are also shown in Figure 7d.

Now we compute alternate sets of continuum coefficients at each spectral point to determine the maximum that
each continuum coefficient can be perturbed while keeping the residuals as a function of PWV within the un-
certainty in the residuals computed above. We illustrate this procedure for the self continuum. First, all self
continuum coefficients in MT_CKD_4.2_closure are increased, in turn, by 5%, 10%, 20%, and 30%. For each
perturbation, we then follow the procedure detailed in Section 4.2 to derive optimal spectral values for the foreign
continuum and the temperature dependence of the self continuum. For illustration, quadratic fits to the resulting
residuals from these optimal perturbations are shown in Figure 13 as a function of PWV for all spectral elements
in the 20 cm− 1 bins that contain the wavenumbers in Figure 13, as well as the 1,200–1,220 cm− 1 bin. (The
wavenumber corresponding to each curve shown is not identified since this analysis is being performed
collectively for the spectral elements grouped in each interval.) As an example, Figure 13f shows that, for the
940–960 cm− 1 region, the coefficients obtained starting with a 5% perturbation to the self continuum result in the
residuals staying within the unshaded region, which corresponds to the radiance uncertainty in this region. That is,
a 5% perturbation to the self continuum results in measurement‐calculation agreement (as defined above). In
contrast, the curves corresponding to a 10% perturbation (Figure 13g) do not remain within the unshaded region,
so a 10% change to the self continuum does not lead to agreement. Based on the set of perturbation calculations,
for this spectral region we determine that the self continuum uncertainty is 7%. We perform this analysis for all
20 cm− 1 bins—the resulting self continuum uncertainty values are shown as thin purple error bars on the
MT_CKD_4.2 curve in Figure 2.

We repeat this procedure starting with a series of foreign continuum perturbations, determining optimal spectral
values for the self continuum and the temperature dependence of the self for each perturbation. This results in the
foreign continuum uncertainty values shown in Figure 4 for MT_CKD_4.2_closure in the 20 cm− 1 spectral bins.
Note that in some spectral regions (primarily the ozone‐dominated region from 980 to 1,080 cm− 1) this method is
not able to determine a reliable uncertainty value for the foreign continuum due to the large uncertainty in the
residuals and combined behavior of the self continuum and its temperature dependence in response to the foreign
perturbations. In this region, we compute an uncertainty by combining the uncertainty at its boundaries (i.e., 970
and 1,090 cm− 1) with the difference in continuum values resulting from alternate reasonable ways to span the gap
in retrieved (i.e., MT_CKD_4.2_closure) foreign continuum values from 980 to 1,080 cm− 1. We discuss below
the uncertainty associated with the MT_CKD_4.2 foreign continuum coefficients.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041366

MLAWER ET AL. 19 of 33



Finally, we follow this procedure beginning with a series of perturbations to the temperature dependence of the
self continuum, determining optimal spectral values for the self and foreign continuum. However, in all spectral
bins this method is not able to derive reliable estimates of the uncertainty in the self continuum temperature
dependence. Even though the AERI data sets used in our study are not able to effectively constrain the self
continuum temperature dependence, below we consider the results of other studies to determine rough estimates
of the uncertainty in the MT_CKD_4.2 temperature dependence parameters.

The continuum parameters derived from the AERI measurements are not independent—for example, an increase
in the derived self continuum value at a spectral point would necessitate a lower associated foreign continuum
value in order to maintain overall radiative closure at that point. Therefore, for the uncertainty analysis it is
informative to understand how these two continuum values covary.We therefore perform a retrieval of the foreign
continuum value for a small perturbation to the self continuum (with the temperature dependence kept fixed) for
all SGP cases in this study. Figure 14 shows the median ratios of the foreign and self continuum changes in these
retrievals for the window region. Consideration of the uncertainty in either of these quantities should be done in
the context of their combined behavior.

