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Abstract

Due to an imbalance of incoming and outgoing radiation at the top of the atmosphere, excess heat has been accumulating in

Earth’s climate system in recent decades, driving global warming and climatic changes. To date it has not been quantified how

much of this excess heat is being used for the melting of ground ice in the terrestrial permafrost region. Here, we diagnose

changes in sensible and latent heat contents in the northern terrestrial permafrost region from ensemble simulations of a

numerical permafrost model. We find that about 3.9 (+1.5|-1.7) ZJ of heat, of which 1.7 (+1.4|-1.5) ZJ (45%) were used to melt

ground ice, were taken up by permafrost from 1980 to 2018. This suggests that permafrost is a persistent heat sink similar in

magnitude to other components of the cryosphere that requires an explicit consideration in assessments of the Earth’s energy

imbalance.
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Key Points:11

• We provide the first estimate of heat uptake through both warming and thawing12

of Arctic terrestrial permafrost.13

• From 1980 to 2018, 3.9+1.5
−1.7 ZJ of heat have been taken up in the permafrost re-14

gion, about 45 % of which through melting of ground ice.15

• Thawing of permafrost is a heat sink similar in magnitude to other components16

of Earth’s cryosphere.17
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Abstract18

Due to an imbalance of incoming and outgoing radiation at the top of the atmosphere,19

excess heat has been accumulating in Earth’s climate system in recent decades, driving20

global warming and climatic changes. To date it has not been quantified how much of21

this excess heat is being used for the melting of ground ice in the terrestrial permafrost22

region. Here, we diagnose changes in sensible and latent heat contents in the northern23

terrestrial permafrost region from ensemble simulations of a numerical permafrost model.24

We find that about 3.9+1.5
−1.7 ZJ of heat, of which 1.7+1.4

−1.5 ZJ (45 %) were used to melt ground25

ice, were taken up by permafrost from 1980 to 2018. This suggests that permafrost is26

a persistent heat sink similar in magnitude to other components of the cryosphere that27

requires an explicit consideration in assessments of the Earth’s energy imbalance.28

Plain Language Summary29

During the past decades planet Earth has received more energy from the sun than30

it emitted back into space. This led to a surplus of energy which is causing global warm-31

ing and climate change. While the majority of this surplus energy is being absorbed by32

Earth’s oceans, some part of it is used for the melting of ice contained in permafrost ground.33

However, we do not know how much. In this study, we use a computer model to calcu-34

late how much energy has been taken up by permafrost in the Arctic during the past four35

decades. We find that about 3.9 sextillion Joules of energy were taken up by permafrost36

from 1980 to 2018. About 45 % of this energy has been used to melt ice contained in the37

ground, while the remaining energy caused warming of the ground. Our findings sug-38

gest that a similar amount of energy is taken up by permafrost as it is absorbed by other39

large ice bodies on Earth, such as ice sheets, glaciers, or sea ice. Our study implies that40

the energy taken up by permafrost needs to be considered in global assessments of Earth’s41

energy budget which has not been the case so far.42

1 Introduction43

Due to the positive difference between incoming and outgoing radiation at the top44

of its atmosphere, the Earth has been accumulating heat over the past decades, which45

is referred to as Earth’s Energy Imbalance (EEI) (Hansen et al., 2005; von Schuckmann46

et al., 2016). The EEI is a more robust measure of global warming and climate change47

than global mean surface temperatures, because it is less prone to annual-to-decadal fluc-48

tuations associated with natural climate variability (von Schuckmann et al., 2016, 2020).49

The great majority (about 90 %) of the excess heat is taken up by Earth’s oceans (Church50

et al., 2011; von Schuckmann et al., 2020; Frederikse et al., 2020), causing their thermal51

expansion which is the main contributor to global sea level rise (Group, 2018; Edwards52

et al., 2021). Only a small fraction (1-2 %) of excess heat ends up in the atmosphere. This53

is reflected in an increase in global mean surface temperatures and humidity (Stoy et al.,54

2022). Similar shares of the remaining heat cause warming of Earth’s continental land-55

masses (5-6 %), and melting of its ice masses (3-4 %), addressed in more detail by T. Slater56

et al. (2021).57

However, observation-based estimates of the heat taken up by the cryosphere (e.g.,58

