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General comments This paper presents a framework for determining the feasibility of
ground-based sub-millimetre measurements of atmospheric trace gases at a particular
site, and deciding which spectral lines are good choices for observation. The method
uses estimates of instrumental parameters representative of current technology that
is mainly used for astronomical purposes, and examples are given for six observation
locations. The writing of high quality and the figures are clear and well created. |
believe this work is suitable for AMT and will be of interest to many. | would recommend
this work for publication if the following points can been addressed. The two biggest
concerns are listed as the first comments.
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Specific Comments Page 10, line 24-25 A zenith angle of zero is not typical of a ground-
based measurement. Usually measurements are performed at angles above 60 de-
grees or so. Viewing angle can have a significant effect on the signal-to-noise of a
measurement, and depends on the relative strengths of the background atmosphere
(i.e., absorption in the troposphere) and the signal. How will the presented results, for
individual lines and continua, change when using a viewing angle that is more repre-
sentative of a ground-based measurement?

An increased viewing angle will affect signals significantly and this must be considered,
particularly if the atmospheric receiver is indeed ‘piggy-backing’ on an operational as-
tronomical receiver. The optimum observing angle will depend on atmospheric condi-
tions. For existing millimetre-wave instruments the atmosphere is usually not observed
pointing at the zenith, but at greater angles. Typically this increases the number of
target molecules in the instrument line-of-sight and the signal received at the ground
will be higher unless the effect of higher atmospheric opacity is greater. Ideally the
elevation angle for each measurement is set to give the highest signal-to-noise ratio
according to the tropospheric transmissivity, as is done automatically for the KIMRA in-
strument deployed at Kiruna, Sweden, operating in the frequency range 195-233 GHz
[e.g. Ryan et al., 2016] Sub-millimetre observations will be more upwards looking than
microwave/mm-wave measurements but the actual optimum angle would depend on
location, season, atmospheric conditions.

We have now commented in the introduction that variable zenith angle simulations
with a 3D atmosphere would have to be performed in subsequent studies. We restrict
this study to the zero zenith because we are able to construct highly accurate two
dimensional profiles using radiosonde observations which are only released at a single
point at each location. This level of accuracy would be lost were we to use 3D data
which would have to be mostly modelled, but we acknowledge that future studies would
have to address these issues;
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(Page 2, lines 28-32) ‘We use a zenith angle of zero and a two dimensional vertical
column atmosphere for all calculations in this preliminary study as we are able to con-
struct highly accurate profiles using radiosonde observations which are only released
at a single point at each location. However, a full characterisation where a target re-
ceiver system is identified would require a three dimensional atmosphere and simu-
lations with greater zenith angles, appropriate to the operational specifications of the
receiver, in order to maximise the signal-to-noise ratio.

We also acknowledge in the conclusion that vertical simulations produce results that
are essentially the best you would achieve,

(Page 16, lines 24-27) ‘The simulations suggest that the bromine compounds HBr and
HOBr would be particularly challenging to observe. For the given zero zenith angle,
non-inclusion of (unknown) receiver system errors and overlapping signals from astro-
nomical sources, this essentially presents the upper limit of the detectability suggesting
particular combinations of locations and species would be unfavourable for instrument
deployment.

Section 4.2 When calculating signal strengths in the enhanced resolution, and using
this to estimate measurement times, etc., it matters whether the spectral lines of the
gas of interest lie “on top” of (or overlap with) other spectral lines. This is particularly
true if a small signal, like examples used here, overlaps with a strong signal, like that
from ozone. If “strongest signal”, as calculated here for a gas, is meant to indicate a
good choice for an observation window if one wants to retrieve that gas, then it is quite
important to screen for so-called interfering species. They can cause both random and
systematic effects that can lead to poor choices of measurement windows. Has this
been considered when choosing the best window for observation of a gas?
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See second answer to referee #1's comments on overlapping lines.

Page 4, line 10-22 This section of the introduction is focused on using the sub-
millimetre part of the spectrum for remote sensing of clouds. That subject is not ad-
dressed in the paper at all and so its introduction seems of little relevance or to serve
no purpose. If this is the case, it should be removed.

