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Introduction

Recent laboratory measurements show that absorption by the water vapour continuum
in near-infrared windows may be about an order of magnitude higher than assumed in
many radiation codes. The radiative impact of the continuum at visible and near-infrared
wavelengths is examined for the present day and for a possible future warmer climate (with a
global-mean total column water increase of 33%). The calculations use a continuum model
frequently used in climate models (‘CKD’) and a continuum model where absorption is
enhanced at wavelengths greater than 1 [Lm based on recent measurements (‘CAVIAR’). The
continuum predominantly changes the partitioning between solar radiation absorbed by
the surface and the atmosphere; changes in top-of-atmosphere net irradiances are smaller.
The global-mean clear-sky atmospheric absorption is enhanced by 1.5 W m~2 (about 2%)
and 2.8 W m 2 (about 3.5%) for CKD and CAVIAR respectively, relative to a hypothetical
no-continuum case, with all-sky enhancements about 80% of these values. The continuum
is, in relative terms, more important for radiation budget changes between the present day
and a possible future climate. Relative to the no-continuum case, the increase in global-
mean clear-sky absorption is 8% higher using CKD and almost 20% higher using CAVIAR;
all-sky enhancements are about half these values. The effect of the continuum is estimated
for the solar component of the water vapour feedback, the reduction in downward surface
irradiance and precipitation change in a warmer world. For CKD and CAVIAR respectively,
and relative to the no-continuum case, the solar component of the water vapour feedback
is enhanced by about 4 and 9%, the change in clear-sky downward surface irradiance
is 7 and 18% more negative, and the global-mean precipitation response decreases by 1
and 4%. There is a continued need for improved continuum measurements, especially at
atmospheric temperatures and at wavelengths below 2 pum.
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Water vapour is the most important gaseous absorber in the
Earth’s atmosphere (e.g. Kiehl and Trenberth, 1997). It plays a
key role in the determination of the Earth’s radiative budget and,
because the atmospheric abundance of water vapour is sensitive
to changes in temperature, it plays an important role in climate
change. This article focuses on the role that the water vapour
continuum plays in the absorption of solar radiation. There are
significant uncertainties in the nature and causes of the water
vapour continuum at near-infrared wavelengths (e.g. Ptashnik

et al., 2011b; Shine et al., 2012). Until relatively recently, there
was a dearth of measurements. An extensive series of laboratory
measurements of the near-infrared continuum has been reported,
as part of the UK-based CAVIAR (Continuum Absorption at
Visible and Infrared wavelengths and its Atmospheric Relevance)
consortium, for the self-continuum (i.e. due to interactions
between water vapour molecules: Ptashnik efal, 2011a) and
the foreign-continuum (i.e. due to the interaction of water
vapour with other molecules: Ptashnik etal, 2012). These
measurements indicate that the continuum in the near-infrared
windows around 1.25, 1.6, 2.1 and 3.8 pum is significantly
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stronger, by factors of about 10 for the self-continuum, and
by up to about a factor of 100 for the foreign-continuum,
in some windows and at some temperatures, than found in
the widely-used CKD (Clough—Kneizys—Davies) semi-empirical
continuum model and its successor MT_CKD (Mlawer—Tobin
CKD) (Mlawer et al., 2012).

Ptashnik et al. (2012) used plausible representations of the
temperature dependence of the continuum (see later) to calculate
the impact of the new CAVIAR continuum measurements on
the atmospheric absorption of solar radiation, using clear-skies
and zonal and seasonal-mean atmospheres, relative to those
found using MT_CKD version 2.5. The global and annual-mean
atmospheric absorption increased by 0.74 W m~2 due to the self-
continuum and by 0.46 W m~? due to the foreign-continuum.
The enhanced self-continuum absorption was particularly peaked
in the Tropics. The total global-mean increase, 1.2 W m~2, is
approximately 1.5% of the calculated clear-sky solar absorption.

This article extends the calculations of Ptashnik et al. (2012) to
all-sky atmospheres including longitudinal as well as latitudinal
variations, and considers the impact on surface and top-of-the-
atmosphere fluxes, as well as on atmospheric absorption. The
article then explores the impact of the continuum on several
aspects associated with the expected increases in atmospheric
water vapour in coming decades as a result of climate change.
The work can be considered in some ways as complementary to
Paynter and Ramaswamy (2012). Paynter and Ramaswamy (2012)
reported the impact of recent self-continuum measurements
that predated those of Ptashnik eral. (2011a) on calculated
clear-sky atmospheric absorption, relative to the CKD and
MT_CKD models. They also explored the possible impacts of
experimental uncertainties and changing water vapour amounts
on atmospheric absorption, mostly for an idealized constant
solar zenith angle case. Paynter and Ramaswamy (2012) note
that had they used the self-continuum results of Ptashnik
etal. (2011a) it would have given an impact on atmospheric
absorption towards the upper end of their uncertainty range.
Paynter and Ramaswamy (2012) essentially used the foreign-
continuum presented in MT_CKD version 2.5 and so did not
include the enhancements to the foreign-continuum strength
reported by Ptashnik er al. (2012).

While the laboratory data should represent our most robust
understanding of the strength of the continuum, it is important
to emphasize their limitations and also to contrast them with
the assumptions underlying the CKD and MT_CKD models. One
difficulty with laboratory measurements of the strength of the
continuum (and particularly the self-continuum) in near-infrared
windows is that reliable measurements are currently only possible
for high water vapour densities that require measurements at
relatively high temperatures (and hence vapour pressures). For
application to the atmosphere, these measurements have to be
extrapolated to lower temperatures; in the absence of a robust
theory explaining the physical cause of the continuum in the
windows (both water dimers and the contribution of the far
wings of water vapour lines are possible explanations) there are
significant uncertainties associated with doing this. The sources
of error and the size of the uncertainties are discussed in detail
in Ptashnik efal. (2011a, 2012) and as noted above, Paynter
and Ramaswamy (2012) examine some of the effects of such
uncertainties on calculations of the short-wave absorption.

