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Abstract. Ground ice content of the Arctic soils largely dictates the effects of climate change-induced permafrost degradation 

and top ground destabilization. The current circumarctic information on ground ice content is overly coarse for many key 

applications, including assessments of hazards to Arctic infrastructure, while detailed data are restricted to very few regions. 

This study aims to address these gaps by presenting spatially comprehensive data on pore and segregated ground ice content 

across the Northern Hemisphere permafrost region at a 1-km resolution. First, ground ice content datasets (n=437 and 380 1-15 

km grid cells for volumetric and gravimetric ice content, respectively) were compiled from field observations over the 

permafrost region. Spatial estimates of ground ice content in the near-surface permafrost north of the 30th parallel north were 

then produced by relating observed ground ice content to physically relevant environmental data layers of climate, soil, 

topography, and vegetation properties using a statistical modelling framework. The produced data show that ground ice content 

varies substantially across the permafrost region. The highest ice contents are found on peat-dominated Arctic lowlands and 20 

along major river basins. Low ice contents are associated with mountainous areas and many sporadic and isolated permafrost 

regions. The modelling yields relatively small prediction errors (a mean absolute error of 13.6 % volumetric ice content) over 

evaluation data and broadly congruent spatial distributions with earlier regional-scale studies. The presented data allow the 

consideration of ground ice content in various geomorphological, ecological, and environmental impact assessment 

applications at a scale that is more relevant than previous products. The produced ground ice data are available in the 25 

supplement for this study and at Zenodo https://doi.org/10.5281/zenodo.7009875 (Karjalainen et al., 2022). 

 

1 Introduction 

The distribution and abundance of ground ice in the Northern Hemisphere permafrost soils remains one of the least known 

components of the cryosphere (Jorgenson and Grosse, 2016; Schuur and Mack, 2018). Notwithstanding, ground ice content 30 

is a key factor in assessing how permafrost regions may evolve in changing environmental conditions (Gilbert et al., 2016; 

Nitzbon et al., 2020; Smith et al., 2022). Ground ice content is central for the thermal response of permafrost to climate 

change because it affects the rate at which frozen ground thaws due to the latent heat required to melt ice (Lee et al., 2014; 
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Couture and Pollard 2017; Cai et al., 2020). The melting of ground ice, in turn, can lead to changing soil volume and inflict 

surface subsidence and hydro-ecological alterations (Osterkamp et al., 2009; Zhao et al., 2020). 35 

A general term “ground ice” refers to all types of ice contained in freezing and frozen ground; ground ice occurs in pores, 

cavities, voids or other openings in soil or rock (van Everdingen, 1998). Three major types of ground ice exist: pore, 

segregated, and massive ice. Pore ice (sometimes termed interstitial or “cement” ice) fills pores of soils and rocks; it forms 

where pore water freezes in place and is the most common type of ground ice (van Everdingen, 1998; Murton, 2013; French, 

2018). Segregated ice is formed by the migration of pore water towards the freezing plane where it forms lenses or layers of 40 

ice. Thin lenses and layers of segregated ice form cryostructures of frozen soils (Fig. 1) while thick layers (tens of cm and 

more) should be described as massive-ice bodies. Segregated ice forms in a variety of materials but water-saturated fine-

grained soils are most favorable for its development (van Everdingen, 1998; Murton, 2013; French, 2018). Massive ice is a 

comprehensive term used to describe large masses of ground ice, including ice wedges (the most common type of massive 

ground ice), pingo ice, buried ice, and thick layers of segregated ice (van Everdingen, 1998).  45 

 

 

Figure 1: Typical cryostructures of frozen soils from samples of frozen cores collected in Northern Alaska: Layered 

cryostructure in silty sand with some coarse inclusions, ice lenses <0.2 cm thick; borehole D170-2, Coldfoot area 

along the Dalton Highway; gravimetric ice content (GIC) of 33.5 % at the depth of 173–180 cm (a); Reticulate 50 

cryostructure in silt with peat inclusions, ice lenses <0.5 cm thick; borehole BSC-20, Beaufort Sea coast near Cape 

Halkett; 80.6 %GIC, volumetric ice content (VIC) of 64.9 % at the depth of 38–48 cm (b); Ataxitic (suspended) 

cryostructure in silty clay, soil aggregates <1.5 cm across are suspended in ice; borehole CAHA-E1, Beaufort Sea 

coast near Point McLeod; 106.6 %GIC at the depth of 211–223 cm (c).  

 55 

Accumulation of ground ice is a result of climate-driven thermal, hydrological and geomorphic processes in the soils as well 

as geologic and glacial history (Dredge et al., 1999; French and Shur, 2010; Murton, 2013; Walvoord and Kuryluk, 2016; 

French, 2018). Ground ice content strongly depends on mechanisms of permafrost formation. Of the two main types, 

epigenetic permafrost forms through lowering of the permafrost base in previously deposited sediment or other earth 

material, while syngenetic permafrost forms through rise of the permafrost table during the deposition of additional sediment 60 

or other earth material on the ground surface (French and Shur, 2010; Shur et al., 2011; Murton, 2013; French, 2018). 
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Coarse-grained material favors the evaporation and sublimation of moisture to the atmosphere (Bockheim and Tarnocai, 

1998), whereas finer sediments have a higher moisture retention capacity and frost susceptibility (Kokelj and Burn, 2005; 

French, 2018) and as such potentially higher ground ice contents. Notwithstanding, Lacelle et al. (2022) point out that in 

many Arctic locations ground ice contents of coarser sediments are not necessarily lower than those in frost-susceptible soils. 65 

Peatlands and organic-rich soils often accommodate very high ice contents due to the high porosity and low density of peat 

(Smith et al., 2012; Fan et al., 2021; Lacelle et al., 2022).  

