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Melt period methane emissions in northern high latitude wetlands
are governed by the length of the period and presence of permafrost
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Abstract. Northern high latitude wetlands are significant sources of methane, with emissions driven by seasonal soil freezing
and thawing. To better understand the seasonality of northern high latitude methane emissions, we defined the melt period
occurring in spring time using the remote sensing Soil Moisture and Ocean Salinity Freeze/Thaw data from 2011-2021. To
estimate methane emissions in the northern high latitudes, we used the atmospheric inverse model CarbonTracker Europe-
CH,. The melt period was defined for three permafrost zones and for a seasonally frozen non-permafrost region using two
approaches: region-based, which considered climatological conditions of permafrost regions, and grid-based, which defines
the melt period at a finer 1° x 1° scale.

The length and timing of the melt period varied significantly depending on the approach. The melt period generally occurred
between March and June and was influenced by air temperature, with a negative correlation between the length and the mean
temperature of the melt period. The longest melt period was in the non-permafrost zone and the shortest varied between the two
methods. The melt period emissions were on average 1.83 Tg with the region-based approach and 0.45 Tg with the grid-based
approach, the non-permafrost zone having the largest share of the emissions. They were largely dependent on the season’s
length. Year-to-year variation was modest, within 15 % (region-based) and 23 % (grid-based) of average emissions, and there
was also no trend during the study period. Our dual-method approach allows for robust comparison with both large-scale

regional studies and localized site-level research.

1 Introduction

Northern high latitude wetlands are an important and dynamic part of the climate system (Hugelius et al., 2020). They are a
large source of methane (CH,), which is the second most important anthropogenic greenhouse gas causing climate change after
carbon dioxide (CO2) (Forster et al., 2021). It has a 29.8 times stronger global warming potential over a 100-year timescale
than CO, without considering climate feedbacks. A large portion of the total soil carbon is stored in northern wetlands and
the underlying permafrost, containing ~ 80 % (415 + 150 Pg C (Hugelius et al., 2020)) of the total global peatland carbon,
with nearly half being permafrost affected peatland (Hugelius et al., 2020; Scharlemann et al., 2014). Due to climate change
and Arctic amplification, thawing permafrost could affect this carbon stock (Schuur et al., 2015; Knoblauch et al., 2018; Voigt
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et al., 2019; Turetsky et al., 2020). Even though permafrost thaw will likely lead to soil drying and increased drainage, which
potentially accelerates organic matter decomposition and CO5 emissions while suppressing CH4 emissions (Lawrence et al.,
2015), the effect of the released CH4 might be as large due to its stronger global warming potential (Schuur and Abbott, 2011).
Increasing rainfall and warming soils could increase near-term global warming, and the total annual boreal CH4 emissions
could rise 4 Tg per year (Neumann et al., 2019). The study by Poulter et al. (2017) using a biochemical model concluded that
boreal wetland CH, emissions have already increased by 1.2 Tg yr ! between 2000-2012. Even if the permafrost does not
fully thaw, the deepening of the active layer — the top layer of soil that thaws in summer and freezes in winter — can still release
a significant amount of carbon.

In addition to permafrost thaw, Arctic amplification is expected to significantly impact snowmelt and seasonal soil thawing,
including the active layer, in northern high latitude wetlands. There are still a lot of open questions related to the future of
methane emissions in the northern high latitudes due to uncertainties in the wetness of the area and possible feedback loops.
For instance, de Vrese et al. (2023) demonstrated that atmospheric feedbacks resulting from the increasingly dry Arctic may
offset the effects of growing wetland extent and result in comparable CH, emissions as in the case where the Arctic would
remain wet. The changing Arctic hydrology affects the melt period emissions as well (Rawlins and Karmalkar, 2024). The
hydrological conditions during the melt period in the northern high latitudes are especially uncertain due to the unreliability in
the amount of snow as well as the melting and evaporation of snow. This lack of certainty brings unpredictability to the melt
period methane emissions.

