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Supplementary Information

In the Supplementary Information, we describe additional information about the model simulations (section 1), the
literature search and analysis (section 2), the sensitivity analysis (section 3), additional analysis on multi-year effects
(section 4), and present additional Figures (section 5) and Tables (section 6).
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Supplementary Text

1 Literature Review and Analysis

1.1 Literature Search

Due to the limited number of studies reporting effects of heavy rainfall on the soil thermal regime of permafrost soils
at the time of writing, and substantial variability in types of studies and reported effects within existing literature,
we conducted a scoping literature review !. We adopted a hybrid search strategy to create an overview of relevant
literature to date. Our approach consisted of (1) a systematic database search, complemented with purposive literature
screening using (2) snowball searching and (3) Google Scholar alerts for recent studies. As a result, we do not
consider our literature search to be a fully systematic search. When systematic approaches yield few studies, or
studies with substantial variability in methodology and reported variables, a purposive search strategy generally
leads to a more complete insight!'. After hybrid search, we further assessed identified studies for eligibility using
PICOS criteria?. Occasional exceptions were made for several studies that fell outside the defined scope, but yielded
relevant insights into the role of rainfall in in permafrost thermal dynamics (see “Exceptions to PICOS criteria”). All
identified studies were screened by two researchers (AH and RM) and discussed until consensus was reached. Due to
variability in the reporting of effects sizes, study designs and reported metrics (e.g. thaw depth or soil temperature),
we used a vote-counting approach based on a predefined rule set to qualitatively subdivide results of identified studies
into warming and cooling effects (see “Synthesizing approach”). We provide brief descriptions of the findings of
each study in the synthesis table, to provide a nuanced view of rainfall effects on permafrost soil thermal regime.
Lastly, we evaluated whether site climatology differed significantly among sites for which warming and cooling
effects were reported (see “2.2 Statistical analysis”).



1.1.1 Systematic database search

We searched the ISI Web of Science Databases using the following search string. We restricted the search to peer re-
viewed articles. The search results are available from https://www.webofscience.com/wos/woscc/summary/6aba447e-
3966-4902-b3ed-980113eaae8d-6d2188c7/relevance/1 (last accessed on 16-02-2023). The used search string was:

“permafrost” AND “increas™* rain” OR “increas* summer precipitation” OR “increas* rainfall” OR “heavy rain’
OR “heavy rainfall” OR “heavy summer precipitation” OR “extreme rain” OR “extreme rainfall” OR “extreme
summer precipitation” OR “wet summer” OR “precipitation experiment” OR “rain experiment” OR “rainfall
experiment” OR “precipitation manipulation” OR “rain manipulation” OR “rainfall manipulation” OR “irrigation’
AND "ground temperature*" OR "soil temperature*" OR "thaw depth*" OR "active layer thickness" OR "active
layer depth" OR “active layer”

s

s

1.1.2 Purposive search

Due to the limited body of literature reporting on effects of increased rainfall on the thermal regime of permafrost
soils, we extended our literature search with a purposive search. Two researchers set Google Scholar alerts and
screened results for eligibility (RM: keywords “permafrost thermokarst rain vegetation”, period May 2022 — February
2023, AH: keywords “permafrost modelling” and “permafrost rain OR rainfall”, period February 2021 — February
2023). We additionally used a non-systematic version of “backward snowballing”?, in which we retrieved studies
cited in literature identified thus far (i.e. through systematic search, Google Scholar alerts and earlier rounds of
snowball searching). For the purposes of this study, we focused on effects of heavy rainfall events on ground
temperatures observed in summer (June — August) within the same year. Effects of heavy rainfall events may persist
for multiple years*, but few studies report the duration of effects, restricting our inventory to same year effects.

1.1.3 PICOS Criteria

In order to provide an overview of the current state of knowledge on the effects of heavy rainfall on permafrost
stability, we selected studies according to the following criteria, presented as a PICOS Statement?. We set the
following PICOS criteria for inclusion into literature review:

1. Population: studies reporting on changes in soil thermal dynamics under increased rainfall, in sites underlain
by permafrost.

2. Interventions: experimentally increased rainfall (e.g. irrigation), modeled increases in rainfall or natural annual
variability in rainfall

3. Comparators: control treatments with ambient rainfall, simulations with baseline rainfall or natural annual
variability in rainfall

4. Outcome: studies reporting effects on soil temperature, thaw depth or active layer thickness

5. Study design: monitoring, experimental or modeling studies

1.1.4 Exceptions to PICOS Criteria

In a few cases, we retained studies in the synthesis table that were formally outside the defined PICOS criteria.
Firstly, we include a study by Gockede et al. [*], who investigate the effects of a drainage intervention rather than an
increase in rainfall. This resulted in a wetter and drier site, for which extensive monitoring data are reported. Since
this provides a valuable insight into changes in soil thermal behavior under wetting/drying, we decided to include
the study into the literature review and discussion. Similarly, we include a study by Clayton et al. [®] comparing
active layer thickness across natural soil moisture gradients. While not testing effects of rainfall per se, this study
provides similar detailed insight into the role of soil wetting in permafrost thaw for a large number of site across a



large number of sites across the Alaskan Arctic. Lastly, we included results from Iijima et al. [ ], who report changes
to the soil thermal regime in a summer following a combination of increased pre-winter rainfall and winter snowfall.
Although these are not same-season effects, it provides additional insight into potential carry-over effects of late
summer rainfall into next season, and potential effects of combined increases in rainfall and snowfall. These studies
are included in the synthesis table and discussion in the main manuscript, but not into the statistical evaluation of
warming and cooling effects of heavy rainfall across the Arctic (see section 2.2).