Schuur and Mack (2018) argued that ground ice alongside permafrost temperature and organic carbon content dictate the 

consequences of changing permafrost for ecosystems and society. The current and future thermal state of permafrost 

(Chadburn et al., 2017; Aalto et al., 2018; McGuire et al., 2018; Obu et al., 2019; Burke et al., 2020; Li et al., 2022; Smith et 70 

al., 2022) and its organic carbon content (Hugelius et al., 2020, Mishra et al., 2020, 2021) have been studied from regional to 

global scales but the information on ground ice distribution have remained poorly resolved. The IPCC Special Report 

(Meredith et al., 2019) concludes that the Northern Hemisphere ground ice volume and its distribution are only known with 

medium confidence and with no recent updates at the circumpolar scale. Circumarctic assessments of permafrost-related 

hazards to infrastructure, for example, have been limited by the inaccurate or coarse-scaled depictions of local ground ice 75 

content (Hjort et al., 2018, 2022; Streletskiy et al., 2019). Moreover, Lacelle et al. (2022) argued that substantial areas in the 

current ground ice maps have underestimated ground ice abundances owing to the often-presumed association of low ice 

contents and coarse-grained sediments which may not be universally applicable. 

The Circum-Arctic Map of Ground ice conditions (Brown et al., 1997), known as the International Permafrost Association 

(IPA) Permafrost Map, is a global observation-based map that continues to facilitate large-scale permafrost studies. The IPA 80 

map distinguishes only a few classes of estimated visible ice content, and its low spatial and thematic resolution is a potential 

bottleneck for reliable Arctic impact assessments. Recent broad-scale ground ice mapping efforts remain rare. O’Neill et al. 

(2019) executed a paleogeographic mapping of ground ice abundance for the entire Canada by using geospatial data on 

surficial materials, glacial history, palaeovegetation, and modern permafrost distribution. Other approaches use permafrost 

landforms as proxies of ice-rich environments (Jorgenson et al., 2014; Walvoord and Kuryluk, 2016; Schuur and Mack, 85 

2018; Karjalainen et al., 2020). Ground ice content has also been simulated by process-based land surface models. For 

example, Saito et al. (2021) used a land surface model to simulate long-term ground ice budget across the circumarctic 

permafrost region. Others have used the IPA map (Brown et al., 1997) to derive excess ice estimates at coarse resolution for 

land surface model simulations (e.g., Lee et al., 2014; Cai et al., 2020). A disadvantage of process-based models is that their 

spatial resolution (~10–100 km) limits depicting the fine-scale spatial variation in ground ice content. To consider sub-grid 90 

variability, some recent applications use a tiling approach in which grid cells in land surface models are partitioned by 

environmental similarity (Nitzbon et al., 2020, 2021).  

Here, we present datasets of harmonized ground ice content observations and statistical model predictions of the distribution 

of ground ice content for pore and segregated ice at a ~1 km resolution across the Northern Hemisphere permafrost region. 

The observational datasets (volumetric ice content (VIC) n=437 and gravimetric ice content (GIC) n=380) serve as 95 

previously unavailable validation data for regional to permafrost region-wide applications. The predictions enable estimating 

the distribution of absolute ground ice values instead of often used nominal outputs (e.g., low, moderate, and high ice 

content) at high spatial resolution. In addition, we compare our predictions to previous ground ice assessments. Our spatial 

ground ice data offer new information on environmental conditions in the Arctic and present an important step towards 

developing improved future projections of changing permafrost landscapes. 100 
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2 Methods and input data 

2.1 Ground ice data compilation 

Data on ground ice content are frequently recorded during permafrost studies and geotechnical investigations in the 

permafrost region (e.g., Johnston, 1981). Usual method is to drill a borehole to extract soil cores from which ice content can 

be either estimated visually or measured using protocols, which are based on either the volume or mass of the ice contained 105 

in the sample. VIC is the ratio of the volume of ice in the sample to the volume of the sample and is expressed as a 

percentage (van Everdingen, 1998). It is scaled between 0 and 100 % and gives a clear measure of how much ice is 

contained in the ground (hereafter, the unit %VIC is used). Quantification of VIC requires high-quality samples and is a 

relatively time-consuming, and thus GIC is more often determined in the field. GIC can be computed by weighing the frozen 

(or thawed) and dry (e.g., oven-dried) masses of the sample. Dry-weight GIC is the ratio of the mass of ice in the sample to 110 

its dry mass (van Everdingen, 1998). Ice mass corresponds to the mass of water lost in the drying. Rarely used wet-weight 

GIC, in turn, is the ratio of ice mass in the sample to its wet mass (Phillips et al., 2015). The dry and wet GIC are expressed 

as a percentage (%GIC), and while dry GIC can greatly exceed 100 %, wet GIC is scaled between 0 and 100 %. 

The data on ground ice contents across the Northern Hemisphere permafrost region were compiled from published databases 

and articles (Appendix E, Supplementary Data 1). From these data, we used measured ice content values at all applicable 115 

core sections (i.e., samples) to compute average ice content for near-surface permafrost. In addition, we extracted ground ice 

values from graphs and plots whenever it was possible to determine the reported ice content with an accuracy of ca. 1 

%VIC/GIC and computed average values for the covered depth interval as previously. Values reported for entire cores were 

also acquired from text provided that the values were documented with similar accuracy and for identifiable boreholes with 

verifiable locations and appropriate depths of sampling. Each core was located with at least a few hundred meters accuracy. 120 

Measurements from the 1980s to present day were included to maximize the geographical coverage of modelling data. 

Whatsoever, regardless of the time of observation, the same strict inclusion criteria were applied for all data. In total, VIC 

dataset was based on 845 individual cores while 670 cores were utilized in the GIC dataset (1–34 cores per 30 arc-second 

grid cell). 

To achieve maximal comparability between ground ice observations across the Northern Hemisphere, average ice content for 125 

each core was computed for the first five meters below the top of permafrost (see O’Neill et al., 2019). This depth was 

considered to contain most of the ice (French, 2018) as documented in numerous locations across the permafrost domain 

(e.g., Brown, 1968; Lewellen, 1973; Pollard and French, 1980; Seguin and Frydecki, 1994; Yin et al., 2017; Paul et al., 

2020) and to have the most relevance concerning the Earth surface processes. In less than ten cases where a single average 

ice content for an entire core was provided in the source data, the five-meter constraint could not be applied, and values 130 

representing longer profiles were included. Whereas such deep profiles can be considered to yield a reliable estimate of the 

average ice content at the site, very short samples are more prone to have spurious values owing to the vertical variation in 

cryostratigraphic soil units. Therefore, to ensure the representativeness and comparability of the observations we excluded 

all sites that were represented with a single sample of less than 20 cm in length. This threshold was chosen to not omit too 

many observations and consequently lose geographical coverage of the modelling data (20 grid cells were omitted).  135 

To account for the vertical variation of ice contents encountered within one borehole, we computed a weighted average of 

ice contents based on the length of the core sections (Subedi et al., 2020) or the number of measurements per soil unit pre-

defined in the source data. Also, to avoid pseudoreplication, if more than one observation were located inside the same 30 

arc second grid cell (in cases, such as borehole transects), a similar weighted average was computed for the grid cell based 

on individual core lengths (Fig. 2). Measurements (either entire cores or individual samples) recorded from massive ice (e.g., 140 
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ice wedges, pool ice, or buried ice) were excluded to avoid the inflation of the site’s ice content due to the extremely high 

volumetric or gravimetric values associated with massive ice. In this study, we consider ground ice content mainly due to 

pore and segregated ice (see Harris and Murton, 2005). Moreover, sites that had reportedly undergone fires during the last 

few years were not included. 