While the CAVIAR continuum is largely based on laboratory
measurements in the near-infrared, the CKD and MT_CKD
models are derived in a quite different manner (Mlawer et al.,
2012). Within the windows, the continuum is derived using an
empirical adjustment of the far-wing line-shape of water vapour,
so as to fit measurements of the mid-infrared (around 10 pm)
continuum; this adjusted line shape is then applied to all spectral
regions, including the near-infrared. However, this adjusted line-
shape does not explain the observed strength of continuum
absorption in the 3.8 um window and so MT_CKD_2.5 uses a
scaling factor which enhances the absorption by up to about
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an order of magnitude, a factor that was not applied in earlier
versions. It is important to note that the scaling was not applied to
other near-infrared windows, although Mlawer et al. (2012) note
that the need for this scaling factor indicates that their adjusted
line shape is probably not appropriate in the near-infrared.

Although there is a general dearth of continuum measurements
with which to compare, the CAVIAR self- and foreign- continuain
the 3.8 Lum window measurements agree, within the uncertainties,
with thelaboratory measurements of Baranov (2011) and Baranov
and Lafferty (2011, 2012), as well as with some earlier self-
continuum measurements reported in Ptashnik et al. (2011b);
the older measurements of Burch and Alt (1984) are lower than
the newer laboratory measurements in the centre of the window
by a factor of about 6 at near-room temperature (and are lower
than the empirically adjusted MT_CKD_2.5 by around a factor
of 3), but are in much better agreement at higher temperatures.
In the 2.1 and 3.8 um windows, measurements involving some
of the CAVIAR authors, but made using somewhat different
experimental set-ups to those used in CAVIAR (all used the
same type of Fourier Transform Spectrometer, but different long
and short pathlength gas cells are used), support the CAVIAR
results (Paynter et al., 2009; Ptashnik et al., 2013), although they
are higher than the Bicknell et al. (2006) measurements in the
centre of the 2.1 um window by about a factor of 4. Nevertheless,
it is certainly the case that, as shown in Ptashnik et al. (2011b,
2012), there are significant uncertainties in laboratory-derived
estimates of the continuum, especially near room-temperature
(when such measurements are possible), that arise from possible
baseline drifts in the spectrometer measurements. The need to
extrapolate these measurements to atmospheric temperatures
(see section 2) adds an additional uncertainty to the use of
the laboratory measurements. The CKD model (for which no
uncertainty estimates are available) generally lies around the
lower end of the CAVIAR uncertainty estimates and so could be
regarded as the minimum likely contribution of the continuum
presented here.

Recently, Ptashnik ef al. (2013) have reported new measure-
ments at near-room-temperature in the 1.6 m window region.
These appear to show that at these temperatures the self-
continuum in this window is about as strong as that in the
neighbouring 2.1 um window, in contrast to the higher temper-
ature measurements (Ptashnik et al., 2011b) that indicate it is
more than an order of magnitude weaker (Figure 1). As noted
by Ptashnik etal. (2013) and Mondelain et al. (2013) there is
considerable disagreement between near-room-temperature lab-
oratory measurements using different techniques in this window,
for reasons that are not currently clear. We thus exclude these
more recent 1.6 lm room-temperature window measurements
here and use instead the (extrapolated) measurements reported
by Ptashnik et al. (2011a).

It must be stressed that the Mondelain etal. (2013)
measurements do not contradict the CAVIAR measurements
(Ptashnik et al., 2011b) used here, as they are made at different
temperatures. At the long-wavelength edge of the 1.6 um
window, the CAVIAR 374 K measurements are, after applying the
temperature dependence described in section 2, quite consistent
with the 296 K measurements of Mondelain et al.; in the centre of
the window, a weaker temperature dependence than we use here
would be required to agree with the best estimate of Mondelain
et al., although the continuum strengths remain consistent within
the stated uncertainties of the two sets of measurements. The
CAVIAR measurements are more consistent with the 298 K
measurements of Bicknell et al. (2006) at 1.6 jLm, which are about
a factor of three stronger than those of Mondelain et al. (2013);
Bicknell etal’s 298 K measurements are about an order of
magnitude stronger than the CAVIAR 374 K measurement, which
is consistent with the temperature dependence given in Eq. (1)
and Figure 1, which would yield an increase of about a factor of 8
between the 374 and 298 K, for this wavelength.

Q. J. R. Meteorol. Soc. 141: 727-738 (2015)
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Figure 1. Extinction coefficient as a function of wavelength for two different
descriptions (CAVIAR and CKD) of the water vapour (a) self-continuum and
(b) foreign-continuum at 273 K, and (c) the temperature-scaling coefficient of
the self-continuum as implemented in the Edwards—Slingo radiation code. The
units of extinction in (a) and (b) are m® kg~!' mol ™" (see text).

Ptashnik et al. (2012) showed that the impact of the enhanced
self- and foreign- continua on atmospheric absorption using
the CAVIAR continuum is predominantly in the two longer
wavelength (2.1 and 3.8 um) windows, and by the 2.1 pum
window in particular, as the measured continuum is strongest
in these windows. The effect of continuum strength (and the
absolute change in continuum strength between CAVIAR and
MT-CKD) dominates over the fact that there is more solar
radiation available to be absorbed in the shorter wavelength
windows. Hence the higher uncertainties in the 1.6 um window
in the CAVIAR continuum measurements are of less importance
from the point of view of the atmospheric energy budget.
Clearly, however, if the more recent measurements of Ptashnik
et al. (2013) in that window prove to be robust, it would require a
significant strengthening of the assumed temperature dependence
adopted in this article, and the extra absorption in the 1.6 um
window would become much more important than reported
here; more experimental support is required before these more
recent measurements can be used for this purpose.

In section 2 the radiative transfer model used here, and
its modification to include the CAVIAR continuum, will be
described, and the different inputs to the model will be explained.
Section 3 will describe results for the present-day atmosphere and
section 4 will examine the impact of the new continuum in a
warmer and moister future climate.

2. Methodology

To estimate the global change in solar irradiance due to the
different descriptions of the water vapour continuum, we use the
off-line version of the Edwards and Slingo (ES) (1996) radiation
scheme, used in the UK Met Office Unified Model. The code is
based on the two-stream equations and employs the §-Eddington
approximation at solar wavelengths. The spectral resolution in

(© 2014 The Authors. Quarterly Journal of the Royal Meteorological Society
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the ES code can be varied. We use a standard spectral file prepared
at the UK Met Office, with 220 spectral bands, of which 150 bands
lie at wavelengths less than 1 ptm and 70 bands lie within the near-
infrared region of 1-5 pm. This differs from the normal climate
model resolution of ES which has eight spectral bands. This
enables us to incorporate a more detailed representation of the
new continuum; in addition, in versions of ES with lower spectral
resolution, the spectral line absorption and foreign-continuum
are combined, which makes it more difficult to modify the
foreign-continuum strength.