1.2 Statistical Analysis
1.2.1 Vote-counting Procedure

In order to synthesize the identified literature, we adopted a two-fold procedure. First, we provide a summary of
the literature, reporting authors and year of publication, location, study period, the main method applied as well as
the main effect observed, and the main processes that the observed effect can be attributed to (Table S1). Wherever
quantified, we note the effect extent, reported observation depths, as well as the magnitude of the heavy rainfall,
and further categorize the studies into irrigation experiments and observed natural variability studies (Table S2).
Due to differences in reported metrics, depth and duration of soil temperature observation and differences in rainfall
variability and treatments, a formal meta-analysis of effect sizes from synthesized studies was not possible. Hence,
we adopt a vote counting procedure Bushman and Wang [®] based on a rule set described below. Using this rule set,
we subdivide reported changes in thaw depth, active layer thickness and soil temperatures into ”warming” effect,
”cooling” effect, ’no effect” or "both” effects.

- Since not all studies report legacy effects of rainfall events, we evaluated only same-season responses of active
layer thickness, thaw depths and soil temperatures in summer (June-September).

- We judged that active layer thickness, thaw depths and soil temperatures are progressively less indicative of
permafrost degradation. Hence, in studies that report multiple metrics, we focus on reported effects on active
layer thickness or thaw depth.

- Field-observed increases or decreases in active layer thickness, thaw depth or soil temperature under increased
rainfall or rainfall manipulation is counted as a ”warming effect” or ’cooling effect”, respectively.

- If provided, the magnitude of rainfall events and interventions, as well as the magnitude of observed changes
in soil temperature, thaw depth or active layer thickness are provided.

- If the study reports that no increase or decrease in any of the considered metrics could be observed based on
rainfall treatment or rainfall events, the study is listed as no effect”.

- If the study reports diverging effects based on timing within the season, sub-plot within a site, or the magnitude
of a rainfall event or treatment, the study is assigned to the ”both effects” category. We include the source of
heterogeneity in response as a comment.

- If the study reports diverging warming or cooling effects across soil depth, we report the effect at the depth that
is situated closest to the thaw front and assign a warming / cooling effect accordingly. We include a comment
in the synthesis table that effects diverged over soil depth.

The result of this vote-counting procedure was added to the synthesis tables (Table S1 and S2).

1.2.2 Site Selection for Statistical Analysis

Secondly, we analyzed how the vote-counting outcomes varied across site climatology. We expected that the effect of
heavy rainfall on the soil thermal regime of permafrost soils would vary among climatic regions, and would depend
on the extent to which alterations of soil hydrothermal properties changed the response of soil temperatures to



outside air temperatures (see “Introduction” in main text). To investigate these expectations, we compared outcomes
of the vote-counting procedure to site temperature and precipitation data. We selected only those studies that
report field-measured, spatially explicit responses of soil temperature, thaw depth or active layer thickness under
experimental rainfall increases or natural annual variability in rainfall (see "PICOS Criteria” below), and omitted
studies not meeting those criteria®!%1112.13 We also exclude studies reporting results of other interventions than
rainfall that were included in the literature review as supporting evidence > and studies reporting only next-season
effects of heavy rainfall events’, see "Exceptions to PICOS criteria”.

1. Population: field studies reporting on changes in soil thermal dynamics under increased rainfall, in sites
underlain by permafrost with known locations (coordinates are reported in the study)

2. Interventions: experimentally increased rainfall (e.g. irrigation) or natural variability in rainfall
3. Comparators: control treatments with ambient rainfall or natural annual variability in rainfall
4. Outcome: studies reporting first-year effects on soil temperature, thaw depth or active layer thickness

5. Study design: monitoring and experimental studies reporting in situ field-measured data

One study ' reports a single observed effect for a set of 10 subsites that were up to 550 km apart with two
subgroups "north" and "within/south" of the Tanggula mountain range. Due to the large spatial distance between
the two sub-locations and the presence of the mountain range, we split these results into two individual groups
each reporting their individual climatic conditions and continentality value. Other studies report effects for single
monitoring or experimental sites, or report a single observed outcome for subsites or experimental plots situated
in close proximity (up to 10 km) to each other. Due to the close proximity of such within-study subsites relative to
the spatial resolution of the climate reanalysis data (~30km), and the fact that most of these studies report overall
effects of rainfall across such subsites, these studies were treated as single data points, reporting the study’s overall
observed effect. From this selection, 14 studies remained (see PRISMA workflow in Fig. S16).

1.2.3 Site Climate Data

For these sites, we extracted monthly temperatures and precipitation data from ERAS reanalysis data for a common
and recent period (1991-2020) '3 to calculate average temperature and total precipitation in winter (December-
—February), spring (March—May), summer (June—August) and fall (September-—November). Apart from seasonally
averaged temperature and precipitation data, we calculated Conrad’s Continentality Index (CCI) for each site over
the same period from the same ERAS data. Conrad’s continentality index characterizes a place as "oceanic" to
"continental" based on the maximum and minimum annual temperature and the latitude at which the place is located
(Eq. 1 in the main text).

