
Thank you for your comments. Please see the response below. Texts in italics are RC2’s 
comments. Authors’ replies are preceded by “⇒”. 

 

Major comments:  
 
(i) The authors claim they find a non-linear response across the different injection rates. 
However, 3 our 4 simulations (including the 12 and 24 Tg injection cases used to produce 
the results in Table 1) consist of only 3 ensemble members and the analysis is done for 
single individual time periods  (e.g. JF mean in year 1, JJA mean in year 1, etc), leading to 3 
data points in total contributing to each response. While this should be sufficient to 
estimate the changes in BC burden and related variables (e.g. AOD) with relative 
confidence, I’m not convinced this is sufficient to estimate the response in global mean SW 
and LW fluxes or surface temperature with confidence sufficient to confidently claim 
whether linearity or non-linearity is found.  

 

 To address this comment, we have run additional simulations to increase the 
number of ensemble members to 9 and 8 for the BC12 and BC24 cases, 
respectively. The expanded ensembles confirm the original conclusions, with nearly 
identical central estimates and overall reduced uncertainty ranges. For example, 
please see below for the original and the updated values of DSRF, DLRF, and TS 
(Table R1); all results are consistent within their uncertainty ranges. In addition, 
please see the updated timeseries (Fig. R1), which is very similar to the original 
figure (Fig. 2 in the manuscript).  

 

 

 DSRF DLRF TS 
First year JF (old) -26.96 ± 2.38 

(-14.80 ± 1.29) 
+2.56 ± 1.03 
(+1.65 ± 0.98) 

-0.60 ± 0.08 
(-0.39 ± 0.11) 

First year JF -26.52 ± 0.54 
(-14.80 ± 0.40) 

+2.59 ± 0.21 
(+1.72 ± 0.22) 

-0.59 ± 0.07 
(-0.38 ± 0.06) 

First year JJA (old) -27.06 ± 1.19 
(-13.09 ± 0.84) 

+6.02 ± 0.49 
(+ 6.36 ± 0.33) 

-0.10 ± 0.09 
(+0.36 ± 0.07) 

First year JJA -26.92 ± 0.40 
(-13.00 ± 0.20) 

+6.20 ± 0.39 
(+6.44 ± 0.30) 

-0.06 ± 0.08 
(+0.39 ± 0.06) 

Years 6-15 (old) -3.01 ± 0.89 
(-0.78 ± 0.23) 

-1.92 ± 0.30 
(-0.46 ± 0.19) 

-0.62 ± 0.05 
(-0.17 ± 0.03) 



Years 6-15 -2.99 ± 2.03 
(-0.75 ± 0.33) 

-1.71 ± 0.32 
(-0.32 ± 0.28) 

-0.57 ± 0.05 
(-0.14 ± 0.03) 

Table R1. Temporal means of the global responses of DSRF (in W m-2), DLRF (in W m-2), and surface 
temperature (TS; in °C) for BC24 (BC12 in brackets), with the 95% confidence intervals. The 
confidence intervals for the responses in years 6-16 are computed with lag-1 autocorrelation taken 
into account, assuming first-order autoaggressive dependence. The first, third, and fifth rows of 
values are the old values from Table 1, whereas the second, fourth, and sixth rows of values are the 
updated values with the original and new members. 

 

 

Figure R1. Monthly averaged global mean responses of (a) surface DSRF, (b) AAOD, (c) surface 
DLRF, (d) surface temperature, and (e) precipitation. Insets of (a), (b), and (c) are the responses 
divided by the atmospheric BC burden, respectively. Inset of (e) is the monthly averaged global 
mean responses of the temperature difference between 500 hPa and 1000 hPa, divided by the 
thickness of the column. Shading indicates ±1 standard error of the ensemble mean. Dashed lines 
indicate where the standard error overlaps with the zero line. 

