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Thawing permafrost poses environmental threat to thousands

of sites with legacy industrial contamination



Reviewer #1 (Remarks to the Author): 

Summary: Langer et al. analyze a database of sites across the Arctic domain that contain 

or store contaminants of various types. The authors evaluate the vulnerability of these 

sites to permafrost thaw to evaluate the potential releases of contaminants in the 

future. The authors locate the sites and categorize them by economic sector, the types 

of contaminants they contain, and toxicity. They then use projections of future 

conditions to identify those sites vulnerable to thaw. The authors conclude with a 

discussion of what we can do to monitor the sites. The study uses a unique combination 

of semantic analysis of metadata and physical modeling to isolate an issue rarely 

discussed in either the public arena or the scientific community. To me, this paper, and 

the few published papers like it, represent a starting point to determine how we respond 

to large-scale permafrost thaw. 

I recommend accepting the paper with minor revisions. I find the data analysis and 

modeling techniques quite suitable for this analysis. My comments focus primarily on 

the interpretation and presentation of the results. 

Specific Comments: 

L42: The abstract needs to better identify the kinds of sites you discuss. All the sites 

contain contaminants of some sort, but not all are contaminated. Many represent 

storage facilities or working industrial facilities. 

L88: Define exactly what you mean by ‘access to industry data.’ Do you want to fill in the 

uncertain category? Do you need the contaminants? The statement could be a political 

lightning rod because it implies industry has withheld data. Do they or has nobody asked 

for the data? 

L93, Figure 1: I like the figure a lot, but it needs reworking by a graphics artist. The two 

panels contain too much blank space such that the individual site icons appear too small. 

The panels contain unessential elements that clutter the graphic, such as the ice wedges 

in the top panel and the blue arrows in the bottom panel. With some work, the authors 

could turn this figure into something everyone wants to download and use in a 

presentation. 

L101: Rather than emphasizing the lack of information, the authors should emphasize 

they used all the available information. Emphasizing the lack of data undermines their 

case. This comment applies to the entire manuscript. 

L113, Figure 2: The authors should use a simple pie chart for the percentages. Showing 

site density like in Figure 5a works much better than circle size. The larger circles make 

it look like the sites cover a huge area. 

L137, Figure 3: Showing site density like in Figure 5a works much better than circle size. 

L195: Define talik. 

L224: The authors should state that we must extend the projections to reflect the time 

scale of permafrost. Those studying environmental contaminants have traditionally 

stopped their projections in 2050, but those studying biogeochemistry in permafrost 

regions extend the projections to 2200 or even 2300. 

L228, Figure 5: The density map in Panel (a) is easier to understand than the bubble 

map. The authors should explain the mottled appearance in panel (b). 

L264: I disagree. One can always make an assessment. The paucity of data makes the 

assessment more uncertain, not impossible. 

L273: The authors should explain why this information does not exist. Is it because 

industry withholds it? Have governments even asked for the information? Does the 

information even exist? 

L278: A global database is useful as long as it does not contain TBDs. The authors should 

identify exactly what information we need. 

L281: Replace ‘largely unpredictable’ to ‘highly uncertain.’ One can always make a 

prediction. The lack of data simply makes it more uncertain. Besides, the authors make a 

prediction. The statement, as written, actually undermines their case. 

L284: I suggest rephrasing to emphasize that better risk assessments will improve our 

ability to respond. I feel ‘unprepared’ is too strong a word here. A community with a 

waste dump and thawing permafrost already knows they have a big problem. They do 

not need a detailed inventory and risk assessment to tell them this. 

L287: Delete Figure 6. The authors do not reference Figure 6 in the text and do not 



explain it. This figure requires an entire paragraph to explain, but I do not feel it adds 

much value to the conclusions. 

L314: The authors should emphasize that we need to develop new monitoring and 

mitigation strategies to deal with contaminants in permafrost. The sites will not leak 

randomly, as one might see in CONUS. Rather, an area undergoing large-scale thaw may 

have multiple sites leaking simultaneously. I agree we cannot install instrumentation to 

monitor every site, but what if we used remote sensing or we installed a single sensor 

as a surrogate to monitor multiple sites. Here is where the authors need to get the 

readers thinking outside the box. 

L325: What do you mean by ‘operational lifetime?’ 

L331: This single sentence likely highlights the most important conclusion of the paper, 

yet it does not appear in the abstract. 

Reviewer #2 (Remarks to the Author): 

This is a very interesting paper but will require some work to get it ready for 

publication. The paper opens with an Arctic focus but quickly moves into summarizing 

publicly available data from Alaska only. Was this because the data is the only available? 

I am still unsure. There are also many references to the methods so that in order to 

understand the paper I must bounce between sections. It would be better to make the 

paper easy to read, and a more linear story from start to finish. I made some specific 

comments below, but without additional clarity on the direction and focus of the paper, I 

won't be able to fully comment. I would encourage a rewrite, and then I would be 

delighted to review it again. 

Line 53: Is this updated? The most recent number I saw was 5-8x faster 

59: If you quantify in terms of 'latest' before the paper it dates your paper. Maybe 

quantify differently 

72-77: excellent, I like the way you did this 

78: Inducing? no sure what this sentence means 

81: This is not the first paper to characterize waste locations by a long shot. Rephrase 

88-92: excellent 

101-103: Put (see methods) at the end of the sentence instead of twice in the body 

103: Our database is a very strange way to characterize your study. Rephrase 

105-110: If the IPCC scheme doesn't characterize the types of sites that you are 

interested in- why did you use it? This seems an arbitrary measurement to apply 

(unsuccessfully, as you state) that confuses the point of the paper 

116: Is OSM a good source? 

117-119:: same comment as above-- why use the IPCC scheme if it doesn't capture the 

nuance you are describing? 

122: How does data from only one Arctic location solve the problem laid-out in 121? 

128: citation needed 

131: citation needed 

134: citation needed 

121-136: why summarize the data from the AK website in such detail/length? This is 

peculiar and doesn't add to the paper, but is distracting 

Fig 3. citations needed 

147: why is this striking? I would expect it 

145-159: consider adding a table and significantly reducing this section. It is redundant 

of the earlier section that seemed out of place. I am starting to wonder if this paper is 

just about Alaska? If so, the intro needs to be re-written 

Reviewer #3 (Remarks to the Author): 

This study poses an interesting and significant pair of questions: (1) what is the number 



of contaminated sites in permafrost regions in the northern circumpolar region; (2) 

when might these sites be affected by permafrost thaw associated with climate change? 

The study uses (often indirect) information on industrial sites around the Arctic, 

relationships between industrial sites and contamination from Alaska to derive transfer 

functions between industrial type and contamination, and RCP scenarios plus a ground 

temperature model to estimate when particular sites might be affected. These 

approaches appear logical and could be expected to yield a reasonable result. However, 

the study has what I view to be a fundamental weakness. 

The only comprehensive data on the relationship between numbers of sites and those 

that are contaminated comes from Alaska. These data are used to extrapolate 

contamination to the entire Arctic. I cannot see how this approach is valid. Each of the 

nations included in the spatial extent of this study has its own history of industrial, 

resource and military development, its own regulatory regime (past and present), and 

its own enforcement regime for environmental regulations. For the study results to be 

valid, more than simply acknowledging this weakness (lines 182-185) is required. 

Without explicitly demonstrating that the Alaskan data is representative of the other 

nations – but particularly of Russia where the greatest amount of industrial 

development has occurred and which has large cities and more than half of the Arctic 

population - the results are speculative. The authors indicate that such data do not exist 

which suggests that adequate answers to the key questions are not possible at present 

for the entire Arctic, although they could be reasonably made for Alaska. The absence of 

any validation of the model results outside Alaska and the rather strange patterns of 

model results through the Canadian Arctic Archipelago (see below) do not create 

confidence. 

Regrettably, therefore, I cannot recommend publication, nor can I see a way forward to 

revise the paper while its Pan-arctic focus is maintained. 

Additional comments: 

Line 101. I have no idea what “synergized” means in this sentence. 

Figure 1. While some elements of this figure appear reasonable – drilling mud sumps, 

for example, others are not. Drilling rigs do not remain in place after a drill-hole has 

been completed and nor do excavation machines. 

Figure 2 shows no sites in Greenland but Figure 5b shows high concentrations of 

contaminated sites. 

Figure 4. Is the left to right positioning of the circles meaningful in this figure? I don’t 

think it is, but this should to be stated in the caption. 

Figure 5. Potential errors in the spatial modelling are suggested by the strange patterns 

that exist across much of the region. For example, the Canadian Arctic Archipelago has 

only a handful of small communities, an even smaller number of military installations 

and some legacy exploration drill sites dating from the 1970s. I cannot reconcile this 

with the model output which yields variable density values of 10-3 to 10-4 km-2 across 

extensive areas (Figure 5b).
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Summary: Langer et al. analyze a database of sites across the Arctic domain that contain or store contaminants

of various types. The authors evaluate the vulnerability of these sites to permafrost thaw to evaluate the potential

releases of contaminants in the future. The authors locate the sites and categorize them by economic sector, the

types of contaminants they contain, and toxicity. They then use projections of future conditions to identify those

sites vulnerable to thaw. The authors conclude with a discussion of what we can do to monitor the sites. The

study uses a unique combination of semantic analysis of metadata and physical modeling to isolate an issue

rarely discussed in either the public arena or the scientific community. To me, this paper, and the few published

papers like it, represent a starting point to determine how we respond to large-scale permafrost thaw.

I recommend accepting the paper with minor revisions. I find the data analysis and modeling techniques quite

suitable for this analysis. My comments focus primarily on the interpretation and presentation of the results.

Specific Comments:

We like to thank the reviewer for the positive evaluation of our study. We are very thankful for all comments and

suggestions. In the following we provide a point by point reply with all modifications made in the manuscripted

highlighted in bold.

L42: The abstract needs to better identify the kinds of sites you discuss. All the sites contain contaminants of

some sort, but not all are contaminated. Many represent storage facilities or working industrial facilities.

We thank the reviewer for this suggestion and have improved the abstract accordingly:

KP SLaP TOPY_TQTPO LMZ`_ .&/** TYO`^_]TLW ^T_P^ bSP]P [Z_PY_TLWWd SLeL]OZ`^ ^`M^_LYNP^ L]P LN_TaPWd

SLYOWPO Z] ^_Z]PO TY _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY( <`]_SP]XZ]P& bP P^_TXL_P _SL_ MP_bPPY +*&*** LYO

,*&*** NZY_LXTYL_PO ^T_P^ L]P ]PWL_PO _Z _SP^P TYO`^_]TLW ^T_P^(

L88: Define exactly what you mean by ‘access to industry data.’ Do you want to fill in the uncertain category?

Do you need the contaminants? The statement could be a political lightning rod because it implies industry has

withheld data. Do they or has nobody asked for the data?

We thank the reviewer for this important comment. We fully agree that we should take the opportunity to clarify

what information is already available and what data is missing. As part of the restructuring of the manuscript,

we have now added an entirely new paragraph to the discussion that we believe is better suited to address this

issue:

KSTWP Z`] LYLWd^T^ []ZaTOP^ LY TYT_TLW P^_TXL_P ZQ _SP XLRYT_`OP ZQ [Z_PY_TLWWd ^`M^_LY_TLW PYaT]ZYXPY_LW

]T^V& T_ LW^Z OPXZY^_]L_P^ _SP WL]RP `YNP]_LTY_d ]P^`W_TYR Q]ZX LY TYNZX[WP_P OL_LML^P( KP bP]P LMWP _Z

]PO`NP _SP OL_L RL[ [L]_Wd Md `^TYR [`MWTN XPOTL ^Z`]NP^ _Z NZX[TWP L RPZ^[L_TLW OL_L ^`M^P_ ZY

NZY_LXTYL_PO ^T_P^ QZ] _SP F`^^TLY 8]N_TN( >ZbPaP]& bP YZ_P _SL_ _SP]P T^ ^_TWW L R]PL_ WLNV ZQ [`MWTN

TYQZ]XL_TZY ZY TYO`^_]TLW ^T_P^ LYO LN_TaT_TP^ TY _SP 8]N_TN []PaPY_TYR L XZ]P NZX[]PSPY^TaP ]T^V

L^^P^^XPY_( HSP OL_L N`]]PY_Wd LaLTWLMWP L]P LW^Z TY^`QQTNTPY_ _Z L^^P^^ _SP WTVPWTSZZO ZQ Q`_`]P

NZY_LXTYL_TZY Z] _SP ]T^V ZQ T_^ XZMTWTeL_TZY O`P _Z [P]XLQ]Z^_ OPR]LOL_TZY( HST^ bZ`WO ]P\`T]P XZ]P

OP_LTWPO TYQZ]XL_TZY ZY _SP \`LY_T_d LYO _ZcTNT_d ZQ TYO`^_]TLWWd `^PO ^`M^_LYNP^ LYO ZY _SP NZYOT_TZY^ ZQ

_SPT] ^_Z]LRP Z] OT^[Z^LW( ?Y [L]_TN`WL]& _SP]P T^ L WLNV ZQ _]LY^[L]PY_ OZN`XPY_L_TZY ZQ PYaT]ZYXPY_LWWd

SLeL]OZ`^ ^`M^_LYNP^ _]LY^[Z]_PO _Z LYO `^PO TY _SP 8]N_TN $-+%(

L93, Figure 1: I like the figure a lot, but it needs reworking by a graphics artist. The two panels contain too

much blank space such that the individual site icons appear too small. The panels contain unessential elements

that clutter the graphic, such as the ice wedges in the top panel and the blue arrows in the bottom panel. With

some work, the authors could turn this figure into something everyone wants to download and use in a

presentation.

We thank the reviewer for these recommendations. We have tried to address all the shortcomings of Figure 1 and

hope that we managed to improve the Figure as suggested. If recommended by the editor we would hand this to

a professional graphic designer:



<TR( +4 HSP [Z_PY_TLW TX[LN_^ ZQ _SLbTYR [P]XLQ]Z^_ ZY LMZaP' LYO MPWZb'R]Z`YO TYO`^_]TLW

TYQ]L^_]`N_`]P NZY_LTYTYR _ZcTN ^`M^_LYNP^ Z] bL^_P( HSP OPP[PYTYR ZQ _SP _SLb WLdP] L_ _SP ^`]QLNP $LN_TaP

WLdP]% `YWZNV^ Q]ZePY OT^[Z^LW ^T_P^ LYO OP^_LMTWTeP^ QZ`YOL_TZY^ LYO NZY_LTYXPY_ ^_]`N_`]P^(

<`]_SP]XZ]P& [P]XLQ]Z^_ _SLb TY_PY^TQTP^ _SP]XZ'SdO]ZWZRTNLW P]Z^TZY LYO TYN]PL^P^ _SP WL_P]LW QWZb ZQ

bL_P]& QZ^_P]TYR _SP OT^[P]^TZY ZQ NZY_LXTYLY_^(

L101: Rather than emphasizing the lack of information, the authors should emphasize they used all the available

information. Emphasizing the lack of data undermines their case. This comment applies to the entire manuscript.