1.2.4 Statistical Analysis

This resulting dataset of 14 sites with observed rainfall effect, coordinates and climate data was used to assess patterns
among reported effects on the soil thermal regime (warming, cooling, both or no effect) and site climatological data
(total precipitation and mean temperature for winter, spring, summer and fall, and CCI). We then assessed whether
different responses were associated with contrasts in site climatology using a combination of exploratory (PCA) and
inferential (Wilcoxon rank sum test) statistics. First, we ran a PCA on site climatological data (averaged temperatures
and seasonal total precipitation per season and CCI) and visually assessed patterns of reported effects of heavy
rainfall on the soil thermal regime against the first two principal components using a biplot. Since the biplot showed a
strong alignment of the “cooling” and “warming” sites with CCI and winter precipitation (Fig. 2a), we tested whether
CCI and winter precipitation differed significantly among sites that were assigned to different response classes during
the vote-counting procedure (warming: n="7, cooling: n=6, none: n= 1, both: n=0). We used non-parametric tests
to account for relatively small sample sizes. Due to the low number of observations in the “both” and “no-effect”



classes, we only tested for differences among the “warming” and “cooling” classes, using a Wilcoxon rank sum
test and visualized results using boxplots. We assessed potential violation of spatially independent residuals using
Moran’s I. We set our significance criterium at o =0.05.

2 Model Parameters and Forcing

In ATS, soil physical parameters are user defined. A list of parameter values used in this study can be found
in Table S4. In our study we focus on generalizations of climatic conditions combined with generalizations of
soil types, considering representation of organic and mineral soil textures with thermal and hydraulic parameters
based on literature values. For cases where site-specific data is available, soil parameters can be calibrated against
measurements to represent local site conditions. In our study however, we focus on larger-scale climatological
contrasts. We do not aim to accurately resolve site-specific conditions, but rather obtain a general idea of the system
behavior for class-type representations of organic and mineral soils.

ATS is further driven by a hydro-meteorological forcing dataset consisting of air temperature, incoming shortwave
radiation, windspeed, relative humidity, and rain- and snowfall at a desired timestep. A representation of the forcing
data in our four climate scenario simulations can be found in Figure S1. While incoming shortwave radiation,
windspeed and relative humidity are being held constant between the climate scenarios, temperature either reflects
a continental or maritime characterized climate (see methods section in the main text). Water enters the model
domain through precipitation, which is defined as rain when air temperatures are above 0°C and as snow if air
temperatures reach 0°C and below. This causes a slight temporal shift between the different climate cases in the
snow and rain period, respectively. In ATS, rain temperature is assumed to be equal to air temperature, which is a
reasonable assumption '® given the complex nature of meteorological conditions. Water can leave the model domain
via evaporation. This process only accounts for bare-ground evaporation and does not explicitly resolve transpiration
by plants.

Rain water that does not evaporate, infiltrates into the soil. The relationship between precipitation and soil
moisture is governed by the hydraulic conductivity of the soil, which in turn is influenced by permeability, porosity,
and water retention characteristics. The model accounts for saturation-dependent thermal conductivity by calculating
the fraction of pore space occupied by ice, unfrozen water and air. In essence, the bulk soil thermal conductivity
depends on the phase saturation of the pore-space filling fluid. Unfrozen water content follows classical soil moisture
retention curves, using the van Genuchten formulation, and is combined with the Clausius-Clapeyron relation and
latent heat of fusion to obtain frozen water fractions !”. This leads to a non-linear coupling between soil moisture and
soil temperature. Thus, a dry soil can greatly increase its bulk thermal conductivity by addition of water, however,
if the soil is already wet and near saturation, then the addition of water might only cause a small increase before
reaching saturation.

3 Model Sensitivity Analysis

To assess the sensitivity of our model experiment to quantities such as rainfall intensity and organic layer thickness
(soil stratigraphy), we created additional sensitivity analysis model scenarios. In one scenario, we vary the thickness
of the overlaying organic layer to evaluate how soil physical properties change the simulated effect, and in a three
scenarios we change the magnitude and distribution of additional precipitation.

3.1 Uniform Rainfall Distribution

In the original scenario described in the main text, additional summer rainfall is added in three distinct heavy
rainfall events representing precipitation events with a 100-year recurrence interval in observed weather station data
throughout permafrost environments (see Table 1 in the main text). The recurrence interval is based on the available
data and covers between seven and 20 years of the most recent observations. Hence, the recurrence interval is based
on current climatic conditions and might be subject to change due to ongoing climate change.



To assess the influence of a more uniform increase in precipitation, we performed a set of simulations in which
total summer precipitation is increased by 50% representing the upper boundary of estimated overall future summer
precipitation increase in the Arctic '8. The result is shown in Figure S12, which represents the same simulation results
but with the adjusted precipitation rates as in Figure 3 in the main text. Due to the extended period of increased
precipitation, the time axis differs to the one in Figure 3 in the main text. Overall, the effect direction is the same
as in the model simulations in the main text with heavy rainfall events. Dry climates show a warming effect, wet
climates show an overall cooling by the end of the summer season. However, during early summer, just after air
temperatures reached 0°C, an initial warming effect in both, top and subsoil in all climate cases can be observed.
With the start of the development of the active layer, the wet scenarios then show a cooling effect, while in the dry
scenarios the enhanced temperatures further increase. The overall warming effect in the subsoil is lower than in the
heavy rain event simulations (up to 0.1°C), while the cooling effect is similar (just over -0.1°C).