The default water vapour continuum in ESis version 2.1 of CKD
(Mlawer et al., 2012). There were no significant developments in
the near-infrared water vapour continuum between CKD_2.1
and its final version CKD_2.4.1 (which is widely used in climate
models), although there had been significant changes in the
versions prior to CKD_2.1 (e.g. Zhong et al., 2002; Ptashnik and
Shine, 2003). Changes between CKD_2.4.1 and early versions
of MT_CKD mostly affected the foreign-continuum strength
leading to a decrease in the wavenumber-averaged calculated
solar absorption (e.g. Paynter and Ramaswamy, 2011, 2012).
In MT_CKD_2.5, self-continuum coefficients in the 3.8 wm
(2050-3150 cm™!) window region were increased by a scaling
factor, of up to a factor of 10 in the centre of this window (see
section 1). This increased the calculated short-wave absorption,
but not to the levels found in CKD_2.4.1; for global-mean
clear skies, the self- and foreign- continua are about equally
important in MT_CKD_2.5, whereas in CKD_2.4.1, the foreign-
continuum dominated (Paynter and Ramaswamy, 2012). It is
emphasized that the results presented here as ‘CKD’ are CKD
as implemented within the ES code, as incorporation of the
continuum within radiative transfer codes necessarily requires
some level of approximation.

Gaseous absorption is modelled using the exponential sum
fitting technique applied to line-by-line transmittances using the
HITRAN-92 database There have been numerous revisions to
near-infrared water vapour line parameters catalogued in the
HITRAN database since this version. The most recent release
is HITRAN2012 (Rothman et al., 2013). These revisions impact
on calculations of near-infrared absorption (e.g. Zhong et al.,
2001; Ptashnik and Shine, 2003; Tallis etal., 2011; Kim and
Ramanathan, 2012) — the effect of these changes on the absorption
by water vapour will be noted where appropriate.

Within ES, the self- and foreign- continua are treated separately,
with three coefficients per spectral band each, representing
extinction, temperature scaling and pressure scaling. The CAVIAR
continuum was implemented in ES by replacing the extinction
and temperature-scaling coefficients for the self-continuum, and
the extinction coefficient for the foreign-continuum in the near-
infrared window regions (Table 1). The in-band continuum is
much less important for atmospheric absorption, as absorption
is generally dominated by water vapour lines (e.g. Ptashnik
etal., 2004), although the in-band foreign-continuum can
make a contribution to the total short-wave absorption in the
weaker shorter wavelength bands of water vapour (Paynter and
Ramaswamy, 2012). In any case the differences between CKD
and recent measurements are much smaller (e.g. Paynter and
Ramaswamy, 2012) in the bands than is found in the windows.
Hence this work focuses on the effect of differences between CKD
and CAVIAR in several near-infrared windows.

As CAVIAR laboratory observations are currently only
available for wavelengths greater than 1 pum for the self-
continuum, and 1.15 pm for the foreign-continuum, the original
CKD continuum is retained for wavelengths lower than 1 um. It
should be noted, as shown by Paynter and Ramaswamy (2011),
that in general the CKD continuum is somewhat stronger than
MT_CKD at these lower wavelengths; however, the contribution
of this difference to the radiation budget will be small (see Fig. 7
of Paynter and Ramaswamy (2011)).

The self-continuum has a strong temperature dependence.
As the measurements of Ptashnik efal (2011a) were mostly

Q. J. R. Meteorol. Soc. 141: 727-738 (2015)
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Table 1. Parameters in Eq. (1) for the wavenumber ranges corresponding to the
different window regions.

Window (Um) Wavenumber range D, Vo Av
3.8 2000-3000 4500 2600 1500
2.1 3900-5200 4500 4780 1200
1.6 5500-7100 3100 6300 1800
1.25 7400-8600 3100 8100 1800
1.1 9000-9550 3100 9600 1800

Except for the first column, all numbers have units of cm™ L.

made at elevated temperatures (293—472 K), an extrapolation
to atmospheric conditions is necessary. We use a modified
form of the method of Ptashnik et al. (2011a) and assume that
the temperature dependence follows a wavenumber-dependent
exponential form. The absorption cross-sections Cs (v, Tr,)
(in cm? molecule™! atm™'), measured at T, = 293 K were
extrapolated down to the reference temperature T, = 273 K

using the formula:

e

1 1
C(v, Ty) = Cs(v, Try) exp {Do,i <T_o - T_m> (1 -

V— Vo,
AU,‘

where 7 is the index over the different window regions. The
values for D,, v, and Av, are given in Table 1. They were
derived from best-fits of the values of C (v, Ty,) for T, = 374,
402, 433 and 470 K for the 1.1, 1.35 and 1.6 um windows and
T = 293, 350, 374 and 402 K for the 2.1 and 3.8 wm windows
(Ptashnik et al., 2011a). The temperature dependence (Eq. (1))
(apart from the third factor in the exponent) is similar to the
simplified form which can be expected for water dimer absorption
coefficient in the near-infrared at close to atmospheric conditions
(Eq. (1) in Ptashnik efal, 2011a). The third factor in the
exponent accounts for wavenumber variation of the temperature
dependence which is weaker at the edges compared to the centres
of the windows (Ptashnik et al., 2011a). ES assume that the self-
continuum strength has the functional form (T/ T,)® where b
is a wavenumber-dependent parameter. Equation (1) is used to
derive the value of b.

The cross-section for the foreign-continuum was taken to be
the average of the values obtained in Ptashnik et al. (2012) for
temperatures 350—400 K. Within the accuracy of the CAVIAR
measurements, there is no clear temperature dependence of the
foreign-continuum; thus, in common with CKD, we assume the
foreign-continuum to be a constant with temperature.