One of the aims of this paper is to provide an up-to-date summary of current under-
standing of the sub-millimetre atmosphere, in order to fill the gap of current literature
on the subject. We separated this review from the introduction to form an independent
section (2) which presents a broad overview of the topic separate to the site study that
follows. One of the most significant emerging uses of the sub-millimetre atmosphere
is to measure the properties of ice clouds, whose spectral signature is only detected
in the sub-millimetre (such as with the airborne ISMAR prototype for the upcoming ICI
satellite instrument, Charlton et al., 2009 ). In a section with a broad scope of the field
we feel it is appropriate to acknowledge their importance here, whilst stating that they
are not involved in the following study.

Page 5, line 4-18 This section of the introduction focuses on the planetary energy
balance. Similar to the last point, that is not addressed in the paper and does not
directly relate to the work presented. Without justification, this should also be removed.

Likewise (with reference to the last comment) as part of a review of the atmospheric,
and by association climatic, properties of the sub-millimetre we feel that it is important
to put the spectral region as a whole in context within the Earth'’s total radiative balance.
Particularly as it neighbours/overlaps the large and sparsely measured contribution of
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the far infrared, which is gathering interest within the climate community. One of the
key messages here is that the sub-millimetre is a small proportion of the total energy
budget in comparison to other regions, but the need for accuracy even with such small
contributions is ever increasing.

Page 7, line 9 What happens in the event that the edge of a 0.5 GHz frequency bin
lands within a spectral line signal, splitting it?

Section 3 Could you also specify the calculation grid that was used for the forward
modelling?

In answer to these last two questions: ARTS is a truly monochromatic radiative transfer
code, that is the absorption co-efficient at each point in the frequency grid specified is
valid for the exact frequency, (Equation 2 — Buehler et al., 2005) so the calculation is
not performed on a fine resolution calculation grid but only at each required discrete
output frequency, v. For each v ARTS loops over every spectral line in the HITRAN
database provided and determines the contribution of each one to v by the product
of the line shape at v and the line intensity of the transition, within the line cut-off
specified. We tested the robustness of our 0.5 GHz frequency grid by performing
equivalent simulations at the midpoints of the grid (shifting it 0.25 GHz) and found that
the signals previously identified as the strongest, remained as such. We have added
the following information to the methodology section,

(Page 10, lines 8-9) ‘For this study, we use the Kuntz approximation (Kuntz, 1997) to
the Voigt lineshape with a Van Vleck-Huber prefactor (Van Vleck and Huber, 1977),
which is valid for all pressures considered, and a line cutoff of 750 GHz.

Page 8, Line 32 “. . .10% of the year. . .” Where does this number come from?
C5

We chose the 10% driest profiles because it corresponds to about a month and a half
of measurements made in a year, which is reasonable for a well-timed campaign and
allows a generous margin of error for natural variations in humidity.

Page 12, line 6-7 What is meant exactly by “the range of behaviour”? Shown are the
driest and annual mean scenarios, which isn't representative of a full range. Please be
specific here.

Agreed. This has been reworded as below,

(Page 12, lines 21-24) ‘Figure 7 compares equivalent spectra at all six locations for the
driest scenarios and the annual mean to show what could be achieved given favourable
conditions that might be experienced for about six weeks of the year, reasonable for a
well-timed campaign, and more typical behaviour across all times.

Page 13, line 14-15 Could you briefly elaborate on the origin of this effect?’

On further investigation we conclude that the original hypothesis was incorrect, this is
not a trade off between absorption and emission of a particular line. Negative signals
coincide with the position of other spectral lines, usually ozone. When the species
in question is removed this nearby ozone line can absorb more than in the complete
atmosphere simulation, hence producing a negative signal at this frequency. The text
has been rewritten as,

(Page 13, lines 32-33) ‘Small negative values at some frequencies are the result of
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increased absorption by neighbouring lines from other species, such as ozone, when
the target species is removed.