3.2 Heavy rain event magnitude

In our original model scenarios, heavy rain events are defined as the 100 year recurrence interval of heavy rain events
in June, July, and August. However, the range of uncertainty about future precipitation extremes is significant. Hence,
we conducted additional sensitivity analyses and simulated heavy rain events that are 50% less, as well as 50% more
intense (Fig. S13).

In the 50% less intense heavy rainfall scenario (Fig. S13a), subsoil temperatures exhibit the same patterns as in
the original scenario (see Fig. 3). However, the warming temperature difference effect in the dry climate cases is
reduced by ~0.1°C (~30%). The cooling effect in the subsoil in the wet climate cases, on the other hand, is reduced
by 0.05°C, and thereby only half as strong. In the topsoil, the cooling effect in the wet scenarios is reduced by 50%
but the warming in the warm-dry scenario remains at a maximum of 0.2°C. Subsoil warming in this scenario remains
strong enough to increase ALT by 2 cm in the dry climate cases just like in the original heavy rainfall scenario.
Similarly, no change in ALT is visible in the wet climate cases. Notably, a delay in total freeze-up by the end of the
thawing season can not be seen in this scenario, indicating that latent heat requirements have not increased as much
as in the original scenario and allow simultaneous freeze-up between the ref. case and the HR case.

In the scenario with 50% more intense heavy rainfall events (Fig. S13b), only a small increase in maximum
subsoil warming in the dry climate cases can be seen compared to the original scenario. Similarly, the wet cases show
very similar cooling responses as in the original scenario. The topsoil, on the other hand, follows a somewhat linear
trend from the 50% reduced, over the original scenario to the 50% increased scenario, where topsoil cooling in the
wet climate cases and in the cold-dry climate is weakest in the 50% reduced scenario (up to -0.2°C), and strongest
in the 50% increased scenario (up to -0.65°C) with the original scenario located in between (up to -0.45°C). This
indicates that the effect of subsoil cooling might level off at a certain rainfall intensity, while topsoil cooling might
get intensified in even stronger heavy rainfall events. Thaw depth development in the 50% increased scenario shows
that active layer depth is not increased more than in the original scenario (2 cm). In the dry cases but actually shows
that thaw depth is enhanced for a short period of time in the wet climate HR cases as well indicating non-linear
between rainfall intensities and ALT development. Most notably, total freeze-up is strongly delayed in this scenario
(13 and 11 days in the cold-dry and warm-dry, respectively, and 4 and 3 days in the cold-wet and warm-wet scenario,
respectively).

Overall, a non-linear effect of ground temperature effects can be seen, especially in the subsoil, from a 50%
reduced to a 50% increased heavy rainfall scenario with substantial changes in latent heat requirements leading to
delays in freeze-up timing. It is therefore important to pay close attention to future developments of heavy rainfall
events and how to present them in models.

3.3 Multiyear effects

In our main results we focus on the same-season effects of heavy rainfall. However, effects of a single or multiple
wet summers might persist for several years as for example in Magniisson et al. [*]. Studying multi-year effects of
heavy summer rainfall is challenging as a set of non-linear effects can change the consequences of a single heavy



rain event drastically. Onset of snowfall, snow cover thickness, and lateral redistribution of water are examples of
possible processes that can change the system behavior. We conducted a basic multi-year analysis in which we
simulate two scenarios: A single year of heavy summer rainfall events and four consecutive heavy summer rainfall
years followed by ten years of average conditions. All variables except for summer precipitation in one and four
years, respectively, are being held constant over the simulation period.

In the scenario with a single heavy summer rainfall year, the effect is strongest within the same season in the dry
climate cases and shows an opposing effect to what is observed in the same season from the first year after the heavy
rainfall event onward (Fig. S14a). The cooling in the dry cases after the year of heavy rainfall is likely related to the
increased heat capacity and latent heat requirements in the subsoil after heavy rainfall has caused increased liquid
saturation. The effect diminishes over the years as drying from the surface (evaporation) removes the additional
water and after ten years, the temperature difference between the ref. case and the HR case is less than 0.1°C. In the
wet scenarios, the cooling effect in the same season as the heavy summer rainfall gets enhanced in the second year
(the first year after the heavy rainfall summer) and increases to up to ~-0.3°C in the cold-wet and ~-0.25°C in the
warm-wet climate case. This suggests that heavy rainfall might exert a stronger influence on ground temperatures in
the year after the year with heavy summer rainfall. The rebound to average conditions is faster in the cold-wet than
the warm-wet scenario, but after ten years both cases show no significant temperature between the ref. case and the
HR case anymore (< 0.1°C).

Four consecutive years of heavy rainfall with additional ten years of average rainfall conditions shows diverging
effects depending on the climate case (Fig. S14). In the cold-dry, four years of precipitation seem to shift the system
from a dry towards a wet climate effect as the warming effect in late summer diminishes in the fourth year of heavy
precipitation and even shows a significant cooling in the early season. In contrast, the warm-dry scenario seems to
experience a temporal lag in the onset of warming, but reaches the same amount of late warm-season warming in late
August. After ten years of average precipitation the temperature difference in the dry climate cases is still >0.1°C. In
the wet climates, the initial cooling effect is enhanced after several years of heavy rainfall events (up to ~0.5°C after
the fourth year) but experiences more rapid rebound to baseline conditions than the dry climate cases.