In the ES code, the adopted units for the continuum strength
are m® kg~ mol~!, which can be interpreted as the cross-section
per unit mass of water vapour (m? kg~!) per molar density
(mol m™>) (of water vapour in the case of the self-continuum
and dry air in the case of the foreign-continuum). At a given
temperature T (K) the conversion factor between the continuum
absorption cross-section units in Eq. (1) and the absorption
coefficient used in ES is given by:

C [mskgflmolfl]

=7.49 x 1019(T/T0)C [em’molecule ™ !atm™!]. (2)
The extinction coefficients for the CKD and CAVIAR self-
and foreign- continua in ES units and the temperature scaling
coefficient b for the self-continuum are shown in Figure 1.

The atmospheric calculations are performed on a 3.75°x
2.5° grid with 19 vertical levels stretching from the surface to
the stratopause. Solar insolation is calculated as a function of
latitude and day of the year (one calculation per month). The
diurnal variation in solar zenith angle was represented using a six-
point Gaussian integration during the daytime, for mid-month
conditions. Temperature profiles are derived from the European

(© 2014 The Authors. Quarterly Journal of the Royal Meteorological Society
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Centre for Medium-Range Weather Forecasts ERA-40 re-analysis
(Uppala et al., 2005) and ozone profiles are from Li and Shine
(1995). Cloud amount and surface visible albedos are from the
International Satellite Cloud Climatology Project (Rossow and
Schiffer, 1999), which provides information on the average cloud
cover, optical depth and cloud-top pressure. The surface albedos
are presumed constant with wavelength which is a simplification.
This will have most impact over snow and ice surfaces, where
the near-infrared albedo will be overestimated leading to some
increase in the amount of surface-reflected radiation that can be
absorbed. Over vegetated surfaces, the impact on the effect of the
continuum will be limited, as in the window regions in which the
continuum absorption is greatest (2.1 and 3.8 um), the surface
albedo is close to the visible values. Aerosols are not included.

To investigate the impact of future climate change on the
continuum absorption, present-day and future atmospheric water
vapour profiles were taken from calculations using the Met Office
Unified Model (HADGEM1) runs as archived in the Coupled
Model Intercomparison Project phase 3 (CMIP3) multi-model
database. For the present day, results from the ‘climate of
the twentieth century’ experiment are extrapolated onto our
model grid using averages of the last ten years (1990—1999)
of the integration. The global-annual-mean precipitable water
was 22.3 kg m~2, which is somewhat lower than some recent
climatologies (e.g. Sudradjat etal. (2005) indicate values of
23.9-25.1 kg m~2, while the multi-year annual-mean in Vonder
Haar et al. (2012) is 25.3 kg m~2) which will slightly affect the
total absorption computed here, as noted later. We note that
the distribution of water vapour amount, as well as the global-
mean, is important in determining the global-mean short-wave
absorption.

For the calculations of the continuum impact in a future,
warmer atmosphere, water vapour profiles from another
HADGEMI1 CMIP3 experiment were taken in which an
instantaneous doubling of CO, was imposed in 2006. Ten-year
means (2067—-2076) of water vapour mixing ratios were used. For
this ten-year mean, the increase in global-mean total atmospheric
column water vapour was 33% and the global-mean surface
temperature increase was 4.4 K.

Results are reported for three cases. In the ‘no continuum
case’ the water vapour continuum is neglected completely at all
wavelengths. In the ‘CKD’ case, the CKD water vapour continuum
is included at all wavelengths. In the ‘CAVIAR’ case, the CKD
continuum values in the windows at wavelengths greater than
1 umare replaced by CAVIAR values in the near-infrared windows
(Table 1), with CKD retained at other wavelengths.

3. Impactofthe continuum on the calculations of the present-
day solar radiation budget

Table 2 shows the global annual-mean impact of the water vapour
continuum on the net (downward) irradiances at the top of the
atmosphere (TOA) and the surface, and for the atmospheric
absorption, for both clear- and all- skies. Absolute values are
shown for the no-continuum case, together with the change in
these values on including the CKD and the CAVIAR continua.
Results are shown for wavelengths less than 1 pum, wavelengths
greater than 1 lum, and for the total change.

The global-mean short-wave radiation budget is in reasonable
agreement with other analyses, with an all-sky TOA net irradiance
(often referred to as the absorbed solar radiation) of about
241 W m™2, an atmospheric absorption of about 67-69 W
m~2 and a net surface irradiance of about 175 W m~2. Other
recent estimates have a range of values for the global-mean
atmospheric absorption (with a consequent effect on the net
surface irradiance, as the TOA net irradiance is well-constrained
from observations). Trenberth and Fasullo (2012) give 78 W
m~2, Wild etal. (2013) give 79 W m~? (with a 2-sigma
uncertainty range of 74—91 W m™2), Stephens etal. (2012)

Q. J. R. Meteorol. Soc. 141: 727-738 (2015)
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Table 2. Global- and annual-mean net downward solar irradiance at the top of atmosphere (TOA) and the surface, and the net atmospheric absorption for clear and
all skies calculated for the present-day atmosphere.

No continuum CKD cont CAVIAR cont
Case Component vis nir total vis nir total vis nir total
Clear skies TOA 198.6 95.5 294.1 0.03 0.16 0.19 0.03 0.33 0.36
Surface 174.5 56.3 230.8 —0.21 —1.13 —1.34 —0.21 —2.21 —2.42
Atmosphere 24.1 39.3 63.4 0.24 1.29 1.53 0.24 2.54 2.78
All skies TOA 159.0 82.3 241.4 0.07 0.24 0.31 0.07 0.40 0.47
Surface 135.0 39.6 174.6 —0.23 —0.77 —1.00 —0.23 —1.47 —-1.70
Atmosphere 24.1 42.7 66.8 0.30 1.01 1.31 0.30 1.87 2.17

The ‘no continuum’ values are given as absolute values, and the ‘CKD continuum’ and ‘CAVIAR continuum’ values are given as differences from the ‘no continuum’
values. For each parameter and continuum, the first value (‘vis’) is the wavelength-integrated values for all wavelengths less than 1 jtm, the second value (‘nir’) is for
wavelengths from 1 to 5 wm and the final value is the sum of these. The total may not agree with the sum of the components because of rounding. All values are in

Wm™2.

give 75 & 10 W m 2 and Kim and Ramanathan (2012) give 82 4
8 W m~2. We expect our value to be biased somewhat low (e.g.
Kim and Ramanathan (2012) calculate an effect of 4 W m~2 due
to aerosol absorption, 2 W m™2 from three-dimensional cloud
effects, and the improved water vapour line strength database
could enhance absorption by a further few W m™? relative to
the HITRAN-92 spectral database used here). The relatively low
precipitable water used hereis also likely to cause an underestimate
of absorption by about 1 W m™2 by simple scaling with the results
presented in section 4. Nevertheless the global-mean atmospheric
absorption is within the range quoted by Stephens et al. (2012).
The calculated short-wave cloud radiative effect at the top of
the atmosphere is —53 W m™2, in reasonable agreement with
the value of about —47 W m™2 (Kato et al., 2013) diagnosed
from satellite observations. Kato et al. (2013) also derive a surface
short-wave cloud radiative effect of —50 W m™2, in reasonable
agreement with the value of —55 W m~? derived here.