 



 After increasing the ensemble size, the surface DSRF reduction per Tg burden is still 
comparable across different cases, indicating a linear dependence of global mean 
surface DSRF response on BC burden after the first year (comparing inset of Fig. R1a 
to inset of Fig. 2a). 

 Regarding the nonlinear dependence of global mean surface DLRF response on BC 
burden in first year JJA, after increasing the ensemble size, it is still clear from Table 
R1 that the global mean surface DLRF response for BC12 is comparable to that for 
BC24. In other words, the response per unit burden for BC12 is much greater than 
that for BC24. This nonlinear dependence is also clear from the inset of Fig. R1c. 
During first year JJA, the separation of the global mean surface DLRF responses per 
unit burden is large between the different scenarios, with the color shading 
indicating the standard error of the ensemble mean.  

 Therefore, increasing the number of members does not change the discussion and 
conclusion in the manuscript. In our revision, we will update the table and figures 
with the additional members. 
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As is also evident in Fig. 2 (a,c,d), the interannual variability on most of these variables is 
not negligible. While Table 1 reports 95% confidence intervals, it is not clear to me how are 
these calculated.  

 

 As we will clarify in the revision, the 95% confidence intervals are calculated by first 
computing the standard deviation of the aggregated timeseries. Then, the standard 
deviation is divided by the square root of the number of samples and is multiplied by 
1.96, which corresponds to the 95% confidence interval. For first year JF (or first 
year JJA), the aggregated timeseries is the aggregation of first year JF average (or first 
year JJA average) of all ensemble members, so the number of samples is the number 
of ensemble members.  



 For year 6-15, the aggregated timeseries is the aggregation of all monthly output in 
year 6-15 of all ensemble members. The number of samples is the ensemble-
average effective sample size after applying a lag-1 correlation to the monthly 
timeseries of each ensemble member. Thus, the effective sample size would be 
smaller than the total number of months in the aggregated timeseries.  

 Again, in our revision, we will clarify this by including the previous points in Methods. 

 On a related note, during the revision, we identified and corrected an issue in the 
implementation of the 95% confidence interval calculation. The corrected values do 
not alter the interpretation or conclusions.  

 

Also, how big is the ensemble spread of these values? Is it adequately represented by the 
way the authors calculate the 95% confidence interval? I would expect even the value of 
standard deviation calculated based on just 3 data points will be subject to large 
uncertainty.. 

 

 The standard deviations with the addition of new members are shown below (Table 
R2). The standard deviations are not large for first year JF and JJA, as anticipated 
above. The standard deviations are larger for years 6-15 due to the trend towards 
climatology, but the confidence intervals, as shown above, still show significant 
results.  

 

 DSRF DLRF TS 
First year JF -26.52 ± 0.78 

(-14.80 ± 0.61) 
+2.59 ± 0.30 
(+1.72 ± 0.33) 

-0.59 ± 0.10 
(-0.38 ± 0.09) 

First year JJA -26.92 ± 0.57 
(-13.00 ± 0.30) 

+6.20 ± 0.56 
(+6.44 ± 0.46) 

-0.06 ± 0.12 
(+0.39 ± 0.08) 

Years 6-15 -2.99 ± 8.00 
(-0.75 ± 2.52) 

-1.71 ± 2.17 
(-0.32 ± 2.02) 

-0.57 ± 0.38 
(-0.14 ± 0.30) 

Table R2. As in Table R1, but with ±1 standard deviations instead of 95% confidence intervals. 

 

On a related note – Section 2.2 discusses the nuclear winter experiments performed, but 
nowhere does it say what data are used for calculating the responses. Is it the preindustrial 
control simulation? If so, how many years and/or ensemble members are being averaged? 



 

 Yes, the preindustrial control simulation is used for calculating the responses. A 
climatology is calculated using the 100-year preindustrial control simulation. For 
each injection scenario, all ensemble members are being averaged. 