3.4 Soil Stratigraphy

Organic layers are a common feature in permafrost landscapes. They are typically between 5 and 30 cm thick and
consist of highly organic material !°. Due to the differences in soil thermal and hydrological properties between
organic and mineral soil, the organic layer plays an important role in the climate feedback loop. In our main study, we
assume an organic layer of 20 cm thickness. To evaluate the impact of different organic layer thicknesses, we created
two additional scenarios. One with a 50 cm thick organic layer and a scenario without any organic layer. Figure
S15 shows the temperature response analogous to Figure 3 in the main text for a scenario with (a) a 50 cm thick
organic layer and (b) no organic layer. Increasing the organic layer thickness (a) caused a similar system response
to the shallower, 20 cm thick organic layer. In the subsoil, both the warming and the cooling effect are enhanced
from originally 0.3°C warming and 0.1°C cooling to around 0.35°C warming and 0.2°C cooling. In the topsoil, all
scenarios respond with an enhanced cooling to the heavy rainfall events in the thicker organic layer scenario as
compared to the original scenario. Topsoils are up to 0.65°C colder just after a heavy rain event as compared to the
reference case. In a scenario without any organic layer (b), we also find dry climate scenarios to respond with a
warming and the wet scenarios responding with a slight warming in early summer followed by a small net cooling in
later summer. The effect is overall smaller than in the original scenario and enhanced organic thickness scenario. In
the topsoil, a similar pattern to the subsoil emerges. Dry climates respond with warming first followed by a cooling
response to heavy rainfall, while wet climates respond with cooling right after the rainfall event and subsequent
warming until the next event. Overall this suggests that the effect direction is not influenced by varying the thickness
of the organic layer. The effect size, however, can change based on how much organic material overlays the mineral
soil. Thicker organic layers enhance the effect of heavy rainfall events observed in the original scenario, but soils
without significant organic layer may show no significant response in deeper soil layers and no clear effect on active
layer development and associated carbon release.



4 Supplementary Figures
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Figure S1: Representation of the forcing variables for the four climate scenarios.
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Figure S2: Absolute temperatures in the ref. and heavy rainfall (HR) case from the first heavy rain event until the
end of the thawing season in (a) the subsoil (75% ALT) and (b) the topsoil (25% ALT). Dashed and solid lines
represent the ref. case temperatures in each climate scenario, shaded areas indicate the change from ref. to HR case
temperature. Daily values are averaged over a 7-day window.
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Figure S3: Daily relative difference between the reference case and heavy rainfall (HR) case thermal conductivity in
(a) the topsoil (25% ALT) and (b) the subsoil (75% ALT) in percent.
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Figure S4: Conductive (diffusive) heat flux in the topsoil (25% ALT) for the reference case (solid green line) and the
heavy rainfall case (HR case, dashed green line) during the summer season in (a) the cold-dry, (b) the cold-wet, (c)
the warm-dry, and (d) the warm-wet case. Negative values indicate heat conduction downwards (heat gain) into the
subsurface, positive values indicate heat conduction upwards towards the surface and atmosphere (heat loss). Yellow
and blue bars indicate summer rainfall distribution in the dry and wet scenario, respectively. Note that the heavy
rainfall events in this plot are capped at 10 mm to enable better comparison between the cases.
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Figure S5: Conductive (diffusive) heat flux in the subsoil (75% ALT) for the ref. case (solid green line) and the heavy
rainfall case (HR case, dashed green line) during the summer season in (a) the cold-dry, (b) the cold-wet, (¢) the
warm-dry, and (d) the warm-wet case. Negative values indicate heat conduction downwards (heat gain) into the
subsurface, positive values indicate heat conduction upwards towards the surface (heat loss). Yellow and blue bars
indicate summer rainfall distribution in the dry and wet scenario, respectively. Note that the heavy rainfall events in
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Figure S6: Relative contribution of conductive (diffusive) heat flux (light blue) and advective heat flux (dark blue) to
the overall heat flux in the topsoil (25% ALT) in the heavy rainfall (HR) case for (a) the cold-dry, (b) the cold-wet,
(¢) the warm-dry, and (d) the warm-wet case. Contributions are calculated as R4y, =

energy contribution and as Ry =
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Figure S7: Daily relative difference between the reference case and the heavy rainfall (HR) case heat capacity in (a)
the subsoil (75% ALT) and (b) the topsoil (25% ALT) in percent.
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Figure S8: Daily difference between reference case and the heavy rainfall (HR) case (HR-ref. case) liquid saturation
throughout the depth profile in (a) the cold-dry, (b) the cold-wet, (¢) the warm-dry, and (d) the warm-wet case. Shades
of red indicate higher liquid saturation in the HR case compared to the reference case, blue shades indicate lower
values. The orange and blue contour represent the 0°C isotherm depth in the reference and HR case, respectively.