We agree with the reviewer that emphasizing the missing data is not as useful as describing what data were

available and used and how we handled the resulting uncertainties. In the new version of the manuscript, we

have rewritten and restructured the results section. The paragraphs presenting the datasets used now read:

KP ^dY_SP^TePO L RPZ^[L_TLW OL_L^P_ ZY TYO`^_]TLW ^T_P^ ML^PO ZY D[PYG_]PP_BL[ $DGB% LYO _SP 8_WL^ ZQ

EZ[`WL_TZY& GZNTP_d LYO ;NZYZXd TY _SP 8]N_TN $8EG;8% bSTNS ]PaPLW^ TY^TRS_^ TY_Z _SP ^[L_TLW [L__P]Y ZQ

TYO`^_]TLW LN_TaT_TP^ TY _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY( D`] OL_LML^P ^SZb^ _SL_ LMZ`_ .&/** WLYO `^P

PWPXPY_^ WLMPWPO iTYO`^_]TLWj $SP]PLQ_P] NLWWPO iTYO`^_]TLW ^T_P^j% L]P WZNL_PO TY _SP 8]N_TN ZY NZY_TY`Z`^ Z]

OT^NZY_TY`Z`^ [P]XLQ]Z^_ R]Z`YO $<TR( ,%( <ZWWZbTYR _SP ?Y_P]YL_TZYLW ELYPW ZQ 9WTXL_P 9SLYRP $?E99%

NWL^^TQTNL_TZY ^NSPXP QZ] TYO`^_]TLW ^PN_Z]^& bP QTYO _SL_ XZ^_ TYO`^_]TLW ^T_P^ $f0/#% L]P PT_SP] YZ_

WLMPWPO Z] NLYYZ_ MP L^^TRYPO _Z ZYP ZQ _SP QZ`] XLUZ] ?E99 ^PN_Z]^ $!8R]TN`W_`]P& <Z]P^_]d LYO D_SP]

ALYO I^P!5 !;YP]Rd!5 !?YO`^_]TLW E]ZNP^^P^ LYO E]ZO`N_ I^P!5 !KL^_P!% LYO L]P& _S`^& NZY^TOP]PO L^

gIYNP]_LTYh( :P^[T_P _SP TYNZX[WP_P WLMPWTYR& _SP OL_L []ZaTOP L NZX[]PSPY^TaP LYO NZY^T^_PY_

L^^P^^XPY_ ZQ _SP ^[L_TLW OPY^T_d ZQ TYO`^_]TLW ^T_P^ QZ] _SP PY_T]P [P]XLQ]Z^_ ]PRTZY ZQ _SP 8]N_TN(

?Y Z]OP] _Z RLTY L MP__P] `YOP]^_LYOTYR ZQ _SP ]PWL_TZY^ST[ MP_bPPY TYO`^_]TLW ^T_P^ LYO _SP ZNN`]]PYNP ZQ

NZY_LXTYL_TZY& bP `^P ]PRTZYLW OL_L LaLTWLMWP QZ] 8WL^VL $9ZY_LXTYL_PO GT_P^ E]ZR]LX& 9GE $,-%% LYO

9LYLOL $<POP]LW 9ZY_LXTYL_PO GT_P^ ?YaPY_Z]d& <9G? $,.%%( HSP ^dY_SP^TePO OL_L^P_ $9GE)<9G?% LWWZb^

`^ _Z \`LY_TQd _SP Pc_PY_ LYO YL_`]P ZQ NZY_LXTYL_TZY LYO T_^ ^[L_TLW ]PWL_TZY^ST[ _Z TYO`^_]TLW ^T_P^ $<TR(

-% QZ] _SP [P]XLQ]Z^_ ]PRTZY ZY _SP CZ]_S 8XP]TNLY NZY_TYPY_( KP _SPY Pc_]L[ZWL_P _SP ^[L_TLW

]PWL_TZY^ST[ MP_bPPY TYO`^_]TLW ^T_P^ LYO NZY_LXTYL_PO ^T_P^ TY _SP CZ]_S 8XP]TNLY OL_L^P_ _Z _SP

[LYL]N_TN& LYO aLWTOL_P _SP [LYL]N_TN OL_L^P_ bT_S L NZX[TWL_TZY ZQ F`^^TLY ^T_P^ ML^PO ZY [`MWTNWd

LaLTWLMWP ^Z`]NP^ $^PP MPWZb%(

L113, Figure 2: The authors should use a simple pie chart for the percentages. Showing site density like in

Figure 5a works much better than circle size. The larger circles make it look like the sites cover a huge area.

We agree with the reviewer and have reworked the graphic. We have decided to illustrate the individual

industrial site by simple points which give a good impression on the distribution of sites. The density maps are

later used in the context of illustrating the spatial connection to the contaminated sites.





L195: Define talik.

Done:

?Y Z`] XZOPW& [P]XLQ]Z^_ T^ NZY^TOP]PO _Z OPR]LOP bSPY ^TX`WL_TZY^ TYOTNL_P _SP QZ]XL_TZY ZQ L _LWTV

$OPQTYPO SP]P L^ L dPL]']Z`YO `YQ]ZePY R]Z`YO WLdP] R]PL_P] _SLY *(+ X _STNV%(

L224: The authors should state that we must extend the projections to reflect the time scale of permafrost. Those

studying environmental contaminants have traditionally stopped their projections in 2050, but those studying

biogeochemistry in permafrost regions extend the projections to 2200 or even 2300.

We thank the reviewer for this reference. In the course of restructuring and reformulating the discussion, we

have removed this statement at this point in favor of a modified later statement that reads as follows:

D`] ^TX`WL_TZY^ `YOP]^NZ]P _SP YPPO _Z Pc_PYO _SP _TXP SZ]TeZY ZQ []PaTZ`^ ]T^V ^_`OTP^& bSTNS SLaP ^Z

QL] QZN`^PO ZY XTO'NPY_`]d $1%( FT^V ^_`OTP^ YPPO _Z NZY^TOP] _SP _TXP ^NLWP $ZQ NPY_`]TP^% ZQ [P]XLQ]Z^_

OdYLXTN^( HSP WZYR'_P]X NZY^P\`PYNP^ ZQ [L^_ LYO []P^PY_ [P]XLQ]Z^_ OPR]LOL_TZY bTWW Pc_PYO bPWW TY_Z

_SP ^PNZYO SLWQ ZQ _SP ,+^_ NPY_`]d LYO MPdZYO& PaPY TQ NWTXL_P bL]XTYR T^ SLW_PO(

L228, Figure 5: The density map in Panel (a) is easier to understand than the bubble map. The authors should

explain the mottled appearance in panel (b).

Please note that we have rearranged the figures and also have added the following explanation to the caption:

HSP ^[PNVWPO L[[PL]LYNP ]P^`W_^ Q]ZX _SP NW`^_P]TYR ZQ TYO`^_]TLW ^T_P^& P^[PNTLWWd TY F`^^TL LYO 9LYLOL(

L264: I disagree. One can always make an assessment. The paucity of data makes the assessment more

uncertain, not impossible.

We agree with the reviewer and deleted the concerning statement in the revised discussion:

L273: The authors should explain why this information does not exist. Is it because industry withholds it? Have

governments even asked for the information? Does the information even exist?

While we are not in a position to speculate on why data is not available for Russia, for example, we can use this

study to demonstrate the value of openly available environmental data as in the case of Alaska and Canada.

However, we agree with the reviewer that our statement requires further clarification of this issue, which we

cover with the following statements:

HSP 9ZY_LXTYL_PO GT_P^ E]ZR]LX $9GE% TY 8WL^VL LYO _SP <POP]LW 9ZY_LXTYL_PO GT_P^ ?YaPY_Z]d $<9G?%

TY 9LYLOL OPXZY^_]L_P _SP aLW`P ZQ _]LY^[L]PY_ OZN`XPY_L_TZY ZQ NZY_LXTYL_TZY ^_L_`^ QZ] ^NTPYNP'ML^PO

L^^P^^XPY_^( KT_SZ`_ _ST^ NZX[]PSPY^TaP OZN`XPY_L_TZY& NZaP]TYR L[[]ZcTXL_PWd .*# ZQ _SP 8]N_TN

[P]XLQ]Z^_ ]PRTZY& Z`] WL]RP'^NLWP L^^P^^XPY_ ZQ NZY_LXTYL_PO ^T_P^ TY _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY bZ`WO

YZ_ MP [Z^^TMWP(

?Y [L]_TN`WL]& _SP]P T^ L WLNV ZQ _]LY^[L]PY_ OZN`XPY_L_TZY ZQ PYaT]ZYXPY_LWWd SLeL]OZ`^ ^`M^_LYNP^

_]LY^[Z]_PO _Z LYO `^PO TY _SP 8]N_TN $-+%( BZ]PZaP]& _SP]P L]P YZ TY_P]YL_TZYLW PYaT]ZYXPY_LW

]PR`WL_TZY^ QZ] _SP 8]N_TN& L^ QZ]X`WL_PO QZ] _SP 8Y_L]N_TN TY _SP BLO]TO E]Z_ZNZW& _SL_ ]P\`T]P

_]LY^[L]PY_ OZN`XPY_L_TZY ZQ NZY_LXTYL_TZY LYO [Z_PY_TLW ^Z`]NP^ ZQ SLeL]OZ`^ ^`M^_LYNP^ $-,%( 8_ _SP

^LXP _TXP& _SP WLNV ZQ TYQZ]XL_TZY T^ PcLNP]ML_PO Md L ]L[TOWd R]ZbTYR Y`XMP] ZQ TYO`^_]TLW ^T_P^ O`P _Z

TYN]PL^TYR PNZYZXTN TY_P]P^_ LYO OPaPWZ[XPY_ TY _SP 8]N_TN $--%(

L278: A global database is useful as long as it does not contain TBDs. The authors should identify exactly what

information we need.

Again, we strongly agree with the reviewer. We have specified the required information of such a database and

moved this statement to a later section:

HSP OL_L N`]]PY_Wd LaLTWLMWP L]P LW^Z TY^`QQTNTPY_ _Z L^^P^^ _SP WTVPWTSZZO ZQ Q`_`]P NZY_LXTYL_TZY Z] _SP

]T^V ZQ T_^ XZMTWTeL_TZY O`P _Z [P]XLQ]Z^_ OPR]LOL_TZY( HST^ bZ`WO ]P\`T]P XZ]P OP_LTWPO TYQZ]XL_TZY ZY



_SP \`LY_T_d LYO _ZcTNT_d ZQ TYO`^_]TLWWd `^PO ^`M^_LYNP^& ZY T_^ WPLNSLMTWT_d [Z_PY_TLW $bL_P] ^ZW`MTWT_d%&

[]ZcTXT_d _Z SdO]ZWZRTNLW [L_SbLd^& _SP NZYOT_TZY^ ZQ _SPT] ^_Z]LRP Z] OT^[Z^LW& LYO _SP ^T_P'^[PNTQTN

PYaT]ZYXPY_LW NZYOT_TZY^ ^`NS L^ [P]XLQ]Z^_ LYO R]Z`YO ^_]L_TR]L[Sd( ?Y [L]_TN`WL]& _SP]P T^ L WLNV ZQ

_]LY^[L]PY_ OZN`XPY_L_TZY ZQ PYaT]ZYXPY_LWWd SLeL]OZ`^ ^`M^_LYNP^ _]LY^[Z]_PO _Z LYO `^PO TY _SP

8]N_TN $-+%(

L281: Replace ‘largely unpredictable’ to ‘highly uncertain.’ One can always make a prediction. The lack of data

simply makes it more uncertain. Besides, the authors make a prediction. The statement, as written, actually

undermines their case.

We thank the reviewer for this comment. The paragraph in question has been completely rewritten. We have

thoroughly reviewed our wording regarding uncertainties in the data and model results throughout the

manuscript.

L284: I suggest rephrasing to emphasize that better risk assessments will improve our ability to respond. I feel

‘unprepared’ is too strong a word here. A community with a waste dump and thawing permafrost already knows

they have a big problem. They do not need a detailed inventory and risk assessment to tell them this.

We agree with the reviewer and have decided to remove the statement in question in its entirety. This was also

done to keep the discussion focused, as addressed in the reviewer's comment below.

L287: Delete Figure 6. The authors do not reference Figure 6 in the text and do not explain it. This figure

requires an entire paragraph to explain, but I do not feel it adds much value to the conclusions.

Done. The Figure and the concerning paragraph was deleted (also see previous respond)

L314: The authors should emphasize that we need to develop new monitoring and mitigation strategies to deal

with contaminants in permafrost. The sites will not leak randomly, as one might see in CONUS. Rather, an area

undergoing large-scale thaw may have multiple sites leaking simultaneously. I agree we cannot install

instrumentation to monitor every site, but what if we used remote sensing or we installed a single sensor as a

surrogate to monitor multiple sites. Here is where the authors need to get the readers thinking outside the box.