 145 

Figure 2: Conceptual diagram of ground ice content dataset compilation and statistical modelling procedures that 

were performed to produce spatial predictions of ground ice content, i.e., ground ice maps. 

 

2.2 Gravimetric to volumetric ice content transformations 

More GIC than VIC measurements were initially available in the data sources. However, as VIC has more relevance when 150 

estimating thaw settlement characteristics of the ground and permafrost sensitivity to disturbance and thawing, we 

transformed all GIC values to VIC (Shur et al., 2021, Supporting Information). Another benefit of VIC is that it is a readily 

comprehensible measure of ground iciness that is comparable across the permafrost domain while weight-based GIC values 
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have vastly different ranges in low- and high-density soil materials. The transformations also made it possible to include all 

the compiled ground ice observations across the permafrost domain. Considering permafrost thaw-related processes, the 155 

most important ice content measure would be excess ice content, i.e., the amount of ice that exceeds the pore volume of the 

soils (van Everdingen, 1998; Cai et al., 2020; Nitzbon et al., 2020). Excess ice data, however, are very limited at 

circumarctic scale and typically do not include necessary parameters for converting GIC or VIC to excess ice. Visible ice 

contents were similarly excluded because the measure does not include pore ice (see Paul et al., 2020). 

2.2.1 Bulk density transformation. The dry bulk density (DBD) of solid soil materials, derived as the ratio between the dry 160 

mass of soil material and the total volume of the sample, was used to translate gravimetric ice content to volumetric 

whenever DBD was reported in the source data. The transformation was done for the GIC values associated with individual 

samples before computing the core average. The following equation was utilized (adapted from Bilskie, 2001; Jelinski et al., 

2019) to estimate VIC based on GIC and dry bulk density Eq. (1): 

VIC=GIC*DBD/Gi,  165 

(1) 

where GIC is the gravimetric ice content, DBD is the dry bulk density of soil material, and Gi is the density of ice (0.9). We 

estimated the potential error produced in the transformation by comparing the measured and transformed values from 911 

individual core sections from those source data that had reported GIC, VIC and DBD for each sample. The transformed VIC 

against the measured VIC had a mean absolute error of 2.1 %VIC (standard deviation 11.3 %VIC). 170 

2.2.2 Specific gravity transformation. When information on ice volume or soil DBD was not provided in the source data, 

GIC was transformed to VIC using standard empirical specific gravity values. The values were manually defined for each 

observation site based on either soil descriptions, grain size analyzes, profile diagrams and photographs, or (if any site-

specific information could not be found) regional descriptions of soils that were provided in the data source. We 

differentiated those cores with 1) mostly mineral soil material (>90 % of the length of the vertical profile), 2) a mix of 175 

organic and mineral materials (i.e., less pronounced difference in associated material proportions), and 3) mostly organic 

soils (>90 %). Then, we attributed specific gravity values for the three classes using values of 2.5 for mineral soils, 2.0 for 

mixed, and 1.5 for organic soils (peat), and applied the following equation (Johnston, 1981): 

VIC=(GIC*Gs/Gi)/(1+GIC* Gs/Gi) 

(2) 180 

where VIC is volumetric ice content, GIC is gravimetric ice content, Gs is the specific gravity of soil material, and Gi is the 

density of ice (0.9). When there was more than one sample from a core (or more than one core from a site) the 

transformation was done for each sample (or core) before computing the site average. Some of the available GIC 

observations were reported as wet GIC values and were translated to dry GIC using the following equation (Phillips et al., 

2015) prior to transformations: 185 

dry GIC=wet GIC/(1 – wet GIC)  

(3) 

The successfulness of the specific gravity transformation was evaluated by comparing the estimated VIC values from Eq. (2) 

to observed VICs for the sites for which both GIC and VIC were provided in the source data (n=182). On average, absolute 

difference was 6.2 %VIC (standard deviation 6.3 %VIC). In the final VIC modelling dataset, 224 grid cells values were 190 

computed from field observations initially provided as VIC, 13 grid cell values were derived from GIC with Eq. (1) and 200 
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with Eq. (2). Both with the bulk density- and specific gravity-based transformations, the error estimates are representative of 

the respective subsamples of the full dataset and may be different for the remaining observations for which the error statistics 

cannot be computed owing to the lack of either GIC, VIC or DBD. 

2.3 Environmental predictors 195 

We use geospatial data on soil, climate, topography, and vegetation characteristics to account for the variation in relevant 

environmental factors for ground ice content (Table 1). Gravimetric contents of clay (g kg-1), silt (g kg-1), sand (g kg-1) and 

soil organic carbon (dg kg-1), and volumetric coarse fragments (cm3 dm-3) contents in the soils were derived from 250 m 

spatial resolution SoilGrids 2.0 data (Poggio et al., 2021) and resampled to 30 arc second resolution using bilinear sampling. 

We used the values for the depth interval 100–200 cm assuming that in many cases the top meter of soils roughly 200 

coincidences with the active layer with no perennial ground ice. We also considered the potential for ground ice aggradation 

by including spatial data on probability of R horizon (bedrock) occurrence within the first 200 cm below surface (Shangguan 

et al., 2017).  

