Reply to reviewers’ comments

We thank Rene Orth and the anonymous reviewer leir tthorough reading of the
manuscript and their valuable remarks that helpgdouimprove the manuscript. In the
following, the original reviewer comments are givarntalic and all line numbers refer to the
original submitted version that was reviewed if nantioned otherwise. Note that after the
removal of Fig. 1, the numbering of all figures lcasnged.

Reply to review of Rene Orth:

One main comment concerns the proposed soil meigacipitation feedback. While this
feedback seems to be a plausible explanation ofefperted results, more analysis is needed
to confirm its operation. There may be many waydddhis, | could think of the following:
Compute correlations between soil moisture and ipr&tion using seasonal values from all
available years at any particular location. The wéis1g correlation maps for each simulation
could be insightful.

Thank you for this suggestion. To add further asialywe calculated the correlations between
soil moisture and precipitation using monthly valifeom 1989-2009 for ECH6-REF and
ECH6-PF. Then, we calculated the difference betwaamnelation maps (ECH6-PF minus
ECH6-REF). The resulting map (new Fig. 12c) showat tthe correlation between soil
moisture and precipitation is strongly increased®H6-PF over large parts of the northern
high latitudes, especially over North America aadtern Siberia. This confirms the enabled
soil moisture-precipitation feedback we identifi@eer the northern high latitudes and for the
area of the six largest Arctic catchments.
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Fig. 12: Correlation of soil moisture and precipitation §rECH6-REF, b) ECH6-PF, and c)
difference between ECH6-PF and ECH6-REF.

We added the figure and associated text in Sesta#jng in line 345:

Our new finding of the importance of the positival snoisture-precipitation feedback in

northern high latitudes has been supported by lediwas between soil moisture and
precipitation using monthly values from 1989-200hile there are higher correlations

between soil moisture and precipitation in the tatitudes for ECH6-REF (Fig. 12a), the

high latitudes are mostly characterized by ratber ¢orrelations using the reference version
of JSBACH. Figure 12b and c show that the corretatbetween soil moisture and

precipitation is strongly increased in ECH6-PF oaege parts of the northern high latitudes,
especially over North America and eastern Sibérias confirms an increased coupling of
soil moisture and precipitation, and, hence, atgbicates that the soil moisture-precipitation
feedback is highly enabled in these areas. Thidipes...

Furthermore | am missing discussion and reasonimgtime fact that the hydroclimatic
changes following the introduction of the new PResne also occur in warmer regions (eg.
aggravating the temperature bias in central youlHodmerica and southern Russia). Why is
that? Why is it not possible to adapt the model iffeadions to prevent such effects? And in
essence, is it more than a trade of model perfooaam one region against another region?

We added Fig. 13 and the following discussion intS4 as a new paragraph starting in line
351. Note that according to the comments of reviclyave also added panels to the Figs. 2, 3,
and 4 (now 1, 2 and 3) showing the changes in ¢éspective variables between the two
experiments:

Changes in hydrological cycle are mostly confinecateas where freezing and thawing of
water play a role. To illustrate this, Fig. 13 sisothe number of months where in the
climatological average of 1989-2009, the upper lsgier is below 0°C in ECH6-PF. Changes
in precipitation (Fig. 1) and surface solar irradha (Fig. 3), indicating changes in cloud
cover, are mostly located in regions where the upper is frozen for at least three months
within the climatological average. Changes outsifleegions with soil frost may be imposed
by changed atmospheric humidity and heat trandpam soil frost affected regions on the
one hand. On the other hand, Ekici et al. (20149 attroduced a permanent, static organic
top layer as part of the new JSBACH-PF soil schethswitched on, as in the current ECH6-
PF simulation, it is considered globally uniforrhusg introducing a soil isolating effect also
outside permafrost regions. As a consequence,ahgigning of the surface heat balance is
altered during snow-free months towards a decregsaahd heat flux, which needs to be
compensated for by the turbulent heat fluxes, miqdar by the sensible heat flux. This in
turn contributes to the warming of the 2m air terap&re which can be seen also in areas
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without any soil frost (Fig. 2). Even though theifarm organic insulation layer was
implemented globally, Fig. 12 shows that the catieh between soil moisture and
precipitation advances strongly in northern higtitudes only while this correlation has
nearly not changed in the temperate zone and iticpir in drought-dominated areas in
south-east Europe or mid-west USA. Note that ctlyethe land surface scheme has been
further advanced by a mechanistic model of mossesliahens dynamics (Porada et al.,
2016 which will replace the actual static organic topdafor soil insulation. This will enable

a more realistic representation of the temporalspadial variation of the soil insulation.

Added refererence:

Porada, P., Ekici, A., and Beer, C.: Effects ofdplyyte and lichen cover on permafrost soll
temperature at large scale, The Cryosphere Discdes10.5194/tc-2015-223, in review,
2016.

 ECHE6=PF: Months with frozen upper layer per year
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Fig. 13: Number of months where in the climatological ageraf 1989-2009, the upper soll
layer is below 0°C in ECH6-PF.

Another general comment refers to the terminologgduin the paper. The authors should
state more clearly that they refer to liquid morstif they use ’soil moisture’.

In end of Sect. 2.1, we added the following text:

“Note that in the following the term soil moistugenerally refers to the liquid soil moisture if
not mentioned otherwise. In this respect, total smisture refers to the sum of liquid and
frozen soil moisture. “

In addition, we thoroughly checked the usage of ¢cbeesponding terms throughout the
manuscript, and corrected them where it seems pppte.

Furthermore Figures 6 and 10 present results algeedntained in Figures 2-4. | understand
the motivation of the authors to first present abgll picture and to then focus on particular
regions. However, maybe the text describing thépaereds can be shortened to be less
repetitve.

We shortened the text describing Figures 6 anch@® 6 and 9).

Lines 267-269 are modified as:

Consistent with Fig. 1, the large wet bias in thenmer precipitation of ECH6-REF is
strongly reduced in ECH6-PF (Fig. 5¢). This ...

Lines 288-294 are modified as:
The decreased ET during warm months, however, abhgut less evaporative cooling of the
land surface and a reduced upward moisture flux thé atmosphere that in turn seems to
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reduce cloud cover, and, hence SSl is increase€ 6-PF (Fig. 9c, see also Fig. 3). Both of
these effects result in a further increase of thrareer warm bias in 2m air temperature (Fig.
9a, see also Fig. 2).

Specific comments

line 24: insert 'the’ before MPI-ESM
Corrected as suggested.

line 45: please explain 'Pg of C’

Here, we updated the text by more recent resuits fine 41 onwards and also clarified the
use of “Pg of C”:

... high carbon contents (Ping et al., 2008, Natuee<gience) leading to a total pan-Arctic
estimate of 1300 Pg of soil carbon (C) in thesasf#lugelius et al., 2014, Biogeoscience),
which is twice the amount of the atmosphere’s aunfdoreover, the high ...

line 57: CH4 does not simply 'become’ CO2
We modified the text:
... after which it is converted to CO2 by oxidation.

line 82: replace ’, which’ with . The parametertzans’
Corrected as suggested.

line 107: What is the 'potential rate’?

We modified the text:

...at the potential rate imposed by the atmosphemnditions, i.e. the potential
evapotranspiration.

line 126: abbreviation ESM was introduced earlier
We modified the text:
... components of the ESM of the ...

lines 143/144: How can properties 'decrease’?

Soil hydraulic conductivity and diffusivity are hsalilic properties of the soil. They depend
on soil moisture and, hence, may increase or deer@hen soil moisture increases or
decreases, respectively.

We modified the text:
... content may decrease when soil moisture freezesh(as, e.g., the hydraulic conductivity).

line 145: delete 'now’
Corrected as suggested.

line 146: confusing sentence, please rephrase

We modified the text:

In the original snow scheme, the snow is thermgibwing down inside the soill, i.e. the snow
cover becomes part of the soil temperature layerthat soil temperatures are mixed with
snow temperatures. In the new scheme, snow is adated on top ....
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line 154: replace "for’ with 'during’
Corrected as suggested.

lines 154/155: delete 'so that’
Corrected as suggested and a ‘,” was insertedadste

line 156: if it is switched off anyway why do yoentmon it?
It is switched off in the default application of BISCH3, but not in our study as setting this
switch is hydrologically more sensible, and GPRasof interest in the present study.

lines 178-180: Please clarify if you are using WATCH or the WFDEI forcing data.
We are only using WFDEI. We modified the text:
... the recent global WATCH dataset of hydrologi@atfng data (WFDEI, ...

line 194-195: How do your results differ if you eater all ET datasets instead of only the
diagnostic datasets?

We chose to compare our simulated ET only withdlagnostic estimates of ET, not with

other model data. If considering the ET from alladets, the ET over the six largest Arctic
river catchments is rather similar to those froma thagnostic estimates, especially in the
summer (Fig. R1).

EVAPOTRANSPIRATION: 6 largest Arctic rivers
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Fig. R1: Mean ET of all LF datasets compared the mean,mmini and maximum diagnostic
estimates from the LandFlux Eval (LF) dataset.

line 217: why the fifth layer? and how deep is that

As the upper layers usually thaws during the sumier maximum thawing depth is called
active layer depth), we chose the lowest layehefJSBACH soil column, which is certainly
below the active layer. Its depth is ranging froh3m to 9.83 m.

We added the following text to the model descripiio Sect. 2.1, line 136:

These five layers correspond directly to the stmecused for soil temperatures and they are
defined with increasing thickness (0.065, 0.25918, 2.902, and 5.7 m) down to a lower
boundary at almost 10 m depth.

line 222: insert 'to’ before "avoid’
Corrected as suggested.

line 228 and elsewhere: please use consistent atranlnames (ECHPF/ ECH6-PF)



We have thoroughly checked (and corrected wheressecy) the document for the usage of
ECH6-REF and ECH6-PF, which we had intended taluseighout the paper.

lines 234/235: "evaluated ... to the evaluation’?