The clear-sky results are shown in the upper rows of Table 2. The
CKD continuum increases the TOA net irradiance by 0.2 W m~2,
and this increases further to 0.4 W m™2 using the CAVIAR
continuum. The impact of the continuum is much more marked
on the partitioning of the absorption between the atmosphere
and the surface than it is on the TOA net irradiance — such a
response was also found by Collins ef al. (2006a) in a study where
the short-wave absorption due to water vapour was increased in
their radiation code. The net surface irradiance is decreased by
1.3 W m~2 using CKD, and is decreased by 2.4 W m~2 using
CAVIAR. The atmospheric absorption is changed by 1.5 W m™>
using CKD, which almost doubles to 2.8 W m™* using CAVIAR.
In terms of percentage impact on components of the radiation
budget, the impact on atmospheric absorption is the largest.
Given that our ‘baseline’ estimate of the atmospheric absorption
is probably on the low side (see above), these changes probably
constitute percentage increases of about 2 and 3.5% for CKD
and CAVIAR respectively. The difference (1.3 W m~2) between
CKD and CAVIAR is almost the same as the value (1.2 W m~?)
found by Ptashnik et al. (2012) using a line-by-line radiation code
applied to zonal-mean atmospheres.

Table 2 also shows how the inclusion of clouds affects the role
of the continuum. In absolute terms, the TOA effect is increased
by 25-50% relative to the clear-sky case, but the effect on the
atmospheric absorption and surface irradiances is reduced by
about 65—70% of the clear-sky value.

Figure 2 shows the annual- and zonal-mean changes in the TOA
and surface net fluxes, and the atmospheric absorption for clear
skies, using CKD and CAVIAR relative to the no-continuum case.
The TOA net irradiance change shows only a modest latitudinal
dependence (with a slight increase with latitude, most marked in
the Northern Hemisphere), unlike the atmospheric absorption
and surface irradiance which are strongly peaked in the Tropics.
For CAVIAR, the atmospheric absorption is increased by more
than 4 W m™~? (compared with about 2 W m~? using CKD) in
the Tropics, with the surface deprived of a similar amount of
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irradiance. At low latitudes, where the water vapour column is
high and surface albedo relatively low, the role of the continuum
is mostly to repartition absorbed solar radiation between surface
absorption and atmospheric absorption, rather than to change the
amount of radiation absorbed by the Earth—atmosphere system
as a whole; some of the radiation that would otherwise have been
absorbed by the surface is now absorbed in the atmosphere, but
the effect on the TOA net irradiance is relatively small. Hence the
TOA net irradiance changes are an order of magnitude smaller
than the surface and atmospheric changes.

At high latitudes, the TOA net irradiance changes are of a more
similar size to the other components; although there is some
repartitioning of the absorbed energy between the surface and
atmosphere, at high latitudes surface reflectance contributes more
to the planetary albedo as there is less atmospheric absorption
due to the lower water vapour columns. Hence some of the
radiation that would otherwise have been reflected to space is
now absorbed by the continuum and the relative impact of the
continuum on the TOA net irradiance is much more important
than at lower latitudes. As shown by Ptashnik et al. (2012) it is the
foreign-continuum that is most effective at higher latitudes. The
latitudinal variation in the increased atmospheric absorption by
the continuum using CAVIAR is broadly similar to that found by
Paynter and Ramaswamy (2012, their Fig. 8) when they use their
updated continuum.

Figure 3 is the same as Figure 2, but for all skies. The general
form of the surface and atmospheric terms is as for clear skies
but about 30% smaller. By contrast, the latitudinal variation of
the TOA change, while remaining relatively flat, shows less of a
high-latitude enhancement than for clear skies. With the higher
TOA albedos in the all-sky case, radiation that would otherwise
be reflected to space in the no-continuum case is now absorbed
by the atmosphere when the continuum is present, and there is
a less close compensation between the increase in atmospheric
absorption and the decrease in surface irradiance.

The relative impact of the two continua varies between clear and
cloudy skies, and between locations, in a quite complex way. For
the no-continuum case, the global-mean atmospheric absorption
increases by 3.4 W m™2 in going from clear to cloudy skies; with
CKD included, this value is slightly smaller (3.2 W m~2) but it
is more substantially affected when using CAVIAR (2.8 Wm™2).
(It is well-established in the literature (e.g. Kiehl and Trenberth,
1997; Kato et al., 2013) that the cloudy-sky absorption exceed
the clear-sky absorption, because the extra absorption by liquid
and ice within clouds overwhelms the fact that there is less solar
radiation available to be absorbed.) Examination of Figures 2 and
3 shows that in the Tropics the effect of using CKD on atmospheric
absorption is almost unchanged between clear and cloudy skies,
but the CAVIAR impact remains about the same as for the global-
mean. The stronger CAVIAR continuum is less effective in cloudy
skies, because there is significantly less solar radiation available to
be absorbed by it; the difference with CKD is particularly marked
in the Tropics, where the effect of the CAVIAR self-continuum
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Figure 2. Annual and zonal-mean change in the net solar irradiance at (a) the top of atmosphere (TOA) and (b) the surface, and (c) the atmospheric absorption for
clear skies, for the CKD continuum (dotted) and the CAVIAR continuum (solid lines), relative to the no-continuum case, in W m~2.

in the tropical lower troposphere is the strongest in clear skies.
Considering the net surface irradiance, for the no-continuum
case, clouds cause a reduction of 56 W m~2. This cloud effect is
reduced by 0.34 W m~? using CKD, and by 0.72 W m™? using
CAVIAR; as expected the effect of clouds is more muted when
using the CAVIAR continuum, because the clear-sky opacity is
higher.