 

Table 1. Environmental predictors considered in the modelling. All 14 predictors were used in a 30 arc-second resolution. 205 

Predictor (abbreviation) Unit Source 

Fraction of clay (Clay) g kg-1 

Poggio et al., 

2021 

Fraction of silt (Silt) g kg-1 

Fraction of sand (Sand) g kg-1 

Fraction of fine soil materials (sum of Clay and Silt) g kg-1 

Coarse fragments (Coarse) cm3 dm-3 

Soil organic carbon content (SOC) dg kg-1 

R horizon occurrence (Rhorizon) probability of occurrence 0–100 
Shangguan et al., 

2017 

Freezing-degree days (FDD) °C-days in a year, average for 1950–2000 

Hijmans et al., 

2005 

Thawing-degree days (TDD) °C-days in a year, average for 1950–2000 

Sum of solid precipitation (Snowfall) mm in a year, average for 1950–2000 

Sum of liquid precipitation (Rainfall) mm in a year, average for 1950–2000 

Coverage of open water bodies (WaterCover) % 
Defourny et al., 

2016 

Topographic wetness index (TWI) index 
Böhner and 

Selige, 2006 

Normalized difference vegetation index (NDVI) index Didan et al., 2015 
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WorldClim data (Hijmans et al., 2005) were used to compute annual average freezing- (FDD, °C-days) and thawing-degree 

days (TDD), as well as to estimate annual average sums of snow (Snowfall, mm/yr) and rain (Rainfall, mm/yr) precipitation 

for the period 1950–2000. Snowfall represents the sum of precipitation during months with average temperature below 0 °C 

and rainfall for those above 0 °C. The effects of water bodies, whether hydrothermal or due to the spatial association 210 

between thermokarst lakes and ice-rich environments, were accounted for by computing water coverage in a grid cell based 

on 150 m pixels in the global dataset by Defourny et al. (2016). Moreover, we used the GMTED2010 digital elevation model 

(Danielson and Gesch, 2011) to compute a topographic wetness index (TWI) in SAGA GIS (System for Automated 

Geoscientific Analyses, Conrad et al., 2015) with the SAGA Wetness Index tool (Böhner and Selige, 2006). TWI provides a 

measure of soil moisture potential based on the flow and accumulation characteristics of drainage areas defined from the 215 

elevation values. Finally, we produced a normalized difference vegetation index (NDVI) from MODIS data (Didan, 2015). 

Pixel values show the average NDVI for the summer period (June–August) for the period 2000–2014. 

Values from each environmental predictor were extracted for each grid cell assigned with VIC or GIC. To avoid omitting too 

many observations from the modelling datasets, we extracted values from the adjacent pixel in the cases where the borehole 

location did not situate inside any pixel. Other than for the climate predictors, we did not extract values further than the 220 

adjacent pixel owing to the assumed high pixel-scale variation in soil properties, for example, but excluded the observation 

due to missing data. After the grid cell-wise averaging procedures, exclusions of cores based on a single <20 cm sample, and 

omitting grid cells without extractable environmental predictor pixel values, 437 (VIC) and 380 (GIC) unique ~1-km grid 

cells comprised the modelling datasets (Fig. 2, Supplementary Data 1). 

 225 

2.4 Statistical modelling 

Statistical models were used to link the VIC observations and corresponding environmental conditions at 30 arc-second grid 

cells and to predict ground ice content across the study area. A regression-based generalized additive model (GAM) was 

selected owing to its capability of both fitting smooth non-linear relationships and producing sufficiently general model 

structures for predicting outside the modelling data domain (Guisan et al., 2002). In addition, generalized boosting method 230 

(GBM) was employed. GBM can fit highly non-linear relationships while automatically accounting for interaction effects 

between environmental predictors (Elith et al., 2008). GBM is more data-driven and reportedly capable of achieving low 

prediction errors with relatively small datasets in circumarctic contexts (e.g., Karjalainen et al., 2019, 2020; Mishra et al., 

2020; Virkkala et al., 2021). Models were run in R (R Core Team 2021, R version 4.1.0) with the packages mgcv (Wood, 

2011, version 1.8.31) for GAM and dismo (Hijmans et al., 2017, version 1.1.4) for GBM. Model fitting procedures are 235 

detailed in the Appendix A. No exceedingly strong correlations were recorded among the selected predictors in the models 

(each <|0.7| Spearman’s rhoo, Fig. A1). 

The predictive performance of the models was evaluated by using a 100-fold distance-blocked cross validation (Roberts et 

al., 2016). In the procedure, the models calibrated at each 100 rounds were evaluated against spatially independent 

evaluation datasets. The rationale behind this approach is that unaccounted spatial autocorrelation, i.e., the tendency of 240 

nearby observations to resemble each other more than those further, could yield too optimistic estimates of the model’s 

predictive performance (Dormann et al., 2007). The distance at which spatial autocorrelation effect dissipated among the 

residuals from a GAM was first determined using exponential semivariogram model (Fig. B3). Then we used the distance 

estimate (45 km) with an R function zerodist2 (sp package, Pebesma et al., 2005) to split the original data randomly to 

calibration and evaluation datasets between which no spatial autocorrelation would exist. On average, 251 VIC observations 245 

were used in the 100 calibration runs (Fig. A2) and 44 in the evaluation. 
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To quantify the predictive performance, mean error (ME), mean absolute error (MAE), root mean square error (RMSE) and 

coefficient of determination (R2) were calculated between predicted and observed ice content for both calibration and 

evaluation datasets. For external evaluation, the modelled spatial patterns of VIC were compared to earlier broad-scale 

mapping efforts. However, rather than the general patterns of ground ice distribution, a key factor in the light of permafrost 250 

dynamics is the abundance of ice content at a location. Some more detailed local to regional estimates of ground ice 

abundance exist and were here semi-quantitatively compared to our VIC predictions. 

 

3 Results 

3.1 Northern Hemisphere distribution of ground ice content 255 

The average observed VIC and GIC values for the Northern Hemisphere permafrost region are 61 % (range 0–96 %) and 176 

% (0–1,717 %), respectively (Fig. 3). On average, the VIC and GIC values are representative of a 235 and 236 cm soil 

column (ranging from 20 to 2,500 cm) and have their average top and bottom at 89 and 324 cm, and 81 and 317 cm, 

respectively. The representative soil column lengths and ground ice contents have statistically significantly negative 

correlation; for VIC (n=423) Spearman’s rho is –0.18 (p<0.001) and for GIC (n=367) –0.18 (p<0.001).  260 

 

Figure 3: Compiled ground ice observations across the Northern Hemisphere permafrost region (a) and boxplots 

summarizing the distributions of volumetric (b) and gravimetric ice content (c) values. Thick black line is the median 

and the top and bottom of the box coincidence with 75th and 25th percentiles, respectively. Circle symbols represent 

outlier values which are more than 1.5 times the interquartile range away from the 25th or 75th percentiles. 265 

Permafrost zonation is from Obu et al. (2019). 
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The predicted distribution of VIC shows strong spatial variation at different scales across the permafrost domain (Fig. 4a). 