Figure 13. For four example 20 cm− 1 spectral regions, quadratic fits to the residuals are shown for MT_CKD_4.2 closure (left column) and variations in which the self
continuum has been increased by 5% (middle left column), 10% (middle right column), and 20% (right column), with the foreign continuum and self continuum
temperature dependence rederived for each perturbation (as described in Section 4.6). Curves are shown for the spectral elements corresponding to the large circles in
Figure 9 and not all curves are shown on all panels for clarity. The regions shaded gray on each panel are outside of the total uncertainty for the respective panels. A set of
curves that does not stay mostly within the unshaded region indicates that the corresponding perturbation to the self continuum is greater than the self continuum
uncertainty in that spectral region.
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The above derivation of uncertainty values for the MT_CKD_4.2_closure foreign continuum coefficients does
not directly apply to the MT_CKD_4.2 foreign continuum, which was derived using information other than the
AERI measurements at SGP andMAO. The method used to derive these foreign continuum coefficients was quite
speculative, involving (a) the MT_CKD_4.2_closure foreign continuum coefficients, (b) “best guess” estimates
of the aerosol optical properties in the infrared window, and (c) a calculation using the MT_CKD line shape
formulation constrained to foreign continuum values outside the infrared window and those inferred in the
window from (a) and (b). The highly conjectural nature of this approach presents large challenges from using it
alone to determine reasonable uncertainty estimates. Instead, we use all available information (MT_CKD_4.2
closure uncertainties, analysis of the method used to derive MT_CKD_4.2 foreign continuum, and the laboratory
measurements shown in Figure 4) to provide users of MT_CKD with a rough estimate of the uncertainty of
MT_CKD_4.2 in specifying water vapor foreign continuum absorption in this region. The upper limit of the
uncertainty must reflect the possibility that the impact of aerosols on the derivation of foreign continuum is
negligible (i.e., in contrast to the significant AOD values shown in Figure 12b), so the corresponding uncertainty
values are determined by the difference between MT_CKD_4.2 and MT_CKD_4.2_closure (accounting for its
own uncertainty). Reassuringly, even though this uncertainty estimate did not consider the single‐frequency
measurement of Cormier et al. (2005), the upper envelope of the MT_CKD_4.2 uncertainty estimates (shown
with thin purple vertical bars in Figure 4) allows the possibility that the foreign continuum is as great as that value.
With respect to the lower limit of the MT_CKD_4.2 uncertainty, we explicitly consider the results from the
Baranov and Lafferty (2012) study, which is generally lower than the MT_CKD_4.2 coefficients but clearly
represent possibly valid values. We compute the uncertainty by adding in quadrature: (a) the difference between
MT_CKD_4.2 and MT_CKD_4.1.1+BL and (b) the uncertainty in the coefficients determined in Baranov and
Lafferty (2012). The resulting MT_CKD_4.2 uncertainty estimates are generally consistent with the results we
would have attained in our study had we adjusted the MT_CKD_4.2_closure coefficients to account for the
impact of aerosol optical depths somewhat greater than we actually assumed (i.e., consistent with the relative
aerosol loading of the green line compared to the black line in Figure 12b). In Figure 4, we denote MT_CKD_4.2
foreign continuum uncertainty estimates with open‐ended vertical lines to contrast the broader perspective used to
determine these values with the AERI‐based uncertainty estimates used for the MT_CKD_4.2_closure foreign
coefficients, which are denoted as (pink) vertical lines with end caps. To conclude, MT_CKD users should be
aware of possible considerable uncertainties when utilizing MT_CKD_4.2 foreign continuum coefficients.

With a similar perspective, we also consider all available information to determine rough uncertainty estimates for
the MT_CKD_4.2 self continuum temperature dependence exponents, which are not able to be effectively
constrained by the AERI measurements used in this study. The upper limit of the uncertainty needs to include the
(refit) values from the Burch and Alt (1984) study (accounting for that study's uncertainty) since we view its
results with confidence due to the close agreement of its derived self continuum coefficients with those from the
current study. (See Figure 2.) When considering the lower limit of possible values of the temperature dependence
exponents, we do not consider the values derived by Baranov et al. (2008) with great confidence since the self
continuum coefficients determined in that work do not agree with those derived in the current study. As a result,

Figure 14. For all Southern Great Plains cases, median ratio (interquartile range shown with bars) of the change in derived
foreign continuum value to a small perturbation in the self continuum value.
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there is little information to go on to constrain the lower uncertainty limit. We therefore define the uncertainty bars
to be equal in the positive and negative directions (adjusted to ignore the bump in the MT_CKD_4.2 exponents
centered at 780 cm− 1).

