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Response to Referee #2 Comments, “A comprehensive estimate for loss of atmo-
spheric carbon tetrachloride (CCl4) to the ocean”, by J.H. Butler et al. Anonymous
Referee #2 1. Temperature trends. The referee is correct that Huhn et al (2001) ob-
served a temperature trend in computed CCl4 loss at depth. However, Huhn et al.
(2001) also noted that losses were not observed in waters of > 200 umol/kg. Our con-
cern here is that there is no clear temperature dependence in surface waters, which
implies a different process for removal. Surface waters are well ventilated so, a priori,
we should expect no degradation. The fact that we do see a deficit suggests yet an-
other process at work. We don’t think that the temperature trends noted by Huhn et
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al. (2001) are relevant to surface concentrations, especially, as we note below, since
we cannot explain the observations by transport from depth. That being said, we have
added a notation of the loss rates observed by Huhn in the manuscript near the end of
Section 4.2 to support our point that degradation at depth cannot explain the observed
undersaturations. 2. Corrections for physical effects. a. Page 3 Diffusivity temperature
dependence. The referee is correct that the change in diffusivity is about the same for
the two gases (~2.7%/degree). We have added that property to Table 2. b. Page 3,
Computations. The referee makes a good point about the temperature dependence
of the solubility of the gas, which highlights the fact that we weren’t presenting it cor-
rectly in the table. Because the saturation anomaly itself is expressed as percent, we
should have in the table a percent increase of solubility with temperature, not absolute
units of solubility. The percent change in solubility of the two gases is about the same
(3.9%/degree for CFC-11 and 4.1%/degree for CCl4), which means that one should ex-
pect roughly the same influence of a change in temperature on the saturation anomaly
of each gas. Thus, if one sees an increase in the CFC-11 saturation anomaly owing,
for example, to radiative heating, CCl4 should respond similarly. c. Quantitative Analy-
sis to support statement on page 4, line 5, and corrections for physical effects page 5,
line 21. Providing a quantitative description is difficult to do without making significant
assumptions about depth, extent, and timing of air injection, sea surface roughness,
etc. Dissolution of bubbles favors invasion of a gas over evasion and would thus tend
to sustain a positive anomaly. These effects are explained in considerable detail in
Kester (1975). But, in the end, gases with similar diffusivities and changes in solubil-
ity with temperature should have similar saturation anomalies at the ocean surface if
there are no other forces (e.g., production or degradation) at play. On cruises where we
have measured CFC-11 and CFC-12, both long-lived in the atmosphere and conserva-
tive in surface waters, we generally see similar supersaturations and undersaturations
(Lobert et al., 1995, Butler et al. 1988). The differences can be up to 2%, which we
consider to be due to differences in physical properties of the two gases. The text on
Page 4 now reads as, “Calculated this way, a corrected saturation anomaly that is neg-
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ative indicates that the gas is probably being consumed in the water, regardless of its
non-corrected anomaly. In some of our studies we noted that saturations of CFC 11
and CFC 12, which also have similar physical properties (Table 2), could differ by as
much as ~2% (Butler et al. 1988, Lobert et al. 1995). As a result, we consider in situ
consumption of CCI4 significant if the corrected saturation anomaly is more negative
than -2%. The text on Page 5 now reads as, “The correction for physical effects that
we use here, i.e., subtracting the CFC-11 saturation anomaly, which more often than
not is positive, makes the CCl4 saturation anomaly more negative. Although one might
expect the effects of warming and cooling to balance out on a global basis, effects
such as dissolution of bubbles and mixing of waters tend to elevate surface saturation
anomalies of all gases (e.g., Kester 1975, Bowyer and Woolf 2004). Nevertheless, the
undersaturations calculated without these corrections still generally fall within 5-10%.”
3. Mixing Time scales, page 6, lines 12-14. The average eddy diffusion coefficient
through the thermocline is about 1 cm2 s-1 (8.64 m2 d-1). At this rate, vertical trans-
port through the ocean thermocline, which has a scale length of hundreds of meters
to reach the nadir in CCl4 concentrations, can take tens of days to move one meter.
That’s not nearly fast enough to sustain a 5-10% deficit of a gas in surface waters that
are replenished from the atmosphere every 20-30 days. It is also consistent with the
fact that Huhn et al (2001) and others suggest degradation rates in low oxygen waters
of around 2-3% per year. To make this more clear, we have revised the text as follows:

“Air—-sea exchange renews gases in surface waters on the order of 20-30 days,
whereas, with an eddy diffusivity of ~1 cm2s-1 through the thermocline (Quay and
Stuiver, 1980; Li et al, 1984), transport to depths of hundreds of meters from the ocean
surface requires times of years to decades. Exceptions are apparent in areas of up-
welling, where water from depth can be advected as well as mixed toward the surface
in a matter of days (e.g., Tanhua and Liu 2015). Depletion of CCl4 at depth would be
in agreement with other reports suggesting a loss of CCl4 in low oxygen waters (e.g.,
Lee et al, 1999), although the rate of a few percent depletion per year (e.g., Huhn et al,
2001, Min et al, 2010) at depth is still not sufficient to sustain the observed undersatu-
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rations at the surface.”