(Church et al., 2011; von Schuckmann et al., 2020; T. Slater et al., 2021)), do not accu-59

rately take into account the northern terrestrial permafrost region, which is the largest60

non-seasonal component of Earth’s cryosphere in terms of spatial extent. In the permafrost61

region, net positive ground heat fluxes cause both warming of the subsurface (change in62

sensible heat content), and melting of ground ice (change in latent heat content). While63

sparsely-distributed temperature records from boreholes allow rough estimates of the over-64

all sensible heat uptake in the permafrost region (Biskaborn et al., 2019; Cuesta-Valero,65

Garćıa-Garćıa, Beltrami, González-Rouco, & Garćıa-Bustamante, 2021), we are not aware66

of comparable long-term records of changes in ground water/ice contents that would al-67
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low to estimate the overall latent heat uptake in a similar manner. Permafrost thaw and68

ground ice melt are being reported to occur across the Arctic (Jorgenson et al., 2006;69

Liljedahl et al., 2016; Farquharson et al., 2019), and projected to continue in the com-70

ing decades and centuries (Lawrence et al., 2012; Burke et al., 2020). Hence, a poten-71

tially substantial heat sink, namely the latent heat uptake through melting of ground72

ice in the permafrost region, has to date not been quantified and is therefore missing in73

global assessments of Earth’s energy budget (von Schuckmann et al., 2020; Forster et al.,74

2021).75

Apart from long-term observations, numerical models provide an alternative pos-76

sibility to constrain plausible ranges for heat contents in and fluxes between different com-77

partments of the climate system. For example, Cuesta-Valero, Garćıa-Garćıa, Beltrami,78

and Finnis (2021) have diagnosed Earth’s heat inventory from Earth system models (ESMs)79

participating in the Climate Model Intercomparison Project Phase 5 (CMIP5). However,80

the land surface models (LSMs) used in CMIP5 have several shortcomings which disqual-81

ify their simulations from being used to diagnose permafrost heat uptake. First, several82

of the models do not represent freezing and thawing of ground water, and hence they83

do not partition ground heat into sensible and latent. Second, several studies pointed84

out that the subsurface domain of the models is too shallow to accurately represent long-85

term ground heat storage (Cuesta-Valero et al., 2016; Hermoso de Mendoza et al., 2020;86

Steinert, González-Rouco, Melo Aguilar, et al., 2021). Third, the LSMs lack a realistic87

prescription of ground ice contents, and in particular do not represent excess ice which88

is abundant in lowlands of the continuous permafrost zone (Olefeldt et al., 2016). There-89

fore, more tailored models are required to realistically assess the contribution of permafrost90

heat uptake to Earth’s energy budget.91

Here, we use the permafrost model CryoGridLite (Langer, Nitzbon, Groenke, et92

al., 2022) to simulate changes in sensible and latent heat contents within the northern93

terrestrial permafrost region. We diagnose the simulations to provide a first, conserva-94

tive estimate of the heat uptake through both warming and thawing of permafrost dur-95

ing the past four decades (1979-2018). We further investigate spatial patterns of heat96

uptake in the study region, and put our findings into context with previous assessments97

of EEI, and in particular with the heat uptake through other components of Earth’s cryosphere.98

2 Methods99

2.1 Model Setup100

We conducted ensemble simulations with the transient one-dimensional permafrost101

model CryoGridLite (Langer, Nitzbon, Groenke, et al., 2022) which is simplified fast ver-102

sion of CryoGrid3 (Westermann et al., 2016). We closely followed Langer, Nitzbon, Groenke,103

et al. (2022) to conduct distributed model simulations for the northern terrestrial per-104

mafrost region on a 1°-latitude by 1°-longitude grid. Below, we provide a short descrip-105

tion of the model setup and the simulations. For details on the representation and im-106

plementation of physical processes, the parameterization, as well as a comprehensive eval-107

uation of the simulated transient thermal regimes of CryoGridLite, we refer to Langer,108

Nitzbon, Groenke, et al. (2022).109

CryoGridLite solves the one-dimensional heat equation under consideration of phase
change of soil water using an implicit backward integration scheme for enthalpy H [J m−3]
as the state variable:

∂H

∂t
=

∂

∂z

(
k
∂ T (H)

∂z

)
, (1)

where k [W m−2 K−1] is the thermal conductivity, T [K] the subsurface temperature, and
the coordinate z corresponds to the depth below the ground surface. The enthalpy (H)
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is composed of sensible (HS) and latent (HL) heat contents of the ground:

H(T, θw) = HS +HL = C T + Lsl θw , (2)

where C [J m−3 K−1] is the volumetric heat capacity, Lsl [J m−3] the volumetric latent110

heat of fusion of water, and θw [-] the volumetric liquid water content.111

The heat equation (1) is solved on a discrete subsurface grid consisting of 278 cells112

with increasing thickness extending down to a depth of 550 m. The deep model domain113

allows a much more realistic representation of the long-term transient thermal regime114

and heat reservoirs than the shallow subsurface representation typical for LSMs (Hermoso de115

Mendoza et al., 2020; Steinert, González-Rouco, Vrese, et al., 2021). At the bottom of116

the model domain, a geothermal heat flux according to Davies (2013) was prescribed as117

boundary condition. At the surface, the model was forced by timeseries of daily mean118

air temperatures and snowfall rates. These meteorological forcing data were based on119

ERA-Interim reanalysis data (Dee et al., 2011) spanning the period from 1980 to 2018120

which is also the main analysis period of our study. To account for the modification of121

the heat exchange between the ground and the atmosphere through snow, CryoGridLite122

comprises a snow scheme which simulates the dynamic build-up and melting of a sea-123

sonal snowpack.124

The ground stratigraphies which determine the thermal properties of the subsur-125

face were based on the Open-ECOCLIMAP global database of land surface parameters126

(Masson et al., 2003; Faroux et al., 2013), the soil organic carbon map for the permafrost127

region by (Hugelius et al., 2014), and the global map of soil thicknesses by (Pelletier et128

al., 2016). CryoGridLite does not comprise a dynamic hydrology scheme such that the129

volumetric composition in terms of mineral, organic, and water/ice contents remains con-130

stant throughout the simulation. However, the uncertainty and variability with respect131

to the subsurface hydrological conditions and their effect on the heat transfer have been132

addressed by performing ensemble simulations with different water/ice contents and dis-133

tributions (see Section 2.2).134

We performed a model spin-up to establish a transient equilibrium state of the ground135

thermal regime at the beginning of the analysis period. For this, we applied anomalies136

derived from paleo-climate simulations by the Mk3L climate model of the Commonwealth137

Scientific and Industrial Research Organisation (CSIRO) (Phipps et al., 2013) to the ERA-138

Interim data. The spin-up consisted of two phases: First, a single simulation with de-139

fault parameter values was run from year 500 to 1600 for each grid cell of the pan-Arctic140

model domain. Second, an ensemble of 50 simulations with variations in the model pa-141

rameters was run from 1600 to 1980. Our results are based on the multi-parameter en-142

semble for the subsequent period from 1980 until 2018 for which no anomalies have been143

applied to the ERA-Interim forcing data.144

2.2 Ensemble Simulations145

The heat uptake of the ground and its partitioning in the permafrost region are af-146

fected by various environmental factors. While the ground thermal regime and, thus, the147

sensible heat content are crucially affected by the seasonal snow cover (A. G. Slater et148

al., 2017; Jan & Painter, 2020; Zweigel et al., 2021, e.g.), potential changes in the latent149

heat content are primarily affected by the amount and the distribution of ground ice.150

To account for both the uncertainty and the spatial variability associated with these en-151

vironmental factors, we conducted an ensemble of 50 independent simulations with a ran-152

dom variation of several parameters for each grid cell of the model domain. Following153

Langer, Nitzbon, Groenke, et al. (2022), we varied the model parameters prescribing the154

depths and pore water/ice contents of several subsurface layers, as well as the thresh-155

old for the maximum height of the snow pack.156
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In addition to the variation of pore ice/water, we also considered the presence of157

excess ice, based on the map by Brown et al. (1997). Specifically, we increased the ice158

content by a volumetric fraction (χ) in a range from the surface (z = 0) down to a depth159

zχ and reduced the sediment fraction in this part of the stratigraphy by a factor 1−χ.160

The depth (zχ) and the amount (χ) of excess ice have been varied in the parameter en-161

semble using uniform prior probabilities based on the ground ice map (zχ ∈ [10 m, 20 m];162

χL/M/H ∈ [0.0, 0.1]/[0.1, 0.2]/[0.2, 0.3] for low/medium/high ground ice content).163