We modified the text:

...latitudes analogously to how the evaluation offae water and energy fluxes of the
CMIP5 version of MPI-ESM was conducted by Hagemeinal. (2013b).

line 301/302: Problem with brackets

We modified the brackets:

[Note that a version of MODIS albedo data was uskdre low quality data over the very
high northern latitudes were filtered out in thedad winter due to too low available radiation
(A. Low, pers. comm., 2016). Due to these missiatpbver mainly snow covered areas,
MODIS albedo averaged over the six largest Arctiers is biased low in the winter].

line 339: Please clarify that the spring soil maig deficit from increased discharge extents
into the summer thanks to the soil moisture merfexgy. Koster and Suarez 2001, Orth and
Seneviratne 2012)

We modified the text and added:

This spring soil moisture deficit from the incredstischarge extents into the boreal summer
due to the soil moisture memory (e.g. Koster andr&u 2001, Orth and Seneviratne 2012),
when it actually causes ...

We added the following references:

Koster, R. D., and Suarez, M. J.: Soil moisture mgnmn climate models. J. Hydrometeorol.,
2, 558-570, 2001.

Orth, R., and Seneviratne, S.l.: Analysis of sobisture memory from observations in
Europe. J. Geophys. Res. - Atmospheres, 117, D12012.

line 361/362: This is wrong, these studies comgiggnostics at seasonal time scales!

We agree with regard to Koster et al. (2004) a® ez mixed something up. We disagree
with regard to Teuling et al. (2009). For the réswlescribed in their Fig. 1, they explicitly

note: “In Figure 1 we display the correlation of &ith incident solar (global) radiation (Rg),

respectively precipitation (P), on the yearly ticeds in the GSWP-2 reanalysis.”

We modified the text, starting in line 361:

... (Seneviratne et al., 2010). But on the one hanchm be assumed that many models
participating in those earlier studies did not untd the freezing and thawing of soil water.
Thus, our reference simulation ECH6-REF is in miéh results reported in the literature,
generally not showing a strong coupling betweewipiation and soil moisture in permafrost
regions, such as indicated by the rather low catiat values in Fig. 12a. Only the ECH6-PF
simulation using advanced soil physics shows thel strong coupling indeed is present (Fig.
12b). On the other hand, only annual mean diagr®stiere considered in some of those
earlier studies (e.g. Teuling et al., 2009). Ineotland-atmosphere coupling studies, that, e.g.,
followed the GLACE protocol such as Koster et &0Q4), prescribed soil moisture
conditions were used that were similar to the ayersoil moisture climatology. Here, it
seems that the differences between the simulatidtiisfree and prescribed soil moisture in
GLACE type simulations may be not large enoughetceal a large-scale feedback over the
high latitudes. This may only be possible by anegixpental design where more pronounced
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summer soil moisture changes are introduced. Nbtd in the present study, these
pronounced changes were introduced not due totdicial design, but they were caused by
the implementation of previously missing frozenl siysics into the model. Our study has
shown that spring moisture deficits can lead td swisture conditions during the boreal
summer that allow for an advanced land atmospheupling and a positive soil moisture-
precipitation feedback over the northern high lak#s.

lines 388/389: replace 'not an issue’ with ’beydhé scope of the present study’
Corrected as suggested.

Figure 1: It almost seems to me as if the new patanzation leads to too little permafrost
extent.

If also areas with non-continuous permafrost aresiciered, we may agree with the reviewer.
This would be consistent with the already exisimgECH6-REF) and increased (in ECH6-
PF) warm bias. But as mentioned in Sect. 2.5, thosecontinuous areas cannot be simulated
as the JSBACH land surface scheme does not inchudbegrid heterogeneity for soil
temperatures. We try to estimate part of the sphaéterogeneity by temporal discontinuities
in the permafrost diagnostic (c.f. Sect. 2.5). Bus seems to be insufficient to represent the
spatial discontinuities in permafrost areas. Thues,think that the fairest comparison of the
simulated permafrost areas is with the observedirmomus permafrost areas (dark blue
colour) in Fig. 1a, where some improvement candas $n ECH6-PF.

Note that due to a comment of reviewer 1 we werthirking about the value of the figure

for the whole study and concluded that the figuself is not directly related to the main

feedback topic, and, thus, also not really helpfiot the conclusions of the study.

Consequently we removed the figure, the associ&ect. 2.5. and the associated first
paragraph of Sect. 3.

Figures 1-4: please label the color bars
We are somewhat puzzled by this remark as the ceteps are already labelled, and variable
and unit are provided in the figure captions ex¢epFig. 1 that we have now removed.

Figure 7: include dashed blue line in legend
Included as suggested. Consequently, we now ussaeplegends for panels a,b and c,d
instead of one legend for all panels.

Figure 8: repetitive titles, no x-axis label
We removed the title above the figure panel, betxkaxis is already labelled with ‘Time
[months]'.

Figure 12: Your line of arguments is that first theil freezes and then more runoff occurs
such that consequently soil moisture is decreabei. is not clear from this scheme.

We have redrawn the scheme so that it starts ndlwv twe soil freezing on the left, and we
have also somewhat simplified it (now it became ED:
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Fig. 11 Chain of processes involved in the soil moisprexipitation feedback over high
latitudes. Red arrows indicate the initiation o fpositive feedback loop by the presence of
frozen soil, blue arrows indicate the loop itself.



Reply to anonymous reviewer 1.:

We thank the reviewer for his/her thorough readaigthe manuscript and the valuable
remarks that helped us to improve the manuscrigtoWwing our general reply, the original
reviewer comments are given italic and all line numbers refer to the original subedaitt
version that was reviewed if not mentioned otheewISote that after the removal of Fig. 1,
the numbering of all figures has changed.

General reply

According to the remarks of reviewer 1 we feel that current text may have led to a partial
misunderstanding. We do not propose that soil ingeand thawing processes lead tneav
feedback, but that these processes enabkmoavn feedback to becomactive over the
northern high latitudes. In order to avoid a pdssibisunderstanding we modified the title,
the abstract as well as the beginning and the etitealiscussion section as follows:

New title:
Solil frost-enabled soil moisture precipitation feetdack over northern high latitudes

Modified abstract: starting in line 13

... permafrost. The currently observed global warmisignost pronounced in the Arctic
region and is projected to persist during the cgnhuiacades due to anthropogenic CO2 input.
This warming will certainly have effects on the ggstems of the vast permafrost areas of the
high northern latitudes. The quantification of swdfects, however, is still an open question.
This is partly due to the complexity of the systantluding several feedback mechanisms
between land and atmosphere. In this study we iboér to increasing our understanding of
such land-atmosphere interactions using an Earsteisy model (ESM) which includes a
representation of cold region physical soil proess®especially the effects of freezing and
thawing of soil water on thermal and hydrologicéates and processes. The coupled
atmosphere-land models of the ESM of the Max Pldnsktute for Meteorology, MPI-ESM,
have been driven ...

and line 28:
... Subsequent reduction of soil moisture enabless#ipe feedback ...

Added and modified text in line 116-117:

Only Takata and Kimoto (2000) conducted a kind m@cprsor to our study who used a very
coarse resolution atmospheric GCM (600 km resatjitibut they neither used large-scale
observations to evaluate the results of their stumlyspecifically addressed land-atmosphere
feedbacks. Thus, soil moisture feedbacks to theosphmere related to cold region soll
processes have generally been neglected so far.

Added refererence:
Takata, K., and Kimoto, M.: A numerical study oretimpact of soil freezing on the
continental-scale seasonal cycle, J. Meteor. Span] 78, 199-221, 2000.

Modified discussion section, starting in line 330:
The results described in the previous section sti@aw soil freezing and thawing processes
enable the positive soil moisture-precipitation dieeck (e.g. Dirmeyer et al., 2006;



Seneviratne et al., 2010) over large parts of mortimid- and high latitudes during the boreal
summer. The chain of processes leading to andending this feedback ...

Modified discussion section in line 352:

... So far, even though in their coarse resolutiorM=udy, Takata and Kimoto (2000) found
similar impacts to those shown in Fig. 11 inducgdsbil water freezing. Previously, the
northern high latitudes have generally ...

Modified discussion section, starting in line 409:

We have shown that soil physical processes suthaagng and freezing have an impact on

the regional climate over the high latitude permsifrareas. Flato et al. (2013) reported that

CMIP5 GCMs tend to overestimate precipitation owerthern high latitudes except for

Europe and western Siberia. As many of these GCiMssall missing basic cold region

processes, a missing interaction between soil omeisind precipitation in those GCMs is

likely to contribute to this wet bias. An adequatglementation of physical soil processes

into an ESM is only the first necessary step tddyi@n adequate representation of land-

atmosphere interactions over the high latitudess Hiso includes the incorporation of

wetland dynamics, which will be the next step ie t6BACH development with regard to

high latitudes, thereby following an approach aic&e and Hagemann (2012). In addition, a

reliable hydrological scheme for permafrost regiom#i allow investigations of related

climate-carbon cycle feedback mechanisms (McGuit.e2006; Beer, 2008; Heimann and

Reichstein, 2008).

Added references:

Beer, C.. Soil science: The Arctic carbon count.tuka Geoscience, 1, 569-570,
doi:10.1038/nge0292, 2008.

Heimann, M., and Reichstein, M.: Terrestrial ectamys carbon dynamics and climate
feedbacks, Nature, 451, 289-292, 2008.

McGuire, A.D., Chapin Ill, F.S., Walsh, J.E. andritij C.: Integrated regional changes in
arctic climate feedbacks: Implications for the gibblimate system, Annu. Rev. Environ.
Resour. 31, 61-91, doi:10.1146/annurev.energy.810& 100253, 2006.