5. Analysis of MT_CKD_4.2
Figure 2a shows the final self continuum coefficients (MT_CKD_4.2) derived in this study along with previous
versions of the continuum model. With MT_CKD_4.1.1 used as a reference, Figure 2d shows the relative spectral
behavior of MT_CKD_4.2 (and its uncertainty), the most recent laboratory measurements from three groups,
previous versions of CKD andMT_CKD based on field studies that have been adjusted (as described in Section 2)
to account for a larger foreign continuum than utilized in their respective original derivations, and the similarly
adjusted results from the field study by Taylor et al. (2003). Although these self continuum specifications do not
all agree, it can be argued the evidence clearly suggests that MT_CKD_4.1.1 is too strong across the entire
infrared window. For wavenumbers less than 900 cm− 1, most of the results shown agree that the self continuum is
8%–15% weaker than MT_CKD_4.1.1. Exceptions to this are the study of Baranov et al. (2008) and the adjusted
coefficients of CKD_2.1, which is based on the Westwater et al. (1995) study. The adjustment made to CKD_2.1
only accounts for a change in the foreign continuum, but another significant bias in the Westwater et al. (1995)
results is likely present. The type of sonde used in the calculations in that study to specify the water vapor fields
were subsequently shown to have a dry bias of 4%–8% due to contamination of the relative humidity sensor by the
packaging (Turner et al., 2003; Wang et al., 2002). Given the squared dependence of the self continuum on water
vapor abundance, a rough estimate suggests that the self continuum coefficients derived in that study were likely
too high by at least 8%. As a result, the CKD_2.1_adj curve in Figure 2d likely needs to be shifted downward by
that amount to account for this bias. Given that, all results shown in Figure 2d for 780–900 cm− 1 exhibit
agreement except for a single outlier result by Baranov et al. (2008). The good agreement of these self continuum
specifications persists over the rest of infrared window with the exception of MT_CKD_1.0_adj, which is based
on the adjusted results of the Turner et al. (2004) study. It is encouraging that the accurate cavity ring down
measurement by Cormier et al. (2005) agrees within the tight uncertainty bound of the current study. In spectral
regions in which the uncertainty estimates of the current study are small, the results of the current study are in
agreement with all laboratory measurements by Burch and Alt (1984) and most of the adjusted values from the
Taylor et al. (2003) field analysis.

The MT_CKD_4.2 foreign continuum coefficients, which have been adjusted to account for the presence of
aerosols at SGP as described in Section 4.5, are shown in Figure 4. Since its behavior near its minimum results
from a similar line shape calculation as MT_CKD_1.0, it is not surprising that the shapes of these two continuum
versions are similar in this region. However, MT_CKD_4.2 is ∼5 times greater than its predecessor in the 960–
1,150 cm− 1 region, and 2–4 times greater in the regions of the infrared window outside this minimum region,
that is, where the continuum is stronger and the AERI observations provide a greater constraint. In these regions,
the MT_CKD_4.2 uncertainty estimates do not include the MT_CKD_1.0 (equivalent to MT_CKD_4.1.1)
coefficients. Despite the quite speculative approach used to adjust the derived foreign continuum for aerosols,
there is some correspondence of these continuum values with the Baranov and Lafferty (2012) experimental
values. By construction, the MT_CKD_4.2 uncertainty estimates include the Baranov and Lafferty (2012)
values.

The self continuum temperature dependence exponents derived in this study are shown in Figure 3. Also shown in
Figure 3 are the exponents in MT_CKD_4.1.1 as well as values derived from the laboratory studies of Baranov
et al. (2008), Cormier et al. (2005), and Burch and Alt (1984). (It is important to note that the exponents shown on
this figure for these studies are for the continuum coefficients as defined in MT_CKD, which are specified for a
reference density and do not include the radiation term.) The Burch and Alt (1984) study is represented by two
sets of alternate temperature exponent values: one based on the data in the table provided in that work associated
with its Figure 2, and one based on our analysis of the plotted values in its Figure 2. It is clear from Figure 3 that
there is no consensus between the specifications of the self continuum temperature exponents that are displayed.
The MT_CKD_4.2 values are in excellent agreement at the single location analyzed in Cormier et al. (2005) and
are closer than MT_CKD_4.1.1 to the Baranov et al. (2008) values in the region where the AERI analysis is most
definitive. Above 980 cm− 1, theMT_CKD_4.2 exponents diverge from the Baranov et al. (2008) values, but there
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is some suggestion in Figure 10 that a justifiable choice could have been made to decrease the MT_CKD_4.2
exponents further, thereby bringing them in closer agreement to Baranov et al. (2008). Our inability to determine
uncertainty values for the exponents based on the AERI analysis alone reflects that a wide range of exponent
values are able (after adjustments to the self and foreign coefficients) to provide radiative closure with the ob-
servations within the uncertainty in the residuals. Therefore, the exponent values shown in Figure 3 should be
considered numerical values that optimize the radiative closure results rather than an attempt at a definitive
determination of the spectral behavior of a physical quantity.

