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Supplementary Methods I – Fieldwork 

Experimental Design 

Five locations were selected in dwarf shrub dominated tundra vegetation in a drained thaw lake bed 

(“alas”) close to the Chokurdakh Scientific Tundra Station (fig. S1a). Each location was chosen so that 

a thaw pond or drainage gully with open water was nearby, as a source of irrigation water. In each 

location, 4 circular plots 5m diameter were set out, with at least 5m between plots (fig. S1b). In the 

centre of each plot a pvc well was installed to monitor the water table (WT) above the permafrost. 

Prior to the irrigation experiment we measured thaw depth (TD) and soil volumetric moisture content 

(SM) in nine locations per plot; eight points along the perimeter of the plot at 1m distance from the 

plot edge, and one in the centre (fig. S1c). Cover of the main vegetation species and variation in 

microtopography was assessed visually. Plots were assigned to pairs based on similarity in initial TD, 

WT, SM, vegetation composition and microtopography. Plots from pairs were randomly assigned to 

irrigation and control, although in a few cases the length of the hoses of the irrigation system dictated 

the subdivision.  

 

Figure S1) (a) 5 selected locations. (b) Each location consists of two control plots and two irrigation 

plots, which are supplied with local surface water by a motor pump. (c) In each plot, nine 

approximate measurement points were set out and one pvc well was installed.  

Irrigation Protocol 

The plots assigned to the irrigation treatment received 100mm of irrigation over the period of July 6th 
to August 2nd 2018. The irrigation water was supplied from local water bodies (ponds, gullies) using a 

filter tube, motor pump and sprinkler set-up (fig. S2). Prior to irrigation, the temperature of the water 

at approximately 10cm depth was measured and confirmed to not exceed ambient air temperature. 

Samples were taken from each water body and from rainwater collected on the site. Water sample 

analysis confirmed that surface water chemical composition did not deviate substantially from that of 

rainwater (table S2). The filter tube had .63mm slits and was attached to a floating tube and positioned 

at 10cm below the water surface. Sprinklers were installed on ± 0.5m high statifs to reach above the 

canopy and to achieve a 2.5m irrigation radius. We used a two-stroke motor pump that supplied two 



4 

 

sprinklers per location simultaneously via 10m hoses with an approximate irrigation rate of 25mm hr-

1.  

 

Figure S2) Technical setup used for irrigation. 

Irrigation was supplied in portions of 10 or 15mm (± 20 to 40 minute session) on an approximately 

biweekly basis (table S1). The amount of irrigation was monitored using rain gauges. Irrigation was 

supplied on relatively windstill days to assure uniform distribution of irrigation water over plots. Due 

to technical difficulties, several plots received more or less irrigation during particular sessions, but 

each plot received between 97 and 103 mm of irrigation in total over the course of the experiment.  

Table S1) Timing and amounts of irrigation [mm] for all 10 irrigated plots. P1 - P5 refer to plot locations 

(fig. S1a), and I1-I2 refer to the two irrigated plots per location (fig. S1b).   
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Table S2) Concentration of main anions and cations in surface water used for irrigation compared to 

on-site rainwater. Surface water used for irrigation was sampled at each location (P1-P5). A rainwater 

sample was collected with a rain gauge over the course of several days in early August 2018.  

 K 
mg/L 

Na 
mg/L 

Mg 
mg/L 

Ca 
mg/L 

N-NO3 
mg/L 

N-NH4 
mg/L 

P-PO4 
mg/L 

SO4 
mg/L 

Cl 
mg/L 

RAIN 2.48 N.D. 0.56 3.97 N.D. 1.03 N.D. 41.66 2.32 

P1 2.05 N.D. 1.52 1.94 N.D. 1.3 N.D. 8.74 1.85 

P2 3.92 N.D. 2.02 2.21 N.D. 1.85 N.D. 4.08 2.63 

P3 3.42 N.D. 1.52 2.07 N.D. 0.25 N.D. 1.84 2.94 

P4 2.22 N.D. 1.86 1.46 N.D. 0.84 N.D. 5.57 2.32 

P5 6.96 N.D. 1.34 1.45 N.D. 0.83 N.D. 5.51 2.01 

 