With these ensemble simulations we captured a wide range of environmental con-164

ditions which determine the ground thermal regime on a local scale. At the same time,165

the ensemble simulations allowed us to estimate confidence intervals for the model di-166

agnostics.167

3 Results and Discussion168

3.1 Net Heat Uptake by the Northern Terrestrial Permafrost Region169

According to our simulations, 3.9+1.5
−1.7 ZJ (1 ZJ = 1021 J; ranges correspond to 90th170

and 10th percentiles) of heat accumulated in the landmass of the northern terrestrial per-171

mafrost region during the almost four decades from 1980 to 2018 (Table 1, ERA-Interim).172

This number increases to 5.1+1.8
−2.0 ZJ when the final two decades of the spin-up period (1960-173

1979) are included, allowing for a direct comparison to the estimates by von Schuckmann174

et al. (2020) (Table 1, vS20). The share of permafrost heat uptake in the EEI of about175

358 ZJ (1971-2018) reported by von Schuckmann et al. (2020) would be about 1.3 %, com-176

parable to the share of the atmosphere. The importance of permafrost relative to the177

continental and the cryospheric heat uptake, respectively, is even more substantial (Fig-178

ure 1 a,b).179

Table 1. Heat accumulation and ground ice melt for different periods in comparison to estimates by von

Schuckmann et al. (2020) (vS20) and T. Slater et al. (2021) (Sl21). Confidence intervals correspond to the

95th and 5th percentile, respectively.

Diagnostic Symbol Unit 1980-2018 1960-2018 1994-2017

(ERA-Interim) (vS20) (Sl21)

Total heat change ∆H ZJ 3.9+1.5
−1.7 5.1+1.8

−2.0 2.7+1.0
−1.0

Sensible heat change ∆HS ZJ 2.2+0.7
−0.7 2.8+0.9

−0.9 1.6+0.5
−0.5

Share in global land heat changea - % 11.3 11.8 12.6

Latent heat change ∆HL ZJ 1.7+1.4
−1.5 2.2+1.7

−1.9 1.1+0.9
−0.9

Share in global cryosphere heat changeb - % 11.0 13.1 9.2

Permafrost ground ice melt rate mpi Gt yr−1 137.6 115.5 143.9

Share in global ice imbalancec - % - - 10.7

a calculated as ∆HS/∆GHC where ∆GHC is the change in global ground heat content estimated by (von

Schuckmann et al., 2020) which comprises the permafrost region.
b calculated as ∆HL/(∆CHC + ∆HL) where ∆CHC is the change in heat content of cryosphere compo-

nents estimated by von Schuckmann et al. (2020) which disregards permafrost and snow. Note that the

estimate of ∆CHC is only available until 2017, such that the period 1960-2017 was taken to calculate the

share.
c calculated as mpi/(mfi + mgi + mpi) where mfi and mgi are estimates for mean melt rates of floating and

grounded ice during the same period, provided by T. Slater et al. (2021).
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Figure 1. a,b: Simulated accumulation of sensible (a) and latent (b) heat in the northern

terrestrial permafrost region from 1960 to 2018. For comparison, the filled areas indicate the heat

accumulation in the global continental landmass (a) and the cryosphere (without permafrost, b)

according to von Schuckmann et al. (2020). c,d: Comparison of mean annual heat changes during

the past four decades for different components of the cryosphere (c), and for different types of

ice (d). Data for permafrost are from this study and data for the remaining cryosphere from von

Schuckmann et al. (2020) and Straneo et al. (2020). ∗only from 2010 to 2017.

We diagnosed that 2.2+0.7
−0.7 ZJ (1980-2018; 55 % of the total heat uptake) of sensi-180

ble heat have accumulated in the permafrost region’s landmass which is equivalent to181

about 11.3 % of the global land heat uptake in that period estimated by Cuesta-Valero,182

Garćıa-Garćıa, Beltrami, González-Rouco, and Garćıa-Bustamante (2021) and reported183

in von Schuckmann et al. (2020) (Figure 1 a). Note that this proportion is very similar184

to the proportion of the land area contained in the model domain to the global land area185

(12.3 %).186

A similar amount of heat taken up in the permafrost region is used for the melt-187

ing of ground ice. We diagnosed that 1.7+1.4
−1.5 ZJ (1980-2018; 45 % of the total heat up-188

take) of latent heat were taken up by the subsurface of the model domain through melt-189

ing of ground ice. This corresponds to about 11.0 % of the heat accumulation in Earth’s190

cryosphere, if the contribution of permafrost would be added to the estimate by von Schuck-191

mann et al. (2020) for the cryosphere without permafrost (Figure 1 b). Converting the192

latent heat change in permafrost into a mean annual ground ice melt rate (using Lsl =193