 

(ii) I agree with the other reviewer that better understanding of the drivers of the reported 
boreal summer warming in year 1 is required before publication. In fact, I’m not convinced 
by the authors’ claim that this is driven predominantly by the change in downward LW 
forcing, as the change in downward SW is at least factor of ~2 larger and opposite sign. And 
so considering just changes in direct downward radiative forcing, the overall change in RF 
should be still negative. And so the changes have to be driven by indirect processes, either 
changes in the upward  LW/SW and/or latent and sensible heat fluxes.  

 

 It is true that the global mean surface DSRF response is about 2 times the global 
mean surface DLRF response in the opposite sign in first year JJA. In fact, after taking 
into account latent heat flux and sensible heat flux, the global mean net flux at the 
surface is still negative (defined as positive downward). However, as we described in 
the submitted manuscript (see lines 273-276 and 290-292), the surface net energy 
flux imbalance needs to be considered in its entirety. This takes into account 
upward and downward shortwave radiative flux, upward and downward longwave 
radiative flux, latent heat flux, and sensible heat flux, and shows a lot of structure 
during the first boreal summer (Fig. 6b). The response is mostly positive downward 
over land surface and mostly negative downward over the ocean surface. The global 
mean temperature response is positive in that time period due to the land surface’s 
lower heat capacity. With a higher heat capacity and mixing, the ocean temperature 
response is muted.  

 In the original manuscript, we described the full surface energy budget in its entirety, 
but we agree with the reviewer that we need to make this clearer, and we will do so 
in the revision. 

 

In fact, to me the pattern of surface temperature changes looks very much like a 
dynamically induced response (I was thinking something to do with NAM maybe), or a BC-
induced modulation of the model’s internal modes of climate variability.   In fact in figure 
2d, it looks like an injection drives am oscillatory behavior in the model, that is largest for 



high BC injections. How realistic is this response, and could that somehow explain what is 
happening at the surface? Also, I see that the authors do principal component analysis of 
the DJF Tas response (to comment on links with AO modulation). I think it might be helpful 
to do the same for the JJA in year 1, my guess would be that the pattern obtained would 
mimic the response to BC simulated in JJA that year (this is just my guess, but maybe worth 
checking). 

 

 In the original manuscript, we did principal component analysis (PCA) of the DJF Tas 
response and attempted to attribute part of the Tas response to a positive AO 
modulation effect. However, since the DJF Tas response is dominated by direct 
radiative flux changes, we ended up not including this analysis. 

 For JJA Tas, while we expect the warming pattern to be modulated by advection of air 
warmed by the heat sources (Fig. 6b), we decided not to include a PCA as showing 
the temperature advection response pattern (Fig. A2) is sufficient to indicate that 
advection is playing a role in modulating the Tas response pattern, e.g. for Tas 
response in western North America (Fig. 5c). 

 In Fig. 2d, the oscillatory behaviour in the global mean temperature is largest for low 
BC injections in the first year, for reasons mentioned in the paper. As RC2 suggests, 
it is largest for high BC injections in the long term. The peaks are during boreal 
summer, and the troughs are during boreal winter, suggesting that the cooling is 
more efficient during boreal winter than during boreal summer. This can be seen by 
comparing Fig. 5b and Fig. 5d.  

 

On a related note – Fig. 6 shows the map of changes in DLRF and net RF response. If one 
shows DLRF, I think it is important to also show DSRF (since as discussed above DSRF is 
much larger so it’s important to see whether that is also true locally over the region in 
question), as well as decompose the net RF budget calculation. The authors try and 
discuss parts of the latter in the text, but the reader can’t verify (or visualize) the accuracy of 
the statements without seeing the plots somewhere (even if it’s just in the supplementary 
material) 

 

 This comes back to our earlier point that Fig. 6 shows the full surface energy flux 
response, not just the net radiative response. Again, this takes into account upward 
and downward shortwave radiative flux, upward and downward longwave radiative 



flux, latent heat flux, and sensible heat flux, as explained in the original manuscript 
at lines 273-276 and 290-292. To avoid ambiguity, we will change the wording from 
“net flux response” to “net energy flux response”. 