Field Measurements 

Field measurements of thaw depth, water tables and volumetric moisture content of the topsoil that 

were carried out prior to the start of the experiment (July 2nd) were repeated twice (July 25th and 

August 4th) in 2018. Both of these measurement rounds were timed 2 days after the most recent 

irrigation session. Measurements were repeated three times during the summer of 2019 (June 26th, 

July 22nd and August 7th) and only twice during the summer of 2020 (July 22nd and August 12th, due to 

travel restrictions). Thaw depth was measured in 9 points per plot (fig. S1c) as the distance between 

the top of the permafrost and the soil/moss surface using a blunt-tipped metal rod. Water tables were 

measured as the height of standing water above the frozen soil by lowering down a ruler with 

centimeter scale into the PVC wells in the centre of each plot and noted as “0” when absent. 

Volumetric moisture content of the topsoil was measured in the top 5cm of the soil/moss surface 

using a Thetaprobe ML2X (Delta-T Devices, Burwell, UK) calibrated for local organic soils in 9 locations 

per plot (fig. S1c). 

At the onset of the irrigation experiment, eight plots (four control, four irrigated) were equipped with 

iButton DS1921G-F5# (Maxim Integrated Products, Sunnyvale, California, USA) temperature sensors 

and S-SMC-005 soil moisture sensors connected to a HOBO H21-USB microstation (both Onset 

Computer Corporation, Bourne, Massachusetts, USA) at depths of 5 and 20 cm. Soil temperature was 

recorded every three hours and soil volumetric soil moisture was recorded every hour. From these 

measurement series, daily averages were calculated for soil temperature and volumetric moisture. 

Due to technical issues the record for the iButton measurements shows a gap between September 

and November 2018.  
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Supplementary Methods II - Field Data Analysis 

We used the lme4 package1 in R version 3.5.12 to fit (generalized) linear mixed effects models (GLMMs) 

to explain observed dynamics in abiotic variables measured in the plots. Treatment (factor; irrigation 

or control), date of measurement (factor) and their interactions were selected as fixed factors and 

tested for significant effects on abiotic conditions. To account for repeated measurement in a nested 

set-up, we used plot number (n = 20) as a random effect and tested for significant random intercept 

and significant random slopes for treatment and date using likelihood ratio tests (LRTs) on nested 

models with a backward selection procedure. Random structures were tested on full models (all fixed 

effects incl. interactions) assuming an unstructured variance-covariance structure and considering 

both correlated and uncorrelated random slopes and intercepts. The optimal random structure was 

selected based on LRTs, model convergence and Akaike’s Information Criterion (AIC). Using the 

selected random structure, significance of fixed effects was assessed using F-tests with Kenward-

Rogers approximation of degrees of freedom on nested models using the pbkrtest package3 in a 

backwards selection procedure. The optimal model structure was selected based on predictor p-

values, AIC, normality and homoscedasticity of residuals and absence of patterns of residuals against 

random factors and fitted values. Specific additional adjustments were made to account for the 

distribution of dependent variables and improve residual diagnostics: 

● Thaw Depth - was square root transformed to improve residual distribution.  

● Water Table - was frequently absent throughout all measurement dates, but too few 

observations (one per plot) were available to add a zero-inflation component. As a solution, 

the water table was assessed using logistic GLMM (presence vs. absence of a water table), 

following the same procedure as described above. As F-tests are not available for GLMMs3, 

LRTs were used to assess the significance of fixed effects.   

● Soil Moisture - was square-root transformed to improve residual distribution. Due to frequent 

absence of moisture in the topsoil in 2019, a zero-inflation component dependent on the date 

of measurement was added to the model formula for SM using the glmmTMB package4. 

Resulting GLMMs were evaluated for residual distribution, overdispersion and zero-inflation 

using the DHARMa R package5.  

For all three selected models, the significance of the difference between irrigated and control plots 

was assessed per individual measurement date using Tukey contrasts with Bonferroni correction for 

multiple testing.  
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Supplementary Methods III - Model Definition 

The Advanced Terrestrial Simulator (ATS) couples the surface energy balance with subsurface energy 

and mass fluxes accounting for three-phase freeze and thaw processes. For details on the model 

definition and specific permafrost configuration, refer to Atchley et al. (2016)6 and Painter et al. 

(2016)7.  