6. Impact
6.1. Broadband Fluxes and Heating Rates

The impact of the modified water vapor continuum in MT_CKD_4.2 on broadband radiative fluxes (Figure 15)
depends strongly on the moisture content of a profile. (See Table 1 for PWV values.) For dry winter profiles, the
continuum modifications cause a modest decrease in upward flux and an increase in downward flux from the
increased opacity due to the larger foreign continuum, which outweighs the decrease in the self continuum. The
difference in downwelling flux sharply increases at ∼800 mb for the tropical or summer profiles (Figure 15d). In
the tropical atmosphere, for example, the downwelling flux at the surface decreases by more than 4 W/m2 as a
result of the overall decrease in atmospheric opacity in the IR window caused by the 10%–30% decrease in the
dominant water vapor self continuum. The magnitude of the change in upwelling flux (Figure 15c) due to the use
of MT_CKD_4.2 is much smaller than for the downwelling flux since the radiating temperature of lower at-
mosphere, the region in which the self continuum emits radiation, does not differ too greatly from the surface

Figure 15. For six standard atmospheres: (a) longwave net flux from LBLRTM calculations using MT_CKD_4.1.1; (b) Difference in net flux between calculations that
use MT_CKD_4.2 and calculations that use MT_CKD_4.1.1; (c) Difference in upward flux between MT_CKD_4.2 and MT_CKD_4.1.1; (d) Difference in downward
flux between MT_CKD_4.2 and MT_CKD_4.1.1.
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temperature. Therefore, decreased absorption of surface‐emitted radiation by the self continuum inMT_CKD_4.2
is partially compensated by its decreased emission of the lower atmosphere at a (typically) slightly lower tem-
perature. Nevertheless, the upwelling radiation does increase by∼0.7W/m2 in the mid‐troposphere and 0.5W/m2

at the top of the tropical atmosphere, with smaller but still notable increases for atmospheres with moderate PWV
values.

The analysis in this study shows that the total atmospheric opacity in the infrared window is less than had pre-
viously been thought, but the exact partitioning between the water vapor continuum and aerosols, that is, the
difference between MT_CKD_4.2 and MT_CKD_4.2_closure, is quite uncertain. Figure 16, which shows the
analogous results to those in Figure 15 for calculations using MT_CKD_4.2_closure, may better reflect the
impact on fluxes resulting from this study since all sources of opacity in the infrared window are accounted for. In
drier conditions the increase in atmospheric opacity in MT_CKD_4.2_closure results in an increase in down-
welling flux at the surface, consistent with the change in the measurement‐calculation residuals (e.g., Figure 8) for
similarly low PWVs. For higher PWV cases, the decreased overall absorption, driven by the decrease in the
optical depth of the dominant self continuum, results in a decrease in surface downwelling flux. For upwelling
flux at TOA, all cases shown in Figure 16 show a decrease due to the continuum changes. Even for moist cases in
which the magnitude of the increase in foreign continuum optical depth is less than the decrease in the self
continuum, the change in foreign continuum results in an upwelling flux difference of larger magnitude since
foreign continuum emission occurs higher in the atmosphere, that is, at temperatures that differ more with respect
to the surface temperature than the self continuum emission temperature. Crucially, the impact on fluxes may be
very different when the aerosol properties (e.g., loading) differ greatly from the aerosols at the location analyzed
in this study since the presumed contribution of aerosols is included in the foreign continuum in these
calculations.