a) cold-dry b) cold-wet
10 10
0.0 S =-- 0.0 f “f
L z PaN
e NS VAN
T 3 7 v/ Voo 2
° -0.2 2 T -0.2- L 1 ! 2
£ tes E \/ Vo L6T
E g E ‘ Vo g
X 04 g % -04 Vol E
= a2 = [ Fa2
] 3 4 Vil 3
3 e ' 3
E-06 |,= E-o06 H L=
-0.8 0 -0.8 I" 0
c) warm-d d) warm-wet
v 10 10
l
0.0 N 0.0 =z B T
bl ~
- - - I
T 37 2
© -0.2 o © -02 2
E tes E 63T
E g E g
x o X o
-0.4 S -0.4 S
2 FaZ2 2 Fa2
£ - = B - =
0.6 5 0.6 2
-0.8 - - - 0 -0.8 0
1jul 1 Aug 1 Sep 1 Jul 1 Aug 1 Sep

--- HRcase —— ref. case

Figure S9: Subsoil (75% ALT) mass flux during the summer season. Solid lines represent the reference case, dashed
lines the heavy rainfall (HR) case in (a) the cold-dry, (b) the cold-wet, (¢) the warm-dry, and (d) the warm-wet
case. Negative values indicate downwards mass (water) flux into the deeper layers in the subsurface, positive values
indicate upward mass flux towards the surface. Yellow and blue bars indicate summer rainfall distribution in the
dry and wet scenario, respectively. Note that the heavy rainfall events in this plot are capped at 10 mm for better
visualization.
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Figure S10: Map of carbon content in the upper 100 cm in the Arctic and Subarctic (without alpine permafrost) based
on Hugelius et al. [29]. Low is defined as an ice content between 0 and 10%, medium is defined as 10-20%, and high
is defined as >20%. The circles represent the observed effects of summer rainfall on soil temperatures analogous to
Figure 1 in the main text. Basemap data has been retrieved from https://thematicmapping.org/.
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Figure S11: Map of ice content in permafrost landscapes based on Brown et al. [>!] and location of Yedoma deposits
based on?2. Low is defined as an ice content between 0 and 10%, medium is defined as 10-20% and high is defined
as >20%. The circles represent the observed effects of summer rainfall on soil temperatures analogous to Figure 1 in
the main text. Basemap data has been retrieved from https://thematicmapping.org/.
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Figure S12: Temperature difference in the uniformly increased precipitation scenario between the heavy rainfall
(HR) case and ref. case in (a) the subsoil and (b) the topsoil as well as thaw depth progression (c). Differences are
displayed as HR case minus reference case. Daily values are averaged over a 7-day window.
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Figure S13: Sensitivity analysis on temperature difference between the heavy rainfall (HR) case and the reference
case from the first heavy rain event until the end of the thawing season in the subsoil and the topsoil as well as thaw
depth development for (a) a scenario with 50% less intense heavy rainfall events as compared to the original scenario
and (b) a scenario with 50% more intense heavy rainfall events in comparison to the intensity of heavy rain events in
the original scenario. Differences are displayed as HR case minus reference case. Daily values are smoothed over a
7-day window. Grey vertical bars indicate the timing of the simulated heavy rain events in each summer month (June,
July, August).
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Figure S14: Multiyear subsoil temperature differences over the summer period based on (a) a single year of heavy
summer rainfall events followed by ten years of baseline summer rainfall and (b) four consecutive years of heavy
summer rainfall followed by ten years of baseline heavy rainfall. Values are shown for every other day and averaged

over a 3-time-step-window.
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Figure S15: Effect of heavy summer rainfall events on soil temperature differences between the HR case and the ref.
case in a scenario with (a) a thicker organic layer of 0.5 m and (b) no organic layer in the subsoil and topsoil as well
as thaw depth progression for each scenario. Grey bars indicate the timing of the heavy rainfall events and daily
temperature differences values are averaged over a 7-day window.
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Figure S16: PRISMA diagram of hybrid literature search strategy adopted in this study. Based on Page et al. [%3].
Reason 1) study was outside the domain (ecosystems underlain by permafrost). Reason 2) study did not consider
experimental increases in rainfall, modeled increases in rainfall or natural annual variability in rainfall. Reason
3) study did not report either soil temperature, thaw depth or active layer thickness for heavy rainfall vs. control
scenarios or treatments, or under natural annual variation in rainfall. Reason 4) study reported modeled effects only.
Reason 5) study reported effects of variable or intervention other than summer rainfall. Reason 6) Study only reports
next-year effects of late summer heavy rainfall.

20



a) cold-dry " |b) cold-wet

1)ul 1 Aug 1 Sep 1 )ul 1 Aug 1 Sep

4
c) warm-dry d) warm-wet

S O
F -04 —0.4
<
-0.6 -0.6
-0.8 -0.8
10 -1.0
1)ul 1 Aug 1 Sep 1jul 1Aug 1 Sep
— surface 40% —— 80% == 25% (topsoil)
—_— 20% 60% —— permafrost (table) 75% (subsoil)

Figure S17: Temperatures differences between the reference and heavy rainfall (HR) case from the first heavy rain
event until the end of the thawing season in the (a) the cold-dry, (b) the cold-wet, (¢) the warm-dry, and (d) the
warm-wet case at different relative depths in relation to the maximum active layer thickness ranging from from 0%
(surface) to 100% (permafrost table) as well as our chosen depths for topsoil (25%) and subsoil (75%). Daily values
are averaged over a 7-day window.
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Table S1: Summary of literature on the topic of the impact of summer precipitation on the thermal regime of the active layer. A very brief summary of the
main effects as well as governing processes in each study are given.