To initiate the model, a three-step spin-up procedure was employed, consistent with methodological 

developments for arctic hydrogeological modelling6,7,13. Our model is defined as a 1D column, 

expanding 1m in x and y direction and 20m in z direction. Individual cells have a thickness of 1cm near 

the surface (up to 1m depth) to accurately represent freeze- and thaw processes and increase with 

depth. To represent an average subsurface stratigraphy of the landscape8, our column consists of a 

5cm thick moss layer on the top, underlain by 15cm of organic material. Below the organic material, 

the rest of the column is considered to be mineral soil.  A water table is established by defining bottom 

and surface pressure for non-freezing conditions (step 1). The column is then frozen from the base by 

assigning a bottom temperature boundary condition corresponding to site conditions. This freezing 

from below also accounts for volume expansion from liquid to frozen water, allowing unfrozen water 

to be expelled through the top of the model boundary (step 2). In the last step, the full surface energy 

balance is included - accounting for surface-subsurface interactions of heat and water flow - and is run 

until an annual steady-state is obtained where year-to-year changes in temperature and moisture are 

minimal (step 3). Typically, several decades of annual iterations are needed to attain this periodic 

convergence. In our case, we ran the model with daily values for the Chokurdakh weather station 

(WMO station code 21946) 30km northwest of the study site, obtained from the All-Russia Research 

Institute of Hydrometeorological Information - World Data Centre9 complemented by ERA5 radiation 

data from 1979 to 201910. The transient model run to reproduce the field experiment is then initiated 

with the final model state corresponding to January 1st 2009 from the end of the spin up in step 3. 

Daily weather data from 2009 to 2019 is used to inform the model for the transient run. For the results, 

only the years 2018 and 2019 were used. The period from 2009 to 2017 is used again as a spin up in 

each transient simulation as initial conditions might alter the results in the first years. This way we 

ensure that the system is in steady state again when producing the final results. 
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Supplementary Methods IV - Model Conditioning 

Model parameters for the soil properties of the column need to be assigned. These include bulk 

density, porosity, permeability, thermal conductivity (κ, for dry, unfrozen and saturated, unfrozen), 

soil water retention parameters (van Genuchten parameters m and α), surface roughness length and 

bottom boundary temperature. Each parameter (except for surface roughness and bottom boundary 

temperature) is defined for each soil layer separately. Bulk density and density derived porosity is 

based on field measurements8. The bottom boundary temperature is derived from GTN-P database 

for a borehole in the study area (141°49 E, 70.83°N, “Kytalik_GI-01_7m”)11. Surface roughness length 

was determined from fieldwork observations of vegetation height and literature values12. An overview 

over these parameters is given in Table S8. Parameters without comprehensive site-specific 

measurements include thermal conductivity, van Genuchten parameters and permeability for all three 

layers. Literature values are used for permeability for moss, peat and mineral layers obtained from 

Jan et al. (2020)13. We performed a systematic parameter combination assessment first for the water 

retention parameters and afterwards for the thermal conductivity parameters. A range of values was 

defined based on literature-averaged values and systematic increase and decrease of 25% or 50%, 

resulting in three different values for each layer to be tested. This yielded 729 different parameter 

combinations to evaluate. Parameter ranges and selected values used can be found in Table S8. In a 

first step, all 729 runs covered the entire spin up period from 1979 to 2018 to ensure steady state by 

2009, which serves as the starting point for transient simulations. In 2018, daily values for temperature 

in 5 and 20cm, soil moisture in 5 and 20cm and depth of the 0°C isotherm were written to an output 

file, which is fed into the evaluation against field data. Modelled daily values were compared to 

spatially average field measured thaw depth (fig. 1c), soil moisture and temperature (fig. S4-S5) and 

parameters were selected by minimizing the Nash-Sutcliffe Efficiency (NSE) of the modelled thaw 

depth data against the measured data. Based on the best results for the water retention evaluators m 

and α, thermal parameters (κ) were changed in a similar manner, but runs were initiated in 2009 

instead of 1979. The same output as in the previous step was compared again against field data and 

the best match for thaw depth was determined to be the best fit. We chose thaw depth as the 

calibration target as it represents the combined effect of thermal- and hydrological parameters and 

as the evaluation has shown that local variability in field-measured soil moisture is high (fig. S4). As a 

result, it was not possible to perfectly match all the different field observations simultaneously.  
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Supplementary Methods V - Model Scenario Analysis 