Figure 16. Same as Figure 15, but differences in panels (b–d) are for calculations that use MT_CKD_4.2_closure and those that use MT_CKD_4.1.1.
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Figure 17 shows the difference in longwave heating rates due to modifications in MT_CKD_4.2. The largest
changes occur in moist atmospheres, with the heating rates increasing (less cooling) by∼5% in the lower layers of
the atmospheres. Figure S1 in Supporting Information S1 presents analogous results for MT_CKD_4.2_closure.

6.2. Top of the Atmosphere Brightness Temperature

Figure 18 shows the change in the brightness temperature at the top of the atmosphere between LBLRTM cal-
culations that use MT_CKD_4.2 and those that use MT_CKD_4.1.1. These differences increase with the PWV of
the atmospheric profile, with maximum of ∼+0.3 K for the tropical atmosphere, and do not show a great deal of
spectral variability throughout the infrared window. This suggests that use of the new continuum version (v4.2)
will lead to a non‐trivial change in surface temperatures retrieved using satellite radiances in the infrared window.
Figure S2 in Supporting Information S1 provides analogous results for MT_CKD_4.2_closure. For all but the
moistest of the profiles shown, the change in brightness temperature is negative due to the additional absorption
provided by the aerosol assumed to be included in the foreign continuum.

6.3. Climate Considerations

Since only a small fraction of the radiative forcing due to carbon dioxide and methane occurs in the infrared
window, the change in the water vapor continuum derived in this work will result in only a very small change in
these forcings. Therefore, these forcing changes are not shown here.

We assess the impact of the new continuum and resulting opacity change in the infrared window on climate
feedbacks with radiative calculations for idealized atmospheric profiles (see, e.g. Koll & Cronin, 2018) using a
range of surface temperatures from 240 to 340K (in 5K increments). Atmospheric temperatures follow a moist
adiabat until reaching 220K (defined as the tropopause); temperatures above the tropopause are fixed at 220K.
Relative humidity in the troposphere is 75%, carbon dioxide abundance is set to 395 ppm, and ozone

Figure 17. For six standard atmospheres: (a) longwave heating rates from LBLRTM calculations using MT_CKD_4.1.1 and
(b) difference in heating rates between calculations that use MT_CKD_4.2 and calculations that use MT_CKD_4.1.1.
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concentrations are based on the U.S. Standard atmosphere (ozone concentrations are zero above the tropopause
and rescaled in the troposphere to ensure the same total column amount at all surface temperatures). The change in
flux between consecutive surface temperatures is interpreted as the climate feedback. Figure 19 shows this
feedback as determined with the existing water vapor continuum (v4.1.1, dashed curves) and with the newly
derived continuum (v4.2, solid curves). Differences are shown in the lower panels. Changes to the continuum, and
the resulting decrease in atmospheric opacity in the infrared window, induce an increase in climate feedback of
∼5% at current surface temperature (∼290K), rising to greater than 10% for a surface temperature of ∼300K.

The colored curves in Figure 19 show the contributions of key spectral regions to the total climate feedback. (For
this figure, we have slightly expanded the spectral region defined as the window to include the entire region in
which the continuum has been modified in this study.) At current Earth temperatures, the infrared window (green)
is the spectral region with by far the largest climate feedback. Secondary contributions to the total climate
feedback are also provided by infrared water vapor absorption bands, the CO2 ν2 band at 15 μm (600–750 cm− 1),
and the main infrared ozone band at 9.6 μm (1,000–1,070 cm− 1). The climate feedback in the infrared window
region decreases with surface temperature due to the increase in atmospheric opacity in moister atmospheres. This
opacity increase is rapid due to the dominant role of the water vapor self continuum in the window region and its
quadratic dependence on water vapor concentration. The decrease in the climate feedback in the infrared window
for higher surface temperatures is partially compensated for by increases in the climate feedback in water vapor
absorption bands and the CO2 band, which has the largest contribution for surface temperatures larger than
∼307K.

Figure 19 shows the significant increase in climate feedback in the infrared window due to the continuum changes
derived in this study. The reduced opacity in the revised water vapor continuum results in the climate feedback in
the infrared window becoming negative at a temperature 3K greater than before this revision. Our calculations do
not extend to sufficiently high temperatures for the climate feedback for the complete longwave region (black
curve) to become negative (i.e., runaway greenhouse), but Figure 19 suggests that the revised continuum implies

Figure 18. For six standard atmospheres: (a) brightness temperatures calculated with LBLRTM with MT_CKD_4.1.1 and
(b) brightness temperature differences between calculations that use MT_CKD_4.2 and calculations that use
MT_CKD_4.1.1.
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that runaway greenhouse conditions will occur on Earth at a slightly higher temperature than had been previously
thought. (Analogous results to those presented in Figure 19 can be seen in Figure S3 in Supporting Information S1
for MT_CKD_4.2_closure.)