Specific reply

Although the set-up of the experiment and the d&on of the results are well done and
straightforward, | find some of the conclusions samat speculative. First, the existence of
this positive feedback cannot be diagnosed very Wwein comparing two (ensemble)

simulations of different model configuration. Apestmental design is required in which this
feedback loop is explicitly affected, which is tia case here.

We can fully understand the point by the reviewerehafter reading the first version of the
manuscript again. As we stated already above, twasea strong misunderstanding of our
conclusions due to a lack of clarity in the tekthe conclusion was an identification of a new
feedback mechanism then certainly specific aréificgxperiments representing different
interactions between state variables would have bequired. However, the soil moisture-
precipitation feedback is well studied, e.g. in degions (e.g. Seneviratne et al. 2006, 2010;
Seneviratne and Stockli 2008; Dirmeyer et al. 200é@ster et al. 2004). The major point of
our investigation was that previously this feedbaochanism has not been considered in
ESMs at high latitudes just because soil freezind thawing processes were usually not
represented. In this paper we show that these ggesehave a huge impact on soil state
measures and with that also on atmospheric statsunes and processes due to the soll
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moisture-precipitation feedback. This has been destnated by model experiments
with/without representing soil freezing and thawing

In order to express the interactions between saisture content and precipitation more
quantitatively, we have followed the advice of thiber reviewer (Rene Orth) and present
correlations of soil moisture and precipitation thre revised version of the manuscript.
Consequently, we calculated the correlations betws®l moisture and precipitation using

monthly values from 1989-2009 for both, the controh ECH6-REF and the version

including freezing and thawing, ECH6-PF. Then, wadcualated the difference between
correlation maps (ECH6-PF minus ECH6-REF). Theltiegumap (new Fig. 12¢) shows that

the correlation between soil moisture and predijpitais strongly increased in ECH6-PF over
large parts of the northern high latitudes, esplgctver North America and eastern Siberia.
This confirms an increased coupling of soil moistand precipitation, and, hence, also
indicates that the soil moisture-precipitation fegck is highly enabled over the northern high
latitudes and for the area of the six largest Arcitchments.
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Fig. 12: Correlation of soil moisture and precipitation rECH6-REF, b) ECH6-PF, and c)
difference between ECH6-PF and ECH6-REF.

We added the figure and associated text in Sestadjng in line 345:

Our new finding of the importance of the positival snoisture-precipitation feedback in

northern high latitudes has been supported by lediwas between soil moisture and
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precipitation using monthly values from 1989-200hile there are higher correlations

between soil moisture and precipitation in the tatitudes for ECH6-REF (Fig. 12a), the

high latitudes are mostly characterized by ratber ¢orrelations using the reference version
of JSBACH. Figure 12b and c show that the corretatbetween soil moisture and

precipitation is strongly increased in ECH6-PF oaege parts of the northern high latitudes,
especially over North America and eastern Sibérias confirms an increased coupling of
soil moisture and precipitation, and, hence, atgbicates that the soil moisture-precipitation
feedback is highly enabled in these areas. Thidip®s...

It is surprising that earlier feedback studies he bnes by Koster et al and a few successors
did not pick up this positive feedback in this areaspite of targeting the same summer
season as discussed extensively by the authors.

In order to add more discussion to this issue, wdified the text, starting in line 361.:

... (Seneviratne et al., 2010). But on the one hanchm be assumed that many models
participating in those earlier studies did not untd the freezing and thawing of soil water.
Thus, our reference simulation ECH6-REF is in miéh results reported in the literature,
generally not showing a strong coupling betweewipiation and soil moisture in permafrost
regions, such as indicated by the rather low catiat values in Fig. 12a. Only the ECH6-PF
simulation using advanced soil physics shows thel strong coupling indeed is present (Fig.
12b). On the other hand, only annual mean diagr®stiere considered in some of those
earlier studies (e.g. Teuling et al., 2009). Ineotland-atmosphere coupling studies, that, e.g.,
followed the GLACE protocol such as Koster et &@0Q4), prescribed soil moisture
conditions were used that were similar to the ayersoil moisture climatology. Here, it
seems that the differences between the simulatidtiisfree and prescribed soil moisture in
GLACE type simulations may be not large enoughetceal a large-scale feedback over the
high latitudes. This may only be possible by anegixpental design where more pronounced
summer soil moisture changes are introduced. Nbt# tn the present study, these
pronounced changes were introduced not due totdicial design, but they were caused by
the implementation of previously missing frozenl siiysics into the model. Our study has
shown that spring moisture deficits can lead td swisture conditions during the boreal
summer that allow for an advanced land atmospheupling and a positive soil moisture-
precipitation feedback over the northern high lakés.

Also, such a positive feedback, when present, dapsre a sufficient amount of energy to
generate a reasonable hydrological cycle. It shooédshown that a significant fraction of
available energy is not used for precipitation,doymputing a kind of Budyko index.

Here, we are not 100 % sure if we correctly undacthe reviewer's comment. The coupled
atmosphere-land surface component of MPI-ESM used is based on differential equations
representing physical first principles and comwissed energy and water budgets. Thus,
no energy and water are lost or generated withen 9ystem. Consequently, both model
versions are fully consistent with respect to tlosed budgets. This means that there must be
sufficient energy available to generate the sinedabydrological cycle, which also looks
reasonable in ECH6-PF (e.g. Fig. 6 (now 5) a, g, Fa (now 6a)).

We calculated the Budyko index following Arora (200 he use of the aridity index to assess
climate change effect on annual runoff, J. Hydrgl@§5: 164-177) as the available energy
Rnet (@nnual mean net radiation at the surface) divldegrecipitation P and the latent heat of
vaporization L for both experiment. The correspogdinaps (Fig. R2) show that for ECH6-
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PF, the high latitudes generally get somewhat nmeotd than for ECH6-REF. This is
consistent with the identified feedback loop whigre reduced soil moisture leads to reduced
summer precipitation. We do not think that thisyides much additional information so we
would not include this figure in the manuscript.

<0 0.50 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 > 5.0

<0 0.50 1.0 1.5 2.0, 2:5 3.0 3.8 4.0 4.5 >5.0

Fig. R2: Budyko dryness index for ECH6-REF (upper panet) BE&H6-PF (lower panel)
derived from annual mean net surface radiationpaadipitation.

Second, it is somewhat unclear why the large effeicthe new scheme also tend to extend to
areas where snow and permafrost occurrence is nhesh pronounced. Apparently strong
alterations of the scheme to the entire soil hyalyadal balance are imposed.

We add the following discussion and the new FiginlSect. 4 as a new paragraph starting in
line 351. Note that according to the reviewer’s owent listed below, we also added panels to
the Figs. 2, 3, and 4 (now 1, 2, and 3) showing dhanges in the respective variables
between the two experiments:

Changes in the hydrological cycle are mostly cadito areas where freezing and thawing of
water play a role. To illustrate this, Fig. 13 slsotihe number of months where in the
climatological average of 1989-2009, the upper lsyr is below 0°C in ECH6-PF. Changes
in precipitation (Fig. 1) and surface solar irradia (Fig. 3), indicating changes in cloud
cover, are mostly located in regions where the uppeer is frozen for at least three months
within the climatological average. Changes outsifleegions with soil frost may be imposed
by changed atmospheric humidity and heat trandpom soil frost affected regions on the
one hand. On the other hand, Ekici et al. (20149 attroduced a permanent, static organic
top layer as part of the new JSBACH-PF soil schdfmavitched on, as in the current ECH6-
PF simulation, it is considered globally uniforrhusg introducing a soil isolating effect also
outside permafrost regions. As a consequence, dheigning of the surface heat balance is
altered during snow-free months towards a decregsaohd heat flux, which needs to be
compensated for by the turbulent heat fluxes, miqdar by the sensible heat flux. This in
turn contributes to the warming of the 2m air terapgre which can be seen also in areas
without any soil frost (Fig. 2). Even though theifarm organic insulation layer was
implemented globally, Fig. 12 shows that the catieh between soil moisture and
precipitation advances strongly in northern higtitudes only while this correlation has
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nearly not changed in the temperate zone and iticpir in drought-dominated areas in

south-east Europe or mid-west USA. Note that ctiyethe land surface scheme has been
further advanced by a mechanistic model of mossesliahens dynamics (Porada et al.,
2016 which will replace the actual static organic topeafor soil insulation. This will enable

a more realistic representation of the temporalsgadial variation of the soil insulation.

 ECHE6=PF: Months with frozen upper layer per year

), o G
0]

0 1.0 2.0 5.0 4.0 5.0 6.0 2.0 8.0 9.0 10.0 11.0 12.0

Fig. 13: Number of months where in the climatological ageraf 1989-2009, the upper soll
layer is below 0°C in ECH6-PF.

For both notions a different presentation of reswitould be favorable. Particularly figs 2-4
should be presented as a difference between thed2lmersions rather than (or in addition
to) the difference to observations. This providdsetier connection to fig 12, and allows a
discussion on the spatial structure of the suppdsedback.

As suggested, we added a third panel to each ofigse 2-4 (now 1-3) that shows the
respective differences between the two experimdiitsse difference maps are shown in the
following as the new figures 1c, 2c and 3c.

90
80

70
60

50
40

<110 -90 -70 -50 =30 -10 10.0 30 50 70 90 >110

Fig. 1c Precipitation difference between ECH6-PF and EGHH- [in % of WFDEI
precipitation].

jja 2m temp diff.: ECH6—PF — ECH6—REF [K]

90
80

70
60

50
40

L
<2.0 -1.0 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Fig. 2c 2m temperature difference between ECH6-PF and@&RHEF.
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._jia swdown diff.:. ECH6—PF — ECH6—REF [W/m~2]

80
70
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50
40

E

=35 =25 —-15 —5:0 5.0 15.0 25 35 45 56 > 65

Fig. 3c Surface solar incoming radiation difference betw&CH6-PF and ECH6-REF.