Precipitation scenarios were established based on the Chokurdakh station climate data9. “Baseline”, 

“high” and “extreme” summer precipitation scenarios were generated based on frequency-intensity 

distributions of daily precipitation (1944-2019) in regular, wet and extremely wet years. Regular years 

were defined as years within the 40th - 50th percentile of total summer (JJA) precipitation. Wet years 

were defined as years within the 70th - 80th percentile of total summer (JJA) precipitation. Extremely 

wet years as the wettest 5% of summer (95th-100th percentile of total summer precipitation). Using 

the frequency-intensity distribution of selected sets of years (4 < n < 8), artificial distributions were 

generated for each scenario for one year, yielding total summer precipitation of 77mm, 104mm and 

178mm. Across these three scenarios, timing was kept constant by putting the highest to lowest daily 

precipitation in the same order across scenarios, where the order was derived from the long-term 

averaged daily precipitation. In addition, 4 scenarios were generated where 80mm of additional 

precipitation was added to the “baseline” scenario in a particular month divided over 4 equally spread 

days per month. Each scenario was followed by 2 years of “baseline” precipitation to allow for the 

observation of carry-over effects. The resulting 7 scenarios were run under average summer 

temperature conditions and extremely warm summer temperature conditions, based on average daily 

summer temperature in regular summers (40th - 50th percentile of mean summer temperature, n = 

7) and the warmest 5% of summers (95th- 100th percentile of mean summer temperature, n = 4). All 

non-summer conditions were set to long term daily averages from the entire climate record. Other 

inputs (incoming shortwave radiation, relative humidity and wind speed) were set to daily averages 

over the forcing period (see Supplementary Methods III).  
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Figure S3) Precipitation and temperature scenarios used for the scenario study. Total amounts of 

precipitation were 77, 104 and 178mm for the baseline, high and extreme scenarios in June, July and 

August. Additions in June, July and August led to a total of 157mm in JJA, except in the September 

scenario where the additional rainfall was added after the summer (JJA) season. Average temperature 

(JJA) was 7.9oC and 10.6oC for an average and an extremely warm summer respectively.   
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Supplementary Results I - Statistical Analysis of Fieldwork Data 

Table S2) Candidate LMMs for thaw depth. Selected model indicated in bold. 

Predictor Model AIC BIC LL F-test on nested 

models 

F df p 

value 

Treatment sqrt(ALT) ~ moment + 

treatment + (1 | plot) 

2429.827 2487.823 -

1203.913 

13.29 18 1.85e-3 

sqrt(ALT) ~ moment + 

(1 | plot) 

2435.714 2488.437 -

1207.857 

Date sqrt(ALT) ~ moment + 

treatment + (1 | plot) 

2429.827 2487.823 -

1203.913 

181.05 1413 < 1e-15 

sqrt(ALT) ~ treatment + 

(1 | plot) 

3294.988 3316.078 -

1643.494 

Treatment*Date sqrt(ALT) ~ moment * 

treatment + (1 | plot) 

2404.705 2499.648 -

1184.372 

8.66 1406 1.97e-10 

sqrt(ALT) ~ moment + 

treatment + (1 | plot) 

2429.827 2487.823 -

1203.913 

 Likelihood Ratio Test 

X2 df p 

Random intercept 

for Plot 

sqrt(ALT) ~ moment * 

treatment + (1 | plot) 

2404.705 2499.648 -

1184.372 

  

182.13 

  

1 

  

< 1e-15 

sqrt(ALT) ~ moment 

* treatment 

2527.386 2617.017 -

1246.693 
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Table S3) Tukey Contrasts for thaw depth based on selected model. 