We thank the reviewer for this suggestion. We have included this point by rewriting the entire paragraph:

?Y _ST^ NZY_Pc_& T_ T^ LW^Z TX[Z]_LY_ _Z PX[SL^TeP _SL_ [P]XLQ]Z^_ _SLb `^`LWWd LQQPN_^ WL]RP] ]PRTZY^ bSP]P

_SP]P T^ L ]T^V ZQ X`W_T[WP NZY_LXTYL_PO ^T_P^ WPLVTYR L_ _SP ^LXP _TXP( HSP]PQZ]P& _PNSYZWZRTP^ ^`NS L^

]PXZ_P ^PY^TYR& XZOPWTYR& Z] ^PWPN_TaP XZYT_Z]TYR ZQ ^T_P^ ]P[]P^PY_L_TaP ZQ WL]RP] ]PRTZY^ NZ`WO []ZaTOP

PL]Wd bL]YTYR QZ] WPRLNd ^T_P^( 9ZY^P\`PY_Wd& bP ^`RRP^_ _SL_ QZ] NZY_LXTYL_PO TYO`^_]TLW ^T_P^ ZY

[P]XLQ]Z^_& T_ T^ [L]_TN`WL]Wd TX[Z]_LY_ _Z ]PNZY^TOP] _SP _TXP& PQQZ]_& LYO QTYLYNTLW ]P^Z`]NP^ ]P\`T]PO QZ]

ZQQTNTLW WZYR'_P]X XZYT_Z]TYR LYO ^T_P ]PXPOTL_TZY( HST^ TYNW`OP^ _SP OPaPWZ[XPY_ ZQ [Z^_'_SLb ^NPYL]TZ^(

<Z] XZ^_ PcT^_TYR ^T_P^ TY _SP 8]N_TN& _SP _TXP [P]TZO _Z NZY^TOP] XLd Pc_PYO bPWW TY_Z _SP ^PNZYO SLWQ ZQ

_SP ,+^_ NPY_`]d LYO MPdZYO O`P _Z WTYRP]TYR [P]XLQ]Z^_ _SLb( D`] TYT_TLW L^^P^^XPY_ ^`RRP^_^ _SL_

PcT^_TYR LYO ZWO TYO`^_]TLW ^T_P^ TY _SP 8]N_TN bTWW MP TYN]PL^TYRWd LQQPN_PO Md NWTXL_P NSLYRP( HSP PQQPN_^ ZQ

_SLbTYR [P]XLQ]Z^_& bT_S LWW T_^ NZY^P\`PYNP^ ^`NS L^ WZ^^ ZQ SdO]ZWZRTNLW ML]]TP]^& TX[]ZaPO SdO]ZWZRTNLW

NZYYPN_TaT_d& ]PO`NPO ^ZTW ^_LMTWT_d LYO ^_]ZYRWd TX[POPO ^T_P LNNP^^TMTWT_d QZ] NWPLY'`[ XPL^`]P^& bTWW

ZQ_PY ZNN`] LQ_P] _SP Z[P]L_TYR [P]TZO ZQ TYO`^_]TLW ^T_P^( HST^ `YOP]^NZ]P^ _SP YPPO _Z LaZTO WPLaTYR

PYaT]ZYXPY_LWWd SLeL]OZ`^ ^`M^_LYNP^ L_ _SP ^T_P^& L^ [P]XLQ]Z^_ NLY YZ WZYRP] MP NZY^TOP]PO L ]PWTLMWP

ML]]TP] _Z _SPT] NZY_LTYXPY_( <`]_SP]XZ]P& WZYR'_P]X ]PXPOTL_TZY ^_]L_PRTP^ bTWW MP YPNP^^L]d QZ]

NZY_LXTYL_PO WPRLNd ^T_P^ _SL_ SLaP LW]PLOd MPPY NWZ^PO TQ _SPd ^_TWW NZY_LTY SLeL]OZ`^ ^`M^_LYNP^(

L325: What do you mean by ‘operational lifetime?’

The wording has been changed to Z[P]L_TYR [P]TZO (see above)

L331: This single sentence likely highlights the most important conclusion of the paper, yet it does not appear in

the abstract.

We thank the reviewer for this remark and have added our conclusive statement to the abstract as:

D`] LYLWd^T^ [ZTY_^ _Z _SP ^P]TZ`^ PYaT]ZYXPY_LW _S]PL_ [Z^PO Md _SP WPRLNd ZQ [L^_ LYO ZYRZTYR TYO`^_]TLW



LN_TaT_TP^ TY _SP 8]N_TN& bSTNS T^ PcLNP]ML_PO Md _SP _SLbTYR ZQ _SP [P]XLQ]Z^_( HZ LaZTO Q`_`]P

PYaT]ZYXPY_LW SLeL]O^& ]PWTLMWP WZYR'_P]X [WLYYTYR ^_]L_PRTP^ QZ] TYO`^_]TLW LYO NZY_LXTYL_PO ^T_P^ L]P

YPPOPO _SL_ _LVP TY_Z LNNZ`Y_ _SP TX[LN_^ ZQ NWTXL_P NSLYRP(



FPaTPbP] ", $FPXL]V^ _Z _SP 8`_SZ]%4

This is a very interesting paper but will require some work to get it ready for publication. The paper opens with

an Arctic focus but quickly moves into summarizing publicly available data from Alaska only. Was this because

the data is the only available? I am still unsure. There are also many references to the methods so that in order to

understand the paper I must bounce between sections. It would be better to make the paper easy to read, and a

more linear story from start to finish. I made some specific comments below, but without additional clarity on

the direction and focus of the paper, I won't be able to fully comment. I would encourage a rewrite, and then I

would be delighted to review it again.

We thank the reviewer for this constructive comment on the structure and flow of our manuscript. We would like

to note that our manuscript has been significantly modified in response to Reviewer 3's comment encouraging us

to further expand the contaminated sites database. We have located additional data on contaminated sites in

Canada, so we can now base our estimates on a much larger database. Furthermore, we have collected data on

contaminated sites in Russia in order to validate our extrapolation outside the North American continent.

We also hope that in the revised version of the manuscript we have been able to clearly articulate the objectives

of the study, which include both regional and global aspects of industrial sites and contaminated sites on

permafrost soils in the Arctic. The objective of the study is to provide an initial assessment of the extent of

industrial contamination in Arctic permafrost regions and to scope out the wider environmental risks associated

with permafrost thaw.

Line 53: Is this updated? The most recent number I saw was 5-8x faster

We thank the reviewer for pointing this out. Indeed, there are different warming rates related to different

temperatures and regions in the Arctic. We see that it is important to clarify this statement, so we now refer

specifically to near-surface air temperature in the Arctic permafrost region, citing the most recent publication in

this context.

?Y _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY& YPL]'^`]QLNP LT] _PX[P]L_`]P^ L]P ]T^TYR L_ ]L_P^ L_ WPL^_ _bZ _TXP^ QL^_P]

_SLY _SP ]P^_ ZQ _SP RWZMP $+&,%& bT_S WL_P^_ OL_L LYLWd^P^ ^`RRP^_TYR `[ _Z QZ`]'QZWO QL^P] bL]XTYR $-%&

^`M^_LY_TLWWd NSLYRTYR _SP R]Z`YO ^_LMTWT_d LYO SdO]ZWZRTNLW NZYOT_TZY^ $.&/%(

59: If you quantify in terms of 'latest' before the paper it dates your paper. Maybe quantify differently

We agree. Thank you for raising the point, we have modified the sentence to:

DYP []ZXTYPY_ PYaT]ZYXPY_LW OT^L^_P] L__]TM`_PO TY [L]_ _Z WZ^^ ZQ ^ZTW ^_LMTWT_d $+*% bL^ _SP S`RP OTP^PW

^[TWW YPL] _SP TYO`^_]TLW NT_d ZQ CZ]TW^V TY YZ]_SP]Y GTMP]TL TY BLd ,*,*& bSP]P LMZ`_ ,*&*** _ZY^ ZQ Q`PW

^[TWWPO Q]ZX L OP^_LMTWTePO _LYV QLNTWT_d LYO PY_P]PO _SP 8]N_TN PNZ^d^_PX& _SP]PMd NZY_LXTYL_TYR ]TaP]^&

WLVP^& LYO _`YO]L TY L WL]RP [P]XLQ]Z^_ bL_P]^SPO(

72-77: excellent, I like the way you did this

Thank you

78: Inducing? no sure what this sentence means

We wanted to describe the historical practice of depositing toxic substances into the soil. Perhaps we used the

wrong term. Changed to:

GPaP]LW Pc[P]TXPY_^ SLaP MPPY NZYO`N_PO TY 8WL^VL& 9LYLOL& LYO F`^^TL TY bSTNS _ZcTN WT\`TO^ LYO

^ZWTO^& TYNW`OTYR ]LOTZLN_TaP bL^_P& SLaP MPPY OPWTMP]L_PWd OP[Z^T_PO TY_Z [P]XLQ]Z^_ QZ] NZY_LTYXPY_ $+1&

+2& +3%(

81: This is not the first paper to characterize waste locations by a long shot. Rephrase

Done:

>P]P bP []P^PY_ L [LY'8]N_TN NZX[TWL_TZY ZQ _SP Y`XMP] ZQ TYO`^_]TLW ^T_P^ ZY [P]XLQ]Z^_ LYO OP]TaP L

QT]^_ [LYL]N_TN P^_TXL_P ZQ _SP Y`XMP] ZQ NZY_LXTYL_PO ^T_P^ L^^ZNTL_PO bT_S _SP^P TYO`^_]TLW ^T_P^( KP LW^Z

L^^P^^ _SP OTQQP]PY_ _d[P^ ZQ _ZcTN ^`M^_LYNP^ L^^ZNTL_PO bT_S _SP^P LN_TaT_TP^ TY _SP^P ]PRTZY^( KP Q`]_SP]



`^P OTQQP]PY_ Q`_`]P NWTXL_P ^NPYL]TZ^ _Z PaLW`L_P SZb XLYd LYO bSPY _SP^P ^T_P^ bTWW MP LQQPN_PO Md

[P]XLQ]Z^_ _SLb( KP ^SZb _SL_ TYO`^_]TLW WPRLNd ^T_P^ ZY _SLbTYR [P]XLQ]Z^_ LYO _SP XZMTWTeL_TZY ZQ

_ZcTN ^`M^_LYNP^ WTVPWd [Z^P L ^TRYTQTNLY_ PYaT]ZYXPY_LW ]T^V ZY _SP [LYL]N_TN ^NLWP QZ] bSTNS XLYLRPXPY_

^_]L_PRTP^ L]P YPPOPO(

88-92: excellent

Thank you

101-103: Put (see methods) at the end of the sentence instead of twice in the body

Corrected

103: Our database is a very strange way to characterize your study. Rephrase

Changed to: D`] ^_`Od

105-110: If the IPCC scheme doesn't characterize the types of sites that you are interested in- why did you use

it? This seems an arbitrary measurement to apply (unsuccessfully, as you state) that confuses the point of the

paper

We thank the reviewer for pointing out that our description of how and why we use the IPCC label is misleading.

The IPCC classes are used here to quantify the specific industry sectors. However, the information

(completeness of labels) in the OSM database does not allow a clear classification for about  65% of the sites.

This leads to a large uncertainty in the assignment to industrial sectors, but this is not a quality assessment of

the database on the spatial distribution of industrial sites. Despite the lack of labels, the database provides

comprehensive information on the spatial density of industrial sites on a global pan-Arctic scale. To clarify our

intent, we have reworded and restructured the entire paragraph:

<ZWWZbTYR _SP ?Y_P]YL_TZYLW ELYPW ZQ 9WTXL_P 9SLYRP $?E99% NWL^^TQTNL_TZY ^NSPXP QZ] TYO`^_]TLW ^PN_Z]^

$!8R]TN`W_`]P& <Z]P^_]d LYO D_SP] ALYO I^P!5 !;YP]Rd!5 !?YO`^_]TLW E]ZNP^^P^ LYO E]ZO`N_ I^P!5

!KL^_P!%& bP QTYO _SL_ LXZYR _SP NWPL]Wd WLMPWPO OL_L& _SP NWL^^P^ i;YP]Rdj LYO i8R]TN`W_`]P& <Z]P^_]d

LYO D_SP] ALYO I^Pj L]P _SP XZ^_ OZXTYLY_ $MZ_S PLNS 7+*#% TY [P]XLQ]Z^_ ]PRTZY^( >ZbPaP]& bP QTYO

_SL_ bT_STY _SP DGB'8EG;8 OL_LML^P XZ^_ TYO`^_]TLW ^T_P^ $f0/#% L]P PT_SP] YZ_ NWPL]Wd WLMPWPO Z]

NLYYZ_ MP L^^TRYPO _Z ZYP ZQ _SP QZ`] XLUZ] ?E99 NWL^^P^ LYO L]P& _S`^& NZY^TOP]PO L^ gIYNP]_LTYh( KSTWP

TYNZX[WP_P WLMPWTYR WPLO^ _Z WL]RP `YNP]_LTY_TP^ TY \`LY_TQdTYR ^[PNTQTN TYO`^_]TLW ^PN_Z]^& _SP OL_L^P_

YPaP]_SPWP^^ []ZaTOP^ L NZX[]PSPY^TaP LYO NZY^T^_PY_ L^^P^^XPY_ ZQ _SP ^[L_TLW OT^_]TM`_TZY ZQ TYO`^_]TLW

^T_P^ QZ] _SP PY_T]P 8]N_TN [P]XLQ]Z^_ ]PRTZY( KP L]P ]PWL_TYR _ST^ ^[L_TLW OT^_]TM`_TZY ZQ TYO`^_]TLW ^T_P^ _Z

_SP ZNN`]]PYNP ZQ NZY_LXTYL_PO ^T_P^ TY _SP QZWWZbTYR L^^P^^XPY_(

116: Is OSM a good source?

We are not aware of any other database that would provide consistent information on the location of industrial

sites covering the entire Arctic. Since the OSM is in constant evolution and largely based on volunteered

geographic information it is challenging to quantify its accuracy. In terms of completeness and accuracy the

quality of OSM was recently evaluated for a limited set of land use features (Zhou et al, 2021). Unfortunately

their analysis excluded industrial features. However,  the general  outcome of this quality assessment indicates

that the completeness strongly varies among countries whereas the spatial accuracy is generally high. We are

aware of the potential incompleteness of the applied dataset and describe these potential uncertainties in the

Method section. In consequence we argue the available database provides a conservative estimate of the

occurrence of industrial sites.