 As shown by Fig. 6b, locally on land in the Northern Hemisphere, the surface net 
energy flux response is positive (defined as positive downward) in first year JJA.  

 In this reply, we show the decomposition of the terms in the surface energy budget 
(Fig. R2). For reader’s reference, we will include this in the Appendix. 

 



 

Figure R2. Responses of (a) surface net shortwave radiative flux, (b) surface net longwave radiative 
flux, and (c) surface net turbulent fluxes in first year JJA for BC20. The surface net energy flux 
response is the sum of these three plots (Fig. 6). The fluxes are defined as positive downward. 
Hatching indicates changes that are not significant at 95% confidence level using a t test. 

 

Minor changes: 

 



-    L. 17-18 “reduced net long wave and turbulent fluxes”. Please state direction. Throughout 
most of the manuscript it is argued that the downward LW increases, but in the abstract you 
say the net LW actually decreases - I guess that’s because net is defined as upward, but it is 
confusing to the reader here. 

 

 Indeed, in the abstract, the net LW is defined as upward. We will change “linked to 
reduced net longwave and turbulent fluxes” to “linked to reduced cooling via net 
longwave and turbulent fluxes” in Line 17-18. 

 

-    Table 1 - the number of decimal places that are reported is too high, given all the 
uncertainties.  

 

 We will use the number of decimal places in Table R1. 

 

-    Table 1 – “the confidence intervals for the response in years 6-15 are calculated taking 
into account autocorrelation”. Does it mean you use data for years 6,7,8,9,10,11,12,13,14 
and 15 separately, instead of mean over years 6-15? If so, this is not clear, and given there is 
a strong trend present within that period, I’d expect the 95% confidence interval to be much 
larger in that case (as I would expect it to reflect that trend)   

 

 For year 6-15, the aggregated timeseries that is used to compute the confidence 
interval is the aggregation of all monthly output in year 6-15 of all ensemble 
members. The number of samples is the ensemble-average effective sample size 
after applying a lag-1 correlation to the monthly timeseries of each ensemble 
member. Indeed, after fixing the aforementioned bugs, the 95% confidence intervals 
become larger for the year 6-15 quantities (Table R1), but the main conclusion 
stands. Thank you for pointing this out. 

 

-    Fig. 2 caption – please make sure you include description of all inserts, and with correct 
labels (some are missing, and some are mixed up I think) 

 



 Line 182 should say “Insets of (a) and (c)” instead of “Insets of (a) and (d)”. Thank 
you for catching this. We will replace Fig. 2 with Fig. R1 along with its caption. 

 

-    Fig. 2 – “shading indicates standard error of the mean” – but the plot shows the 
difference in two means? (i.e. with and without BC injection) 

 

 The shading indicates ±1 standard error of the ensemble mean. We will replace 
“Shading indicates the standard error of the mean” with “Shading indicates ±1 
standard error of the ensemble mean”. Thank you. 

 

-    Fig. 5 – what are orange lines? 

 

 The solid and dashed orange lines indicate the sea ice lines for the scenario and for 
the climatology, respectively. It is defined as the grids with 15% sea ice area. We will 
add this to the figure caption. 

 

-    Section 2 – while the aerosol microphysics scheme used is a bulk one, we are still 
missing some information of the assumed BC aerosol properties, including size. 

 

 The assumed hydrophilic BC effective radius and variance are 0.166 microns and 
0.617, respectively. The effective refractive index for internally mixed aerosol is 
computed using the Maxwell-Garnett (MG) approximation the radiative (Wu et al., 
2018). It assumes that the host material (SO4) contains all other composite 
materials (BC and OC). In our revision, we will add the sentence “The assumed 
hydrophilic BC effective radius and variance are 0.166 microns and 0.617, 
respectively.” after “(Wu et al., 2018)” in Line 109. 