Figure 20b shows spectrally‐resolved climate feedbacks computed with MT_CKD_4.2, while Figure 20c shows
the climate feedback differences for MT_CKD_4.2 with respect to MT_CKD_4.1.1; analogous results for
MT_CKD_4.2_closure are shown in Figure S4 in Supporting Information S1. (For clarity, in these and similar
figures we show only the results corresponding to 10K increments of surface temperature.) Since the changes to
the continua decrease absorption due to the self continuum, which is the dominant source of opacity in this region,
with the new continuum the climate feedback is increased throughout the vast majority of the infrared window
region. The exception is in the region 1,200–1,300 cm− 1 for low surface temperatures (i.e., lower PWV values)
where, under these conditions, the increased absorption due to the revised foreign continuum can outweigh the
impact of the reduced self continuum, leading to a decrease in opacity and a slight increase in climate feedback.
Figure 20c indicates that the change in climate feedback varies spectrally and with surface temperature, a result of
the varying spectral behavior of the continuum changes and atmospheric opacity for the different surface tem-
peratures. Additional discussion about the climate feedback results in Figures 19 and 20 is provided in Section S2
in Supporting Information S1.

Changes resulting from the new continuum formulation to the surface net radiative flux (defined positive up-
wards), key to processes such as evaporation, are shown in Figure 21 as a function of surface temperature for these
moist adiabatic calculations; spectral results are shown in Figure S5 in Supporting Information S1. Analogous
results for MT_CKD_4.2_closure are shown in Figures S6 and S7 in Supporting Information S1, respectively.

Figure 19. As a function of surface temperature in moist adiabat profiles (as described in Section 6.3), (a) climate feedback
for full longwave region (black), water vapor absorption bands (blue), CO2 ν2 band (cyan), infrared window (green), and
ozone band (red). Solid curves use revised continuum (MT_CKD_4.2) in the calculations while dashed curves use previous
continuum (MT_CKD_4.1.1); (b) for full longwave, climate feedback differences between calculations usingMT_CKD_4.2
and MT_CKD_4.1.1; and (c) percentage differences in climate feedback between calculations using MT_CKD_4.2 and
MT_CKD_4.1.1. Climate feedback is defined as the change in TOA flux per unit change in surface temperature.
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The results in Figure 21 reflect a balance between the increase in upwelling surface flux with increasing surface
temperature and an increase in downwelling surface flux due to the increased atmospheric temperature and water
vapor loadings associated with the increased surface temperature. At low surface temperature, the low water
vapor amounts lead to the former term being larger, so the sensitivity of net surface flux to surface temperature
(the “surface climate feedback”) is positive. When the surface temperature is larger than 270K, the impact of the
increase in atmospheric opacity associated with a greater surface temperature becomes increasing large, leading
to a negative surface climate feedback. The magnitude of this feedback, dominated by the infrared window region,
continues to increase with surface temperature until ∼300K. At higher temperatures, the most opaque part of this
region (∼800 cm− 1) has become sufficiently opaque so that its surface net flux is small and, therefore, the change
in surface net flux values resulting from a change in surface temperature decreases. These spectral regions stop
contributing appreciably to the surface climate feedback, and the overall magnitude starts to decrease. This trend
continues as the surface temperature increases until the surface net flux approaches zero, as does the surface
climate feedback.

The impact of the changes to the infrared window continuum is to decrease the magnitude of the surface climate
feedback for lower surface temperatures, where the trend in surface climate feedback is due to the increase in
surface downwelling flux due to the increased atmospheric opacity—the decrease in the self continuum slows
down this trend. Conversely, for higher temperatures, the decrease in self continuum opacity decelerates the trend
of the surface net flux approaching zero, thereby leading to an increase in the magnitude of the surface climate
feedback.