The areas with the highest VIC correspond with the low-lying drainage basins of major Arctic rivers, such as Lena, Kolyma 

and Yenisei in Russia, and Yukon and Mackenzie in North America. Extensive ice-rich permafrost regions are also found 

across the vast peatlands in West Siberia and south of the Hudson Bay. Also pronounced are certain coasts of the Arctic 270 

Ocean. Mountainous areas are the lowest in ice content. Relatively low ice contents are also predicted for many of the 

Canadian Arctic Islands and the western coast of Greenland while the eastern coast is more ice rich.  

 

Figure 4: Predictions of volumetric ice content (a, %VIC) and their standard deviation (b) for the Northern Hemisphere 

permafrost region based on 100 generalized additive modelling (GAM) runs. Locations mentioned in text are numbered: 1) Lena 275 

River, 2) Kolyma River, 3) Yenisei River, 4) Yukon River, 5) Mackenzie River, 6) West Siberian Lowland, 7) Hudson Bay 

Lowland, 8) the Tibetan Plateau, and the central Ungava Peninsula (9). Permafrost extent is based on Obu et al. (2019). More 

detailed regional maps are presented in Figure D5. The results for generalized boosting method (GBM) are presented in Figures 

D6–7. 

 280 

The predicted average VIC for the permafrost region is 55.9 %. The Tibetan Plateau has clearly lower ice contents than the 

circumarctic area (on average 24.0 %VIC for the entire permafrost region of China) but also has multiple regions with VIC 

above 40–50 %. Among other key permafrost regions, Russia has the highest average VIC value (62.0 %) and is followed by 

the United States (57.7 %), Canada (53.9 %), Greenland (48.1 %) and Mongolia (26.8 %). Prediction variation is the lowest 

in the high-Arctic regions. The standard deviation among 100 predictions is below 4 %VIC over most of the continuous 285 

permafrost regions with the notable exceptions Lena River valley and Yakutian lowlands (Fig. 4b). Highest variation occurs 

in mountainous regions (~5–10 %VIC) and those associated with isolated permafrost (~10–20 %VIC). 
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3.2 Model performance 

The AIC-optimized VIC models include eight predictors: FDD, TDD, Snowfall, Rhorizon, fraction of fine soil materials, 

NDVI, TWI and WaterCover. The predictive performances of the models (R2) show a clear drop when calibrated models are 290 

used to predict VIC at sites in the spatially independent evaluation datasets while prediction errors show a more modest 

increase (Table 2). Standard deviation of errors and R2 also increase in the evaluation setting. Overall, predicted VIC values 

have a negligible positive bias of 0.3 %VIC (GAM). GAM and GBM yield similar statistics for evaluation datasets while 

GBM has a better match with the calibration data. For example, GBM predicts better over the calibration datasets, but GAM 

nevertheless has a similar R2 for evaluation data (i.e., is more robust). 295 

 

Table 2. Predictive performance of generalized additive modelling (GAM) and generalized boosting method (GBM) in volumetric ice 

content (VIC) modelling based 100-fold distance-blocked cross validation. Presented are the average and [standard deviation] of mean 

error (ME), mean absolute error (MAE), root mean squared error (RMSE) and coefficient of determination (R2). 

 
ME (%VIC) MAE (%VIC) RMSE (%VIC) R2 

 
Calibration Evaluation Calibration Evaluation Calibration Evaluation Calibration Evaluation 

GAM -0.02 [0.02] 0.3 [3.2] 12.0 [0.5] 13.6 [1.7] 15.3 [0.6] 17.0 [2.0] 0.53 [0.04] 0.29 [0.17] 

GBM <0.01 [0.01] 1.1 [3.1] 7.4 [1.1] 13.8 [1.6] 9.7 [1.3] 17.3 [2.0] 0.81 [0.05] 0.27 [0.18] 

 300 

Among the 100 model calibration runs, the most frequent predictions (yellow tones), approximate the 1:1 line between the 

predicted and observed values. The sites with VIC lower than 50 % appear to be overestimated, and some ice-rich sites are 

predicted to have lower VIC than observed (Fig. 5). Reflecting the lower prediction errors recorded with GBM, associated 

predictions show a better match with the observed values (Fig. 5b). The used error distribution allows for negative (and 

above 100 %VIC) values to be predicted where conditions are especially unsuitable (or suitable) for ground ice occurrence 305 

or fall outside the range of calibration data. Thus, all negative predictions were forced to 0 %VIC and those above 100 to 100 

%VIC. This had negligible effects on the evaluation statistics given that less than 0.8 % of all initial predictions from GAM 

were negative and less than 0.1 % were above 100 %VIC.  
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 310 

Figure 5: Predicted volumetric ice content (VIC) plotted against observed values with generalized additive modelling (GAM) (a) 

and generalized boosting method (GBM) (b). Color scale represents the frequency of predicted–observed match among 100 

distance-blocked cross-validation runs with calibration datasets (on average, n=251); yellow shades imply high frequency while 

rare occurrences are dark blue. Note different color shading for prediction frequencies between the panels.  

 315 

3.3 Comparisons with previous maps 

The VIC predictions show a general match with the prominent high- and low-ice content areas in the reference maps but 

with a greater spatial variability (Fig. 6). More incongruent with the previous maps, Yedoma regions in Siberia and Alaska 

are predicted to have lower than expected ice content values, whereas some areas with low fine-grained sediment contents 

(e.g., central Ungava Peninsula) receive higher than expected values. The reference maps each represent different measures 320 

of ground ice content: Jorgenson et al.’s (2008) map (Fig. 6b) shows total excess ice volume in the upper five meters of 

permafrost, while that of O’Neill et al. (2019, 2020; Wolfe et al., 2021) corresponds to the modelled segregated ice 

abundance in the upper five meters of permafrost (Fig. 6e), and Brown et al. (2002) estimate observation-based visible ice 

content in the upper 20 m of permafrost (Fig. 6c, f). 