References:

Qi Zhou, Shuzhu Wang, Yaoming Liu, Exploring the accuracy and completeness patterns of global

land-cover/land-use data in OpenStreetMap, Applied Geography (2022), doi:

https://doi.org/10.1016/j.apgeog.2022.102742

HSP ]P^`W_TYR OL_LML^P PYLMWPO L QT]^_'Z]OP] L^^P^^XPY_ ZQ _SP ^[L_TLW OT^_]TM`_TZY LYO NZYNPY_]L_TZY ZQ

TYO`^_]TLW ^T_P^( >ZbPaP]& ST^_Z]TN TYO`^_]TLW ^T_P^ ^`NS L^ Q`WWd Z] [L]_TLWWd ]PaPRP_L_PO ZWO O]TWW [LO^ LYO



O]TWWTYR ^`X[^& NZaP]PO WLYOQTWW^& LYO QPL_`]P^ dP_ `YOP_PN_PO Md ]PXZ_P ^PY^TYR ^`NS L^ TYOTaTO`LW

MZ]PSZWP ^T_P^& XTRS_ MP LM^PY_ bT_STY Z`] OL_LML^P( <`]_SP]XZ]P& Z`] OL_LML^P OZP^ YZ_ LNNZ`Y_ QZ]

[T[PWTYP YP_bZ]V^ _]LY^[Z]_TYR ZTW LYO RL^ bSTNS ^[LY _SZ`^LYO^ ZQ VTWZXP_P]^ LN]Z^^ _SP 8]N_TN(

9ZY^TOP]TYR _SP ZXT^^TZY ZQ LQZ]PXPY_TZYPO ZMUPN_^ bT_STY _SP DGB'8EG;8 OL_LML^P& bP SLaP []ZO`NPO

L NZY^P]aL_TaP P^_TXL_P ZQ TYO`^_]TLW ^T_P^(

117-119:: same comment as above-- why use the IPCC scheme if it doesn't capture the nuance you are

describing?

We have changed the figure caption to clarify our possibly misleading description of the IPCC class analysis:

<TR( ,4 HSP ZNN`]]PYNP ZQ TYO`^_]TLW ^T_P^ TY _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY $,,%( HSP OL_LML^P ZQ TYO`^_]TLW

^T_P^ T^ ML^PO ZY D[PYG_]PP_BL[ $DGB% LYO _SP ,*+3 CZ]O]PRTZ 8_WL^ ZQ EZ[`WL_TZY& GZNTP_d LYO

;NZYZXd TY _SP 8]N_TN $8EG;8%( KSTWP _SP TYO`^_]TLW ^PN_Z]^ !;YP]Rd! LYO !8R]TN`W_`]P& <Z]P^_]d LYO

D_SP] ALYO I^P! LNNZ`Y_ QZ] _SP WL]RP^_ []Z[Z]_TZY ZQ TYO`^_]TLW ^T_P^ LXZYR _SP NWPL]Wd WLMPWPO OL_L&

XZ]P _SLY 0*# ZQ _SP XL[[PO TYO`^_]TLW ^T_P^ L]P YZ_ NWPL]Wd WLMPWPO( HST^ N]PL_P^ L WL]RP `YNP]_LTY_d TY

\`LY_TQdTYR ^[PNTQTN TYO`^_]TLW ^PN_Z]^ bSTWP STRSWTRS_TYR _SP YPPO QZ] TX[]ZaPO OL_LML^P^ ZY TYO`^_]TLW

LN_TaT_TP^ TY _SP 8]N_TN(

122: How does data from only one Arctic location solve the problem laid-out in 121?

In the revised version of our manuscript we explain in more detail how regional data on industrial and

contaminated sites are used to generate a panarctic estimate (see above). Please also note that we have

significantly expanded our data analysis by integrating additional data from Canada and validation data from

Russia. We believe that our approach to deriving a pan-Arctic estimate of the number of contaminated sites on

permafrost soils based on the spatial relationship between industrial and contaminated sites is now based on

more robust data.

128: citation needed

Appropriate citation added

131: citation needed

Appropriate citation added

134: citation needed

Appropriate citation added

121-136: why summarize the data from the AK website in such detail/length? This is peculiar and doesn't add to

the paper, but is distracting

We think that it is important to summarize the known facts that can be derived from the available data.

Nevertheless, we agree with the reviewer that this should not distract from the central message of the study.

Thus, we distilled this paragraph to the most relevant information:

HSP 9GE)<9G? OL_L^P_ ^SZb^ LMZ`_ 2&*** TYOTaTO`LW NZY_LXTYL_PO ^T_P^ $`Y_TW @LY`L]d ,*,+% QZ] 8WL^VL

LYO LMZ`_ ,,&*** NZY_LXTYL_PO ^T_P^ QZ] 9LYLOL( 8MZ`_ +,# $f-&0**% ZQ _SP^P ^T_P^ L]P WZNL_PO TY L]PL^ ZQ

NZY_TY`Z`^ Z] OT^NZY_TY`Z`^ [P]XLQ]Z^_( 8[[]ZcTXL_PWd -*# ZQ _SP ]PNZ]OPO NZY_LXTYL_PO ^T_P^ TY _SP

[P]XLQ]Z^_ ]PRTZY ZQ _SP CZ]_S 8XP]TNLY NZY_TYPY_ X`^_ MP NZY^TOP]PO LN_TaP( KSTWP _SP 9GE LYO <9G?

OL_L []ZaTOP ]PWL_TaPWd NZY^T^_PY_ TYQZ]XL_TZY ZY ^T_P LYO _]PL_XPY_ ^_L_`^& _SP _bZ OL_LML^P^ OTQQP]

R]PL_Wd TY _P]X^ ZQ TYQZ]XL_TZY ZY TYO`^_]TLW Z]TRTY& ST^_Z]TNLW ]PNZ]O& LYO QTYLYNTLW NZ^_^ L^^ZNTL_PO bT_S

^T_P XLYLRPXPY_( HSP]PQZ]P& bP NZXMTYP _SP _bZ OL_L^P_^ ZYWd QZ] _SP WL_P] LYLWd^T^ ZQ _SP ^[L_TLW

NZ]]PWL_TZY MP_bPPY TYO`^_]TLW ^T_P^ LYO _SP ZNN`]]PYNP ZQ NZY_LXTYL_PO ^T_P^( 8 OP_LTWPO LYLWd^T^ ZY _ZcTN

^`M^_LYNP^ LYO _SPT] TYO`^_]TLW Z]TRTY QZN`^P^ ZY 8WL^VL L^ LY PcLX[WP(



Fig 3. citations needed

Appropriate citation added

147: Why is this striking? I would expect it

We have removed the word "striking" to focus on the pure results.

145-159: consider adding a table and significantly reducing this section. It is redundant of the earlier section that

seemed out of place. I am starting to wonder if this paper is just about Alaska? If so, the intro needs to be

re-written

We agree with the reviewer that the structure of the original manuscript was not as condensed and focused as it

needed to be to convey the main message of our study. We completely restructured and reworded the "Results"

and "Discussion" sections. In addition, the Executive Summary and Introduction were changed. This was also

necessary because the new version of the manuscript now takes into account a whole new database with data

from Canada and Russia. We very much hope that the new manuscript now more clearly presents the scope of

the study and its conclusions.



FPaTPbP] "- $FPXL]V^ _Z _SP 8`_SZ]%4

This study poses an interesting and significant pair of questions: (1) what is the number of contaminated sites in

permafrost regions in the northern circumpolar region; (2) when might these sites be affected by permafrost

thaw associated with climate change? The study uses (often indirect) information on industrial sites around the

Arctic, relationships between industrial sites and contamination from Alaska to derive transfer functions

between industrial type and contamination, and RCP scenarios plus a ground temperature model to estimate

when particular sites might be affected. These approaches appear logical and could be expected to yield a

reasonable result. However, the study has what I view to be a fundamental weakness.

We thank the reviewer for the critical analysis of our study. We emphasize that we are aware of the uncertainties

in our study, which are openly presented. Nevertheless, we would like to point out that we use as much direct

data as is currently available. In particular, the data on contaminated sites are based on quality-controlled and

continuously updated sources. However, we thank the reviewer for his thorough review, which has stimulated us

to conduct a new compilation of contaminated site data that now includes Alaska and Canada. In addition, we

now  also collected data from Russia for validation purposes. We hope that with this new substantially expanded

dataset and the analysis performed, we can convince the reviewer that our study provides a solid first estimate

of the number and the spatial distribution of contaminated sites in the Arctic permafrost region.

The only comprehensive data on the relationship between numbers of sites and those that are contaminated

comes from Alaska. These data are used to extrapolate contamination to the entire Arctic. I cannot see how this

approach is valid. Each of the nations included in the spatial extent of this study has its own history of industrial,

resource and military development, its own regulatory regime (past and present), and its own enforcement

regime for environmental regulations. For the study results to be valid, more than simply acknowledging this

weakness (lines 182-185) is required.

We agree with the reviewer that our previous analysis was based on a relatively small regional dataset, and also

agree that regional/national differences should be accounted for by using a more broadened database.

Therefore, in addition to the Alaska dataset already used and analyzed, we have now included contaminated site

data from the Canadian Federal Contaminated Sites Inventory (FCSI). The new larger dataset results in much

more nuanced projections between point process models, which are now fitted to data with regional differences

across the North American continent. The spatial relationship found previously remains essentially the same.

However, the new extrapolations now show a slightly increased number of contaminated sites (especially for

Russia). At the same time, the spread between the models has increased, as the new database now accounts for

regional differences across the entire permafrost region of the North American continent.

Without explicitly demonstrating that the Alaskan data is representative of the other nations – but particularly of

Russia where the greatest amount of industrial development has occurred and which has large cities and more

than half of the Arctic population - the results are speculative. The authors indicate that such data do not exist

which suggests that adequate answers to the key questions are not possible at present for the entire Arctic,

although they could be reasonably made for Alaska.

In addition to the comprehensive data from Alaska and Canada, we now have created a database for

contaminated sites in Russia based on publicly available data and media sources. Although our Russian

database is certainly not complete, it provides a subsample that can be used to validate the spatial relationships

between industrial and contaminated sites predicted by the models. By randomly subsampling the model results,

we generate artificial observations that can be compared and “ground-truthed” with the real observations. We

find that the model reproduces well the observed distribution. The observed number of contaminated sites is

always within the plausible range of the predicted number of contaminated sites. This suggests that a similar

spatial relationship between industrial sites and contaminated sites as in North America can be expected for

Russia. The results of this validation are displayed in the supplement:



<TR`]P G14 HSP ML]^ ^SZb _SP Y`XMP] ZQ ^`]aPdPO NZY_LXTYL_PO ^T_P^ TY F`^^TL _SL_ L]P WZNL_PO bT_STY _SP

[]POTN_PO TY_PY^T_d NWL^^P^ ZQ _SP _bZ [ZTY_ []ZNP^^ XZOPW^( HZ aP]TQd _SL_ _SP ZM^P]aPO Y`XMP] ZQ

NZY_LXTYL_PO ^T_P^ XL_NSP^ _SP Pc[PN_PO Y`XMP] LNNZ]OTYR _Z _SP XZOPW^& X`W_T[WP $C6+***% ]LYOZX

^LX[WP^ $Y6..% L]P O]LbY Q]ZX _SP PY_T]P XZOPWPO OT^_]TM`_TZY QZ] F`^^TL $^SZbY L^ L MZc[WZ_%( HSP

XZOPW^ L]P QZ`YO _Z ]P[]ZO`NP _SP ZM^P]aPO OT^_]TM`_TZY bPWW& XZ^_Wd bT_STY _SP TY_P]\`L]_TWP ]LYRP^

$MZcP^% LYO LWbLd^ bT_STY +(/ _TXP^ _SP TY_P]\`L]_TWP ]LYRP^ $bST^VP]^%(

Further, we have added the following section to the Methods:

HZ aLWTOL_P _SP L[[WTNLMTWT_d ZQ _SP [ZTY_ []ZNP^^ XZOPW^ Z`_^TOP _SP CZ]_S 8XP]TNLY NZY_TYPY_& bP N]PL_P

L ^LX[WP OL_L^P_ ZY TYO`^_]TLW NZY_LXTYL_TZY TY _SP [P]XLQ]Z^_ ]PRTZY ZQ F`^^TL( HSP OL_L^P_ bL^ N]PL_PO

ML^PO ZY L =ZZRWP ^PL]NS `^TYR VPdbZ]O^ TY F`^^TLY $!qlny~qvpvrp! ' [ZWW`_TZY5 !ylqtrm

vp|zpxywo{szwm! ' ZTW ^[TWW5 !zp}vwnpvvl~ lmlyr~! ' TYO`^_]TLW LNNTOPY_ Z] OT^L^_P]5 !kyszrsl! '

8]N_TN5 !upyqtwzl! ' [P]XLQ]Z^_% LYO L ^PL]NS ZQ ^PaP]LW ZYWTYP XPOTL $TYNW`OTYR WZNLW LYO QPOP]LW YPb^

[Z]_LW^%( HSP OL_LML^P TYNW`OP^ _SP WZNL_TZY^ ZQ NZY_LXTYL_TZY PaPY_^& _SP OL_P& LYO TYQZ]XL_TZY LMZ`_ _SP

_d[P ZQ PaPY_& L^ bPWW L^ _SP WTYV _Z _SP XPOTL ^Z`]NP( ?Y ^ZXP NL^P^& _SP NZY_LXTYL_PO L]PL LYO aZW`XP ZQ

_SP ^[TWW L]P LW^Z []ZaTOPO( >ZbPaP]& bP [ZTY_ Z`_ _SL_ T_ T^ XZ^_Wd YZ_ [Z^^TMWP _Z TYOP[PYOPY_Wd aP]TQd

_SP^P Y`XMP]^( ?Y Z]OP] _Z LaZTO L MTL^ O`P _Z Pc[PN_L_TZY& _SP OL_L ^PL]NS bL^ [P]QZ]XPO bT_SZ`_

NZY^TOP]TYR _SP XL[ ZQ []ZUPN_PO NZY_LXTYL_PO ^T_P^( ?Y _Z_LW bP ZM_LTYPO +*, PaPY_^& ^_L]_TYR XZ^_Wd

Q]ZX _SP ,***^( 8^ _SP ^PL]NS TYNW`OPO PT_SP] L RPYP]LW _P]X g[P]XLQ]Z^_h Z] g8]N_TNh& ZYWd .. PaPY_^ QPWW

TY_Z _SP eZYP^ ZQ NZY_TY`Z`^ LYO OT^NZY_TY`Z`^ [P]XLQ]Z^_& WPLaTYR LYZ_SP] /2 PaPY_^ TY _SP eZYP^ ZQ

^[Z]LOTN [P]XLQ]Z^_& T^ZWL_PO [L_NSP^ Z] YZ [P]XLQ]Z^_( KP LYLWdeP _SPT] WZNL_TZY TY ]PWL_TZY _Z _SP

XZOPWPO TY_PY^T_d XL[^ QZ] F`^^TL $<TR( /N%( HZ _ST^ PYO& bP L[[Wd WZRL]T_SXTN MTYYTYR _Z _SP XZOPW

]P^`W_^ QZ] F`^^TL _Z ^[L_TLWWd ^`XXL]TeP _SP XZOPW ]P^`W_^ TY_Z ^Tc TY_PY^T_d NWL^^P^( <Z] PLNS TY_PY^T_d

NWL^^& bP NLWN`WL_P _SP Pc[PN_PO _Z_LW Y`XMP] ZQ NZY_LXTYL_PO ^T_P^ Md ^[L_TLW TY_PR]L_TZY( KP O]Lb

$C6+***% ]LYOZX ^LX[WP^ Q]ZX _SP XZOPWPO _Z_LW OT^_]TM`_TZY& PLNS NZX[]T^TYR _SP Y`XMP] ZQ ZM^P]aPO

NZY_LXTYL_PO ^T_P^ $Y6..%( HSP ]P^`W_TYR OT^_]TM`_TZY^ QZ] PLNS TY_PY^T_d NWL^^ L]P _SPY NZX[L]PO _Z _SP

ZM^P]aPO NZY_LXTYL_PO ^T_P^ LYO _SPT] ZNN`]]PYNP bT_STY XZOPWPO TY_PY^T_d NWL^^ $G? 8[[PYOTc& <TR( G1%(

HSP XZOPW'ML^PO ]LYOZX ^PWPN_TZY ]P[]ZO`NP^ _SP ZM^P]aPO OT^_]TM`_TZY aP]d bPWW( HSP ZM^P]aPO Y`XMP]

ZQ NZY_LXTYL_PO ^T_P^ LN]Z^^ LWW TY_PY^T_d NWL^^P^ T^ LWbLd^ bT_STY _SP [WL`^TMWP ]LYRP ZQ _SP []POTN_PO



Y`XMP] ZQ NZY_LXTYL_PO ^T_P^( HST^ ^`RRP^_^ _SL_ _SP ^[L_TLW ]PWL_TZY^ST[ MP_bPPY TYO`^_]TLW ^T_P^ LYO

NZY_LXTYL_PO ^T_P^ QZ`YO QZ] _SP [P]XLQ]Z^_ ]PRTZY ZQ _SP CZ]_S 8XP]TNLY NZY_TYPY_ LW^Z L[[WTP^ _Z _SP

F`^^TLY [P]XLQ]Z^_ ]PRTZY(

The absence of any validation of the model results outside Alaska and the rather strange patterns of model

results through the Canadian Arctic Archipelago (see below) do not create confidence.