 

Date 

 

 

Treatment 

 

 

Estimated 

Marginal Mean 

± SE  

 

Estimated 

Difference (I - 

C) 

 

Standard Error 

of Difference 

 

df 

 

Z ratio 

 

P value 

02-07-

2018 

Irrigation 12.3 ± 0.65 0.513 0.915 38.4  -

0.560   

 0.579 

Control 11.8 ± 0.64 

25-07-

2018 

Irrigation 23.0 ± 0.90  5.017 1.195 38.4 -4.197  0.0002 

Control 18.0 ± 0.79 

04-08-

2018 

Irrigation 26.3 ± 0.96 6.305 1.270 38.4 -4.965 < 

0.0001 
Control 20.0 ± 0.83 

26-06-

2019 

Irrigation 18.9 ± 0.81 0.865 1.136 38.4 -0.761 0.452 

Control 18.1 ± 0.79 

22-07-

2019 

Irrigation 27.1 ± 0.97 2.445 1.343 38.4 -1.821 0.077 

Control 24.6 ± 0.93 

07-08-

2019 

Irrigation 29.1 ± 1.01 4.315 1.371 38.4 -3.148 0.003 

Control 24.8 ± 0.93 

22-07-

2020 

Irrigation 20.9 ± 0.85 4.249 1.143 38.4 -3.716 0.0006 

Control 16.6 ± 0.76 

12-08-

2020 

Irrigation 21.6 ± 0.87 5.607 1.144 38.4 -4.900 <0.0001 

Control 16.0 ± 0.75 
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Table S4) Candidate GLMMs (binomial distribution) for water table. Selected model indicated in bold. 

Predictor Model AIC BIC LL LRT-test on nested 

models 

X2 df p value 

Treatment WT ~ moment + 

treatment + (1 | plot) 

115.18  167.46  -

40.592 

26.588   1 < 1e-6 

WT ~ moment  + (1 | 

plot) 

144.86  172.53  -

63.429 

Date WT ~ moment + 

treatment + (1 | plot) 

115.18  167.46  -

40.592 

82.793 7 < 1e-14 

WT ~ treatment + (1 | 

plot) 

189.06  198.29  -

91.531 

Treat*Date WT ~ moment * 

treatment + (1 | plot) 

120.27  151.02 -

50.135 

19.087   7 0.0079 

WTP ~ moment _ 

treatment + (1 | plot) 

115.18  167.46  -

40.592 

(1 | Plot) (random 

intercept) 

WT ~ moment * 

treatment + (1 | plot) 

120.27  151.02 -

50.135 

 0.8736  1 0.35* 

WT ~ moment * 

treatment  

114.06  163.26 -

41.028 

*) Random intercept was kept to account for repeated measures 
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Table S5) Tukey Contrasts for water table based on selected model. No degrees of freedom are 

estimated for contrasts derived from GLMMs.  

 

Date 

 

 

Treatment 

 

 

Probability WTP > 

0 

 

Estimated 

Difference 

(I/C) 

 

Standard 

Error of 

Difference 

  

df 

 

Z ratio 

 

P 

value 

02-07-
2018 

Irrigation 2.843e-9 ± 1.604e-5  2.0371e-9  1.814e-5  - -1.123e-4  1.000 

Control 8.067e-10 ± 8.485e-6 

25-07-
2018 

Irrigation 1.000 ± 1.651e-5  NA NA -  NA NA 
(P.S.)* 

Control 2.220e-16 ± 4.594e-9 

04-08-
2018 

Irrigation 1.000 ± 1.295e-5  NA NA -  NA NA 
(P.S.)* 

Control 2.220e-16 ± 4.712e-9 

26-06-
2019 

Irrigation 7.840e-2 ± 8.571e-2 -7.840e-2  8.571e-2  -  -
9.147714e-

1  

0.3603 

Control 1.482e-10 ± 3.637e-6 

22-07-
2019 

Irrigation 7.285e-1 ± 1.512e-1 -6.515e-1  1.730e-1  -  -3.766  0.0002 

Control 7.707e-2 ± 8.404e-2 

07-08-
2019 

Irrigation 3.843e-1 ± 1.700e-1 -3.073e-1  1.896e-1  -  -1.621 0.1051 

Control 7.707e-2 ± 8.404e-2 

22-07-
2020 

Irrigation 9.210e-1 ± 8.521e-2 -8.800e-2  1.502e-1  -  -0.586 0.5579 

Control 8.330e-1 ± 1.237e-1 

12-08-
2020 

Irrigation 9.210e-1 ± 8.521e-2 -4.216e-1  1.956e-1  -  -2.155 0.0311 

Control 4.994e-1 ± 1.761e-1 

 

  



15 

 

Table S6) Candidate GLMMs (gaussian distribution) for soil moisture. Selected model indicated in bold. 