Author Year | Study area Study pe- | Main method | rainfall effect | Main process Comments
riod
Zhang et al. 2001 | Irkutsk, Russia 1880-2001 | Observations | Cooling Evaporation Non-permafrost
Illeris et al. 2003 | Zackenberg, Green- | 1996-1999 | Observations | Topsoil cooling | None given Precipitation effect
land not focus of the study
Sullivan et al. | 2008 | Pituffik, Greenland 2004-2005 | Observations | Cooling None given, but evap- | Cooling effect was
oration used to ex- | not statistically signif-
plain negligible dif- | icant
ferences in soil mois-
ture after irrigation
Wu and Zhang | 2008 | Tibetan Plateau 1996-2006 | Observations | Cooling Evaporation
Lopez C.etal. | 2010 | Yakutsk 2004 Observation Warming Advective heat trans-
port
[lijima et al. 2010 | Central Lena River | 2003-2007 | Observations | Warming Increased  thermal
Basin conductivity, heat
capacity
Christiansen 2012 | Zackenberg, Green- | 2009 Observations | No effect No effect observed Only one warm sea-
et al. land son investigated
Zhu et al. 2017 | Tibetan Plateau 2006-2014 | Observations | Topsoil: cool- | Evaporation and heat
ing, deeper: | advection downwards
warming
Gockede et al. | 2017 | Siberia 2013-2015 | Observations | Topsoil: cool- | Differences in ther-
ing,  subsoil: | mal conductivity and
warming heat capacity
Grant et al. 2017 | Barrow, Alaska 1980- 2015 | Modeling Warming Increased  thermal | Focus on soil wa-
conductivity ter content in general,
not P specifically
Li et al. 2019 | Tibetan Plateau 2013 Modeling and | Warming Heat advection
observations
Neumann 2019 | Alaska 2014-2016 | Observation Warming Lateral and vertical

et al.

heat advection
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Table S1: Continuation.

Author Year | Study area Study pe- | Main method | rainfall effect Main process Comments
riod
Karjalainen 2019 | Northern hemisphere | 2000-2014 | Observations | P < 250mm: | Increased  thermal
et al. warming, P > | conductivity (warm-
250 mm: cooling | ing) and evaporation
and heat capacity
(cooling)
Luo et al. 2020 | Tibetan Plateau 2014-2016 | Observations | Extreme P: | Extreme P: heat con-
warming, overall: | duction, overall: evap-
cooling oration
Douglas etal. | 2020 | Fairbanks, Alaska 2013-2017 | Observations | Warming Sensible heat flux
Mekonnen 2021 | North Slope, Alaska | 1979-2100 | Modeling Warming Increased heat con-
et al. duction and advection
Claytonetal. | 2021 | Alaska 2013-2018 | Observations | Topsoil: warm- | Top: thermal conduc- | Only considering vol-
ing, subsoil: | tivity, depth: latent | umetric water con-
cooling heat requirements tent, not P
Zhang et al. 2021 | Tibetan Plateau 2012-2014 | Observations | Cooling Decreased soil heat
and modeling flux
Zhirkov et al. | 2021 | Yakutsk 2014-2016 | Observations | Irrig. experiment: | Field: none given,
and modeling | same summer | modeling: heat con-
warming, model- | duction
ing: warming
Zhou et al. 2021 | Tibetan Plateau 2013 Observations | Cooling Increased latent heat
and modeling flux, decreased sensi-
ble and soil heat flux
Zhang et al. 2021 | Tibetan Plateau 1983-2012 | Modeling Cooling Increased evapo-
ration, changes in
thermal conductivity,
latent heat require-
ments, and heat
capacity
Magntsson et | 2022 | Siberian tundra 2018-2020 | Observations | Warming Increased heat advec- | Slight topsoil cooling

al.

and modeling

tion, increased ther-
mal conductivity and
heat capacity

also observed




94

Table S2: Additional information on study design and reported effect extent, depths (where available), and metric (T: ground temperature, TD: thaw depth, ALT: active layer thickness)
throughout the studies used in this work. If different effects where observed in different depths, all are listed. If the effect extent is not explicitly quantified, we label the reported effect as "Not
quantified". Based on the depth described in each study, we defined topsoil depths as depth < 10 cm and subsoils as depths > 10 cm. We further distinguish between study types that report
results of irrigation experiments (irrig. exp.), model results (model) or results based on natural variability (nat var.). In the case of Gockede et al. [], a drainage experiment forms the basis of

the observed effect.