CH, emissions from the northern high latitude wetlands are low during winter when the soil is frozen and high during
summer after the soil has thawed (Aselmann and Crutzen, 1989; Rinne et al., 2018), also depending on the soil temperature
and hydrological factors (Rychlik, 2009; Zhu et al., 2013; Turetsky et al., 2008). During the spring thawing, the emissions
increase rapidly. Typically, the CHy storage is low during the thawing after the dormant cold season, and the CHy is released
gradually as the soil melts (Raz-Yaseef et al., 2017). However, previous studies have reported large bursts of CHy from the
wetlands during the spring thawing (Jin et al., 1999; Tokida et al., 2007; Song et al., 2012; Raz-Yaseef et al., 2017), though the
reports are scarce with only a few measurement sites and just a few years of flux measurements from before the thawing starts
(e.g. winter flux data) (Raz-Yaseef et al., 2017). The springtime bursts of CH4 have been linked to rain-on-snow events which
enhance soil cracking (Raz-Yaseef et al., 2017). However, the frequency and impact of these pulses to spring methane emissions
are still highly uncertain. Our research did not focus on these springtime bursts, but that does not negate their existence. We
focused on large scale methane emissions in the northern high latitudes.

Previous studies have mostly focused on methane emissions during the growing season while the other seasons, such as the
autumn freezing period, winter season and the spring thaw season, has received less attention (e.g. Vourlitis et al., 1993; Sachs
et al., 2008; Zona et al., 2009; Parmentier et al., 2011). The regional studies focusing on the spring season, have often defined
the timing of the whole spring season simply as certain months, e.g. March, April and May (e.g. Castro-Morales et al., 2018;
Ito et al., 2023) or in a case of site-level studies, using site-specific soil temperature measurements (e.g. Zona et al., 2016; Bao
et al., 2020; Tagesson et al., 2012; Raz-Yaseef et al., 2017). Using soil temperature to define the soil thawing would be ideal,

but reliable soil temperature data is available only from point-wise measurements . Thus, to be able to study the melt period on
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a regional scale, we need to use a proxy for the soil thawing. In this study, we de ne the melt period in the spring time using
the remote-sensed Soil Moisture and Ocean Salinity (SMOS) soil Freeze/Thaw (F/T) data (Rautiainen et al., 2025). The SMOS
F/T data provides daily information of the freezing and thawing state of the soil in the northern high latitudes at a resolution of
25 km. Using the SMOS F/T data gives us a dynamic picture of the soil thawing including the active layer of the permafrost
during the spring and enables us to de ne the melt period for the whole northern high latitude region instead of using a static
de nition (e.g. speci ¢ months). This allows us to focus on the £éinissions during the actual thawing of the soil instead
of the whole spring season with inverse modeling. The SMOS F/T data have been used successfully to de ne summer thaw,
autumn freezing, and winter cold seasons in the northern high latitude wetlands (Tenkanen et al., 2021; Erkkila et al., 2023).
In this paper, the SMOS F/T data is used for the rst time to de ne the melt period.

In addition to in-situ measurement based studies, the springddtissions have been studied with process-based models
(Ito et al., 2023; Castro-Morales et al., 2018). Process-based models estimate methane uxes by simulating physical, chemical,
and biological processes. Another approach to estimate uxes is inverse modeling. Inverse models are statistical approaches
which can be used to inform and "re-evaluate" the process-based estimates and decrease the uncertaiptésigsiGhb
using atmospheric CHmeasurements, so that the differences between simulations and measurements is minimized (Wittig,
2023).

The aim of this study is to estimate the melt period occurring during the spring season and the correspopeéimis€idns
in the northern high latitude permafrost and wetland regions. We use the SMOS F/T data to de ne the melt period and determine
methane emissions with the global atmospheric inverse model Carbon Tracker Eurg§€TEHCH,) (Tsuruta et al., 2017)
at high spatial resolution of 1° latitude 1° longitude. The years studied are 2011-2021 due to availability of the SMOS data.
Previously, CTE-CH has been used to study northern high latitude wetland emissions for various seasons (Tenkanen et al.,
2021; Erkkila et al., 2023), but this is the rst time with a focus on the melt period. The melt period is de ned for four different
permafrost zones (sporadic, discontinuous and continuous permafrost and a seasonally frozen zone non-permafrost) with
region-based approach, as well as individually for each 1® grid cell with a grid-based approach. For comparison between
the two methods to de ne the melt period, we divided the grid-based melt period into the same four permafrost zones. This
allows us to estimate emissions both in climatological and local scales.