4. Possible climate change implications

In this section, the impact of the water vapour continuum on three
aspects of climate change which are affected by absorption of solar
radiation are examined. The first is the water vapour feedback.
This results from the fact that the atmospheric water content
is sensitive to temperature so that, for example, in response
to a warming of climate, the water vapour content increases.
Since water vapour is a greenhouse gas, this further enhances
the warming, causing a positive feedback (e.g. Colman 2001,
2003); although this effect is mostly due to the role of water
vapour in the thermal infrared, there is a modest increase in
short-wave absorption by water vapour which also contributes to
the feedback. The second is the impact of increased water vapour
amounts on the changes in downward short-wave irradiance at
the surface, often referred to as ‘global dimming’. The third is
the role that changes in short-wave absorption may have on
the global-mean precipitation response to global warming. In all
cases, these terms are estimated via off-line calculations using
changes in water vapour and temperature derived from climate
model simulations (described in section 2) rather than direct
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climate model simulations. This experimental design enables the
use of a radiation code with higher spectral resolution than would
be possible in a climate model simulation. The inferences made
here are on the basis of instantaneous changes in fluxes, when
using different continua; this methodology cannot account for
any further feedbacks in the climate system resulting from these
flux changes.

Changes in other climate parameters (temperatures, clouds,
surface albedo) on the short-wave absorption in the warmer
climate are ignored here, as they are regarded as either too
uncertain or second-order effects; Paynter and Ramaswamy
(2012) have examined the interplay between temperature and
water vapour changes. The strength of the self-continuum
absorption will increase as water vapour increases (as the optical
depth is proportional to the square of the vapour pressure); this
is offset to some extent by the negative temperature dependence
of the self-continuum cross-section (Eq. (1)). As the foreign-
continuum is assumed to be independent of temperature, this
component is unaffected. Using global-mean values (4.4 K
warming and 33% increase in water vapour), the water vapour
increase will enhance the self-continuum by 75%, but even the
most extreme temperature dependence in Figure 1 will cause
a decrease in self-continuum strength of no more than 20%
and at some wavelengths only. There will clearly be regional
variations in these numbers, but the overall offset, taking into
account the contribution of the foreign-continuum, is likely to
be much less than 10%. The results in Paynter and Ramaswamy
(2012) indicate that for the short-wave atmospheric absorption,
generally the offset is of the order of a few per cent, except

Q. J. R. Meteorol. Soc. 141: 727-738 (2015)
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Figure 3. As Figure 2, but for the all-skies case.

in the warmest and most moist locations, where it can reach
about 20%.

To provide a partial evaluation of the ability of the ES code
to represent the effect of changes in water vapour in the short-
wave, we use results from the radiation code intercomparison
of Collins et al. (2006b) in which the effect of a 20% change
to a clear-sky standard midlatitude summer atmosphere was
computed, for a solar zenith angle of 53°. For the surface net
irradiance change, Collins et al. (2006b) found line-by-line codes
gave a mean value of —5.87 W m™2 with a standard deviation
of 0.31 W m™2; climate model codes gave a mean —4.89 W
m~2 with a much larger standard deviation of 0.98 W m™2.
The 220-band version of the ES code used here gave a value
of —5.38 W m™~? without the continuum and —5.68 W m™>
using CKD, in good agreement with the line-by-line codes. To
show the progression of values with different versions of the
continuum, the line-by-line code of Mitsel’ et al. (1995), as used
in Ptashnik et al. (2012), found values of —5.64 W m~2 without
the continuum, —5.95 W m—2 with CKD_2.4 (the continuum
probably most widely used in the Collins et al. (2006b) line-by-
line calculations), —6.07 W m~2 with MT_CKD_2.5 and —6.63 W
m~2 with the CAVIAR continuum. These line-by-line results are
in generally good agreement with Collins et al. (2006b) and
also nicely illustrate the impact of more recent versions of the
continuum on the reduction in downward short-wave irradiance
when water vapour is increased by 20%; compared to the no-
continuum case, the effect increases from 6% with CKD_2.4,
to 7.5% with MT_CKD_2.5 and to 17.5% with the CAVIAR
continuum.

(© 2014 The Authors. Quarterly Journal of the Royal Meteorological Society
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Table 3. Changes in global and annual-mean net solar irradiance at the top of
atmosphere (TOA) and the surface, and in the net atmospheric absorption for
clear and all skies, relative to the present day, using the water vapour change (33%
increase in global-mean total water column) from a climate model integration
about 65 years after the instantaneous doubling of CO, (see section 2 for details).

No CKD CAVIAR
Case Component continuum continuum continuum
Clear skies TOA 0.56 0.60 0.66
Surface net —3.21 —3.46 —3.83
Surface down —3.70 —3.95 —4.36
Atmosphere 3.77 4.06 4.49
All skies TOA 1.06 1.10 1.16
Surface net —2.35 —2.47 —2.72
Surface down —2.73 —2.81 —3.11
Atmosphere 3.46 3.57 3.88

All values are in W m ™2,

Table 3 shows the impact of the 33% increase in atmospheric
water column on short-wave absorption, for clear and all skies,
and Figures 4 and 5 show the annual- and zonal-mean changes for
clear and all skies. Figure 4 also shows the latitudinal dependence
of the change in water vapour column as a result of the
warming, to emphasize that the change is strongly peaked in
the Tropics. Table 3 includes both the change in the net and
downward surface irradiance, as the latter is required for ‘global
dimming’ considerations. It is immediately apparent that the
continuum plays a much larger relative role in the radiative effect
of perturbations in water vapour amount than it does in the
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Figure 4. Impact of a global-mean increase of 33% in total water vapour column on the annual and zonal mean on the net solar irradiance at (a) the top of atmosphere
(TOA) and (b) the surface, and (c) the atmospheric absorption for clear skies for the no-continuum case (dashed line), the CKD continuum (dotted) and the CAVIAR

continuum (solid lines), in W m 2

absolute impact of water vapour on the radiation budget. For
example, the CAVIAR continuum enhances the clear-sky TOA
net irradiance by 0.1% (Table 2) and yet it enhances the effect of
increases in water vapour amount by 15% (Table 3). Similarly, the
CAVIAR continuum enhances all-sky atmospheric absorption by
3%, and yet it enhances the effect of increases in water vapour
by 15%. This is because, under both present-day and future
conditions, many of the near-infrared bands of water vapour are
already completely absorbing — the effect of changes in water
vapour amount is mainly felt in the windows and band-edge
regions, where the continuum absorption is most effective.