Study Response class | Reported effect Obs. type and | Rainfall event magnitude Type of
depth(s) study
Zhang et al. [**] Cooling -4°C T: 40 cm Attributed to Imm/yr increase in summer rainfall (1882— | nat. var.
1995, 368mm long term average)
Tleris et al. [2] Topsoil cooling | -1.1°Cand -0.9°C T:2cmand 4cm | +100% relative to avg. P irrig. exp.
Sullivan et al. [ 2] Cooling -0.5-0°C T:2cm +50% relative to avg. P irrig. exp.
Wu and Zhang [#] | Cooling Not quantified T: 100cm Variable trends among subsites nat. var.
Lopez C. etal. [Z/] | warming Soil thawing rate in- | TD +120 mm relative to summer P irirg. exp.
creased by 2 cm/day
Tijima et al. [ /] Warming Not quantified T: 40 and 120cm | Variable heavy rainfall events among subsites nat. var.
Czl;ristiansen et al. | no effect Not quantified T2 and 5cm +100% relative to avg. P irrig. exp.
[~]
Zhu et al. [] Topsoi‘l: cooling Topsqil: -0.17--0.2°C T: Top: 2-10cm Individual rainfa}ll events nat.
Subsoil: warm- | subsoil: 0.06-0.09°C Sub: 105-175cm | 12-22 mm, multiple summers var.
ing
Goickede et al. [5] Topsoil: cooling | Topsoil: up to -10°C T: Top: Scm Drainage experiment; no rainfall treatment drainage
Subsoil: warm- | Subsoil: up to 1°C Sub: 35cm experiment
ing
Grant et al. [1T] Warming Not quantified ALT Increase of 1.9 mm/yr (1981-2015) model
Lietal [12] Warming 8% and 9% increase in | surface heat | 25% and +50% relative to baseline 19.36 mm rainfall on | model
surface heat flux fluxes July 3rd
Neumann et al. [°] | Warming Not quantified T: subsoil | Two years with 378 and 345 mm rainfall, compared to a | nat. var.
(>75cm) baseline (283 mm/year)
Kl%rjalainen et al. | Both Not quantified ALT Panarctic variability in annual rainfall nat. var.
[]
Luo etal. [31] Warming 0.3-0.5°C T: 160-250 cm One natural heavy rainfall event (44 mm) nat. var.
Douglas et al. 7] Warming +0.7 cm thaw per cm of | TD Two summers with 330 mm and 340 mm, (baseline: | nat. var.
additional rain 185 mm)
Mekonnen et al. [?] Warming 1.1°C and +39cm in | T:0-100cm, ALT | Model simulations with and without advective heat of | model
ALT rain
Clayton et al. [°] ;l;logpsoil: warm- | quantified ALT Natural gradients in topsoil moisture contents nat.
Subsoil:  cool- var.
ing
Zhang et al. [EEN Cooling -3°C T: 5cm One natural heavy rainfall event (19.4 mm) nat. var.
Zhang et al. [] Cooling 35 cm shallower ATL ALT 100 mm increase in summer precipitation model
Zhirkov et al. 3] Warming Not quantified T: 040 cm, TD +200% relative to summer P irrig. exp.
Zhou et al. [13 1 Cooling -1.6°C T:5cm Ambient rainfall (290.9 mm) and 25% and 50% rainfall | model
increase
. Top: coolin Top: -1°C T: 5cm 100 mm (+120% relative to avg summer rainfall irrig.
Magniisson et al. [*] SuII;: Warmi%lg Suf): 04°C T: 20cm, TD ( ¢ : exp%




Table S3: Literature studies used for statistical evaluation.

Site Reference Reported Effect | Longitude | Latitude
Pituffik Peninsula, Greenland Sullivan et al. 2008 cooling -68.5667 76.55
Zackenberg, Greenland Illeris et al. 2003 cooling -21 74.3
Zackenberg, Greenland Christiansen et al. 2012 | no effect -20 75.3
Tibet Highway, Qinghai-Tibet Plateau | Wu and Zhang 2008! cooling 92.2 34
HAYR, Qinghai-Tibet Plateau Luo et al. 2020 warming 97.56996 35.0161
Irkutsk, Russian Zhang et al. 2001 cooling 104 52
Indigirka Lowlands, Russia Magnusson et al. 2022 | warming 147.9 71.5
Fairbanks, Alaska Neumann et al. 2019 warming -148.3 64.7
Fairbanks, Alaska Douglas et al. 2020 warming -147.667 64.876
Tanggula, Qinghai-Tibet Plateau Zhu et al. 2017 cooling 91.81875 32.72667
Beiluhe, Qinghai-Tibet Plateau Zhang et al. 2021 cooling 92.56 34.51
Yakutsk, Russia Zhirkov et al. 2021 warming 129.63 62.08
Yakutsk, Russia Lopez C. et al. 2010 warming 129.6167 62.25

D) This datapoint is split up into two points: North and South of the Tanggula mountain range to account for different

prevailing climatic conditions within the large spatial extent of the field observations.
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Parameter Unit Soil layer | Value
1 organic 0.0005
van Genuchten alpha Pa mineral | 0.00033
organic 0.19
van Genuchten m - mineral 0.248
. organic 0.85
Porosity i mineral 0.5
- 2 organic Se-11
Permeability m mineral le-13
. 3 organic 700
Density kgm mineral 2170
Dry 1v-1 | organic 0.1
thermal conductivity WmTK mineral 0.3
Saturated 1.1 | organic 0.67
thermal conductivity Wm™ K mineral 1.7

Table S4: Model parameters used to define the organic soil layer (0—-0.2 m) and the mineral soil layer (-0.2 —-40 m)
in ATS. The values are chosen based on averages of previous studies such as Schuh et al. [39], Jafarov et al. [37], Jan
et al. [38], Hamm and Frampton [3°]. The values are not site calibrated due to the generic nature of the study and
instead are used as representative for organic and mineral soils.

Climate ‘ Topsoil depth | Subsoil depth | Maximum AL depth

warm-dry -17.25cm -51.75cm -69 cm
cold-dry -13.25cm -39.75cm -53cm
warm-wet -16.75cm -50.25cm -67cm
cold-wet -12.25cm -36.75cm -49 cm
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Table S5: Actual depth of top- and subsoil model observation points expressed in the centroid of the corresponding
nearest mesh cell.
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