330000 J kg−1) results in a value of mpi = 143.9 Gt yr−1 (1994-2017) which is about 10.7 %194

–6–



manuscript submitted to Geophysical Research Letters

of the combined melt rates of grounded ice (543 Gt yr−1) and floating ice (653 Gt yr−1)195

estimated for the same period (T. Slater et al., 2021) (Table 1, Sl21).196

Our findings point out a duality of permafrost ground: on the one hand it is a com-197

ponent of Earth’s continental landmass, on the other hand a component of its cryosphere.198

As part of the landmass, the permafrost region is warming at a similar rate as the land-199

masses outside the permafrost region. As part of the cryosphere, permafrost constitutes200

a heat sink which is substantial compared to the remaining cryosphere during the past201

decades, especially when compared to the different components of the cryosphere.202

3.2 Comparison to Other Components of the Cryosphere203

While the latent heat uptake by permafrost is steadily increasing from about 0.03 ZJ yr−1
204

in the 1980s to about 0.06 ZJ yr−1 in the 2010s (Figure 1 c), the other components show205

an even more pronounced increase during this period, which is particularly strong for206

Greenland and Antarctica from the 1990s to the 2000s. Consequently, the relative share207

of permafrost in the heat uptake by the entire cryosphere declined from about 16 % dur-208

ing the 1980s (1980-1989) to about 11 % during the 2010s (2010-2017), suggesting a de-209

creasing importance of the permafrost heat sink relative to the other cryospheric heat210

sinks. We hypothesize that this is due to a slower response of ground ice (permafrost)211

to recent warming compared to that of floating ice (ice shelves, sea ice) and grounded212

ice (ice sheets, glaciers) (Figure 1 d), which are directly exposed to the atmosphere. Per-213

mafrost in turn is primarily an subsurface phenomenon protected from the atmosphere214

through the active layer as well as isolating buffer layers such as vegetation (Shur & Jor-215

genson, 2007; Stuenzi et al., 2021), which can delay the response to warming at the sur-216

face. The considered period of about four decades is, however, too short to draw firm217

conclusions regarding the longer-term strength of the different cryospheric heat sinks.218

This is also indicated by the fact that while the heat uptake through sea ice, Greenland,219

and Antarctica show a marked inter-decadal variability, the permafrost heat sink is more220

persistent and shows a steady positive trend with little inter-decadal variability.221

All cryospheric components including permafrost ground ice have in common that222

their capacity as a heat sink is limited by the amount of ice stored in them. These sinks223

for latent heat are thus qualitatively different from the sinks for sensible heat provided224

by the ocean, the land, and the atmosphere. With the projected shrinking of Earth’s grounded,225

floating and ground ice bodies (Fox-Kemper et al., 2021), the cryospheric heat sinks will226

also eventually shrink, implying that a larger fraction of heat has to be stored in the oceans,227

land, and the atmosphere. Indeed, a decrease of the cryospheric heat storage and a con-228

current increase in the shares of the ocean and atmosphere during the past decade has229

been reported (von Schuckmann et al., 2020). This shift in the partitioning of the EEI230

happens along with a current trend towards larger absolute values of the EEI (Loeb et231

al., 2021).232

3.3 Contrasting Patterns of Sensible and Latent Ground Heat Changes233

Except for very few locations, the entire northern permafrost region has been sim-234

ulated to constitute a net heat sink during the analysis period (1980-2018; Figure 2 c),235

indicating that permafrost ground has been warming or thawing (or both) across the Arc-236

tic during the last decades. Our simulations further suggest contrasting spatial patterns237

of sensible versus latent heat uptake. The sensible heat change is most pronounced in238

areas featuring cold permafrost, i.e., the northernmost latitudes as well as a vast por-239

tion of central eastern Siberia (Figure 2 a), roughly coinciding with the zone of contin-240

uous permafrost. The latent heat change in turn is dominating in the southern part of241

the model domain, i.e., in a band from central and southern Alaska through Canada and242

the southern coast of the Hudson Bay to northern Quebec, as well as from northern Finnoscan-243

dia through western and southern Siberia, terminating at the Sea of Okhotsk, coincid-244