 325 
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Figure 6: Spatial comparisons of predicted ground ice content in Alaska (a, b, c) and Canada (d, e, f). The close-up maps show 

volumetric ice content predictions from generalized additive modelling (GAM) (a, d), excess ice volume in the upper five meters of 

permafrost by Jorgenson et al. (2008) (b), modelled segregated ice abundance in the upper five meters of permafrost from O’Neill 

et al. (2019) (e), and observation-based visible ice content in the upper 20 m of permafrost from Brown et al. (2002) (c, f). 330 

Permafrost extents are based on Obu et al. (2019) (a, d), Jorgenson et al., (2008) (b), Heginbottom et al., (1995) (e), and Brown et 

al. (2002) (c, f). 

 

4 Discussion 

4.1 Spatial variability of ground ice content 335 

Predictions of ground ice content over the Northern Hemisphere show a strong spatial variability in the topmost five meters 

of permafrost. Apart from distinctly different ground ice contents between lowlands and mountains, notable regional 

variability occurs due to soil properties and climate. Many clusters of ice-rich permafrost are associated with peatlands, but 

also major river basins where soil properties and topography based on the modelled responses between VIC and predictors 

(Fig. C4) reflect the low-lying thick sediments with suitable conditions for ground ice aggradation. Moreover, the highest 340 
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VIC occurs in the continuous and discontinuous permafrost zones while sporadic and isolated zones often have less 

pronounced abundancies. We can at least partially attribute this to the climatic conditions; TDD values above ca. 1,300–

1,500 °C-days are associated with sharply diminishing VIC (Fig. C4).  

Using Rhorizon and fine-grained sediments as predictors was also useful in differentiating the generally thinner and coarser 

soils of formerly glaciated regions from thicker sediments of unglaciated regions (but also marine and fluvial sediments), and 345 

as such indirectly incorporating the influences of glacial and sedimentation history. The lower ice contents across the 

Canadian Shield, for example, can be largely attributed to the area’s thin, glacially scoured soils (Dredge et al., 1999). On  the 

other hand, the ice content of unglaciated regions is a result of long geomorphic and climatic history, including the complex 

processes behind permafrost development and global sea level changes, for example, the spatial and temporal aspects of 

which cannot be captured by using data on present day conditions. Harmonized, high resolution data on past environmental 350 

conditions could improve the predictive performance of the models but applicable data were not available for this study. 

4.2 Ground ice content variability and methodological uncertainties 

Ground ice content can display high spatial variability over small horizontal distances (Wang et al., 2019; Siewert et al., 

2021), but also undergo strong vertical variation within a core (Paul et al., 2020; Lacelle et al., 2022). Owing to these 

characteristics, ground ice content observations have been challenging to upscale, and existing ground ice predictions remain 355 

generalized at regional to circumarctic scales. Here we computed average ground ice contents for individual grid cells often 

based on multiple observations (see Supplement Data 1), which is assumed to have reduced the local-scale variation between 

grid cells. The grid cells inheriting ground ice values from a single core are more prone to possible sampling biases, and thus 

potentially less representative of the ground ice conditions across the grid-cell area. Such bias could occur especially if such 

a core was obtained in the area with the ice-rich permafrost. For this reason, we did not consider ice contents measured 360 

directly from ice wedges or any other massive-ice bodies (e.g., pingos). Thus, we excluded individual massive ice samples 

from core average computations. However, we did include ca. ten grid cells (computed based on 1–6 cores per grid cell) 

from palsas or lithalsas, which were considered less likely to include massive ice. By averaging the finest variation in the 

observation data, but also in the environmental factors (the used predictors represent average values computed for the 30 arc-

second grid cells often based on neighborhoods of varying size), statistical modelling is suited to delineate locally averaged 365 

distribution patterns in ground ice content. Although the finest variability is thus masked from the grid cell-scale predictions, 

the high resolution allows for discriminating, e.g., larger palsa mires from surrounding environments with lower ice content.  

We aimed to maximize the comparability between observation sites by summarizing measurements in the upper five meters 

of permafrost, but unequally distributed sampling along the core profile could have affected site averages. That is, some 

profiles only had samples from 1–2 meters below the permafrost table, which is usually the richest zone in ice content 370 

(Pollard and French, 1980; French, 2018); in many cases, occurrence of this zone is associated with the ice-rich intermediate 

layer of the upper permafrost (Shur, 1988; Shur et al., 2011). The highest VIC values in the modelling data from the Western 

Siberian lowlands (>90 %VIC, Smith et al., 2012) are mainly from the extremely ice-rich organic soils in the upper 2–3 

meters of the permafrost. Predicted VIC over the region is accurately in line with these observations and has especially low 

uncertainty (Fig. 4b) but the sampling depth bias could have resulted in overestimated ice contents here and in similar 375 

environments. The recorded statistically significant correlations between the depth of sampling and ground ice contents 

indeed imply that deeper profiles had on average lower ice contents. Moreover, the exact proportions of mineral soil and peat 

in the profile could not always be determined as the classification had to be made based on a varying amount of information 

on soil materials in the used data sources. However, if in an unlikely case any organic site was misclassified as mineral, or 

vice versa, the conversion error would be around 5–15 %VIC depending on the value of GIC (Shur et al., 2021, Supporting 380 
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Information). Potential rare errors of this magnitude are argued to have negligible effect on a permafrost region-scale 

analysis. 

Additional uncertainty for harmonizing permafrost region-wide ground ice data arises from potentially inconsistent sampling 

practices and documentation of ground ice content records. It is visible from the compiled data (average VIC of 61 %, Fig. 