We hope that the extensively expanded database, together with the validation performed for Russia, will provide

more confidence in our analyses and projections. The pattern in the Canadian Arctic Archipelago results from

the spatial occurrence of industrial sites in this region. The new data confirm that the spatial relationship

between industrial and contaminated sites also applies to Canada with an uncertainty range of about 16% for

the model results. The map of contaminated sites for Canada also confirms this pattern.

Regrettably, therefore, I cannot recommend publication, nor can I see a way forward to revise the paper while its

Pan-arctic focus is maintained.

We have significantly expanded the database for our analysis and can now provide a very robust estimate of

contaminated sites in the permafrost regions of the Arctic. Our database for the performed extrapolation now

covers the entire North American continent, and for Russia we have compiled a validation dataset from multiple

available sources. Using these data, we can show that the relationship between industrial sites and

contaminated sites in the three largest Arctic countries follows very similar, predictable spatial patterns.

Although our estimate of the total number of contaminated sites among the industrial sites is still subject to

large uncertainties, we are able to provide novel insights into the extent of industrial contamination for the

entire Arctic permafrost region.

Additional comments:

Line 101. I have no idea what “synergized” means in this sentence.

We apologize for the wrong wording and rephrased the sentence to:

KP ^dY_SP^TePO L RPZ^[L_TLW OL_L^P_ ZY TYO`^_]TLW ^T_P^ ML^PO ZY D[PYG_]PP_BL[ $DGB% LYO _SP 8_WL^ ZQ

EZ[`WL_TZY& GZNTP_d LYO ;NZYZXd TY _SP 8]N_TN $8EG;8% bSTNS ]PaPLW^ TY^TRS_^ TY_Z _SP ^[L_TLW [L__P]Y ZQ

TYO`^_]TLW LN_TaT_TP^ TY _SP 8]N_TN [P]XLQ]Z^_ ]PRTZY(

Figure 1. While some elements of this figure appear reasonable – drilling mud sumps, for example, others are

not. Drilling rigs do not remain in place after a drill-hole has been completed and nor do excavation machines.

We thank the reviewer for pointing to the unrealistic elements in our schematic figure. We have modified the

figure also in agreement with comments from reviewer 1.

<TR( +4 HSP [Z_PY_TLW TX[LN_^ ZQ _SLbTYR [P]XLQ]Z^_ ZY LMZaP' LYO MPWZb'R]Z`YO TYO`^_]TLW

TYQ]L^_]`N_`]P NZY_LTYTYR _ZcTN ^`M^_LYNP^ Z] bL^_P( HSP OPP[PYTYR ZQ _SP _SLb WLdP] L_ _SP ^`]QLNP $LN_TaP

WLdP]% `YWZNV^ Q]ZePY OT^[Z^LW ^T_P^ LYO OP^_LMTWTeP^ QZ`YOL_TZY^ LYO NZY_LTYXPY_ ^_]`N_`]P^(







Reviewer #2 (Remarks to the Author): 

This is overall a good revision. I still think that using 'open street map' instead of one of 

the excellent satellite databases put out by NASA or ESA is a critical methodology 

mistake. Otherwise, good corrections. 

Reviewer #3 (Remarks to the Author): 

The manuscript is greatly improved from the first version with the addition of the 

Canadian data and more limited data from Russia. The extension of the conclusions 

about industrial sites and contaminated sites to the Arctic as a whole is now justifiable. 

However, I recommend some further revisions to deal with my comments below. 

A crucial element of the analysis is the definition of the spatial domain to which it 

applies. This is frequently but inconsistently referred to in the manuscript, as continuous 

and discontinuous permafrost, the permafrost region…, the panarctic region, and so on. 

I have highlighted most (but perhaps not all) of the many cases where this pertains in 

the ms.. What I understand from the methods and Figure 2 is that the data and models 

apply to areas where the probability of permafrost is greater than 50%. In traditional 

permafrost parlance this would mean the discontinuous permafrost zone (50-90% of the 

area underlain by permafrost) and the continuous permafrost zone (>90% underlain by 

permafrost). It’s important to note that this does not mean discontinuous permafrost 

and continuous permafrost as sometimes stated in the manuscript, as these are 

concepts rather than geographical areas. In particular, permafrost is discontinuous right 

to its southernmost extent where it occupies only 1% of the landscape. The permafrost 

region encompasses all the permafrost zones, including the zones of sporadic 

discontinuous permafrost and isolated patches, so if I’ve understood the methods 

correctly, permafrost region should not be used. Instead, I would recommend using 

“permafrost model domain” and then define this early and clearly in the paper as being 

the areas where permafrost probability is estimated to be >0.5. However, other 

terminological choices could be made. 

A second critical element that needs clarification is the modelling to predict current and 

future spatial and temporal trends in thermal state. It is unclear (at least to me) how 

the permafrost temperature modelling relates to the spatial model of permafrost 

distribution which was used to establish the spatial domain. There is a significant 

difference in scale between the two approaches, with the past and future modelling at 

1° resolution (about 100 x 100 km) and the permafrost probability model (Obu et al.) 

having been run at a 1 km2 resolution. I believe, but I am not sure because this section 

of the methods is quite brief, that the CryoGridLite was run just for the domain which 

had been demarcated by Obu et al. as having a permafrost probability of 0.5 or greater. 

But there is no comparison of the output of the two. 

If I have correctly understood the methods and assumptions regarding permafrost thaw, 

the following seems to be argued: 

1. Permafrost in the discontinuous permafrost zone is degrading under the current 

climate (a statement that may be true in a gridded model but is not universally correct 

in the field). 

2. Degradation is identified in the simulations by the formation of a supra-permafrost 

talik. 

3. Therefore every modelled location which has a supra-permafrost talik in the 

simulations is part of the discontinuous permafrost zone. 

4. Industrial and contaminated sites which fall into the modelled zone of discontinuous 

permafrost are therefore already being subjected to thaw. 

5. Changes in the distribution of modelled grid cells with and without taliks between 

1960 and 2000 affected 40% of the industrial sites and 20% of contaminated sites 

indicating that many sites were impacted over this period. 

If the parameter settings used in CryoGridLite did not produce ground temperatures that 

align well spatially with the permafrost area shown in Obu et al., then this would have a 

significant impact on the projected timing and spatial extent of permafrost degradation. 

In my opinion, a comparison is required to provide confidence that the projected 



permafrost conditions and the formation of taliks are reasonable. While it is true that 

the authors describe their modeling “a first-order assessment”, this part of the research 

is fundamental to the conclusions of the study regarding when and where sites will be 

impacted. 

The paper is generally well-written, but I have edited the text with the changes tracked 

to help smooth the English. The authors can adopt these suggestions or not as they 

wish. 

Figure 4 remains problematic in my view. It seems to show similar information to Figure 

S3. I appreciate the addition of the final sentence in the caption in response to my initial 

review but I still find the positioning of the circles from left to right quite distracting. I 

would recommend replacing this figure with S3 which is immediately understandable 

and actually includes more information. 

I have also added some additional generally minor comments on the manuscript file. 

Antoni Lewkowicz 

In their review of the second version of this manuscript, reviewer #3 added some 

comments to the manuscript file and supplementary information file. These comments 

were forwarded to the authors, who replied as included in this Peer Review File. 



Reviewer #2 (Remarks to the Author):

This is overall a good revision. I still think that using 'open street map' instead of one of the excellent
satellite databases put out by NASA or ESA is a critical methodology mistake. Otherwise, good
corrections.

FK ]U[RJ ROQK ZU ZNGTQ ZNK XK\OK]KX LUX ZNK VUYOZO\K GYYKYYSKTZ UL U[X XK\OYOUTY( FK ]U[RJ ROQK ZU
ZGQK ZNOY UVVUXZ[TOZ_ ZU K^VRGOT ]N_& JKYVOZK QTU]T YNUXZIUSOTMY GTJ [TIKXZGOTZOKY OT @C> JGZG& ]K
GTJ UZNKX XKIKTZ YZ[JOKY [YK OZ ZU KYZOSGZK OTLXGYZX[IZ[XK UII[XXKTIK GTJ JOYZXOH[ZOUT( DU JGZK& @C> OY
ZNK UTR_ JGZGHGYK G\GORGHRK ZNGZ GRRU]Y [Y ZU GYYKYY ZNK RUIGZOUT UL OTJ[YZXOGR YOZKY ]UXRJ]OJK( DNKXK
GXK SUXK GJ\GTIKJ VXUJ[IZY HGYKJ UT YGZKRROZK JGZG Y[IN GY ZNK C5D6;< JGZGHGYK& H[Z ZNOY VXUJ[IZ OY
I[XXKTZR_ ROSOZKJ ZU ZNK 5XIZOI IUGYZGR `UTK $[V ZU *)) QS OTRGTJ%( COTIK G RGXMK VXUVUXZOUT UL OTJ[YZXOGR
YOZKY GTJ IUTZGSOTGZKJ YOZKY GXK RUIGZKJ L[XZNKX OTRGTJ& U[X GTGR_YOY XKW[OXKY G RGXMKX IU\KXGMK( DNOY
OY GRYU ]N_ SGT_ UZNKX XKIKTZ YZ[JOKY HGYKJ UT OTLXGYZX[IZ[XK JGZG OT ZNK 5XIZOI YZORR KTZOXKR_ XKR_ UT
@C> JGZG $K(M( ;PUXZ KZ GR(& +)*0& C[ZKX KZ GR(& +)*1& BGT KZ GR(& +)++& =OK] KZ GR(& +)++%( ;U]K\KX& ]K
GMXKK ]OZN ZNK XK\OK]KX ZNGZ ]K IGT [YK ZNK SUXK GJ\GTIKJ VXUJ[IZY Y[IN GY C5D6;< ZU GYYKYY ZNK
[TIKXZGOTZ_ ]OZNOT U[X @C>'5AC85 JGZGHGYK( DNK XK\OYKJ \KXYOUT UL ZNK SGT[YIXOVZ TU] OTIR[JKY G
IUSVGXOYUT ZNGZ NOMNROMNZY ZNK ]KGQTKYYKY GTJ YZXKTMZNY UL U[X JGZGHGYK( FK LOTJ ZNGZ ZNK ZUZGR
T[SHKX UL OTJ[YZXOGR YOZKY OY SUYZ ROQKR_ [TJKXKYZOSGZKJ& H[Z ZNGZ ZNK MKTKXGR YVGZOGR UII[XXKTIK UL
OTJ[YZXOGR YOZKY OY ]KRR IGVZ[XKJ( FK KSVNGYO`K ZNGZ U[X K^ZXGVURGZOUT UL IUTZGSOTGZKJ YOZKY OY HGYKJ
UT XKRGZO\K JOLLKXKTIKY OT ZNK YVGZOGR JKTYOZ_ UL OTJ[YZXOGR YOZKY( 9UX MKTKXGZOTM SGVY UL YVGZOGR JKTYOZ_
JOLLKXKTIKY& ZNK GHYUR[ZK T[SHKX UL YOZKY OY RKYY OSVUXZGTZ ZNGT ZNKOX XKRGZO\K VXUVUXZOUTY( FK LOTJ ZNGZ
JKYVOZK XKSGOTOTM [TIKXZGOTZOKY& @C> VXU\OJKY G XKGYUTGHRK HGYOY LUX U[X GTGR_YOY(;U]K\KX& ]K
]U[RJ ROQK ZU KSVNGYO`K ZNGZ SUXK GJ\GTIKJ VXUJ[IZY HKIUSOTM G\GORGHRK OT ZNK L[Z[XK ]ORR IKXZGOTR_
GRRU] G LOTKX GTJ SUXK VXKIOYK GTGR_YOY UL ZNK YVGZOGR XKRGZOUTYNOV HKZ]KKT OTJ[YZXOGR GTJ IUTZGSOTGZKJ
YOZKY OT ZNK L[Z[XK& GTJ ]K RUUQ LUX]GXJ ZU ZNKOX V[HROIGZOUT(