–7–
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Figure 2. For each 1◦-by-1◦ grid cell of the model domain, the maps are showing the ensem-

ble mean (a,b,c) and the difference between the 95th and 5th percentiles (d,e,f) of the simulated

changes in sensible (a,d), latent (b,e), and total (c,f) ground heat contents from 1980 to 2018.

ing with the transitional region between the discontinuous and the continuous permafrost245

zones (Figure 2 b).246

We identified three sub-regions of the model domain for which particularly high247

rates of (mainly latent) heat uptake have been simulated: (i) the land area south and248

east of Hudson Bay in eastern Canada, (ii) the southern part of Alaska (south of the Brooks249

range), and (iii) the region in southeast Siberia west of the Sea of Okhotsk. For the re-250

gion surrounding the Hudson Bay, we hypothesize that the marked changes in permafrost251

heat content have been driven by a strong increase in air temperatures and a concurrent252

shift in the sea ice season which potentially affects the amount and timing of snowfall253

(Mudryk et al., 2018). Similar mechanisms might cause patterns of climatic variability254

that can explain also the marked changes in the other two regions (ii,iii) which are as255

well adjacent to the southern margin of the seasonally sea-ice covered ocean. Notably,256

the simulated sensible heat changes are more homogeneously distributed, with only the257

region directly northeast to the Hudson Bay showing exceptionally high ground warm-258

ing (Figure 2 a).259

To better understand the co-variation of changes in sensible and latent heat con-260

tents, Figure 3 shows scatter plots of the respective linear trends for all grid cells of the261

pan-Arctic model domain. For the great majority (85.0 %) of the grid cells, both latent262

and sensible heat contents are showing positive trends during the simulation period. The263

sensible heat trends show a bimodal distribution with one mode being slightly positive,264

and the second mode being substantially positive at about 5 MJ m−2 yr−1. The latent265

heat trends in turn follow a unimodal distribution which has its mode at slightly pos-266

itive values, but which has a long tail towards more positive values of up to about 20 MJ m−2 yr−1.267

In other words, while for the majority of locations the ground is warming but not thaw-268

ing, there is also a substantial amount of locations, where permafrost is thawing but which269

show little warming. The coloring of the scatter points in Figures 3 a and b further re-270

veals that the locations with substantial warming are characterized by cold mean annual271
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Figure 3. Scatter plots of the trends of ensemble-mean latent (∆hL) versus sensible (∆hS)

heat contents for each grid cell of the model domain (1980 to 2018). Marker colors indicate the

mean annual ground temperature (MAGT) at 10m depth (a), and the maximum thaw depth (b),

respectively. Gray lines indicate kernel density estimates of the joint and marginal distributions

of the trends.

ground temperatures (MAGT< −5 ◦C) and shallow maximum thaw depths (TD< 2 m).272

At the same time, those locations which show substantial thawing are characterized by273

MAGT close to 0 ◦C, and a wide range of thaw depths mostly exceeding 2 m. Otherwise,274

numerous locations are showing small changes in heat content and at the same time large275

thaw depths. These correspond to permafrost-free areas which have undergone full per-276

mafrost degradation already in the past. Overall, considering changes and trends in sen-277

sible and latent ground heat contents complements the traditional approach of assess-278

ing the thermal state of permafrost in terms of ground temperatures and thaw depths279

(Biskaborn et al., 2019; S. L. Smith et al., 2022).280

3.4 Limitations and Implications281

An observation-based assessment of the heat uptake through terrestrial permafrost282

is not only limited by the sparsity of long-term monitoring sites across the permafrost283

region, but necessarily incomplete since changes in latent heat contents are not being mon-284

itored systematically. On the one hand this concerns the melting of pore ice, which could285

be measured as changes in the liquid water content in the active and permafrost layers286

(Nicolsky & Romanovsky, 2018). On the other hand, the melting of excess ice manifest-287

ing in subsidence of the ground surface would requires monitoring as well, which is, how-288

ever, still technically challenging (Liu & Larson, 2018).289

Our model-based assessment compensates this lack of observations by providing290

consistent estimates of both sensible and latent heat changes across the northern terres-291

trial permafrost region. Nevertheless, it should be considered a first-order approxima-292

tion, as it is subject to several sources of uncertainty and some real-world complexities293

are missing in our model. For instance, there is very limited knowledge on the pan-Artic294

distribution of ground ice at present, which constitutes the primary source of uncertainty295

for our model-based estimate of latent heat uptake. We addressed this factor of uncer-296

tainty by randomly varying the ground ice contents and distribution in our ensemble sim-297
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ulations. Consequently, the range between the 5th and 95th percentiles of estimated pan-298