2 Materials and methods
2.1 SMOS F/T soil state estimates

To de ne the melt period of the northern high latitude wetlands, we used the European Space Agency's (ESA) SMOS Soil
Freeze and Thaw State product (version 3.0) (Rautiainen et al., 2016; European Space Agency, 2023). The product is derivec
from observations of the ESA Soil Moisture and Ocean Salinity (SMOS) satellite (Kerr et al., 2010) and provides daily cat-
egorical information on near-surface freeze—thaw state at 25 km spatial resolution. The main observational input consists of
Centre Aval de Traitement des Données SMOS (CATDS) daily gridded Level-3 brightness temperature data (Al Bitar et al.,
2017). Brightness temperature depends on both the physical temperature of the surface and its microwave emissivity. At L-
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band frequencies, the strong contrast in dielectric properties between liquid water and ice enables sensitivity to near-surface
soil freeze—thaw transitions, with partial penetration through vegetation and the upper soil layer. L-band refers to low frequency
(1-2 GHz) passive microwave observations (Rautiainen et al., 2025).

The SMOS L3FT retrieval was developed by the Finnish Meteorological Institute in collaboration with GAMMA Remote
Sensing, and the full algorithm description and validation are given in Rautiainen et al. (2025). Brie y, the algorithm computes
the normalized polarization ratio (NPR) from horizontally and vertically polarized SMOS brightness temperatures, applies
ltering and temporal smoothing to the NPR time series, and rescales NPR using grid cell-speci c frozen and thawed reference
states. These reference states are estimated empirically from multi-year NPR time series using ancillary air temperature anc
snow information (Rautiainen et al., 2025). The resulting scaled NPR is classi ed into three soil-state categories using xed
thresholds: thawed (< 50 %), partially frozen (50-70 %), and frozen (> 70 %). Of the three categories, the thawed soil state is
used in this study to de ne the melt period.

Although the SMOS freeze—thaw product is available beyond 2021, we restricted the analysis to the period 2011-2021 to
ensure temporal consistency and robust data quality across the study domain. In the later part of the SMOS mission, increasing
radio-frequency interference (RFI) has affected observations over Europe and parts of Eurasia. SMOS, as an L-band aperture
synthesis radiometer, is particularly sensitive to RFI, which reduces observation density and degrades retrieval reliability (Oliva
etal., 2016; Rautiainen et al., 2025). The SMOS freeze—thaw product is provided separately for ascending (approximately 06:00
local time) and descending (approximately 18:00 local time) satellite overpasses, with operational RFI monitoring indicating
orbit-dependent differences in data availability over Europe, the Middle East, and Asia (Uranga et al., 2022). To maximize data
quality and spatial coverage, we therefore restricted the analysis to ascending-orbit SMOS observations within the 2011-2021
period.

The SMOS L3 freeze—thaw dataset used in this study is publicly available through the SMOS online dissemination service,
with persistent access provided via the dataset DOI (https://doi.org/10.57780/sm1-fbf89e0) (European Space Agency, 2023).

2.2 CarbonTracker Europe-CH,

The methane uxes were estimated with the CarbonTracker EuropgfCHE-CH;,) inverse model (Tsuruta et al., 2017). In

its assimilation phase, a Bayesian cost function was minimized:
J=(x x)TP *(x xD)+(y HE)'R Yy H(x); (1)

wherex is a state vector which contains a set of scaling factors that multiply the prigrsGHace uxes, which are meant
to be optimized, ana” is the prior state vector (see Section 2.2B)s the state vector error covariance matyixs a vector
consisting of the atmospheric methane observations (see Section 2.2R)stitk error covariance matrix of the observations
y. H is an observation operator, which is an atmospheric transport model TM5 in this study (see Section 2.2.1).