Specific comments

L57: “becomes CO2” sounds a bit odd
We modified the text:
... after which it is converted to CO2 by oxidation.

L76: whereat -> whereas
Corrected as suggested.

L108: excluded from
Corrected as suggested.

Fig 1: the difference in permafrost area is notyelear nor impressive

On the one hand, a validation of the simulated pémwst area is not the focus of the present
study as this has been done by Ekici et al. (20IAgy forced the JSBACH land surface
scheme offline with prescribed quasi-observed fgrand showed that winter temperatures
were underestimated if only liquid water existstiie model, i.e. if no thawing/freezing is
considered. On the other hand, we think that indeed rather good that there is no large
difference, as it implies that no really huge défleces have been imposed to the simulated
climatological energetic mean state of the soibtigh the use of the new PF scheme. In other
words, the use of physical cold region soil proeessoes not necessarily imply a completely
different permafrost distribution. Note that therrpafrost map is generated through
diagnosing permafrost purely from a soil tempematariterion. Thus, already the soil
temperatures in ECH6-REF yield a reasonable peasiadiistribution.

If also areas with non-continuous permafrost aresictered, an underestimation of permafrost
areas might be indicated, which would be consisigttit the already existing (in ECH6-REF)
and increased (in ECH6-PF) warm bias. But as meetion Sect. 2.5, those non-continuous
areas cannot be simulated as the JSBACH land sudelseme does not include sub-grid
heterogeneity for soil temperatures. We try toneate part of the spatial heterogeneity by
temporal discontinuities in the permafrost diagmmogt.f. Sect. 2.5). But this seems to be
insufficient to represent the spatial discontiragtin permafrost areas. Thus, we think that the
fairest comparison of the simulated permafrost sarea with the observed continuous
permafrost areas (dark blue colour) in Fig. 1a, h&me improvement can be seen in
ECH6-PF.
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But thanks to your comment we were re-thinking aliba value of the figure for the whole
study and concluded that the figure itself is nioeatly related to the main feedback topic,
and, thus, also not really helpful for the conausi of the study. Consequently we removed
the figure, the associated Sect. 2.5. and the @dsddirst paragraph of Sect. 3.

L362: Koster et al 2004 did not present annual nsdaut JJA means
Yes, we agree. Here, we mixed something up and imakfied the text (see also response to
your second major comment).

L406: the advection of warm air is also of influenan the recycling ratio that is computed.
You should address this aspect

We modified the text in lines 405-406:

Further contributions to this warm bias might blatexd to a too weak vertical mixing of heat
within the boundary layer or too much advectionmairm air. The latter may also influence
the recycling ratio of water within and outsideicew of soil frost.

Fig 6: the dark blue and black colors are too sanito be distinguishable
We modified the dark blue line in all respectivguies by making it brighter.

Fig 8: which model is shown here? Why only one ifode

We only show results for ECH6-PF, since ECH6-REEsdnot include any freezing, and,
hence no frozen soil moisture. We added the folhgwext:

...soil moisture (1989-2009) in ECH6-PF over the ...curve). Note that for ECH6-REF,
this is zero as no freezing is regarded.

Fig 12: what is the role of temperature in thisgliam? It seems an important variable

We agree that temperature plays a role for freeamtythawing of soil moisture. But for this

hydrological feedback loop that is initiated by tinéroduction of frozen soil, temperature

does not play a first order active role. Its seeopckffect is a general warming (less cooling
of the surface due to the reduced evapotranspiatiore heating of the surface to the
increased incoming solar radiation induced by theel cloud cover — see also, e.g., lines
288-294).

In order to mention its general importance for $@kzing and thawing processes, we added
the following in line 350:

Since air temperature is a main driver of soil Zieg and thawing processes, there are more
indirect interactions between energy and waterngas which call for even more advanced
factorial model experiments in the future.
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Reply to editor’'s remark:
We thank the editor Christoph Heinze for his wonki &is additional remark.

In view of the audience of Earth System Dynamics ryay elaborate a bit more on the
general implications of your findings for reseatolother relevant disciplines.

In addition to modifications of the last paragraphSect. 4 in response to the remarks of
reviewer 1, we added another paragraph in the etigesection:

Our findings demonstrate that soil freezing andvihg induce a much stronger coupling of
land and atmosphere in northern high latitudes tpeeviously thought. The additional

importance of the positive soil moisture precipiatfeedback in high latitudes will have a
strong impact on future climate projections in &iddi to other biophysical (e.g. albedo) or
biogeochemical (e.g. climate-carbon cycle) feedlbraekhanisms. Therefore, the findings of
this study additionally highlight the importancepdrmafrost ecosystem functions in relation
to climate.

Please note that we also updated a statement imtitoeluction (lines 41-46) with more
recent literature:

... contents (Ping et al., 2008) leading to a togad-prctic estimate of 1300 Pg of soil carbon

(C) in these areas (Hugelius et al., 2014), whglwice the amount of the atmosphere’s
content. Moreover, the ...

- 17 -
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Abstract

Permafrost or perennially frozen ground is an ingudr part of the terrestrial cryosphere;
roughly one quarter of Earth’s land surface is uladle by permafrost. Thenpact-of-the

currently observedlobal warmingis most pronounced in the Arctic region and—-—kHg

projected to persist during the coming decades tduanthropogenic CO2 input-This

warming will certainly have effectsferon the ecosystems of theast permafrost areas of the

high northern latitudes. The quantificationtbése sucleffects, however, iscientiicathystill
an open question. This is partly due to the complext the systemyshereincludingseveral

feedback mechanisms —s—are—interactingetween land and atmosphereemetimes

counterbalancing-each-othén this study we contribute to increasing our ustsrding of

such land-atmosphere interactions using-an-Mereavdirecently—many-global-cireulation
models {GCMs)—andEarth system model(ESMs) lacked-the—sufficientwhich includes a

representation of cold region physical soil proeess-theirtand-surface-schemeaspecially

ofthe effects of freezing and thawing of soil wéteron thermal and hydrological states and

processeemedeopere e el cyceenpe o Pl Lo s oo be el o ey

latitudeland-areas—For-this—analysidhe Toupledatmosphere-landhodels—parof the ESM

of the Max Planck Institute for MeteorologyiPI-ESM, ECHAME-JSBACH.-ishave been

driven by prescribed observed SST and sea ice iIAMIP2-type setup with and without
newly implemented cold region soil processes. Ressthow a large improvement in the
simulated discharge. On one hand this is relatethtonproved snowmelt peak of runoff due
to frozen soil in spring. On the other hand a sgbeat reduction of soil moistudeads
enables-ta positiveland-atmespherfeedback to precipitation over the high latitudekich
reduces the model’'s wet biases in precipitation evapotranspiration during the summer.

This is noteworthy as soil moisture — atmospheegltbacks have previously not been in the
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research focus over the high latitudes. Thesetgepuoint out the importance of high latitude

physical processes at the land surface for themnagclimate.

Keywords: Soil moisture — precipitation feedback, soil wateeezing, permafrost regions,

global climate modelling, high latitudes

1 Introduction

Roughly one quarter of the northern hemisphereeséial land surface is underlain by
permafrost (Brown et al., 1997; French, 1990), Wwhgdefined as ground that is at or below
zero degrees Celsius for more than two consecybaes. Permafrost soils build a globally
relevant carbon reservoir as they store large atsooihdeep-frozen organic material with
high carbon content&ing et al., 2008) leading to a total pan-Ar@stimate of 1300 Pgf

soil carbon(C) in these areas (Hugelius et al., 2034)Inreceatsrestimates-forthe-amount

v the

et—al—2008)—which—weould—be, which twice the amount of the atmosphere’s content.

Moreover,—The high northern latitudes are one of the critiegions of anthropogenic climate
change, where the observed warming is clearly alawezage due to the so-called Arctic
Amplification (Solomon et al., 2007; ACIA, 2005)li@ate model simulations project this
trend to continue (Serreze and Barry, 2011). Thehkioation of the high C stocks in sub-
arctic and arctic soils with the pronounced warnimghe affected regions could thus lead to

a positivebiogeochemicafeedback through the release of formerly trappedep-frozen’ C

into the atmosphere, when near-surface permafl@sts. For the thawed soils and their
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biogeochemistry, it is decisive whether dry or wanditions predominate: Aerobic
decomposition is relatively fast and leads to tldease of CO2, while anaerobic
decomposition is much slower and leads to the seled CH4 as the main product of the
combustion of organic soil material. CH4 is a mumebre potent greenhouse gas, but has a

shorter lifetime of about 10 years after whichsitconverted tebecomds02 by oxidation

Therefore, not only the soil's temperature, bubdts moisture status are important for the
assessment of the biogeochemical response to wincanditions, and thus should be

represented in climate or Earth System modelsrembstic and process-based manner. Thus,
the adequate representation of permafrost hydrolegy necessary and challenging task in

chmate Earth systemnodelling.