<T ZNK SKZNUJ YKIZOUT2
DNK IUSVRKZKTKYY UL ZNK IUSHOTKJ @C>&4AC84 JGZGHGYK UT OTJ[YZXOGR YOZKY ]GY GYYKYYKJ H_
IUSVGXOYUT ]OZN ZNK 4XIZOI 6UGYZGR ;[SGT <SVGIZ #C46;<$ JGZGYKZ #5GXZYIN KZ GR'% *(*)$% ]NOIN
VXU\OJKY G SGV UL OTLXGYZX[IZ[XK GXKGY GRUTM 4XIZOI YNUXKROTKY OSVGIZKJ H_ VKXSGLXUYZ #ROSOZKJ
ZU )(( QS OTRGTJ$' DU IUSVGXK ZNK YVGZOGR IUTYOYZKTI_ OT ZKXSY UL ZNK UII[XXKTIK UL OTJ[YZXOGR
YOZKY HKZ]KKT ZNK Z]U JGZGYKZY% ]K GRRU]KJ G H[LLKX XGJO[Y UL )(( S GXU[TJ ZNK @C>&4AC84
VUOTZ JGZG' <T ZNOY ]G_% ZNK K^OYZOTM VUYOZO\KY LXUS @C>&4AC84 ]KXK K\GR[GZKJ LUX ZNK KTZOXK
C46;< JUSGOT' >OYYOTM VUYOZO\KY ]KXK UTR_ K\GR[GZKJ LUX YKRKIZKJ ZKYZ XKMOUTY #OT 4RGYQG%
6GTGJG% :XKKTRGTJ% GTJ B[YYOG$% GY OZ ]GY TKIKYYGX_ ZU SGT[GRR_ YKRKIZ ZNK OTLXGYZX[IZ[XK
GXKGY ]OZNOT C46;< ZNGZ XKVXKYKTZ IUSVGZOHRK OTJ[YZXOGR YOZKY' DNK GYYKYYSKTZ YNU]KJ ZNGZ
ZNK VXKYKTIK UL OTJ[YZXOGR YOZKY OT ZNK @C>&4AC84 JGZGHGYK OY SUXK ZNGT 0-" IUTYOYZKTZ ]OZN
ZNK VXKYKTIK UL OTJ[YZXOGR OTLXGYZX[IZ[XK OT ZNK C46;< JGZGHGYK LUX ZNK ZKYZ XKMOUTY GTJ ZNK
KTZOXK C46;< JUSGOT' ;U]K\KX% @C>&4AC84 NGY G S[IN RU]KX T[SHKX UL OTJ[YZXOGR YOZKY
IUSVGXKJ ZU C46;< #/+" SOYYOTM$' DNK UHYKX\KJ JOYIXKVGTIOKY GXK IUTYOYZKTZ ]OZN \GR[KY
LXUS VXK\OU[Y IUSVGXOYUTY HKZ]KKT C46;< GTJ @C> #5GXZYIN KZ GR'% *(*)$' 5GYKJ UT ZNK
JGZGHGYK IUSVGXOYUTY% ]K GXM[K ZNGZ @C>&4AC84 VXU\OJKY G XKRGZO\KR_ XKROGHRK KYZOSGZK UL
ZNK XKMOUTGR VXKYKTIK UL OTJ[YZXOGR YOZKY OT ZNK 4XIZOI% H[Z ZNGZ ZNKXK OY Y[HYZGTZOGR [TIKXZGOTZ_
XKMGXJOTM ZNK GHYUR[ZK T[SHKX UL OTJO\OJ[GR OTLXGYZX[IZ[XK KRKSKTZY' :O\KT ZNOY GTGR_YOY GTJ
ZNK LGIZ ZNGZ ZNK GHU\K SKTZOUTKJ OTLXGYZX[IZ[XK KRKSKTZY ]KXK TUZ OTIR[JKJ OT ZNK
@C>&4AC84 JGZGHGYK% ]K GYYKYY U[X KYZOSGZK UL OTJ[YZXOGR YOZKY GY IUTYKX\GZO\K'



9OM[XK C.2 4 IUSVGXOYUT HKZ]KKT ZNK @C>&4AC84 JGZGHGYK GTJ ZNK 4XIZOI IUGYZGR OTLXGYZX[IZ[XK
YGZKRROZK VXUJ[IZ #C46;<$ XK\KGRY G SGZIN UL SUXK ZNGT 0-" #ZX[K&VUYOZO\K$ LUX YKRKIZKJ ZKYZ XKMOUTY GY
]KRR GY LUX ZNK ZUZGR C46;< JUSGOT #G$' DNOY SKGTY ZNGZ ]NKXK\KX @C>&4AC84 OTJOIGZKY GT OTJ[YZXOGR YOZK%
ZNK C46;< JGZGHGYK OTJOIGZKY OT SUXK ZNGT 0-" UL ZNK IGYKY ZNK VXKYKTIK UL OTJ[YZXOGR OTLXGYZX[IZ[XK' 9UX
ZNK ZKYZ XKMOUTY% OTJO\OJ[GR OTJ[YZXOGR OTLXGYZX[IZ[XK KRKSKTZY ]KXK SGT[GRR_ IRGYYOLOKJ ]OZNOT ZNK C46;<
JGZGYKZ ZU LGIOROZGZK G JOXKIZ IUSVGXOYUT HKZ]KKT ZNK T[SHKX UL OTJ[YZXOGR YOZKY GTJ ZNK T[SHKX UL
OTLXGYZX[IZ[XK KRKSKTZY #H$' DNOY IUSVGXOYUT YNU]Y ZNGZ ZNK T[SHKX UL OTJ[YZXOGR YOZKY ]OZNOT
@C>&4AC84 OY UT G\KXGMK ,( c *(" RU]KX ZNGT ZNK T[SHKX UL OTJ[YZXOGR OTLXGYZX[IZ[XK KRKSKTZY OT
C46;<' 9UX ZNK ZKYZ XKMOUTY ZNK HOGY SOMNZ HK IUXXKIZ H_ G YOSVRK S[RZOVROKX'



Reviewer #3 (Remarks to the Author):

The manuscript is greatly improved from the first version with the addition of the Canadian data and
more limited data from Russia. The extension of the conclusions about industrial sites and
contaminated sites to the Arctic as a whole is now justifiable.

FK ZNGTQ 5TZUTO =K]QU]OI` LUX NOY \GR[GHRK IUSSKTZY GTJ Y[MMKYZOUTY& ]NOIN RKJ ZU G MXKGZR_
OSVXU\KJ YZ[J_(

However, I recommend some further revisions to deal with my comments below.
A crucial element of the analysis is the definition of the spatial domain to which it applies. This is
frequently but inconsistently referred to in the manuscript, as continuous and discontinuous
permafrost, the permafrost region…, the panarctic region, and so on. I have highlighted most (but
perhaps not all) of the many cases where this pertains in the ms..

FK GMXKK ]OZN ZNK XK\OK]KX ZNGZ ZNKXK ]KXK YUSK OTIUTYOYZKTIOKY OT ZKXSOTURUM_ LUX ZNK YZ[J_ JUSGOT
OT U[X SGT[YIXOVZ( FK LURRU]KJ ZNK XK\OK]KX#Y Y[MMKYZOUTY OT ZNK SGT[YIXOVZ GTJ ZNUXU[MNR_ XK\OK]KJ
ZNK KTZOXK ZK^Z ZU XKSU\K OTIUTYOYZKTZ ZKXSOTURUM_ UL ZNK YZ[JOKJ YVGZOGR JUSGOT( FK NUVK ZNGZ ZNK
XK\OYKJ \KXYOUT UL ZNK SGT[YIXOVZ OY TU] [YOTM G IRKGX ZKXSOTURUM_ LUX ZNK JKROTKGZOUT UL ZNK YVGZOGR
JUSGOT IU\KXKJ(

What I understand from the methods and Figure 2 is that the data and models apply to areas where
the probability of permafrost is greater than 50%. In traditional permafrost parlance this would mean
the discontinuous permafrost zone (50-90% of the area underlain by permafrost) and the continuous
permafrost zone (>90% underlain by permafrost). It’s important to note that this does not mean
discontinuous permafrost and continuous permafrost as sometimes stated in the manuscript, as these
are concepts rather than geographical areas. In particular, permafrost is discontinuous right to its
southernmost extent where it occupies only 1% of the landscape. The permafrost region
encompasses all the permafrost zones, including the zones of sporadic discontinuous permafrost and
isolated patches, so if I’ve understood the methods correctly, permafrost region should not be used.
Instead, I would recommend using “permafrost model domain” and then define this early and clearly in
the paper as being the areas where permafrost probability is estimated to be >0.5. However, other
terminological choices could be made.

FK GMXKK ]OZN ZNK XK\OK]KX ZNGZ ZNK ZKXSOTURUM_ [YKJ OT U[X SGT[YIXOVZ JOJ TUZ IUXXKIZR_ [YK ZNK
ZKXSY IUTZOT[U[Y GTJ JOYIUTZOT[U[Y VKXSGLXUYZ( <T LGIZ& ]K [YKJ ZNK VXUHGHOROZ_ UL VKXSGLXUYZ
UII[XXKTIK GY SUJKRKJ H_ @H[ KZ GR( ZU JKROTKGZK U[X YZ[J_ GXKG( FK LUI[Y UT XKMOUTY ]NKXK ZNK
YVGZOGR VXUHGHOROZ_ UL VKXSGLXUYZ UII[XXKTIK OY MXKGZKX ZNGT .)" GTJ ZN[Y LUI[Y UT XKMOUTY ZNGZ GXK
JUSOTGZKJ H_ VKXSGLXUYZ( DU G\UOJ IUTL[YOUT& ]K TU] USOZ ZNK ZKXSY IUTZOT[U[Y GTJ JOYIUTZOT[U[Y
VKXSGLXUYZ ]NKT XKLKXXOTM ZU U[X YOS[RGZOUTY GTJ GTGR_YKY( FK NG\K GJUVZKJ ZNK XK\OK]KX#Y
Y[MMKYZOUT GTJ [YK ZNK ZKXS !VKXSGLXUYZ SUJKR JUSGOT!(

A second critical element that needs clarification is the modelling to predict current and future spatial
and temporal trends in thermal state. It is unclear (at least to me) how the permafrost temperature
modelling relates to the spatial model of permafrost distribution which was used to establish the
spatial domain. There is a significant difference in scale between the two approaches, with the past
and future modelling at 1° resolution (about 100 x 100 km) and the permafrost probability model (Obu
et al.) having been run at a 1 km2 resolution. I believe, but I am not sure because this section of the
methods is quite brief, that the CryoGridLite was run just for the domain which had been demarcated
by Obu et al. as having a permafrost probability of 0.5 or greater. But there is no comparison of the
output of the two.

FK ZNGTQ ZNK XK\OK]KX LUX VUOTZOTM [Y ZU ZNK [TIRKGX JKYIXOVZOUT UL U[X SUJKROTM GVVXUGIN GTJ OZY
XKRGZOUTYNOV ZU ZNK YVGZOGR JKROTKGZOUT UL ZNK VKXSGLXUYZ XKMOUT [TJKX YZ[J_( 5Y TU] SUXK VXKIOYKR_
K^VRGOTKJ OT ZNK SGT[YIXOVZ& ]K [YKJ ZNK VKXSGLXUYZ VXUHGHOROZ_ SUJKR $@H[ KZ GR(% ZU JKROTKGZK
OTJ[YZXOGR GTJ IUTZGSOTGZKJ YOZKY I[XXKTZR_ RUIGZKJ OT ZNK VKXSGLXUYZ'JUSOTGZKJ XKMOUT( 9UX ZNK
ZXGTYOKTZ SUJKROTM UL VKXSGLXUYZ& ]K [YKJ ZNK 6X_U:XOJ=OZK SUJKR& ]NOIN ]GY X[T GZ G IUGXYK YVGZOGR
XKYUR[ZOUT UL * JKMXKK J[K ZU OZY NOMN IUSV[ZGZOUTGR IUYZ( DNK SUJKR ]GY X[T UT G JUSGOT JKLOTKJ H_



ZNK ?UXZNKXT 6OXI[SVURGX CUOR 6GXHUT 7GZGHGYK \KXYOUT + $;[MKRO[Y KZ GR(& +)*,% ]NOIN KYYKTZOGRR_
JKZKXSOTKY ZNK MXU[TJ YZXGZOMXGVNOKY [YKJ H_ ZNK SUJKR( FNORK ]K GMXKK ZNGZ ZNK SUJKR JKYIXOVZOUT OY
\KX_ YNUXZ ]K ROQK ZU QKKV OZ ZNOY ]G_ HKIG[YK ZNK VKXSGLXUYZ ZNG] VXUPKIZOUTY GXK UTR_ UTK
IUSVUTKTZ OT U[X YZ[J_( ;U]K\KX& G JKZGORKJ ZKINTOIGR JKYIXOVZOUT GTJ \GROJGZOUT UL ZNK SUJKR OY
VXU\OJKJ OT $=GTMKX KZ GR(& +)++%(

FK GMXKK ]OZN ZNK XK\OK]KX ZNGZ ]K NG\K SOYYKJ JKSUTYZXGZOTM ZNK IUTYOYZKTI_ HKZ]KKT ZNK
VKXSGLXUYZ VXUHGHOROZ_ SGV $]NOIN ]K NG\K [YKJ ZU JKROTKGZKJ U[X YZ[J_ XKMOUT LUX ZNK MKUYVGZOGR
GTGR_YOY GTJ K^ZXGVURGZOUT%& GTJ ZNK GVVROKJ ZXGTYOKTZ SUJKROTM ZU VXUPKIZ ZNK L[Z[XK K\UR[ZOUT UL
VKXSGLXUYZ GZ ZNK OTJ[YZXOGR GTJ IUTZGSOTGZKJ YOZKY( <T ZNK Y[VVRKSKTZGX_ OTLUXSGZOUT& ]K TU]
JKSUTYZXGZK NU] ZNK YOS[RGZKJ VKXSGLXUYZ UII[XXKTIK VXUHGHOROZ_ XKRGZKY ZU YOS[RGZKJ ZGROQ
UII[XXKTIK [TJKX I[XXKTZ IROSGZK IUTJOZOUTY(