4.1.  Strength of the water vapour feedback

The impact of the continuum representation on the water vapour
feedback can be assessed by considering its impact on the TOA
net irradiances. Table 3 shows that the impact is approximately
a factor of 2 greater for all skies than for clear skies, because in
a cloudy atmosphere, more upward irradiance is available to be
absorbed by the increased water vapour. To place the results in
context, Colman (2001, 2003), for example, presents water vapour
feedback values from a number of models and for the short- and
long-wave components. The total feedback corresponds to around
1.7 W m™2 K~! (where K™! refers to the surface temperature
change), of which the short-wave component is about 15% or
about 0.25 W m~2 K~!. Although the short-wave component of
the water vapour feedback appears relatively small, it is still (as

(© 2014 The Authors. Quarterly Journal of the Royal Meteorological Society

. (d) Shows the annual and zonal-mean change in total water vapour column in kg m—2.

pointed out by W. Ingram, 2009; personal communication) of
roughly the same size as the snow/ice albedo feedback (Colman,
2003) which has attracted much more attention in the literature.
The values in Table 3, as they are for a global-mean surface
warming of 4.4 K, are consistent with the above values,
ranging from 0.24 W m~2 K~! for the no-continuum case to
0.26 W m~2 K~ 'using CAVIAR. CKD enhances the short-wave
water vapour feedback by about 4%, while CAVIAR enhances it
by 9%. Hence, the CAVIAR near-infrared continuum enhances
the total (short-wave and long-wave) water vapour feedback by
about 1.4%, a little over double the value due to CKD.
4.2, Impact on future ‘global dimming’
Garratt et al. (1999) drew attention to the impact of projected
future changes in water vapour on downward short-wave
irradiances at the surface. More recently Haywood et al. (2011)
placed water-vapour induced changes in the context of clear-sky
global dimming and brightening, due to past and possible future
changes in anthropogenic aerosol loading. For a future scenario
which leads to large warming towards the end of this century
(the so-called RCP8.5 scenario), Haywood etal. (2011) found
the decrease in downward short-wave irradiances due to water
vapour to dominate over the effect of projected aerosol changes.
The water vapour increase is projected to lead to a global-mean
decrease of about 6 W m™~2 by 2090, about six times larger than
the brightening resulting from the projected general decrease in
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Figure 5. As Figure 4, but for the all-sky case.

aerosol loading. To place this in context, the estimated global-
mean dimming to date is about 2.5 W m~2(e.g. Haywood et al.,
2011), which is dominated by increases in aerosol loading.

Table 3 (see the ‘Surface Down’ rows) shows that the clear-
sky dimming due to enhanced water vapour is about 4 W m™2
following the 4.4 K global-mean surface temperature change,
and depends on which continuum is used. In terms of change
per unit column water vapour change, this is about 0.6 W m™?
(kg m™2)~L. This is somewhat less than that found by Haywood
etal. (2011) (0.8 W m™2? (kg m~2)~!) but within the range
(0.6—0.73 W m ™2 (kg m~2)~ 1 reported by Garratt ef al. (1999).

The contribution of the continuum to this dimming is quite
marked. In clear skies, CKD causes the dimming to be about 7%
greater than the no-continuum case, with CAVIAR causing 10%
more dimming than CKD, indicating a total continuum effect
of around 18%. This emphasizes the importance of including an
updated continuum in any assessments of future dimming. The
all-sky absolute values (assuming no changes in cloudiness) are
about 25% smaller, but the percentage contribution of the con-
tinuum (14% for CAVIAR) is about the same as under clear skies.

Figure 6(a) shows the geographical distribution of the change
in the clear-sky annual-mean downward short-wave irradiance at
the surface, for the 33% increase in water vapour column, using
CAVIAR. As expected, the peak decrease (exceeding 8 W m™2
in some locations) is located in the Tropics. The geographical
distribution is due to variations in both the change in water
column and in the available solar irradiance. Since the change
shown in this Figure is a result of increases in both line and
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continuum absorption, Figure 6(b) shows the contribution of the
continuum only to the reduction. The strong peak in the Tropics
is due mostly to the self-continuum, for which the absorption
scales with the square of the vapour pressure, but the increase
remains significant in the extratropics because of the role of the
foreign-continuum.

4.3.  Impact on future precipitation change

Recent articles have drawn attention to the radiative control of
future precipitation changes. A simple global-mean conceptual
view indicates that increasing radiative divergence due to the
warming atmosphere must be approximately balanced by the
increased latent heating due to increased precipitation (e.g. Allen
and Ingram, 2002; Stephens and Ellis, 2008).

Takahashi (2009) has drawn particular attention to the role
of atmospheric short-wave absorption in this balance (a term
that was neglected in some earlier studies), in his analysis of
the response of several climate models to idealized CO, forcing.
The basic framework is that, if changes in sensible heat can be
neglected, then atmospheric energy balance dictates that

ALH = ALWgy — ASWaps (3)
where ALH is the change in latent heating (and is hence directly
related to precipitation change), ALWgj, is the change in net
atmospheric long-wave divergence following climate change (as a
result of changes in temperature and atmospheric composition)
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Figure 6. (a) Annual-mean change (in W m~2) of downward solar irradiance at the surface for clear skies using the water vapour change (33% increase in global-mean
total water column) from a climate model about 65 years after the instantaneous doubling of CO, (see section 2 for details) using the CAVIAR continuum. The

contour interval is I W m~ for changes less than 4 W m 2

and ASW , is the change in atmospheric short-wave absorption.
Here, quantities are mostly quoted in W m™2 K~!, (where
K~! refers to the surface temperature change). Climate model
simulations indicate that ALWg;, is around 3 W m™2 K71, a
value that will be used here — thus if ASW, is ignored, the global
precipitation will change at about 3.8% K™! (as a 1% change in
precipitation is equivalent to about 0.8 W m™2); as noted in the
earlier studies, this value is significantly smaller than the expected
rate of increase in column water vapour of about 7% K.
Takahashi (2009) has shown that across a range of climate
models, ASW s was surprisingly variable (ranging from about
0.3 to 1.1 W m~2 K™!) and that this difference was apparently
predominantly due to different clear-sky responses amongst the
models. Use of these values of ASW,p,s in Eq. (4) indicate that
global precipitation change varies from 2.4 to 3.4% K™, showing
a potentially non-trivial role for ASW s in modifying changes in
precipitation, compared to the case where ASW y is ignored.
This same framework can be used to derive a first-order esti-
mate for the impact of the visible and near-infrared continuum
absorption on changes in precipitation. The all-sky changes
in atmospheric absorption shown in Table 3 are equivalent
to ASW,ps values of 0.79 W m™2 K~! in the no-continuum