Hagemann et al. (2013a) described relevant hydicdbgrocesses that occur in permafrost
areas and that should preferably be representedhadels simulating interactions of
permafrost hydrology with vegetation, climate ahd tarbon cycle. The current state of the
representation of processes in general circulatmaels (GCMs) or Earth system models
(ESMs) can be obtained by systematic model intepaseon through the various climate
model intercomparison projects (CMIPs; Meehl et 2000) that have a long history within
the climate modelling community. Results from CMIp®vide a good overview on the
respective state of ESM model accuracy and perfocmakoven et al. (2012) analysed the
performance of ESMs from the most recent CMIP5 @gerover permafrost areas. They
found that the CMIP5 models have a wide range babeurs under the current climate, with
many failing to agree with fundamental aspectshef abserved soil thermal regime at high
latitudes. This large variety of results originafesm a substantial range in the level of
complexity and advancement of permafrost-relateatgsses implemented in the CMIP5
models (see, e.g., Hagemann et al., 2018&apreat whereamost of these models do not

include permafrost specific processes, not evemibst basic process of freezing andlting
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schemes, climate models often show substantiak$ias hydrological variables over high
northern latitudes (Luo et al., 2003; Swenson et 2012). Moreover, the land surface
parameterizations used in GCMs usually do not aatetyuresolve the soil conditions (Walsh

et al., 2005) The parameterizations;,—whidasften rely on either point measurements or on

information derived from satellite data. Therefdegge efforts are ongoing to extend ESMs
in this respect, in order to improve simulated swoibisture profiles and associated ice
contents, river discharge, surface and sub-surfaceff. The ESM improvement over

permafrost areas was, e.g., one of the researdttolgs of the European Union Project

PAGE21 (vww.page2l.orj

The most basic process in permafrost areas isethsosaknelting-andfreezingand thawing
of soil water in the presence of continuously frozground below a certain depth. The
response of the soil to freezing leads to speaifidations in the annual cycle of soil
hydrology. Frozen ground and snow cover also imibee rainfall-runoff partitioning, the

timing and magnitude of spring runoff, and the antoaf soil moisture that subsequently is

available for evapotranspiration in spring and s@ni@eer et al., 2006Beer et al., 20Q7
Koren et al., 1999). Soil moisture controls thetifianing of the available energy into latent
and sensible heat flux and conditions the amountswfface runoff. By controlling
evapotranspiration, it is linking the energy, waterd carbon fluxes (Koster et al., 2004;
Dirmeyer et al., 2006; Seneviratne and Stockli,8)0&eneviratne et al. (2006) stated that a
northward shift of climatic regimes in Europe dweclimate change will result in a new
transitional climate zone between dry and wet di@savith strong land—atmosphere coupling
in central and eastern Europe. They specificalghlght the importance of soil-moisture—
temperature feedbacks (in addition to soil-moistprecipitation feedbacks) for future

climate changes over this region. A comprehengvew on soil moisture feedbacks is given



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

by Seneviratne et al. (2010).

Largely, soil moisture feedbacks to the atmospleme confined to regions where the
evapotranspiration is moisture-limited. These agians where the soil moisture is in the
transitional regime between the permanent wiltioghp(soil moisture content below which

the plants can not extract water from the soilrfapgpiration as the suction forces of the soil
are larger than the transpiration forces of thatglaand the critical soil moistub&l;; above

which plants transpire at the potential ratgposed by the atmospheric conditions, i.e. the

potential evapotranspiratigisee, e.g., Fig. 5 in Seneviratne et al., 2010jhis respect, the

high-latitudes are usually excludeidom those regions as they are considered to be
predominantly energy-limited (Teuling et al., 2008hd where the coupling between soll

moisture and the atmosphere does not play a rastéK et al., 2004, 2006).

Note that in previous studies where an ESM’s lamfiase model (LSM) was equipped with

cold region soil processes, effects of resultingdehamprovements usually have not been
directly considered in a coupled atmosphere-lamdecd. Either simulated changes were only
considered in the LSM standalone mode (e.g. Ekial.e 2014, 2015; Lawrence and Slater,
2005; Gouttevin et al., 2012; Slater et al., 1998)changes between different LSM version

were not limited to cold region processes alonex(€oal., 1999)0Only Takata and Kimoto

(2000) conducted a kind of precursor to our studyowlsed a very coarse resolution

atmospheric GCM (600 km resolution), but they mmithised large-scale observations to

evaluate the results of their study nor specificalldressed land-atmosphere feedbathkas,

any-soil moisture feedbacks to the atmosphere relatedotd region soil processes have

generallybeen neglected so far.

In the present study, we show that the implemestadf cold region soil processes into the

ESM of the Max Planck Institute for Meteorology, MESM, has a pronounced impact on
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the simulated terrestrial climate over the north@gh latitudes, and that this is mainly related
to a positive soil moisture-precipitation feedbaSkction 2 introduces the used ESM version
and the setup of the associated simulations, Se8tidiscusses the main results over several

high latitude river catchments, followed by a sumyrand conclusions in Section 4.

2 Modd, data and methods

2.1 Model description

In this study, the atmosphere and land compondmntsedearth-System-MeoedeEHSM) of the

Max Planck Institute for Meteorology (MPI-M), MPISM 1.1, are utilized that consist of the
atmospheric GCM ECHAM®G6.3 (Stevens et al., 2013) isdand surface scheme JSBACH
3.0 (Raddatz et al., 2007, Brovkin et al., 2009t Bmodels have undergone several further
developments since the version (ECHAMG6.1/JSBACH) 218ed for the Coupled Model
Intercomparison Project 5 (CMIP5; Taylor et al.12]) Several bug fixes in the ECHAM
physical parameterizations led to energy consemnati the total parameterized physics and a
re-calibration of the cloud processes resultednmedium range climate sensitivity of about 3
K. JSBACH 3.0 comprises several bug fixes, a nelvcsobon model (Goll et al., 2015) and
a five layer soil hydrology scheme (Hagemann aracl&, 2015) replaced the previous

bucket schemeThese five layers correspond directly to the stmgctused for soil

temperatures and they are defined with increasimikriess (0.065, 0.254, 0.913, 2.902, and

5.7 m) down to a lower boundary at almost 10 m ldejpt addition, a permafrost-ready

version of JSBACH is considered (JSBACH-PF) in vahphysical processes relevant at high
latitude land regions have been implemented byikktial. (2014). Most importantly, these
processes comprise the freezing amditing-thawingof soil moisture. Consequently, the

latent heat of fusion dampens the amplitude ofteoilperature, infiltration is decreased when
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the uppermost soil layer is frozen, soil moistwsebound in solid phase when frozen, and,
hence, cannot be transported vertically or horabntDynamic soil thermal properties now
depend on soil texture as well as on soil water i@edcontents. Dynamic soil hydraulic
properties that depend on soil texture and soiemedntenimay decrease when soil moisture

freezes (such as, e.q., the hydraulic conductigtg)decreased-when-seil-meisture-isfrozen.

Moreover a snow scheme has been implemented irhvgmiow camew-develop in up to five

layers while the current scheme only represent® o layersin the original snow scheme,

the snow is thermally growing down inside the siod, the snow cover becomes part of the

soil temperature layers so that soil temperaturesnaxed with snow temperatures. In the

new scheme, snow is accumulatedThelatteralsontibrlets-the-snow-grow-inside-the-soil

the-snewon top of the soil using snow thermal propertiestther, a homogeneous organic

top layer is added with a constant depth and spetiérmal and hydraulic propertiedote

that in the following the term soil moisture gerraefers to the liquid soil moisture if not

mentioned otherwise. In this respect, total soilgtuse refers to the sum of liguid and frozen

soil moisture.

2.2 Experimental setup

Two ECHAMG6.3/JSBACH simulations were conducted &B8Thorizontal resolution (about
200 km) with 47 vertical layers in the atmosphditeey were forced by observed sea surface
temperature (SST) and sea ice from the AMIP2 (Aphesic Model Intercomparison Project
2) datasetfer-during 1970-2009 (Taylor et al., 2000). 1970-1988 are nagh as spin-up
phasese-thatonly the period 1989-2009 is considered for theymaes. The two simulations

are:

« ECHG6-REF: Simulation with the standard version &BACH 3.0 with a fixed

-8-
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vegetation distribution and using a separate uppger reservoir for bare soil
evaporation as described in Hagemann and Stackib)20lote that the latter is
switched off by default in JSBACH 3.0 to achieveadter performance of simulated
primary productivity, which is not of interest inet present study.

» ECHG6-PF: As ECH6-REF, but using JSBACH-PF.

Note that both simulations used initial values a@f moisture, soil temperature and snowpack
that were obtained from an offline-simulation (laonly) using JSSBACH (as in ECH6-REF)

forced with WFDEI data (Weedon et al., 2014).

2.3 Calculation of internal model climate variability

The internal climate variability of ECHAM6/JSBACHIitl respect to 20-year mean values
has been estimated from results of three 20-yeamefber ensembles, in which the
ensembles used different land-atmosphere coupéings (deVrese et al., 2016). Within each
ensemble, the model setup is identical but the Isitioms were started using slightlyfféiring
initial conditions. Following the approach of Hagam et al. (2009), we first calculated the
standard deviation of 20-year means for each enserabd then the spread for each model
grid box is defined as the maximum of the three rab$e standard deviations. This spread is
then used as an estimate of the model’s interrnedaté variability. Thus, if simulated
differences between ECH6-PF and ECH6-REF are lahger this spread, they are considered

as robust and directly related to the introductiboold region soil processes into JSBACH.

2.4 Observational data

We use climatological observed river dischargesnfrime station network of the Global
Runoff Data Centre (Dumenil Gates et al., 2000)amN&urface air (2m) temperature and

precipitation are taken from threcentglobal WATCH dataset of hydrological forcing data
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(WFDEI; Weedon et al., 2014). The WFDEI combine the dsibtistics of the Interim re-

analysis of the European Centre for Medium-Rangat\é Forecasts (ERA-Interim; Dee et
al., 2011) with the monthly mean observed chareties of temperature from the Climate
Research Unit dataset TS2.1 (CRU; Mitchell and gp2005) and precipitation from the
Global Precipitation Climatology Centre full datasersion 4 (GPCC; Fuchs et al., 2007).
For the latter, a gauge-undercatch correction follg Adam and Lettenmaier (2003) was
used, which takes into account the systematic @stiaration of precipitation measurements

that have an error of up to 10-50% (see, e.g. Raahol Rubel, 2005).