For completeness, Section S2 in Supporting Information S1 includes analogous figures (both for MT_CKD_4.2
and 4.2_closure) for the atmospheric net flux (TOA minus surface net flux) for the moist adiabat calculations,
change in atmospheric net flux due to the change in surface temperature (“atmospheric climate feedback”), and

Figure 20. For various surface temperatures (colored curves) in moist adiabat profiles (as described in Section 6.3): (a) TOA
longwave flux calculated using MT_CKD_4.2; (b) spectral behavior of climate feedback calculated for the temperature
ranges denoted on panel (c); and (c) spectral climate feedback differences between calculations using MT_CKD_4.2 and
MT_CKD_4.1.1.
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changes in this feedback due to the revised water vapor continuum in the infrared window (Figures S8–S11 in
Supporting Information S1).

7. Conclusion
This study provides a new determination of the strength of water vapor continuum absorption in the infrared
atmospheric window, which, despite its importance to climate, has not been the subject of many observational
studies in the last two decades. Our results are consistent with several recent analyses that indicate that the self
continuum, the dominant source of atmospheric absorption in this spectral region, is too strong in
MT_CKD_4.1.1. In general, the weaker self continuum derived here results in an overall increase in atmospheric
transparency in the window in MT_CKD_4.2 compared to MT_CKD_4.1.1. However, the high transparency in
atmospheres with low amounts of water vapor may slightly decreases due to the increase in foreign continuum
absorption derived in this study. The continuum changes implemented in MT_CKD_4.2 lead to a significant
decrease (∼4.5 W/m2) in downwelling longwave flux at the surface for moist atmospheres as well as a modest
increase (∼0.6 W/m2) in OLR. The increased fraction of surface‐leaving radiation that escapes to space leads to a
notable increase (∼5–10%) in the clear‐sky climate feedback.

The diversity of the continuum values derived in previous studies is striking, and the high uncertainty of some of
the continuum values we have derived means that our study cannot resolve all remaining uncertainties of sig-
nificance related to the infrared window in Earth's radiative budget and climate. This is especially the case for the
foreign continuum and the temperature dependence of the self continuum, but also for the self continuum in
certain spectral regions (e.g., 1,150–1,200 cm− 1). This reality points to the need for further accurate laboratory
studies of the water vapor continuum in the infrared window. Within the last year, an important step in this
direction has occurred. Motivated by a presentation of preliminary results from this study (Mlawer, 2022), the
Campargue group at the University of Grenoble Alpes undertook a measurement of the self continuum at
∼1,185 cm− 1 using the accurate technique of optical feedback cavity ring down spectroscopy. The results of this

Figure 21. Similar to Figure 19 but for the surface instead of TOA. Surface climate feedback is defined as the change in
surface net flux (defined as positive upward) per unit change in surface temperature.
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study (Fournier et al., 2024; F24) are consistent with our result that there is a need for a significant reduction in the
strength of the MT_CKD_4.1.1 self continuum in this region, although the decrease derived in our study is greater
than in F24. The two results agree within the uncertainties associated with our determination of the self continuum
in this region. Measurements of the self continuum were performed in F24 over a limited range of temperatures
(296–308 K), which resulted in the determination that the temperature dependence is much weaker than the value
we have implemented in MT_CKD_4.2. Given that our study determined that the self continuum temperature
dependence could assume a wide range of values while still allowing radiative closure with AERI measurements,
this is not surprising. There is a clear need for additional accurate laboratory studies of the self continuum across
the full atmospheric window, as well as its temperature dependence and the strength of foreign continuum
absorption.

The foreign continuum analysis in this study also demonstrates the need for further laboratory studies of this
source of atmospheric absorption. In this study, we posit that our derivation of foreign continuum absorption
includes a contribution from aerosols and determine the spectrally dependent fraction of the absorption due to the
foreign continuum versus aerosols through a highly speculative approach. Despite the resulting substantial un-
certainty inherent our methodology, our results point out the possibly important role that aerosol absorption may
play in the longwave radiative budget, which we hope will prompt further study.