9OM[XK C02 DNK SGV #G$ YNU]Y ZNK U[ZROTK UL ZNK VKXSGLXUYZ SUJKR JUSGOT JKROTKGZKJ H_
VKXSGLXUYZ UII[XXKTIK VXUHGHOROZOKY #3-("$ [YOTM ZNK ?UXZNKXT ;KSOYVNKXK AKXSGLXUYZ >GV
#?;A>$ #**$% [TJKXRGOT H_ VKXYOYZKTZ ZGROQ VXKYKTIK GY YOS[RGZKJ ]OZN ZNK 6X_U:XOJ=OZK SUJKR
LUX ZNK XKLKXKTIK VKXOUJ #*(((&*().$' DNK NOYZUMXGS #H$ YNU]Y ZNK JOYZXOH[ZOUTY UL VKXSGLXUYZ
UII[XXKTIK VXUHGHOROZOKY LXUS ZNK ?;A> #*($ LUX ZNK 6X_U:XOJ=OZK MXOJ IKRRY YZOS[RGZKJ GY
ZGROQ&LXKK GTJ ZNUYK ]OZN ZGROQ UX VKXSGLXUYZ&LXKK HKZ]KKT *((( GTJ *().' AKXSGLXUYZ
UII[XXKTIK VXUHGHOROZOKY LXUS ZNK ?;A> #*($ ]KXK GMMXKMGZKJ ZU ZNK YVGZOGR XKYUR[ZOUT UL ZNK
6X_U:XOJ=OZK MXOJ IKRRY #) JKMXKK$ H_ G\KXGMOTM'

GTJ GJJKJ ZU ZNK SKZNUJY ZNK LURRU]OTM2
DU K\GR[GZK ZNK IUTYOYZKTI_ HKZ]KKT ZNK ?;A> #**$ JKROTKGZKJ VKXSGLXUYZ SUJKR XKMOUT GTJ
ZNK 6X_U:XOJ=OZK VKXSGLXUYZ YOS[RGZOUTY% ]K IUSVGXK ZNK ?;A> VKXSGLXUYZ UII[XXKTIK
VXUHGHOROZOKY ]OZN ZNK YOS[RGZKJ VXKYKTIK UX GHYKTIK UL VKXYOYZKTZ ZGROQY #9OM' C0$' BKMOUTY
]OZN ZGROQY GTJ VKXSGLXUYZ LXKK GXKGY ]KXK IUSHOTKJ LUX ZNOY V[XVUYK' DNK IUSVGXOYUT ]GY
SGJK LUX ZNK YGSK XKLKXKTIK VKXOUJ #*(((&*().$ GTJ ZNK XKY[RZY YNU] ZNGZ ZNK SGPUXOZ_ UL MXOJ
IKRRY #0("$ ]OZN YOS[RGZKJ ZGROQ UII[XXKTIK GXK RUIGZKJ OT XKMOUTY ]NKXK ZNK VXUHGHOROZ_ UL
VKXSGLXUYZ UII[XXKTIK OY RU] #RKYY ZNGT -("$% ]NORK ZNK SGPUXOZ_ UL MXOJ IKRRY #0("$ ]OZN
YOS[RGZKJ ZGROQ&LXKK IUTJOZOUTY GXK RUIGZKJ OT XKMOUTY ]NKXK ZNK VXUHGHOROZ_ UL VKXSGLXUYZ
UII[XXKTIK OY NOMN #SUXK ZNGT 1("$' DNKYK ROSOZY GROMT ]KRR ]OZN ZNK \GR[KY [YKJ ZU JOYZOTM[OYN
`UTKY UL IUTZOT[U[Y GTJ JOYIUTZOT[U[Y VKXSGLXUYZ ]OZNOT ZNK ?;A>'

ARKGYK TUZK ZNGZ OT ZNK XK\OYKJ \KXYOUT ]K GRYU IRGXOL_ ZNK XKYUR[ZOUT JOLLKXKTIK HKZ]KKT ZNK
6X_U:XOJ=OZK YOS[RGZOUTY $X[T UT *a JKMXKK XKYUR[ZOUT% GTJ ZNK ?UXZNKXT 6OXI[SVURGX CUOR 6GXHUT
7GZGHGYK \KXYOUT + $SG^ XKYUR[ZOUT * QS%( FK GRYU IRGXOL_ ]NGZ ZNOY SKGTY LUX ZNK OTZKXVXKZGZOUT UL ZNK
YOS[RGZOUTY(

<T ZNK SGOT ZK^Z2
DNK SUJKR NGY IUGXYK YVGZOGR XKYUR[ZOUT #) JKMXKK$% GTJ ZNG]OTM UL VKXSGLXUYZ ]OZNOT MXOJ IKRRY



OY IUTYOJKXKJ ROQKR_ OL YOS[RGZOUTY OTJOIGZK ZNK LUXSGZOUT UL G ZGROQ #JKLOTKJ NKXK GY G
_KGX&XU[TJ [TLXU`KT YUOR RG_KX MXKGZKX ZNGT (') S ZNOIQ GHU\K VKXSGLXUYZ$'

<T ZNK SKZNUJ YKIZOUT2
DNK SUJKROTM VKXLUXSKJ YNU[RJ HK IUTYOJKXKJ GY G LOXYZ&UXJKX GYYKYYSKTZ UL ZNK SKGT
ZNKXSGR YZGZK UL ZNK YUOR ]OZNOT ZNK XKYVKIZO\K SUJKR MXOJ IKRRY% ]NOIN JU TUZ XKVXKYKTZ
VKXSGLXUYZ IUTJOZOUTY GZ YVKIOLOI RUIGZOUTY'

If I have correctly understood the methods and assumptions regarding permafrost thaw, the following
seems to be argued:
1. Permafrost in the discontinuous permafrost zone is degrading under the current climate (a
statement that may be true in a gridded model but is not universally correct in the field).

2. Degradation is identified in the simulations by the formation of a supra-permafrost talik.

3. Therefore every modelled location which has a supra-permafrost talik in the simulations is part of
the discontinuous permafrost zone.

4. Industrial and contaminated sites which fall into the modelled zone of discontinuous permafrost are
therefore already being subjected to thaw.

5. Changes in the distribution of modelled grid cells with and without taliks between 1960 and 2000
affected 40% of the industrial sites and 20% of contaminated sites indicating that many sites were
impacted over this period.

If the parameter settings used in CryoGridLite did not produce ground temperatures that align well
spatially with the permafrost area shown in Obu et al., then this would have a significant impact on the
projected timing and spatial extent of permafrost degradation. In my opinion, a comparison is required
to provide confidence that the projected permafrost conditions and the formation of taliks are
reasonable. While it is true that the authors describe their modeling “a first-order assessment”, this
part of the research is fundamental to the conclusions of the study regarding when and where sites
will be impacted.

FK ZNGTQ ZNK XK\OK]KX LUX NOY ZNUXU[MN GYYKYYSKTZ UL U[X INGOT UL XKGYUTOTM& ]NOIN NOMNROMNZY ZNK
OSVUXZGTIK UL GII[XGZK JKLOTOZOUTY LUX GT GTGR_YOY UL I[XXKTZ GTJ L[Z[XK VKXSGLXUYZ YZGHOROZ_( FK L[RR_
GMXKK ]OZN ZNK XK\OK]KX ZNGZ OZ OY IXOZOIGR ZNGZ HUZN ZNK VKXSGLXUYZ SGV GTJ ZNK ZXGTYOKTZ SUJKROTM
XKY[RZY GXK IUTYOYZKTZ $YKK GRYU XKYVUTYK GHU\K%( 9UX ZNOY XKGYUT& ]K NG\K TU] SGJK G IUSVGXOYUT
HKZ]KKT ZNK VKXSGLXUYZ VXUHGHOROZ_ SGV GTJ U[X U]T ZXGTYOKTZ YOS[RGZOUTY LUX ZNK YGSK ZOSK VKXOUJ
$+)))'+)*/%( DNK YOS[RGZOUTY GMXKK ]KRR OT ZKXSY UL ZNK XKMOUTGR K^ZKTZ UL YZGHRK VKXSGLXUYZ
$VXUHGHOROZ_ UL VKXSGLXUYZ UII[XXKTIK 4 1)" 3 ZGROQ LXKK OT ZNK SUJKR%( FK GIQTU]RKJMK ZNGZ OZ OY
IUSVRK^ GTJ VUZKTZOGRR_ GSHOM[U[Y ZU K^ZXGIZ Y[HMXOJ VKXSGLXUYZ JOYZXOH[ZOUT GTJ ZGROQ LUXSGZOUT LXUS
G YOTMRK X[T VKX MXOJ IKRR( FK GRYU L[RR_ GMXKK ]OZN ZNK XK\OK]KXY# KGXROKX IUSSKTZ ZNGZ U[X SUJKR JUKY
TUZ XKVXKYKTZ ZNK NKZKXUMKTKU[Y IUTJOZOUTY UL JKMXGJOTM VKXSGLXUYZ& H[Z UTR_ VXU\OJKY G \KX_ MKTKXGR
OTJOIGZOUT UL XKMOUTGR ZNKXSGR YZGZK& ]K NG\K GJJKJ ZNK TUZGZOUT !OT SUJKR! ZU ZNK ZKXSY !ZGROQ! GTJ
!ZGROQ LXKK! ZU SGQK OZ IRKGX ZNGZ U[X OTZKXVXKZGZOUT OY V[XKR_ SUJKR'HGYKJ(
<T ZNK ROMNZ UL ZNK XK\OK]KX#Y K\GR[GZOUT ]K NG\K XK\OK]KJ GTJ GJGVZKJ U[X GTGR_YOY YZXGZKM_(
9URRU]OTM ZNK XKIUSSKTJKJ IUTYOYZKTI_ INKIQ ]K TU] INGTMKJ ZNK YIXOVZ LXUS VXUJ[IOTM ZNK LOXYZ
ZGROQ UII[XXKTIK JGZK ZU ZNK JGZK ]NKT ZGROQ UII[XXKTIK HKIGSK VKXYOYZKTZ& GY ZNOY OY LU[TJ SUXK
IUTYOYZKTZ ]OZN ZNK VKXSGLXUYZ UII[XXKTIK VXUHGHOROZOKY UL @H[ KZ GR(
5IIUXJOTMR_& ]K XK'GTGR_`KJ ZNK YOS[RGZOUTY GTJ [VJGZKJ ZNK SKZNUJ GTJ XKY[RZY YKIZOUTY2





FK GMXKK ]OZN ZNK XK\OK]KX GTJ NG\K XKVRGIKJ ZNK LOM[XK GY Y[MMKYZKJ2

9OM[XK ,2 >UYZ LXKW[KTZR_ UII[XXOTM ZU^OI Y[HYZGTIKY GZ IUTZGSOTGZKJ YOZKY OT ZNK VKXSGLXUYZ
JUSOTGZKJ XKMOUTY UL 4RGYQG GY XKVUXZKJ H_ ZNK 6UTZGSOTGZKJ COZKY AXUMXGS #6CA$' DNK
UII[XXKTIK OY L[XZNKX JOLLKXKTZOGZKJ H_ OTJ[YZXOGR YKIZUX2 <TJ[YZXOGR AXUIKYYKY GTJ AXUJ[IZ EYK
#<AAE$% 8TKXM_% >OROZGX_% GTJ FGYZK' DU^OI Y[HYZGTIKY LXUS 4MXOI[RZ[XK% 9UXKYZX_% GTJ @ZNKX
=GTJ EYK #49@=E$ UII[X OT TKMROMOHRK T[SHKXY' DNK ZU^OIOZ_ UL KGIN Y[HYZGTIK OY OTJOIGZKJ
[YOTM ZNK SKJOGT RKZNGR IUTIKTZXGZOUT LUX LOYN #=6-(&LOYN$ GLZKX 1. NU[XY #YKK GRYU C< 4VVKTJO^%
DGH' C)$'

I have also added some additional generally minor comments on the manuscript file.
Antoni Lewkowicz

5MGOT ]K ]U[RJ ROQK ZU ZNGTQ 5TZUTO =K]QU]OI` LUX NOY \GR[GHRK& ZNUXU[MN& GTJ Y[VVUXZO\K XK\OK]( ;OY
IUSSKTZY GTJ Y[MMKYZOUTY NG\K MXKGZR_ OSVXU\KJ U[X YZ[J_ GTJ ]K NUVK ZNGZ IUTIKXTY GXK
GJKW[GZKR_ GJJXKYYKJ( DNK YVKIOLOI IUSSKTZY GTJ Y[MMKYZOUTY ZUMKZNKX ]OZN U[X SUJOLOIGZOUTY GXK
ROYZKJ OT ZNK LURRU]OTM2



Specific comments of the reviewer made within the manuscript:

Main text

Do you know that these are all on permafrost or in the permafrost region?

CZGZKSKTZ INGTKY ZU2
@TMUOTM IROSGZK ]GXSOTM ]ORR YOMTOLOIGTZR_ OTIXKGYK ZNK XOYQ UL IUTZGSOTGZOUT GTJ SUHORO`GZOUT
UL ZU^OI Y[HYZGTIKY YOTIK GHU[Z )%)(( OTJ[YZXOGR YOZKY GTJ +%-(( ZU -%*(( IUTZGSOTGZKJ YOZKY
I[XXKTZR_ RUIGZKJ OT XKMOUTY UL YZGHRK VKXSGLXUYZ ]ORR YZGXZ ZU ZNG] HKLUXK ZNK KTJ UL ZNOY
IKTZ[X_'

This is not just the active layer. When the active layer does not refereeze, this is a talik. Therefore,
better to omit the term active layer here. You do not discuss that permafrost at temperatures close to
0°C loses bearing capacity so destabilization of foundations can occur even while permafrost
remains. Furthermore, at contaminated sites, porewater may be sufficiently solute-rich that substantial
movement of groundwater may occur at temperatures below 0°C. Adding these ideas would further
strengthen your arguments.