4. Newly calculated ocean sink has dropped substantially, page 7, line 20 ff. We agree,
this is a big change and it’s not entirely due to the air-sea exchange coefficient. We
thank the author for raising this issue, as our explanation in the text was lacking. In
addressing this we’ve also looked carefully at other air-sea exchange studies since
Sweeney et al. (2007) and Wanninkhof et al. (2009). These recent studies seem to be
converging around a number very near that of Nightingale et al (2000) and Sweeney
et al. (2007), which was used in the original version of this manuscript. As Wanninkhof
(2014) summarizes this progress and offers a complete re-evaluation of uncertainties
in estimating global fluxes, we have now chosen to use the Wanninkhof (2014) esti-
mate, normalized to the wind speeds in our model. This increases the flux of CCl4 to
the ocean by about 15% over that of our original number based on Sweeney (2007),
and reduces the uncertainty in estimates of the air-sea exchange coefficient to £20%,
down from the £30% we had calculated in the previous version and the +£32% given in
Sweeney (2007). The total atmospheric lifetime drops from our estimate of 33 y in the
ACPD version of this paper down to 32 y. The text now reads as follows:

“This updated estimate is based on four times as many observations as used in Yvon-
Lewis and Butler (2002), which account for all seasons and cover almost all major
ocean basins. The average saturation anomaly used in this study is 10-20% less than
the average used in Yvon-Lewis and Butler [2002]. Binning the surface data in our pre-
ferred approach (rather than applying a global mean anomaly as done before) to reflect
better the actual distribution over the oceans accounts for another 10-20% decrease
(Table 3). The model used by Yvon-Lewis and Butler [2002] was based the 2°x2°
COADS data set for sea surface temperatures and wind speeds and our new estimate
is based on a different, newer data set with 1°x1° bins. The mean or median wind
speed for the 1°x1° data set is ~5% lower and winds were distributed differently than
in the COADS data set. The most influential change, however, is the use of an updated
air-sea exchange coefficient, based on a revised inventory of bomb-14C0O2 (Naegler
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et al 2006, Wanninkhof, 2014). Yvon-Lewis and Butler (2002) used the Wanninkhof
(1992) relationship, which was normalized to an earlier assessment of bomb-14CO2.
We evaluated the impact of this change on CCI4 flux over the ocean and determined
that it alone accounts for a 24% lower flux with Wanninkhof (2014; Table 2) than with
Wanninkhof (1992). Additional reductions came from use of a simpler computational
approach that differs from that of Yvon-Lewis and Butler (2002), which was designed
for gases where in situ loss rates are known and which required estimates of mixed
layer depth and loss during downward mixing through the ocean thermocline. The
newly revised estimate for CCl4 uptake provided here is based simply on the air-sea
difference in partial pressure and the kinetics of air-sea exchange. It is more robust for
this gas, for which there is little understanding of the loss mechanisms, and suggests
that the ocean sink is responsible for about 18% (vs. 32% previously) of the CCl4
removed from the atmosphere.”

Because the ACPD version has been used already in a SPARC report (SPARC Report
on the Mystery of Carbon Tetrachloride. Q. Liang, P.A. Newman, S. Reimann (Eds.),
SPARC Report No. 7, WCRP-13/2016.), we also added text to explain the difference
between our submitted version and this one and give the reasoning for overriding our
earlier decision to use the Sweeney et al relationship. That text (p.8) reads as follows:

“(Note: Our original version of this paper (doi:10.5194/acp-2016-311) preferred the
Sweeney et al. (2007) relationship for computing air-sea fluxes and subsequent life-
times. We had selected that parameterization because it was formulated similarly to
Wanninkhof (1992), which had been used in the earlier calculations of the ocean sink
of CCl4 (Yvon-Lewis and Butler 2002), accounted for the change in ocean bomb-14C
inventory, and was centered among the distribution of wind speed relationships con-
sidered (e.g., Figure 8). We have since updated that and prefer the Wanninkhof (2014)
polynomial approach, which includes a rigorous evaluation of the biases and uncer-
tainties in estimating air-sea exchange, and takes additional studies into account.)”

5. Minor Corrections: a. Page 7, line 10, space between “bomb” and “and”. Done b.
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D(corrected) needs definition. Done. Text after Eq. 3 now reads as “where ntr is the
number of moles of air in the troposphere (1.46 x 1020 ), r is the fraction of atmospheric ACPD
CCl4 that resides in the troposphere (0.886), and Acorrected is the difference between

ACCI4 and Af” c. Figure 8 caption typos need fixing. Done d. Describe the separate
studies used in the legend within the caption. Done by revising the legend to properly Interactive
reference each study and with additional studies included in the plot. comment
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