Arctic latent heat uptake (2.9 ZJ) is about two-fold of the corresponding range for the299

sensible heat uptake (1.4 ZJ) (Table 1, ERA-Interim). Unlike for other components of300

the cryosphere, the permafrost ground ice contents cannot be observed directly, for ex-301

ample through remote sensing. Hence, estimates of ground ice distribution still rely on302

coarse mapping (Brown et al., 1997; O’Neill et al., 2019; Strauss et al., 2021) or mod-303

eling (Lacelle et al., 2022) approaches, but a recent pan-Arctic ground ice product is not304

available. Further shortcomings of our model are the lack of a surface energy balance305

calculation, static subsurface water contents, no dedicated treatment of vegetation, and306

a simplified snow scheme. Despite these shortcomings, it captures the essential physi-307

cal mechanisms to assess the transport and storage of heat within the subsurface and308

its partitioning during the phase change of ground water, and is capable of reproducing309

recent borehole temperature evolution well (Langer, Nitzbon, Groenke, et al., 2022).310

Overall, we consider our model-based estimate of the permafrost heat sink to be311

valid but probably conservative for the following reasons: First, we did not take into ac-312

count thaw processes acting in ice-rich permafrost terrain, so-called thermokarst. These313

processes – also referred to as abrupt thaw – are increasingly abundant in a warming Arc-314

tic and involve the thawing of permafrost containing excess ice as well as the melting of315

massive ground ice bodies (Turetsky et al., 2019, 2020). Thermokarst activity thus in-316

volves a considerable uptake of latent heat, and has been documented to occur also in317

areas featuring cold permafrost (Farquharson et al., 2019; Nitzbon et al., 2020) which318

otherwise are primarily a sink for sensible heat. While there are recent advances in mod-319

eling thermokarst (Lee et al., 2014; Westermann et al., 2016; Aas et al., 2019), global as-320

sessments are still limited by the lack of information on the distribution of ground ice.Second,321

our model domain only comprises the northern terrestrial permafrost region, such that322

we did not consider warming and thawing of permafrost on the Tibetean plateau, in Alpine323

regions, and in Antarctica. The heat uptake through thawing of submarine permafrost324

was also not assessed in our analysis. While the net heat change in these permafrost-underlain325

areas is very likely outweighed by the northern terrestrial permafrost region, they are326

likely to also constitute a net heat sink in recent decades (S. L. Smith et al., 2022; Wilken-327

skjeld et al., 2022).328

Despite these limitations, our findings underline the importance of the northern329

permafrost region as a component of the terrestrial cryosphere which is of relevance to330

the functioning of the global climate system beyond its dormant carbon pool. Hence, it331

demands improved representation in LSMs and ESMs. Key steps to achieve this include,332

for example, (i) increasing the depth of the subsurface (Steinert, González-Rouco, Vrese,333

et al., 2021; González-Rouco et al., 2021), (ii) representing excess ice melt and thermokarst334

(Lee et al., 2014), and (iii) parameterizing subgrid-scale heterogeneity and lateral fluxes335

(Aas et al., 2019; N. D. Smith et al., 2022).336

4 Conclusions337

We have provided a first estimate of heat uptake through Arctic terrestrial permafrost338

in recent decades. We conclude that northern permafrost constitutes a significant heat339

sink in Earth’s climate system, which is peculiar due to its duality as a part of the con-340

tinental landmass and a component of the cryosphere. Approximately similar amounts341

of sensible and latent heat have been taken up in the northern permafrost region dur-342

ing the past four decades, causing both warming and thawing of permafrost ground. While343

previous assessments of EEI have only considered the warming of the continental land-344

mass, our first estimate of the contribution of permafrost thaw suggests that melting of345

ground ice is comparable in magnitude to the melting of ice in other major components346

of the cryosphere. It should thus explicitly be taken into account in future assessments347

of Earth’s energy and ice imbalances. To achieve this, it is necessary to complement cur-348

rent long-term monitoring efforts of permafrost as an essential climate variable through349
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distributed measurements of (i) depth-resolved ground water/ice contents, and (ii) ground350

subsidence due to excess ice melt. For improved model-based assessments of the permafrost351

heat sink, a most valuable input would be a revised map of the contents, types, and dis-352

tribution of ground ice encompassing the entire terrestrial Arctic.353
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