FK NG\K SUJOLOKJ ZNK IGVZOUT GIIUXJOTMR_2
9OM' )2 DNK VUZKTZOGR OSVGIZY UL ZNG]OTM VKXSGLXUYZ UT GHU\K& GTJ HKRU]&MXU[TJ OTJ[YZXOGR
OTLXGYZX[IZ[XK IUTZGOTOTM ZU^OI Y[HYZGTIKY UX ]GYZK' DNK ]GXSOTM GTJ ZNG] UL TKGX Y[XLGIK
VKXSGLXUYZ [TRUIQY LXU`KT JOYVUYGR YOZKY GTJ JKYZGHORO`KY LU[TJGZOUTY GTJ IUTZGOTSKTZ
YZX[IZ[XKY' 9[XZNKXSUXK% VKXSGLXUYZ ZNG] OTZKTYOLOKY ZNKXSU&N_JXURUMOIGR KXUYOUT GTJ
OTIXKGYKY ZNK RGZKXGR LRU] UL ]GZKX% LUYZKXOTM ZNK JOYVKXYOUT UL IUTZGSOTGTZY'

GTJ ]K NG\K GJJKJ GY Y[MMKYZKJ ZNK OSVGIZ UT HKGXOTM IGVGIOZ_ GTJ ZNK LXKK`OTM'VUOTZ JKVXKYYOUT
J[K OT YUR[ZK'XOIN KT\OXUTSKTZY ZU ZNK JOYI[YYOUT(
FK KSVNGYO`K ZNGZ VKXSGLXUYZ GRXKGJ_ RUYKY Y[HYZGTZOGR HKGXOTM IGVGIOZ_ GZ ZKSVKXGZ[XKY
IRUYK ZU (b6% YU ZNGZ JKYZGHORO`GZOUT UL GT_ OTLXGYZX[IZ[XK SG_ UII[X K\KT OL VKXSGLXUYZ OY
GYY[SKJ ZU HK YZGHRK GIIUXJOTM ZU U[X YOS[RGZOUT' DNOY GYVKIZ OY L[XZNKX [TJKXROTKJ ]NKT
IUTYOJKXOTM ZNGZ VKXSGLXUYZ JKMXGJGZOUT IGT HK YZXUTMR_ KTNGTIKJ ZNXU[MN ZNK OSVGIZ UL
OTLXGYZX[IZ[XK UT MXU[TJ ZNKXSGR IUTJOZOUTY ]NOIN OY TUZ GIIU[TZKJ LUX OT ZNOY YZ[J_'

Should clarify the caption so that it’s obvious that reference 22 relates to the permafrost map only. It’s
important to clearly state that the map does not show the full permafrost region (as specified in the
caption) but only the area >50% probability.

Figure caption modified to:
@II[XXKTIK UL OTJ[YZXOGR YOZKY OT VKXSGLXUYZ JUSOTGZKJ XKMOUTY UL ZNK 4XIZOI #VKXSGLXUYZ
UII[XXKTIK VXUHGHOROZ_ 3-("$' DNK VKXSGLXUYZ SUJKR JUSGOT OY JKROTKGZKJ HGYKJ UT ZNK
?UXZNKXT ;KSOYVNKXK VKXSGLXUYZ SGV #*($ GTJ ZNK JGZGHGYK UL OTJ[YZXOGR YOZKY OY HGYKJ UT
@VKTCZXKKZ>GV #@C>$ GTJ ZNK *()1 ?UXJXKMOU 4ZRGY UL AUV[RGZOUT% CUIOKZ_ GTJ 8IUTUS_ OT
ZNK 4XIZOI #4AC84$' FNORK ZNK OTJ[YZXOGR YKIZUXY !8TKXM_! GTJ !4MXOI[RZ[XK% 9UXKYZX_ GTJ @ZNKX
=GTJ EYK! GIIU[TZ LUX ZNK RGXMKYZ VXUVUXZOUT UL OTJ[YZXOGR YOZKY GSUTM ZNK IRKGXR_ RGHKRKJ JGZG%
SUXK ZNGT .-" UL ZNK SGVVKJ OTJ[YZXOGR YOZKY GXK TUZ IRKGXR_ RGHKRKJ' DNOY IXKGZKY G RGXMK
[TIKXZGOTZ_ OT W[GTZOL_OTM YVKIOLOI OTJ[YZXOGR YKIZUXY GTJ NOMNROMNZY ZNK TKKJ LUX OSVXU\KJ
JGZGHGYKY UT OTJ[YZXOGR GIZO\OZOKY OT ZNK 4XIZOI'

This figure seems to show the same information as Figure S3. I don’t really understand why both are
needed. I appreciate the addition of the final sentence here in response to my initial review but I still
find the positioning of the circles from left to right quite distracting. I would recommend replacing this
figure with S3 which is immediately understandable and actually includes more information.

FK NG\K XKVRGIKJ ZNK 9OM[XK GIIUXJOTMR_ GTJ [VJGZKJ ZNK IURUX YINKSK



You should specify the timeframe here even if it also appears in the methods.
7UTK(

I think this phrase is needed to explain why there are sites outside the permafrost limits shown (which
is made clear in the methods but not here).

7UTK ' XKVNXGYKJ ZU2
DNOY JGZGHGYK IUTZGOTY ,, OTJO\OJ[GR OTIOJKTZY RUIGZKJ ]OZNOT ZNK VKXSGLXUYZ JUSOTGZKJ XKMOUT
GTJ -0 OTIOJKTZY U[ZYOJK ZNOY XKMOUT #9OM' -I$' 4RZNU[MN U[X JGZGHGYK IUTZGOTY UTR_ G YSGRR
Y[HYKZ UL ZNK GIZ[GR IUTZGSOTGZKJ YOZKY OT B[YYOG% ZNK XKIUXJKJ OTIOJKTZY VXU\OJK IRKGX
K\OJKTIK ZNGZ ZNK YVGZOGR XKRGZOUTYNOV HKZ]KKT OTJ[YZXOGR YOZKY GTJ IUTZGSOTGZKJ YOZKY GRYU
GVVROKY ZU ZNK B[YYOGT VKXSGLXUYZ JUSOTGZKJ XKMOUT #C< 4VVKTJO^% 9OM' C-$'

In this context, is 50 km a linear distance as indicated, or is it 50 km2 or 50 x 50 km?

CVKIOLOKJ GIIUXJOTMR_2
?UZK ZNGZ ZNK YVKIQRKJ GVVKGXGTIK XKY[RZY LXUS ZNK XKMOUTGR IR[YZKXOTM UL OTJ[YZXOGR YOZKY
IUSHOTKJ ]OZN ZNK INUYKT HGTJ]OJZN #-( ^ -( QS$ UL ZNK MG[YYOGT JKTYOZ_ LORZKX [YKJ LUX ZNK
VUOTZ VXUIKYY SUJKRY'

May need to change text to reflect permafrost model domain not «on permafrost»

FK NG\K INGTMKJ ZNK ZKXSOTURUM_ XKMGXJOTM ZNK YVGZOGR JUSGOT [TJKX OT\KYZOMGZOUT ZNXU[MNU[Z ZNK
SGT[YIXOVZ(

I think this is a statement that may be true for modelling but is not necessarily true in the field.
Permafrost in the discontinuous zone can be stable even if it occupies only half of the landscape.
Distinguishing between the two is important.

FK GMXKK ]OZN ZNK XK\OK]KX GTJ USOZ ZNK ZKXSY IUTZOT[U[Y GTJ JOYIUTZOT[U[Y VKXSGLXUYZ OT ZNK
XK\OYKJ \KXYOUT HKIG[YK ZNKYK IUSVRK^ XKRGZOUTYNOVY GTJ YVGZOGR \GXOGHOROZOKY IGTTUZ HK GIIU[TZKJ LUX
OT U[X SUJKROTM( FK NG\K GRYU INGTMKJ ZNK XKRK\GTZ VGXGMXGVN ZU HKZZKX K^VRGOT ZNK YIUVK UL U[X
SUJKR XKY[RZY(
DNK SUJKR NGY G IUGXYK YVGZOGR XKYUR[ZOUT #) JKMXKK$% GTJ ZNG]OTM UL VKXSGLXUYZ ]OZNOT MXOJ
IKRRY OY IUTYOJKXKJ ROQKR_ OL YOS[RGZOUTY OTJOIGZK ZNK LUXSGZOUT UL G ZGROQ #JKLOTKJ NKXK GY G
VKXSGTKTZ [TLXU`KT YUOR RG_KX MXKGZKX ZNGT (') S ZNOIQ GHU\K VKXSGLXUYZ$' DNK YOS[RGZOUTY
VXKJOIZ ZNGZ GHU[Z **" UL ZNK I[XXKTZR_ K^OYZOTM OTJ[YZXOGR YOZKY #a)%((($ GTJ *( c ," UL ZNK
KYZOSGZKJ IUTZGSOTGZKJ YOZKY #*%*((&,%0(($ GXK RUIGZKJ OT G XKMOUT ]OZNOT ]NOIN ZNK YOS[RGZOUTY
OTJOIGZK ZNGZ VKXSGLXUYZ JKMXGJGZOUT OY VUYYOHRK [TJKX VXKYKTZ IROSGZK IUTJOZOUTY #*(*($' DNK
YOS[RGZOUTY L[XZNKX OTJOIGZK ZNGZ )-" UL ZNKYK OTJ[YZXOGR GTJ IUTZGSOTGZKJ YOZKY GXK RUIGZKJ OT
MXOJ IKRRY ]NKXK G INGTMK LXUS YZGHRK #ZGROQ LXKK OT ZNK SUJKR$ ZU [TYZGHRK VKXSGLXUYZ #ZGROQ OT
ZNK SUJKR$ UII[XXKJ HKZ]KKT )1.( GTJ *((('

Figure S4 shows the period 1980-2020. It would be better to harmonize the text with the figure or vice
versa.

7UTK( CKK VGXGMXGVN GHU\K(

I think it can be assumed that where possible, infrastructure would have been located on permafrost
free terrain. So I don’t think these two considerations have the same weight and this should be
explained better. It is certain that some of the industrial sites where degradation is predicted were
unaffected by this because they were not constructed on permafrost.



FK GMXKK GTJ NG\K SUJOLOKJ U[X YZGZKSKTZ GIIUXJOTMR_ ZU2
<Z OY ROQKR_ ZNGZ SGT_ UL ZNK OTJ[YZXOGR YOZKY OT ZNOY `UTK ]KXK H[ORZ GZ VKXSGLXUYZ&LXKK RUIGZOUTY
]NKXK ZNOY ]GY VUYYOHRK UX ]NKXK VKXSGLXUYZ YUOR NGJ HKKT GIZO\KR_ XKSU\KJ VXOUX ZU
IUTYZX[IZOUT% YU ZNGZ L[XZNKX ]GXSOTM ]U[RJ TUZ GLLKIZ ZNKOX YZGHOROZ_' ;U]K\KX% GZ YUSK UL
ZNKYK YOZKY% OZ IGTTUZ HK X[RKJ U[Z ZNGZ VKXSGLXUYZ GTJ VUYYOHR_ MXU[TJ OIK SG_ YZORR HK VXKYKTZ
GTJ ZNGZ L[XZNKX ]GXSOTM ]ORR RKGJ ZU YUOR OTYZGHOROZ_ GTJ ZNK LUXSGZOUT UL TK] N_JXURUMOI
VGZN]G_Y'

Not clear what «its» refers to – sentence needs to be rephrased.

6UTIKXTOTM YKTZKTIK INGTMKJ ZU2
6[XXKTZR_ G\GORGHRK JGZG GXK OTY[LLOIOKTZ ZU GYYKYY ZNK ROQKRONUUJ UL L[Z[XK IUTZGSOTGZOUT UX ZNK
XOYQ UL SUHORO`GZOUT UL IUTZGSOTGTZY J[K ZU VKXSGLXUYZ JKMXGJGZOUT'

I don’t think «amortization» is the correct word here – meaning is unclear.

7UTK( FUXJOTM INGTMKJ ZU2
6UTYOJKXGZOUT UL ZNKYK LOTGTIOGR XOYQY ROQKR_ SUJOLOKY ZNK IUYZ&HKTKLOZ IGRI[RGZOUTY LUX
OTJ[YZXOGR GIZO\OZOKY OT ZNK 4XIZOI'

Please specify if this is a distance (a radius?) or an area 1 km2?

7UTK(

DU G\UOJ JU[HRK IU[TZOTM GTJ XKYUR\K MKUSKZX_ IUTLROIZY HKZ]KKT HUZN JGZGYKZY% ]K JKLOTK
H[LLKX GXKGY #) QS JOYZGTIK$ GXU[TJ GRR LKGZ[XKY GY U\KXRGV SKXMOTM IXOZKXOG'

This is an important assumption and deserves some additional justification. This should include the
fact that the NHPM is at a scale of 1 km2 while contaminated sites are generally much smaller than
this and so may not be well represented in some cases.

FK GMXKK GTJ ZN[Y NG\K GJJKJ ZNK LURRU]OTM SUXK JKZGORKJ K^VRGTGZOUT GTJ IRGYYOLOIGZOUT2
;KTIK% YOZKY OT G MXOJ IKRR INGXGIZKXO`KJ H_ G SUJKRKJ VKXSGLXUYZ UII[XXKTIK VXUHGHOROZ_
MXKGZKX ZNGT -(" ]KXK QKVZ ]OZNOT ZNK JGZGHGYK% XKY[RZOTM OT G ZUZGR UL -%*+, KTZXOKY' 7[K ZU ZNK
YVGZOGR XKYUR[ZOUT UL ZNK ?;A> #) QS$% ZNK UII[XXKTIK UL VKXSGLXUYZ IGTTUZ HK IRKGXR_
GYYKYYKJ GZ ZNK VUOTZ RUIGZOUTY UL ZNK OTJ[YZXOGR GTJ IUTZGSOTGZKJ YOZKY' FK ZNKXKLUXK
KSVNGYO`K ZNGZ ]K IUTYOJKX YOZKY ZNGZ GXK RUIGZKJ OT XKMOUTY ZNGZ GXK JUSOTGZKJ H_ VKXSGLXUYZ%
H[Z YUSK UL ZNK GIZ[GR YOZKY SG_ HK VKXSGLXUYZ LXKK'

Supplementary material:

Please change the right-hand scale to start at zero in order to show that substantial amounts of crude
oil continue to originate in Alaska.

7UTK(

Not clear if the frequency data are for all of Alaska or only for the modelled permafrost domain. I
recommend replacing figure 4 with this figure.

9OM[XK IGVZOUT INGTMKJ GTJ 9OM[XK XKVRGIKJ(
9OM[XK ,2 >UYZ LXKW[KTZR_ UII[XXOTM ZU^OI Y[HYZGTIKY GZ IUTZGSOTGZKJ YOZKY OT ZNK VKXSGLXUYZ
JUSOTGZKJ XKMOUTY UL 4RGYQG #HGYKJ UT *($ GY XKVUXZKJ H_ ZNK 6UTZGSOTGZKJ COZKY AXUMXGS
#6CA$'



Better not to introduce a new term here, but if preferred, domain could be used throughout when
referring to the permafrost region.

7UTK(
9OM[XK C,2 DNK UHYKX\KJ GTJ SUJKRKJ VUOTZ OTZKTYOZOKY UL IUTZGSOTGZKJ YOZKY d ]OZN ZNK VUOTZ
JKTYOZ_ UL OTJ[YZXOGR YOZKY e LUX ZNK VKXSGLXUYZ JUSOTGZKJ XKMOUTY UL 4RGYQG GTJ 6GTGJG'

Units are needed. Better to label the axes directly.

ETOZY GJJKJ(
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