Predictor Model AIC BIC LL LRT-test on nested 

models 

X2 df p 

value 

Treatment sqrt(SM) ~ moment + 

treatment + (1 | plot) + 

ziformula ~ moment 

4821.5    4921.7 -2391.7 11.563      1 0.0007 

sqrt(SM) ~ moment + (1 | 

plot) + ziformula ~ moment 

4831.1    4926.0  -2397.5 

Date sqrt(SM) ~ moment + 

treatment + (1 | plot) + 

ziformula ~ moment 

4821.5    4921.7 -2391.7 817.18       7 <1e-15 

sqrt(ALT) ~ treatment + (1 | 

plot) + ziformula ~ moment 

4821.5  4921.7 -

2391.7  

Treatment * 

Date 

sqrt(SM) ~ moment * 

treatment + (1 | plot) + 

ziformula ~ moment 

4629.6  4766.6 -2288.8 205.93 7 <1e-15 

sqrt(SM) ~ moment + 

treatment + (1 | plot) + 

ziformula ~ moment 

4821.5    4921.7 -2391.7 

Zero Inflation sqrt(SM) ~ moment * 

treatment + (1 | plot) + 

ziformula ~ moment 

4629.6  4766.6 -2288.8 87.723       8 <1e-14 

sqrt(SM) ~ moment * 

treatment +  (1 | plot) 

4701.3  4796.2  -2332.6 

Random 

Intercept for 

Plot 

sqrt(SM) ~ moment * 

treatment + (1 | plot) + 

ziformula ~ moment 

 

4629.6  4766.6 -2288.8 7.1435       1 0.0075 

sqrt(SM) ~ moment * 

treatment + ziformula ~ 

moment 

 

4634.7  4766.5 -2292.3 
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Table S7) Tukey Contrasts for soil moisture based on selected model. 

 

Date 

 

 

Treatment 

 

 

Estimated 

Marginal 

Mean  ± SE 

 

Estimated 

Difference (I-C) 

 

SE of 

Difference 

 

df 

 

Z ratio 

 

P value 

02-07-

2018 

Irrigation 20.44 ± 1.221 0.447 1.736 38.4 -0.257 0.7982 

Control 19.99 ± 1.235 

25-07-

2018 

Irrigation 29.39 ± 1.480 13.762 1.832 38.4 -7.511 <0.0001 

Control 15.63 ± 1.080 

04-08-

2018 

Irrigation 24.54 ± 1.353 16.675 1.555 38.4 -

10.762 

<0.0001 

Control 7.87 ± 0.766 

26-06-

2019 

Irrigation 3.797 ± 0.636 2.558 0.725 38.4 -3.531 0.0009 

Control 1.239 ± 0.385 

22-07-

2019 

Irrigation 5.467 ± 0.638 -0.472 0.922 38.4 0.511 0.6119 

Control 5.938 ± 0.665 

07-08-

2019 

Irrigation 2.278 ± 0.574 -1.001 0.857 38.4 1.168 0.2494 

Control 3.278 ± 0.666 

22-07-

2020 

Irrigation 16.585 ± 1.112 -8.470 1.762 38.4 4.807 <0.0001 

Control 25.055 ± 1.367 

12-08-

2020 

Irrigation 23.608 ± 1.327 -3.001 1.935 38.4 1.551 0.1290 

Control 26.608 ± 1.409 
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Supplementary Results II - Soil Temperature & Soil Moisture Logger Data 

 
Figure S4) Field-measured daily volumetric soil moisture at 5cm and 20cm depth from S-SMC-005 

loggers. Transparent dots show individual logger measurements and opaque lines show averages per 

depth and treatment (n=4).  
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Figure S5) Field-measured daily soil temperatures at 5cm and 20cm depth from iButton loggers. 

Transparent dots show individual logger measurements and opaque lines show averages per depth 

and treatment (n=4). Due to technical issues, field measured data show gaps in autumn. 

 

Figure S4 and S5 show field-measured soil temperatures and soil volumetric moisture content at 

5cm and 20cm depth.  Temperature differences between irrigation and control are generally small. 