For an estimate of observed evapotranspiration,(&€)are using data from the LandFlux-
EVAL dataset. This new product was generated to ptemmulti-year global merged
benchmark synthesis products based on the anabfsexisting land evapotranspiration
datasets (monthly time scale, time periods 198%1&%8 1989-2005). The calculation and
analyses of the products are described in Muetlat.€2013). In our study we are using the
diagnostic products available for the period 19895that are based on various observations,
i.e. from remote sensing, diagnostic estimates dapineric water-balance estimates) and
ground observations (flux measurements). Here, wresidered the mean, minimum and

maximum of the respective diagnostic ensemble.

Surface solar irradiance (SSI; 2000-2010) is takem the Clouds and Earth Radiation
Energy System (CERES; Kato et al.,, 2013) that piewvisurface solar radiation fluxes at
global scale derived from measurements onboardeoEOS Terra and Aqua satellites (Loeb
et al.,, 2012). We used surface albedo data from MOMICD43C3, ver5; 2000-2011;
Cescatti et al., 2012), CERES (2000-2010) and tlebAbedo project (1998-2011; Muller et
al., 2012) of the European Space Agency (ESA). Watlard to the accumulated snowpack,

we compared model data to snow water equivalera ftatn the ESA GlobSnow project

-10 -



227 (Takala et al., 2011), NASA's Modern-Era RetrospectAnalysis for Research and
228 Applications (MERRA; 1979-2013; Rienecker et al012) and the snow data climatology

229 (SDC) of Foster and Davy (1988).

230

231
232
233
234
235
236
237
238

239

240
241
242
243
244
245

246

247 3 Reaults

-11 -



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263
264
265
266
267
268
269 ‘
270
271
272 ‘

273

Fhenbeth ThesimulationsECH6-REF and ECH6-P&re evaluated over the northern high

latitudes analogously toow the evaluation of surface water and energy fluXebe CMIP5

version of MPI-ESMwas conductedby Hagemann et al. (2013b). The main differences in

precipitation and 2m temperature between both sitronls occur in the boreal summer. In
ECHG6-PF, precipitation is generally reduced comgpaocECH5-REF over the northern high
latitudes Fig. 1Fig—3. On the one hand, this leads to a general remtuaif the wet bias
compared to WFDEI data over the more continentehsamorth of about 60°N, especially
over Canada and Russia. On the other hand, it eebahe dry bias over the adjacent mid-
latitudes. Note that this summer dry bias of MPMES.1 over mid-latitudes is more
pronounced and wide-spread than in the CMIP5 versidVIPI-ESM (cf. Fig. 4, middle row,
in Hagemann et al., 2013b), which is likely assdavith bug-fixes or the re-calibration of
cloud processes in ECHAM6.3 (cf. Sect. 2.1). Thenesas also the case for northern
hemisphere summer warm biases in ECH6-RER. (2Fig—3. These warm biases are
enhanced in ECH6-PF. This enhancement is partlgte®l to the fact that the reduced
precipitation is accompanied by a reduced cloudecoand, hence an increased incoming
solar radiation at the land surfaded. 3Fig—9. Compared to CERES data, the low bias in

SSI over the high latitudes is largely removed witiile overestimation over the mid-latitudes
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292
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297

is slightly increased. The reason for the warmene@nperatures can partly be found in a
decreased evapotranspiration (ET) when permafrelsivant physical soil processes are
switched on. A detailed analysis of their effectaswcarried out to elucidate the specific
influence of these processes and is shown for angelexample catchmentsd. 4Fig—5. 1)
The Arctic catchment is represented by the sixdsirgivers flowing into the Arctic Ocean:
Kolyma, Lena, Mackenzie, Northern Dvina, Ob and i¥en The associated catchments
comprise a large fraction of permafrost covereasfe—Fig—L) 2) The Baltic Sea catchment
includes only a low amount of permafrost coverazharbut soil moisture freezing still plays a

role over large parts of the catchment during tiveen.

Arctic River catchments

ECH6-PF simulates the discharge of the six lardestic rivers more reliably than ECH6-
REF, especially with regard to timing and size ltg snow melt induced discharge peak in
spring Eig. 5Fig—&). This is largely related to the fact that inHB=PF, a major part of the
snow melt turns into surface runoff as it canndiltrate into the ground when this is still
frozen in the beginning of spring. This is opposteECHG6-REF where larger parts of the
snow melt are infiltrating into the soil due to thessing freezing processes such that the

observed discharge peak is largely underestimated.

Consistent with Fig. 1,—Alse—with—regard—to—pretapbn,—ECH6-PF—shows—a—large

improvementin-the-simulated-—summer—precipitatigratiee large wet biagn the summer
precipitationof ECH6-REF is strongly reduceshd—hence—much—eclosertoWEDEldatain

ECH6-PF (Fig. 5Fig—&). This reduction in summer precipitation is acpamed by a

reduction in summer evapotranspiratiéing( 6Fig—a) that is now much closer to the mean of
diagnostic estimates from the LandFlux datasetleahis likely overestimated in ECH6-REF

as the simulated evapotranspiration is close touthgger limit of the LandFlux diagnostic
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322

estimates. This ET reduction in ECH6-PF is direothated to a completely changed seasonal
cycle of liquid relative soil moisture (actual soibisture divided by the maximum soil water
holding capacity) in the root zondif. 6Fig—<). In ECH6-REF, the soil is very wet
throughout the whole year with somewhat lower valire summer that are related to the
summer ET. In ECH6-PF, the soil is rather dry imter as larger parts of thetal soil
moisture are frozenHg. 7~ig—8§, and, hence, not accessible for ET. With infilom of
snowmelt in the spring when the soil water of tipper layer hasneltedthawedthe soil
moisture is increasing and reaches its maximunumnser. The total amount of liquid soil
moisture in ECH6-PF is much lower than in ECH6-RBIR. the one hand large parts of the
soil are frozen in winter and adjacent monthg)( 7ig—§, and on the other hand this is
related to the much lower infiltration in springp shat lesssoil moisture is available
throughout the whole year. In the autumn and wjriteramount oftotalameunt-efsoil water
moistureis somewhat increasingif. 6Fig—<) as due to freezing, it is locally bound and can
neither flow off laterally nor evaporate:lf compared to the model's internal climate
variability (Fig. 8Fig—9 we note that the differences between ECH6-PFE@H6-REF are

robust for ET and precipitation from April-Octobemnd April-August, respectively.

The decreased ET during warm months, however, §@bgut less evaporative cooling of the

land surfaceand a reduced upward moisture flux into the atrhesp that in turn seems to

reduce cloud cover, and, hence SSl is increase€k6-PF (Fig. 9c, see also Fig. 3). Both of

these effects ., and near surface air temperatareases with the use of the PF scheme. This

resuls in a further increase of ttimmerwarm bias in 2m air temperatuire-comparison-to

WFDElHdata(Fig. 9Fig—1@, see also Fig.)2PRarts-of the- summerwarm-bias-is-caused-by an
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SSHs-inereased.

The surface albedo is rather similar in both experits Fig. 10Fig—3h) but shows some
distinct biases if compared to various observatiatsasets. During the winter JSBACH
seems to overestimate the mainly snow-related allbadicating that it may have difficulties
to adequately represent snow-masking effect ofdddoeestg[Note that a version of MODIS
albedo data was used where low quality data overvélry high northern latitudes were
filtered out in the boreal winter due to too lowadable radiation (A. L6éw, pers. comm.,
2016). Due to these missing data over mainly snoveied areas, MODIS albedo averaged
over the six largest Arctic rivers is biased lowthe winte}-]. During the summer, there is a
larger uncertainty in the observations. While thauated albedo is close to MODIS and
CERES data, it is lower than GlobAlbedo data. As@low albedo would lead to a warm
bias, this might indicate a better reliability betGlobAlbedo data for this region in summer.
Note that a sensitivity test where surface albeds increased by 0.05 north of 60°N led to a
reduction of the warm bias by about 1-2 K (not shpvAs already indicated by the surface
albedo, the simulated snow cover does not sigmifigaliffer between the experiments, either
(Fig. 10Fig—2t). It is lower than various observational estirsatehich should impose a low
albedo bias in winter. As this bias is in the op@odirection, it can be concluded that the low

snow pack is compensating part of the snow magkiaglem mentioned above.

Baltic Sea catchment

A similar effect of the frozen ground is found ovke Baltic Sea catchment, although this is
less strong than for the Arctic rivers. The frozgound leads to an enhanced snow melt
runoff in spring Eig. 5Fig—®) and a less strong replenishment of the grounadigr during

the winter as it is the case for ECH6-RERQ( 6Fig—). Consequently the average level of

liquid soil moisture is lower in ECH6-PF comparenl ECH6-REF. This leads to more
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370

infiltration of water and less drainage, and heness runoff in the summer, which in turns
leads to an improved simulation of discharge( 5Fig—®). The impact on the atmosphere is
much less pronounced than for the Arctic rivers.dde hand there is less frozen ground in
the Baltic Sea catchmeritiQ. 7Fig—§, on the other hand the average soil moistureerns
larger than for the Arctic rivers={g. 6Fig—@). In ECH6-REF, the soil moisture is generally
aboveW; (c.f. Sect. 1pver inthe Baltic Sea catchment so that ET is largely ggnémited
and mostly occurring at its potential rate. Eveoutjh the ECH6-PF soil moisture is lower, it
is generally still close t¥Vi; so that ET is only slightly reduced, especiallyhe second half
of the year Fig. 6Fig—b). Precipitation is also somewhat reducedy.( 5Fig—@l) but this
seems to be mostly related to the internal climagability except for September and

October when a somewhat stronger and robust resfuctiET leads to a robust precipitation

decreaseHig. 8Fig—9.