Appendix A
The method to estimate the “adjusted” self continuum values shown in Figure 2d for three previous field studies is
described here. Using the SGP data set described in Section 3, we retrieved self continuum values (see Section 4.2
for the description of the methodology) using the MT_CKD_4.1.1+BL foreign continuum. For our reconsid-
eration of the Turner et al. (2004) study, we used the entire data set to estimate the change in derived self con-
tinuum values due to the modified foreign continuum, while for the tropical analyses upon which CKD_2.1 was
based (Han et al., 1997; Westwater et al., 1995) we used only the most moist cases in the SGP data set. These
revised self continuum values are shown in Figure 2d as MT_CKD_1.0_adj and CKD_2.1_adj, respectively. Also
shown in this figure are the self continuum values derived in a field study by Taylor et al. (2003), which assumed
the CKD_2.4 foreign continuum, and corresponding self continuum values that are estimated as the values that
would have been obtained had the larger MT_CKD_4.1.1+BL foreign continuum values been assumed instead
(denoted as “Taylor_adj”).

Appendix B
Based on (a) the foreign continuum value at 980 cm− 1 from a revised line shape fit (similar to the one used to
derive MT_CKD_1.0 as described in Mlawer et al., 2012) applied to the foreign continuum coefficients in
MT_CKD_4.1.1 from 500 to 800 cm− 1 and (b) the value of the foreign continuum at 980 cm− 1 in
MT_CKD_4.2_closure, we estimate that the actual foreign continuum is a little more than half of the retrieved
foreign continuum at 980 cm− 1 and assume that aerosols are responsible for the remaining fraction. This split
between foreign continuum and aerosol is weighted more to the foreign continuum than is implied by Figure 12,
but is within the uncertainty of the AOD estimates in panel b of that figure. The first step in the procedure to
account for the estimated impact of aerosols on the derived spectral foreign continuum coefficients is to compute
the spectral fraction of the derived continuum due to aerosol optical depths. To do this, the spectral dependence of
the AOD is assumed to be given by a derived Angstrom exponent of − 0.647 while the combined foreign and AOD
is given by MT_CKD_4.2_closure. Using this ratio, the estimated aerosol contribution is removed from the
derived foreign continuum coefficients, yielding an estimate of the actual foreign continuum coefficients (i.e.,
with aerosol removed). It is important to note that since no coefficients were derived from 990 to 1,070 cm− 1, this
gap remains in these estimated pure continuum coefficients. These coefficients are then used as constraints in a
new fit of the same line shape formalism that was used to derive MT_CKD_1.0. The new fit is aimed at providing
values for the foreign continuum in the gap as well as in neighboring spectral regions that are impacted greatly by
aerosols (given our assumption) and, therefore, the derived foreign continuum coefficients in those regions cannot
be considered very definitive (e.g., 1,080–1,150 cm− 1). The main priorities in the fitting effort are to match the
following properties of the constraining foreign continuum coefficients: (a) the overall slope of the coefficients
from 800 to 980 cm− 1 and (b) the coefficient values in spectral regions closest to the gap in which the actual
foreign continuum value are thought to be responsible for more than 60% of the AERI‐derived foreign continuum
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coefficients (960–980 cm− 1 and 1,220–1,230 cm− 1). The continuum coefficients resulting from this fit are the
final foreign continuum coefficients in the targeted spectral region; in neighboring spectral regions the co-
efficients from the fit are smoothly merged with the constraining coefficients (i.e., AERI‐derived), resulting in the
final foreign water vapor coefficients from this AERI analysis (780–1,250 cm− 1). In spectral regions just outside
of this range, these coefficients are transitioned into the existing MT_CKD_4.1.1 foreign continuum coefficients
in spectral regions (<600 cm− 1, >1,400 cm− 1) in which the coefficients have been determined in previous
observation‐based analyses.

Data Availability Statement
All SGP and MAO observations (Atmospheric Radiation Measurement, 1993a, 1993b, 2001, 2004a, 2004b,
2004c, 2014a, 2014b, 2014c, 2014d, 2014e) used in this study were obtained from https://www.arm.gov/data. The
LBLRTM radiative transfer model (1991), including the version used in this study (v12.15.1) can be accessed
from https://github.com/AER‐RC/LBLRTM and the MT_CKD continuum model (2003) from https://github.
com/AER‐RC/MT_CKD. The LBLRTM input files derived from ARM observations that are used in this study
can be found in a tar file that can be downloaded from Zenodo (https://zenodo.org/records/10909710). The
Zenodo file also contains all aerosol‐related data used in our analysis, as well as the code (Python) used to retrieve
the self and foreign continuum coefficients and the self continuum temperature exponents from the measurement‐
calculation residuals. Additional supporting information is also available in this tar file.
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