After irrigation, irrigated sites show warmer topsoil but colder subsoils in winter. The year after 

irrigation (2019), irrigated sites show colder topsoil in early summer.  Higher soil moisture was 

observed in irrigated plots up until summer 2020. This difference was more pronounced in the 

subsoil (20cm depth). 
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Supplementary Results III - Experiment Replication using ATS 

Model results are based on the input parameter combinations given in table S8 as well as the various 

forcing datasets containing daily atmospheric data.   

Table S8) Model parameters specified in the input files of ATS after configuration for site-specific 

conditions 

Parameter Moss  Organic  Mineral

  

Bulk density (kg m-3) 75 88 1300 

Porosity (-) 0.95 0.94 0.51 

Permeability (m2) 1.7x10-11 1.3x10-11 6x10-13 

van Genuchten alpha 𝛼 (m-1) 8x10-4 4.7x10-4 1.5x10-4 

van Genuchten m (-) 0.19 0.275 0.17 

Thermal conductivity κ (saturated) (W m−1 K−1) 0.6 0.5 2.55 

Thermal conductivity κ (dry) (W m−1 K−1) 0.105 0.07 0.145 

Surface roughness length (m) 0.2 

Bottom boundary temperature (K) -263.65 
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Figure S6) a) Daily temperature differences (irrigation-control) in the upper 0.45m of the subsurface 

for the experiment replication. Blue and orange contours represent the irrigation and control 0° 

isotherm respectively. b) Daily differences (irrigation-control) in soil liquid saturation in the upper 

0.45m of soil for the experiment replication. Blue and orange contours represent the irrigation and 

control 0° isotherm respectively. 

In addition to the depth of the 0°C isotherm (fig. 2), fig. S6 shows the daily modelled temperature 

difference in the subsurface up to 0.45m depth. Figure S7 shows daily modelled differences in soil 

liquid saturation. Irrigation was modelled to decrease topsoil temperatures but increase temperatures 

at depth, ultimately leading to a deeper active layer and delayed freeze-up under irrigation. In the 

subsequent winter (October 2018 to March 2019), topsoil temperatures remain more than 1 degree 

warmer in the irrigated plots compared to the control plots. At depth, the irrigated soil remains 

warmer until December 2018, but then cools down to being slightly colder than the control case. In 

the summer following irrigation, the irrigated soil shows a cooling effect in the beginning of summer, 

likely due to higher latent heat demands. The subsoil shows a mild warming effect of previous year’s 

irrigation. The second winter after irrigation (winter 2019-2020) shows a similar, but dampened effect 

as in 2018. In the topsoil (and in the beginning at depth as well) a warming effect of up to 0.5°C can 

be seen in the irrigated case. Until the end of the year, the soil below 0.1m depth is mostly similar in 

both cases (fig. S6a). The irrigation treatment was modelled to lead to substantial increases in soil 

volumetric water content. Small increases in moisture content persisted during the two summers after 

irrigation throughout the soil profile (fig. S6b).  
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Figure S7) Fit statistics for field measured and modelled soil temperature, soil moisture and thaw 

depth in control plots and irrigated plots. a) Soil temperature at 5cm depth in control plots. b) Soil 

temperature at 5cm depth in irrigated plots. c) Soil temperature at 20cm depth in control plots. d) 

Soil temperature at 20cm depth in irrigated plots. e) Soil volumetric moisture content at 5cm depth in 

control plots. f) Soil volumetric moisture content at 5cm depth in irrigated plots. f) Soil volumetric 

moisture content at 20cm depth in control plots. h) Soil volumetric moisture content at 20cm depth in 

irrigated plots. i) Thaw depth in control plots. j) Thaw depth in irrigated plots. In (a-h), coloured 

dashed lines represent individual sensor series and coloured solid lines represent averages per 
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treatment and depth. Black lines represent modelled values. In (i-j), boxplots represent treatment 

averages for all field measurements (n=90 per box) per measurement moment and points represent 

model predicted thaw depth on the same day. 
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Figure S8) a) Measured (red) and modeled (blue) temperature differences between irrigation and 

control at 5 and 20cm depth from 2018 to 2020. Modeled values represent temperatures at 5cm and 
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20cm depth for a single column soil model. Measured differences represent the difference between 

averaged temperature in irrigated (n = 4) - control (n = 4) plots at approximately 5cm and 20cm depth, 

measured with iButtons. (see “Field Measurements''). Due to technical issues, iButton records show 

gaps in autumn. b) Soil Moisture differences between measured (red) and modeled (blue) 

temperatures in 5 and 20cm depth from 2018 to 2020. Modeled values represent temperatures at 5cm 

and 20cm depth for a single column soil model. Measured differences represent the difference between 

averaged temperature in irrigated (n = 4) - control (n=4) plots at approximately 5cm and 20cm depth, 

measured with EC5 sensors. (see “Field Measurements''). 