3b) that ground ice studies have been biased towards ice-rich locations (see Gilbert et al., 2016). This is because of higher 385 

research interest in ice-rich environments but also because cores from ice-poor, coarse-grained sediments or bedrock are 

harder to retrieve. However, some ice-rich areas were clearly less represented in the modelling datasets (Fig. A2) due to the 

distance-based sampling procedure (some of the clustered observations often acquired from ice-rich areas were omitted) and 

the number of low ice content observations in turn was relatively higher. This slightly alleviated the possible effect of biased 

sampling to the modelling results.  390 

The compiled observations represented ground ice content at one point of time, and we did not consider the potential 

changes in ice content over time. Whatsoever, considering that accumulation of ground ice at the targeted depth range has 

typically occurred during several millennia (e.g., Saito et al., 2021) we argue that any aggradation of ground ice over annual 

to decadal periods would have had a small effect on the average ice content across the entire depth range. For example, 

Kokelj and Burn (2003) found that a decadal-scale ice aggradation of segregated ice beneath the permafrost table was 395 

limited, and that the aggraded permafrost had similar ice content to that in underlying permafrost. Permafrost degradation 

has resulted within many areas due to the global permafrost warming trends and widespread increase in the active-layer 

depths (e.g., Smith et al., 2022). However, this process is relatively slow, unless it affects massive-ice bodies (which are 

excluded from our estimations) and cannot significantly change average ice-content numbers calculated for a 5-m-thick 

layer. Despite the discussed uncertainties, we argue that attributed to the detailed observational data and careful 400 

harmonization procedures with uncertainty estimations, the produced datasets provide a reasonably accurate account of 

ground ice content for modelling and validation purposes at regional and circumarctic scales.  

Notwithstanding the relatively small number of ground ice observations to calibrate and evaluate the models, they performed 

robustly in the distance-based cross validation (i.e., evaluation statistics displayed small to moderate differences between 

calibration and evaluation settings) and had moderate standard deviation in error statistics. The higher prediction uncertainty 405 

and likely overestimation of lower-end ice contents (Fig. 5) are suggested to have been due to the scarcity of observations 

from ice-poor landscapes (e.g., Arctic mountains ranges) and the subsequent limited extrapolation potential of the models to 

such areas. According to Obu et al. (2019) the extent of isolated permafrost in their zonation may be overestimated in eastern 

Russia and central Canada, especially. Such areas may not be underlain by permafrost and therefore associated ground ice 

predictions are not applicable, but also not in the focus of the produced data. Moreover, some areas, such as parts of the 410 

central Ungava Peninsula in Canada (Fig. 4a), based on the used data have very low fine-grained sediment (sum of Clay and 

Silt fractions, Table 2) contents (<300 g kg-1) that fall outside the range covered by the modelling data. As a result, 

associated predictions have relatively high uncertainty. These notions underline the critical need for more inclusive ground 

ice sampling which would benefit the extrapolation capabilities of statistical modelling outside the ice-rich environments. 

4.3 Ground ice predictions in the context of prior knowledge 415 

Our ground ice maps capture the general spatial patterns in ground ice distribution obtainable from previous broad-scale 

maps. The closest match is found outside region with Yedoma and buried glacier ice, where the pore and segregated ice 

account for most of the total ground ice content as demonstrated by Couture and Pollard (2017, Yukon Coastal Plain, 

Canada), Pollard and French (1980, Mackenzie delta, Canada), French et al. (1986, Melville Island, Canada), and Kanevskiy 

et al. (2013, Beaufort Sea coast, Alaska). The most notable incongruencies are found in regions with Yedoma (Jorgenson et 420 
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al., 2008, high ice content class in Fig. 6b; Strauss et al., 2021). Therein, soils are often very ice rich due to the presence of 

large syngenetic ice wedges attributing 20 to 80 % of the total volume of Yedoma, while the ice content of soils between ice 

wedges is highly variable, commonly ranging from 50 to 80 %VIC (Kanevskiy et al., 2011, 2012; Schirrmeister et al., 2013). 

Importantly, all these comparisons are markedly affected by the field observation method (e.g., visual vs. measured ground 

ice estimates) and the depth for which the values are provided. Therefore, a significant level of discrepancy can be expected. 425 

Particularly we should mention the IPA map, where visible ice content estimates for the upper 20 m are inherently lower 

than those predicted in this study because the IPA map considered the deeper profile, but also because visible ice content 

does not account for pore ice that is invisible to the naked eye. 

The predicted VIC values have a moderate to good match with areal VIC estimates from previous regional-scale studies. For 

example, Pollard and French (1980) estimate Richard Island in Mackenzie delta to have 52 %VIC in the top 4.5 m of 430 

permafrost. In this study, the predicted mean for the same area (manually delineated in ArcGIS Pro) is 60 %VIC. Yukon 

Coastal Plain has been estimated to have a total ice content that ranges between 45.5 and 47.1% (Couture and Pollard, 2017) 

whereas here presented predictions suggest predominantly 55–65 %VIC for the region. Moreover, Couture and Pollard 

(2017) estimated VIC to range between 0 and 74% between the terrain units while our predictions are all >50 %VIC. 

Similarly, Kanevskiy et al. (2013) concluded that the pore and segregated ice content for the upper 2–3 m of permafrost on 435 

the Beaufort Sea Coast in Alaska vary from 39 to 81 %VIC in different terrain units while here we predict VIC between 50 

and 75 %. The smaller ranges can be expected owing to our approach’s tendency to average ice contents to ~1 km2 

resolution. More spatially resolved climate and soil predictors could offer a straightforward but not easily attainable means to 

improve prediction accuracy of the models. Outside the ice-rich regions of the Arctic area, Wang et al. (2018) estimated an 

average VIC of 31 % (±11 %) for soils 3–10 m below ground surface in the northeastern Tibetan Plateau. This matches well 440 

with our predicted VIC average of 30.9 % for the same area. 

Finally, we argue that focusing on pore and segregated ice is necessary for the comparability of predicted ice content values 

across the permafrost domain. Spatial modelling of predominantly massive ice accumulations, such as ice wedges and buried 

ice, can be more readily performed with remote-sensing based object recognition techniques (Skurikhin et al., 2013; Ulrich 

et al., 2014; Chen et al., 2017; Zhang et al., 2018; Witharana et al., 2020, 2021) or presence-absence modelling of landforms 445 

indicative of abundant ground ice (Karjalainen et al., 2020). We encourage different types of ground ice to be studied 

separately to produce tools for assessing the different thaw-related hazards associated with variable ground ice content and 

distribution in various permafrost environments.  