4 Discussion and conclusions

The results described in the previous section shimat the—introduction—of—eold—region
processes-nto-MPI-ESM-ed-t0 asoil freezing aravihg processes enable thesitive soil

moisture-precipitation feedbadle.g. Dirmeyer et al., 2006; Seneviratne et all®ver

large parts of northern mid- and high latitudesimyrthe boreal summer. The chain of

processes leading tond influencing this feedback is sketched ing. 11~ig—312 The frozen

soil during the cold season (late autumn to egolyng) leads to less infiltration of rainfall

and snowmelt during this season, and, hence, te rmorface runoff especially during the
snowmelt period. On one hand this leads to a lamg@ovement in simulated discharge,
mainly due to the improved snowmelt peak. This owed discharge due to the
representation of frozen ground has been also tegbdor other models (Beer et al., 2006,

2007; Ekici et al., 2014; Gouttevin et al., 201@h the other hand, this leads to a decrease of
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soil moisture.This spring soil moisture deficit from the incredsgischarge extents into

During-the boreal summedue to the soil moisture memory (e.q. Koster andr& 2001,

Orth and Seneviratne 2012), when-it——tactually causes more infiltration and less runoff,

and, hence, less discharge. The latter stronglydugs the simulated discharge in the Baltic
Sea catchment from summer to early winter. Theedesad soil moisture leads to a reduced
ET in regions where the soil moisture is in thensiional regime. Here, there is less
recycling of moisture into the atmosphere, and lthweer atmospheric moisture causes a

reduction of precipitation that in turn leads ttugther reduction of soil moisture.

Our new finding of the importance of the positival snoisture-precipitation feedback in

northern high latitudes has been supported by letivas between soil moisture and

precipitation using monthly values from 1989-20@hile there are higher correlations

between soil moisture and precipitation in the matitudes for ECH6-REF (Fig. 12a), the

high latitudes are mostly characterized by ratber ¢orrelations using the reference version

of JSBACH. Figure 13b and c show that the corretatbetween soil moisture and

precipitation is strongly increased in ECH6-PF daege parts of the northern high latitudes,

especially over North America and eastern Sibdrlas confirms an increased coupling of

soil moisture and precipitation, and, hence, ahgbcates that the soil moisture-precipitation

feedback is highly enabled in these arddss positive soil moisture-precipitation feedback

improves the simulated hydrological cycle, espécialer the Arctic rivers where the wet
biases in summer precipitation and ET are reduceds ET, and, hence, less evaporative
cooling cause an increase in summer 2m air temyesat This, in combination with more
incoming surface solar radiation due to fewer cluithcreases and extends the existing

summer warm bias of MPI-ESM north of about 50%\hce air temperature is a main driver

of soil freezing and thawing processes, there aseenndirect interactions between energy

and water balances which call for even more advéifaetorial model experiments ihe
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future.

Changes in the simulated hydrological cycle indulegdhe utilization of the improved soil

scheme are mostly confined to areas where freemmpthawing of water play a role. To

illustrate this, Fig. 13 shows the number of montheere in the climatological average of

1989-2009, the upper soil layer is below 0°C in BIPF. Changes in precipitation (Fig. 1)

and surface solar irradiance (Fig. 3), indicatiharges in cloud cover, are mostly located in

regions where the upper layer is frozen for attl¢lisee months within the climatological

average. Changes outside of regions with soil fnesy be imposed by changed atmospheric

humidity and heat transport from soil frost affectegions on the one hand. On the other

hand, Ekici et al. (2014) also introduced a perménstatic organic top layer as part of the

new JSBACH-PF soil scheme. If switched on, as & ¢hrrent ECH6-PF simulation, it is

considered globally uniform, thus introducing al $edlating effect also outside permafrost

regions. As a consequence, the partitioning oftiréace heat balance is altered during snow-

free months towards a decreased ground heat flnichwneeds to be compensated for by the

turbulent heat fluxes, in particular by the seresibéat flux. This in turn contributes to the

warming of the 2m air temperature which can be sésmin areas without any soil frost (Fig.

2). Even though the uniform organic insulation layes implemented globally, Fig. 12

shows that the correlation between soil moisturd arecipitation advances strongly in

northern high latitudes only while this correlatibas nearly not changed in the temperate

zone and in particular in drought-dominated areasauth-east Europe or mid-west USA.

Note that currently, the land surface scheme has lerther advanced by a mechanistic

model of mosses and lichens dynamics (Porada ,eP@1§ which will replace the actual

static organic top layer for soil insulation. Thidl enable a more realistic representation of

the temporal and spatial variation of the soil lagan.
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Sueh—aA positive soil moisture-precipitation feedback hast been pointed out for the

northern high latitudes so fagyen though in their coarse resolution GCM studikafa and

Kimoto (2000) found similar impacts to those shownFig. 11 induced by soil water

freezing. Previously, the northern high latitudebick—previoushyrhave generally been

considered as energy-limited regimes where lansspmere coupling due to soil moisture
does not play a role (e.g. Teuling et al., 200t Bis principal feedback loop has been
found for drier regions where the soil moisturegenerally in the transitional regime and
land-atmosphere coupling plays a role. Koster et(2004) considered the strength of
coupling between soil moisture and precipitatiormimensemble of atmospheric GCMs. The
resulting map is very similar to the map regardihg strength of coupling between soil

moisture and temperature in the same GCMs (Kostalk,e2006). This suggests that in these
models, the same process controls both couplirayaely the ET sensitivity to soil moisture

that leads to a positive feedback (Seneviratnd.e2@10).But on the one hand it can be

assumed that many models participating in thoskeeatudies did not include the freezing

and thawing of soil water. Thus, our reference $mn ECH6-REF is in line with results

reported in the literature, generally not showinstrang coupling between precipitation and

soil moisture in permafrost regions, such as inditdoy the rather low correlation values in

Fig. 12a. Only the ECH6-PF simulation using advdnseil physics shows that such strong

coupling indeed is present (Fig. 12b). On the ottard, only annual mean diagnostics were

considered in some of those earlier studies (eeuliig et al., 2009). In other land-

atmosphere coupling studies, that, e.qg., followssl EGLACE protocol such as Koster et al.

(2004), prescribed soil moisture conditions wereduthat were similar to the average soil

moisture climatology. Here, it seems that the diffees between the simulations with free

and prescribed soil moisture in GLACE type simwiasi may be not large enough to reveal a

large-scale feedback over the high latitudes. Ty only be possible by an experimental
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445 | design where more pronounced summer soil moistumages are introduced. Note that in the

446 | present study, these pronounced changes were uiegddhot due to an artificial design, but

447 | they were caused by the implementation of previousissing frozen soil physics into the

448

449 | diagnheostics—were—considereOur study has shown thapring moisture deficits can lead to
450 | seasenally—te—during-the-boreal-sumnsei| moisture conditionduring the boreal summer

451 | may—prevaitthat allow for an advancedand-atmosphere coupling and a positive soll

452 | moisture-precipitation feedback over the northegh bnd-midiatitudes.

453 Even though our results are obtained with a mauglstudy, their physical consistency
454 | suggests that cold region soil processes, espeeialting—andfreezingand thawingof soll

455 | meisturewatermay lead to a positive soil moisture precipitatieedback during the summer

456 in reality, too. A prerequisite for the occurrermfea soil moisture precipitation feedback is
457 that soil moisture is in the transitional regimé&us, the strength of the feedback depends on
458 the wetness of the soil and, hence, is likely matiglendent. Models with wetter/drier soils

459 over the considered regions may simulate a wedkamnfger feedback.

460 Several modelling studies pointed out that theeenat only positive feedback loops between
461 soil moisture and precipitation but also negatimesothat, under specific conditions, such as
462 convective instability and/or cloud formation, mde stronger over dry soils (e.qg.

463 Hohenegger et al., 2009; Froidevaux et al., 20déwever, to date, the latter results appear
464 mostly confined to single-column, cloud-resolviagd some high-resolution regional climate
465 simulations (Seneviratne et al., 2010) and may dégmend on the choice of the convective
466 parameterisations (e.g. Giorgi et al.,, 1996). @dilet al. (2015) noted that precipitation

467 events tend to be located over drier patches,Hayt generally need to be surrounded by wet

468 conditions; positive temporal soil moisture-preapon relationships are thus driven by
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large-scale soil moisture. Thus, negative feedbaglesn to have more an impact on high
resolution and thus on the local scale (Ho-Hagenetrad., 2015), where the effects of land
surface heterogeneity for the inferred feedbacks aked to be taken into account (Chen and
Avissar, 1994; Pielke et al., 1998; Taylor et 2013). Consequently most GCMs may not be
able to represent negative feedbacks between swstune and precipitation via ET. As in the
present study, we considered the effect of largéessoil moisture changes due to soil
freezing processes, the identification of potentiabative feedbacks on the local scale is

beyond the scope of the present studynetan.issue

In MPI-ESM, an unwelcome effect of implementingccoégion soil processes is the increase
of the existing warm bias over the high latitudesiy summer. In order to estimate the
contribution of biases in SSI and surface albedthi® warm bias, we calculated an upper
limit for the temperature change that may be imgdsea radiation difference in the related
energy flux into the ground [SSI x (1 — albedo)pr Ehis estimation we assume that the
surface temperature is adjusting in a way that thdation difference is compensated by
thermal radiation following the Stefan BoltzmannvlaHere, any change in the turbulent
surface heat fluxes is neglected so that the reguémperature change is an upper limit for

the temperature bias that might be explained ladation bias.

Considering the mean summer biases over the gjrdaArctic rivers (Table 1) indicates that
a part of the warm bias may be attributed to therestimation in SSI. For ECH6-PF (ECH6-
REF), the SSI bias may cause a warm bias of up2dk20.9 K). The surface albedo may
contribute another 0.7 K (0.8 K) to the warm biasompared to GlobAlbedo data but this is
a rather vague estimation due to the large unogytan surface albedo observations (B&gp
10Fig—1). Nevertheless biases in both of these varialdesa explain the full bias of 5 K

(2.1 K) in 2m temperature. Further contributionsths warm bias might be related #ao
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much-advection-of-warm-air-artoo weak vertical mixing of heat within the boangdlayer-

or too much advection of warm air. The latter mbp anfluence the recycling ratio of water

within and outside regions of soil fro#.deeper investigation of this is beyond the scope

the present study and should be dealt with in &itnodel improvements.