In fig. S8a, modelled temperatures at 5 and 20cm depth are compared to differences in averaged 

temperatures measured in irrigated plots and control plots. An irrigation effect is visible in both 

modelled and field temperatures, although differences in magnitude exist. Due to logger-failure, 

summer temperatures were not recorded in August-October, but were likely warmer in the irrigated 

site vs. the control site given the deeper active layer. After freeze-up, the effects described above are 

visible in both records; warming in the topsoil until spring 2019 and slightly colder temperatures at 

depth in winter until early summer 2019. Further, in summer 2019, the topsoil in the measurements 

also remains colder, up to 2.5°C, while the modelled effect only amounts to about 1°C temperature 

difference. At depth, summer temperature differences in 2019 show a good agreement between both 

records moving around 0°C differences.  

 

Figure S9) Simulated surface evaporative flux in mm d−1 for the control (orange) and irrigated (blue) 

case for the experiment replication.  
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Figure S10) Simulated daily vertical advected energy flux in 0.1m depth (9-day moving average) for the 

control (orange) and irrigated (blue) case for the experiment replication. Positive fluxes indicate heat 

flux from topsoil to the atmosphere, negative fluxes indicate heat flux from atmosphere to topsoil.  

 

Figure S11) Simulated daily difference (irrigation - control) in bulk thermal conductivity in the top 

0.45m of soil for the experiment replication. Blue and orange contours represent the irrigation and 

control 0° isotherm respectively. 

Fig. S9-S11 show modelled differences in evaporative flux, advected heat flux and thermal 

conductivity between control and irrigated plots. A substantial amount of the added water during 

the experiment starts evaporating right after irrigation (fig. S9). While evaporative fluxes in the 

control case rarely exceed 1mm d-1, evaporation in the irrigated cases reaches up to 3mm d-1. In 

total, evaporation in 2018 amounts to 53.3mm in the control, and 122.9mm in the irrigated case, 

corresponding to a 2.3-fold increase. In the second year, evaporation is still higher in the irrigated 

site, indicating that additional water remained frozen in pore space during winter. With 71.2mm, 

evaporation in the irrigated case is only 25% higher than in the control case (56.7mm). On the other 

hand, energy advected by percolating water can be found after irrigation (fig. S10). This indicates 

that mass, and with it energy, is being transported into deeper soil layers due to irrigation. As a 

result, thermal conductivity of the soil is increased, especially in subsequent winters in mineral soil 

layers (fig. S11).   



26 

 

Supplementary Results IV - Scenario Results 

 

Figure S12) Simulated daily soil temperature difference with baseline (scenario - baseline temperature) 

for scenarios and two following years with baseline precipitation in a summer with average 

temperatures (Tavg JJA = 7.9 °C). (a) high precipitation scenario. (b) extreme precipitation scenario. (c) 

June precipitation scenario. (d) July precipitation scenario. (e) August precipitation scenario. (f) 

September precipitation scenario.  
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Figure S13) Simulated daily soil temperature difference with baseline (scenario - baseline temperature) 

for scenarios and two following years with baseline precipitation in a summer with very warm 

temperatures (Tavg JJA = 10.6 °C). (a) high precipitation scenario. (b) extreme precipitation scenario. 

(c) June precipitation scenario. (d) July precipitation scenario. (e) August precipitation scenario. (f) 

September precipitation scenario.  
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Figure S14) Annual observed Active Layer Thickness in monitoring sites of the Circumarctic Active 

Layer Monitoring (CALM) programme. Sites R31 (Yedoma ridge, 70.55N, 147.43E) and site R31A 

(alas, 70.57N, 147.42E) are situated close to Chokurdakh (70.38N, 147.54E) and are the monitoring 

sites closest to our study site. Data from Abramov et al. (2019)14. 
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