 

5 Data availability 450 

The VIC predictions and associated uncertainty layers are available at Zenodo https://doi.org/10.5281/zenodo.7009875 

(Karjalainen et al., 2022). The data layers cover the Northern Hemisphere permafrost region north of the 30th latitude. Some 

areas in the northernmost Ellesmere Island and Greenland (approx. north of the 82nd parallel north) are clipped out due to 

missing NDVI data. The compiled observational ground ice data are available in the supplementary material (Supplementary 

Data 1). 455 

 

6 Conclusions 

We present compilation datasets of ground ice content observations and numeric predictions of pore and segregated ground 

ice at 1-km resolution across the Northern Hemisphere permafrost region. The prediction maps demonstrate the substantial 

spatial variation of pore and segregated ice contents in the near-surface permafrost across the region with a relatively low 460 
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prediction errors (<14 %VIC). Certain ice-rich deposits like Yedoma with abundant wedge ice, or buried ice occurrences 

were not explicitly included in the analysis. More accurate local variability of ground ice content could be captured by 1) 

incorporating additional ground ice observations, especially from areas with ice-poor permafrost and extensive regions that 

remain unsampled, and 2) accounting for different ground ice types. The presented observational ground ice data and 

prediction maps are useful for various modelling and validation purposes at regional to circumarctic scales. The high spatial 465 

resolution also offers improved applicability for assessments of the vulnerability of natural and built environments to 

permafrost degradation and thaw-related hazards, hydrological processes, and biogeochemical processes involving the 

emissions of greenhouse gases (CO2, CH4, N2O) from frozen soils. 

  

https://doi.org/10.5194/essd-2022-144
Preprint. Discussion started: 12 September 2022
c© Author(s) 2022. CC BY 4.0 License.



18 

 

Appendix A: Model calibration and modelling data characteristics 470 

 

Generalized additive model (GAM) was optimized by first inserting all potentially relevant environmental predictors to an 

initial model. Next, backward stepwise elimination was used to remove predictors from the model one by one as long as the 

removal decreased the model’s Akaike Information Criteria (AIC) value. The model with the smallest AIC was used for 

prediction. However, based on preliminary models it was observed that the predictor Rainfall caused notably weaker 475 

predictive performance and was omitted from the final modelling. Coarse sediments were excluded from the models owing 

to a strong bivariate correlation (>0.7 Spearman’s rhoo) with Rhorizon. No exceedingly strong correlations were recorded 

among the predictors used in the models (each <|0.7| Spearman’s rhoo, Fig. A1). 

All predictors were included in the GAM model without interaction terms and assuming Gaussian error distribution with 

identity link function, with maximum smoothing function set to five. The same predictors that were selected for the final 480 

GAM were also used as input for the generalized boosting method (GBM) with the following parameters: bag fraction=0.8, 

maximum number of trees=8,000, learning rate=0.001 and tree complexity=5. Rather large bag fraction (80 % of 

observations used for random samples for each individual tree) was selected due to the relatively small calibration data. 

Maximum number of trees, learning rate and tree complexity were calibrated as such that the models reach minimum 

predictive error using at least 1,000 trees (Elith et al., 2008). Notwithstanding, a slow learning rate was selected to diminish 485 

the effect of potentially spurious predictions from individual trees (owing to the relatively small size of the calibration 

datasets). As a result, from 3,500 to 8,000 trees were fitted depending on the cross-validation run to optimize the model by 

gbm.step function in package dismo (Hijmans et al., 2017). 

 

 490 

Figure A1: Bivariate Spearman’s rank order correlations between the environmental predictors that were included in the final 

models. Positive (orange) and negative (purple) background stand for correlations according to their strength in volumetric ice 

content (VIC) modelling. Non-significant correlations at a 0.01 confidence level are presented with white background. Abbreviated 

predictors are freezing- and thawing degree-days (FDD and TDD), topographic wetness index (TWI), Normalized Difference 

Vegetation Index (NDVI), coverage of open water bodies (WaterCover), occurrence probability of R horizon within 200 cm from 495 
the surface (Rhorizon), and fine sediment proportions (Fine).  
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Figure A2: Density distributions for the compiled ground ice content datasets and the model calibration samples. In total, 437 

volumetric ice content observations denoted with black density distribution curve are used in the modelling. The grey curves show 

the density distributions for the 100 random calibration samples that were made spatially independent by applying geostatistically 500 
estimated threshold for spatial autocorrelation. Vertical dashed lines show mean values for the compiled ground ice observations 

(black) and mean among 100 calibration datasets (grey).  
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Appendix B: Analysis of spatial autocorrelation 

 

 505 

Figure B3: Exponential variogram model that was used to assess the effect of spatial autocorrelation. The model was fitted for the 

residuals from generalized additive models for volumetric ice content observations using a bin width of 25 km and a cutoff value of 

1,000 km. 
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Appendix C: Modelled responses between volumetric ice content and environmental predictors 510 

 

 

Figure C4: Averaged response curves from 100 model realizations. Black lines correspond to the results from generalized additive 

modelling ja and grey to generalized boosting method. The curves show the shape of the effects of predictor variables to 

volumetric ice content (%VIC) over the range of their values. Thick line is the mean from 100 distance-based cross-validations and 515 

thin lines show 1 standard deviation. 
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Appendix D: Spatial predictions 

 

 520 

Figure D5: Predicted volumetric ice content (VIC, %) based on the generalized additive model for North America (a) and Eurasia 

(b). Locations mentioned in text are numbered: 1) Lena River, 2) Kolyma River, 3) Yenisei River, 4) Yukon River, 5) Mackenzie 

River, 6) Western Siberia peatlands, 7) Hudson Bay peatlands, and 8) the Tibetan Plateau, and 9) the central Ungava Peninsula. 

Permafrost extent is based on Obu et al., (2019).  

  525 
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Figure D6: Predicted volumetric ice content (a, %VIC) and their standard deviation (b) for the Northern Hemisphere permafrost 

region based on 100 generalized boosting method rounds. Locations mentioned in text are numbered: 1) Lena River, 2) Kolyma 

River, 3) Yenisei River, 4) Yukon River, 5) Mackenzie River, 6) West Siberian Lowland, 7) Hudson Bay Lowland, 8) the Tibetan 

Plateau, and 9) the central Ungava Peninsula. Permafrost extent is based on Obu et al. (2019). 530 
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Figure D7: Predicted volumetric ice content (VIC, %) based on the generalized boosting method for North America (a) and 

Eurasia (b). Locations mentioned in text are numbered: 1) Lena River, 2) Kolyma River, 3) Yenisei River, 4) Yukon River, 5) 

Mackenzie River, 6) Western Siberia peatlands, 7) Hudson Bay peatlands, 8) the Tibetan Plateau, and 9) the central Ungava 535 

Peninsula. Permafrost extent is based on Obu et al., (2019).  
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Appendix E: Ground ice data sources 
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