We have shown thatiesoil physical land-surfaceprocesses such aselting-thawingand

freezingeanhave a -significantimpact on the regional climate over the high laléuand
permafrost areas. Flato et al. (2013) reported @stiP5 GCMs tend to overestimate
precipitation over northern high latitudes exceptEurope and western Siberia. As many of

these GCMs are still missing basic cold region pssegsee-Sectld}, a missingnteraction

betweensoil moistureand precipitationfeedbackin those GCMsnight is likely tocontribute

latituderegions—Fhus-thefadequate implementation of physical soil procesgesan ESM

is only the first necessary step to yield an adexuegpresentation afimate-feedbacksland-

atmosphere interactionever the high latitudes. This also includes theorporation of

wetland dynamics, which will be the next step ie t6BACH development with regard to
high latitudes, thereby following an approach aic&e and Hagemann (2012).addition, a

reliable hydrological scheme for permafrost regiamdl allow investigations of related

climate-carbon cycle feedback mechanismMsGuire et al., 2006; Beer, 2008eimannand

Reichstein, 2008).

Our findings demonstrate that soil freezing andvihg induce a much stronger coupling of
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land and atmosphere in northern high latitudes thesviously thought. The additional

importance of the positive soil moisture precipitatfeedback in high latitudes will have a

strong impact on future climate projections in &iddi to other biophysical (e.q. albedo) or

biogeochemical (e.q. climate-carbon cycle) feedlbaekhanisms. Therefore, the findings of

this study additionally highlight the importancepsrmafrost ecosystem functions in relation

to climate.
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Figure captions

Fig. 1 Boreal summer (JJA) precipitation differences [%lative to WFDEI data for a)

ECH6-REF, b) ECH6-PF, and c) difference between &®H and ECH6-REF [in

% of WFDEI precipitation].

Fig. 2Fig-3 Boreal summer (JJA) 2m temperature differencestKWFDEI data for a)

ECHG6-REF, b) ECH6-PF, and c) difference between &@H and ECH6-REF.

Fig. 3Fig~—4 Boreal summer (JJA) surface solar incoming radmtidferences [W/m?3] to

CERES data for a) ECH6-REF, b) ECH6-PF, and ckrhfice between ECH6-PF

and ECH6-REF.

Fig. 4Fig-5 Catchments of the Baltic Sea and of the six ldr@estic rivers (from left to
right: Mackenzie, Baltic Sea, Northern Dvina, Olen¥sei, Lena, Kolyma).

Fig. 5Fig=6 Mean monthly climatology (1989-2009) of discharfigper panels) and
precipitation (lower panels) over the 6 largesttirciver catchments (left column)
and the Baltic Sea catchment (land only, right ooy Observations comprise
climatological observed discharge and WFDEI préeatfmn, respectively.

Fig. 6Fig~— Mean monthly climatology (1989-2009) of evapotraremn (upper panels)

and relative root zone soil moisture (lower panelggdr the 6 largest Arctic river

catchments (left column) and the Baltic Sea catefinfeand only, right column).

Evapotranspiration data comprise the mean, mininaund maximum diagnostic

estimates from the LandFlux Eval (LF) dataset. Tashed blue line (PE-Total)

denotes the total root zone moisture content @igufrozen) for ECH6-PF.

Fig. 7Fig=—8 Mean frozen fraction of total root zone soil moist1989-2009) in ECH6-PF

over the 6 largest Arctic river catchments (solidve) and the Baltic Sea catchment
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816 (land only, dashed curve).

817 | Fig. 8Fig=9 Mean monthly climatological differences (1989-2p@® between ECH6-PF

818 and ECHG6-REF for precipitationdP) and evapotranspiratiordET) over the 6
819 largest Arctic rivers (upper panel) and the BaBiea catchment (lower panel). The
820 dashed lines indicate the corresponding spreadsnelok from MPI-ESM simulations
821 of deVrese et al. (2016).

822 ‘ Fig. 9Fig—10 Mean monthly climatology (1989-2009) of 2m tempera differences to

823 WEFDEI data (upper panels) and surface solar irredigSSI; lower panels) over the
824 6 largest Arctic river catchments (left column) ahé Baltic Sea catchment (land
825 only, right column). SSI observations comprise CBRata for 2000-2010.

826 ‘ Fig. 10Fig—+1Mean monthly climatology (1989-2009) of surfacbealo (upper panels) and

827 snow pack snow water equivalent (SWE; lower par®is) the 6 largest Arctic river
828 catchments (left column) and the Baltic Sea catefinfand only, right column).
829 Albedo observations data from MODIS (2000-2011),REES (2000-2010) and
830 GlobAlbedo (1998-2011), SWE observations compri drom GlobSnow (1989-
831 2009), MERRA (1979-2013), and SDC climatology.

832 | Fig. 11Fig—12Chain of processes involved in the soil moisturecipitation feedback over
833 high latitudes. Red arrows indicate the initiatadrthe positive feedback loop by the
834 presence of frozen soil,, blue arrows indicateldlog itself.

835 | Fig. 12 Correlation of soil moisture and precipdatfor a) ECH6-REF, b) ECH6-PF, and c)

836 difference between ECH6-PF and ECH6-REF.

837 | Fig. 13 Number of months where in the climatolobmaerage of 1989-2009, the upper soil

838 layer is below 0°C in ECH6-PF.
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Fig. 3. Boreal summer (JJA) surface solar incoming radmatiifferences [W/m?] to

CERES data for a) ECH6-RE&®db) ECH6-PFE and c) difference between ECH6-PF
and ECH6-REF
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Baltic Sea catchment and 6 largest Arctic rivers
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Fig. 4. Catchments of the Baltic Sea and of the six lar§edtic rivers (from left to

right: Mackenzie, Baltic Sea, Northern Dvina, Olgn¥sei, Lena, Kolyma).
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910 Fig. 5. Mean monthly climatology (1989-2009) of dischargpder panels) and
911 precipitation (lower panels) over the 6 largesttisraver catchments (left column) and
912 the Baltic Sea catchment (land only, right colun@®fservations comprise climatological
913 observed discharge and WFDEI precipitation, resyelgt
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922 Fig. 6. Mean monthly climatology (1989-2009) of evapotrarepn (upper panels)
923 and relative root zone soil moisture (lower panei®r the 6 largest Arctic river
924 catchments (left column) and the Baltic Sea catetirleand only, right column).
925 Evapotranspiration data comprise the mean, minirmadhmaximum diagnostic estimates
926 from the LandFlux Eval (LF) dataset. The dashee lihe (PF-Total)denotes the total
927 root zonewater moistureontent (liquid + frozen) for ECH6-PF.
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932 Fig. 7. Meanfrozenfraction offrezen totalroot zone soil moisture (1989-2004)

933 ECHG6-PFover the 6 largest Arctic river catchments (solitive) and the Baltic Sea
934 catchment (land only, dashed curvgte that for ECH6-REF, this is zero as no fregzin
935 is regarded.
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Changes and Spreads over the 6 largest Arctic rivers
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940 | Fig.8. Mean monthly climatological differences (1989-2068between ECH6-PF and
941 ECHG6-REF for precipitationdP) and evapotranspiratiodfET) over the 6 largest Arctic
942 rivers (upper panel) and the Baltic Sea catchmentef panel). The dashed lines indicate
943 the corresponding spreads obtained from MPI-ESMikitions of deVrese et al. (2016).
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954 Fig. 9. Mean monthly climatology (1989-2009) of 2m temperatdifferences to
955 WFDEI data (upper panels) and surface solar irradigSSI; lower panels) over the 6
956 largest Arctic river catchments (left column) ahd Baltic Sea catchment (land only,
957 right column). SSI observations comprise CERES fata000-2010.
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965 Fig. 10. Mean monthly climatology (1989-2009) of surfaceealb (upper panels) and
966 snow pack snow water equivalent (SWE; lower parmls) the 6 largest Arctic river
967 catchments (left column) and the Baltic Sea catctirtiand only, right column). Albedo
968 observations data from MODIS (2000-2011), CERE®(@2R010) and GlobAlbedo
969 (1998-2011), SWE observations comprise data froab&how (1989-2009), MERRA
970 (1979-2013), and SDC climatology.
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975 Fig. 11. Chain of processes involved in the soil moistuecpitation feedback over high
976 latitudes. Red arrows indicatiee initiation of the positive feedback loop by firesence
977 of frozen soikdirections-supporting-thisfeedbdalkie arrows indicatthe loop
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ECHE6—REF: Correlation Soil Moisture—Precipitation
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Fig. 12. Correlation of soil moisture and precipitation rECH6-REF, b) ECH6-PF,

and c) difference between ECH6-PF and ECH6-REF.
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,ECH6—=PF: Months with frozen upper layer per year
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993 | Fig. 13. Number of months where in the climatological averaf1989-2009, the upper
994 soil layer is below 0°C in ECH6-PF.
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Tablel. Summer (JJA) biases over the six largest Arctieravfor 2m temperatur@ 4y, to
WFDEI), radiative flux R) into the surface due to biases in SSI (to CEREBgdO ¢, to
GlobAlbedo) and their combined effect (comb.) adl e the estimated related impact on
surface temperaturdd) and the contribution of the SSI bias to this ictpa

Experiment ATom AR SSI AR a AR comb. AT comb. SSI cont.
ECH6-REF 21K 5.0 W/m2 4.1 W/m2 9.0 W/m2 17K 55%
ECH6-PF 50K 15.8 W/m2 43W/m2  19.8 W/m? 3.6K 78%
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