(© 2014 The Authors. Quarterly Journal of the Royal Meteorological Society

in magnitude and 2 W m~2 above this. (b) Contribution of the continuum itself to the change shown in
the top frame, for the CAVIAR continuum case. The contour interval is 0.5 W m™2,

case. Hence this ‘offsets’ 26% of ALWy;y, and the required
precipitation change is 26% smaller. This offset increases to 27%
using CKD, and to 29% using CAVIAR (for which ASW,s =
0.88 W m~2 K™ !). These values are towards the upper end of the
range diagnosed by Takahashi (2009). Since ASW,, is smaller
than the ALWy;, term, the impact on precipitation will be
smaller — using Eq. (4), ALH is 2.21, 2.19 and 2.12 W m—2 K~
for the no-continuum, CKD and CAVIAR cases respectively. This
indicates that global-mean precipitation change is decreased,
relative to the no-continuum case, by 1% for the CKD case and
by 4% for the CAVIAR case.

Collins et al. (2006a) support the contention that enhanced
short-wave atmospheric absorption acts to reduce precipitation,
in climate models at least. They performed climate model simu-
lations in which it was found that precipitation decreased by 2%
when using a radiation code that enhanced the global- and annual-
mean all-sky short-wave absorption by water vapour by 3.4 W
m™2. This sensitivity is somewhat different to that indicated above,
as the experimental design was different to that utilized here (the
change in short-wave absorption is part of both the forcing and
the feedback in their model, rather than just part of the feedback,
as assumed here); hence the results are not directly comparable.
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5. Conclusions

This study has examined the role of the water vapour continuum
at solar wavelengths for both the present-day radiation budget,
and in a possible future warmer and moister climate. The work
has focused on improvements in our understanding resulting
from recent laboratory observations of the strength of continuum
absorption in the windows between the major near-infrared water
vapour absorption bands, but it has also quantified the impact of
the continuum that is used in many climate models.

For clear skies the global-mean atmospheric absorption
is enhanced by 1.5 W m™2 (about 2%) using the CKD
continuum and 2.8 W m™2 (about 3.5%) using the CAVIAR
continuum, relative to a hypothetical no-continuum case; all-
sky enhancements are about 80% of the clear-sky values. The
continuum plays a more important relative role in determining
the changes in the radiation budget between the present-day and
a possible future climate. The change in global-mean clear-sky
absorption is increased by 8% using CKD and almost 20% using
CAVIAR, with the all-sky changes about half of these values.
We estimate the potential influence of these continuum models
on the solar component of the water vapour feedback, on so-
called ‘global dimming’ of surface solar irradiances and on the
precipitation change in a warmer world. A fuller assessment
would require climate model simulations, which would permit
additional physical interactions within the climate system. The
solar component of the water vapour feedback is enhanced by
about 4 and 9% using CKD and CAVIAR respectively, relative to
the no-continuum case. The clear-sky global dimming (i.e. the
reduction in downward short-wave irradiance at the surface) is
enhanced by 7 and 18%. Using a simple conceptual model, we
estimate that the global-mean precipitation response to a warming
is decreased 1 and 4% using CKD and CAVIAR respectively; the
effect of atmospheric short-wave absorption offsets the change in
long-wave divergence (which is the primary driver of global-mean
precipitation changes), following a climate change, by 26% in the
no-continuum case and 29% for the CAVIAR continuum.

There are numerous uncertainties in the present work resulting
from incomplete understanding of the strength of water vapour
continuum absorption in the near-infrared windows and the
need to extrapolate the laboratory measurements to atmospheric
temperatures. As noted in the introduction, measurements
of near-infrared continuum in the laboratory are limited by
currently available techniques. In particular, for confident
analyses of continuum strength, measurements have to be made
at elevated vapour pressures, which necessitate the use of high
temperatures (most of the measurements reported by Ptashnik
etal. (2011a) are between 350 and 472 K). Room-temperature
measurements are reported, but the stability of the spectrometer
baseline becomes a more important issue here and uncertainties
are magnified, although more recent measurements over longer
laboratory paths (Ptashnik et al., 2013) have increased confidence
in the near-room-temperature continuum strengths in the 2.1
and 3.8 um windows.

Although we have confidence that the continuum is signi-
ficantly stronger than given by CKD in these windows, especially
at elevated temperatures, the primary uncertainty in the 2.1
and 3.8 um windows is in the extrapolation of these values to
atmospheric temperatures, which has to be done in the absence of
a robust physical understanding of the causes of the continuum.
The absorption is plausibly due to water dimers, or other water
complexes, and is stronger than can be explained by existing
far-wing line theories (see Ptashnik efal. (2011b) or Shine
et al. (2012) for more discussion). The continuum strength in the
CKD model generally lies at the lower end of the uncertainty range
in the laboratory measurements, and so the results using CKD
could be regarded as a lower limit to the impact of the continuum.

As noted in the introduction, it is in the shorter-wavelength
near-infrared windows where uncertainty is greatest — it is also in
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these shorter-wavelength regions where more solar radiation
is available to be absorbed. Laboratory observations in the
1.6 um windows are scarce and those that are available are
in considerable disagreement (Bicknell et al., 2006; Mondelain
et al., 2013; Ptashnik et al., 2013). Ptashnik et al. (2013) indicate
that at near-room-temperatures the self-continuum in the 1.6 um
window may be almost as strong as in the 2.1 um window; if
their analysis is broadly correct it would enhance the role of the
continuum significantly above that reported here. The situation
in the 1.25 wm window is even more uncertain. There is a clear
need for further measurements to resolve these issues.
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