Page 14, lin26-28 “As the simulations use averaged profiles, however, this does not
rule out the possibility of detecting these species when they are present at higher
abundances, as will occur in the real atmosphere.” While “not rule out” may techni-
cally be true, it is possibly misleading. What kind of higher abundances do you mean?
Would detection require a ten-fold, or hundred-fold, etc., increase in gas concentra-
tion? And is it reasonable to assume that this required concentration will occur in the
atmosphere?

This has been restated to include likely evidence of higher abundances,

(Page 15, lines 28-33) ‘As the simulations use averaged profiles, however, this does
not rule out the possibility of detecting these species when they are present at higher
abundances. Within the complete 2012 UM-UKCA dataset, comprising 720 profiles
each of HBr and HOBr, concentrations can reach more than ten times greater than
the averaged scenarios at all pressure levels. Furthermore, since field measurements
of bromine compounds reveal high temporal variability often associated with uncon-
strained mechanisms such as blowing snow, frost flowers and newly forming sea ice
(Jones et al, 2006), it is unlikely that the model represents the highest extremes of HBr
and HOBr abundance.

Page 14, line 34 By “Uniquely”, do you refer to within this work, or in general?

Rephrased as,
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(Page 16, lines 4-5) ‘Unique to within this study, DJF HO2 signals at these locations
are even stronger than the corresponding low humidity case, suggesting time of year
is potentially more important than dry conditions for detecting HO2 in Antarctica.’

Page 15, line 9-12 “The optimal frequencies for measuring HBr, HOBr, HO2 and
N20from the ground have been determined and preliminary receiver characteristics
calculated and tabulated for all considered locations and scenarios.” Related to the
two main (first) comments: - Is this sentence valid if one were to make a measurement
using a viewing angle that is more representative of a ground-based instrument? — If
no account was made for the interference from spectral lines from other gases, then
this sentence may not be true. Please consider and comment.

We have now caveated the above statement by specifying it applies only to the zero
zenith angle. We have also changed the following paragraph to stress the need for
screening for overlapping lines,

(Page 16, lines 20-28) ‘Signal selection should also be informed by screening for over-
lapping spectral lines from neighbouring species, which is particularly important if the
line falls within the bandwidth of the target signal and/or is of comparable intensity, or if
the species concentration cannot be well-estimated. This highlights the merits of devel-
oping instruments with multiple channels throughout the sub-millimetre range as it can
be beneficial to observe many lines at different frequencies simultaneously. The sam-
ple molecules characterised span a range of detectability. The simulations suggest that
the bromine compounds HBr and HOBr would be particularly challenging to observe.
For the given zero zenith angle, non-inclusion of (unknown) receiver system errors and
overlapping signals from astronomical sources, this essentially presents the upper limit
of the detectability suggesting particular combinations of locations and species would
be unfavourable for instrument deployment. These results are informative to those
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considering potential future sub-millimetre spectroscopy campaigns.

Figure 10 “The enhanced HBr signal”. Do you mean an enhanced resolution simula-
tion, or an enhanced HBr signal from higher gas concentrations? Please clarify.

Changed to ‘spectrally enhanced'.

Technical comments Figure 6, lower panel The tick marks at label locations are missing
(I don’t know if this is intentional).

Fixed.

Figure 6 Please clarify what is meant by “bandwidth”. It is ambiguous without clarifica-
tion or reference to the section of main text.

Clarified as ‘Full and partial window bands (consecutive frequencies with high trans-
mission relative to those surrounding them) are shaded in grey..

Figure 6, 7, 8, 9, and 10 Particularly (or at least) for Figure 6 and 7, which relate
to the discussion of windows “opening”, the zenith angle for the simulation should be
mentioned.

C9

Added.

Table 2 For the description of Day and Night scenarios, could you please specify that it
is the sun elevation angle? It can be slightly confusing as elevation angle is also used
to refer to instrument pointing.

Both changed to ‘Solar elevation angle..

Page 3, line 6 | believe “catalyse” should be in plural form here as it refers to “family”?

(Page 3, line 13) Changed to ‘catalyses’
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