The model used the ensemble Kalman Iter (EnKF) (Evensen, 2003; Peters et al., 2005) data assimilation scheme within
the CarbonTracker Data Assimilation Shell (CTDAS) (van der Laan-Luijkx et al., 2017) with an ensemble size of 500 and a 5-
week lag to optimize the uxes (Peters et al., 2005; Tsuruta et al., 2017). The anthropogenic and natural uxes were optimized
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separately but simultaneously in a weekly temporal resolution. The uxes in the high northern latitudes were optimized at the
spatial resolution of 1° 1°, and regionally elsewhere. The spatial correlation followed an exponential decay model (Peters

et al., 2005) with correlation lengths of 100 km for 1° x 1° grid-based domains, 500 km for other land domains, and 900 km for
oceanic domains. Anthropogenic and natural,Cltkes were assumed to be uncorrelated, as were land and ocean domains.

2.2.1 TM5 chemistry model

TM5 is an atmospheric chemistry transport model (Krol et al., 2005). Here, it was used as the observation operator to transform
the methane uxes to atmospheric mole fractions. In this study, its global horizontal resolution w&s #fith an intermediate

zoom region of 2° 3° (14° N-82° N, 36° W-54° E) framing a 1° 1° zoom over Europe (24° N-74° N, 21° W-45° E). The

model used preprocessed meteorological data from ECMWF ERAS reanalysis data with a 3-hour resolution (Hersbach et al.,
2020). The vertical domain was divided into 25 hybrid sigma pressure levels from the surface to the upper atmosphere. The
chemical loss of CHlin the atmosphere to the sinks of OH, was based on monthly precalculated values by Houweling et al.
(2014), and Cl and @D) sinks were based on the atmospheric chemistry general circulation model ECHAM5/MESSy1 (Jockel

et al., 2006; Kangasaho et al., 2022). The variability of the atmospheric sinks between different years was not considered, but
varied monthly, and the sinks were not optimized.

2.2.2 Observations

In addition to the observations from the ObsPack v4.0 (Schuldt et al., 2021; Masarie et al., 2014), observations from two
stations in Finland (Kumpula, Sodankyld) (Tsuruta et al., 2019) and from nine stations in Siberia (Sasakawa et al., 2010, 2025)
were used. All stations are listed in the Appendix Al and the location can be seen in Fig Al. Globally, 183 stations had
observations between 2011-2021, with some stations having two or three institutions contributing. The data included weekly
discrete air samples and hourly continuous measurementsQfd@d the data was Itered according to the institutions' quality
ags. Only data points that represented well-mixed conditions were included, which means that daily averages were calculated
from 12 to 4 pm local time, except for high mountain sites where averages are calculated from 0 to 4 am local time, following
Tsuruta et al. (2017).

Observational uncertainties, or "model-data mismatches", were estimated for each site based on site-speci ¢ factors, mea:
surement accuracy, and the capability of TM5 to simulate atmosphericn@he fractions (Bruhwiler et al., 2014; Tsuruta
et al., 2019). These discrepancies arose from TM5's resolution and transport errors, with e.g. better performance at remote
marine sites compared to those affected by strong local emissions. Sites were categorized, for example, as marine boundar
layer (4.5 ppb), terrestrial (25 ppb), mixed marine and terrestrial (15 ppb), and strong local in uence (30 ppb). Uncertainties
ranged from 4.5 to 75 ppb.
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2.2.3 Prior uxes

The prior anthropogenic emissions were taken from the Emission Database for Global Atmospheric Research (EDGAR v6.0)
(Monforti Ferrario et al., 2021). The emissions from LPX-Bern DYPTOP v1.4 (Lienert and Joos, 2018) were used as the natural
biospheric prior emissions. Methane emissions from other sources were: Weber et al. (2019) for ocean, the Global re emission
database (GFED v4.1s) (van der Werf et al., 2017; Randerson et al., 2017) for biomass burning, and VISIT (Ito and Inatomi,
2012; Tsuruta et al., 2019) for termites. Biospheric and anthropogenic uxes were optimized globally. Other uxes were not
optimized. We only analyze the optimized biospheric uxes in this study. The biospheric prior LPX-Bern DYPTOP represents
ecosystem area fractions across several land-cover types: (i) peatlands suitable for peat growth as de ned by DYPTOP (Stocke
et al., 2014); (ii) rice paddies coinciding with croplands and the presence of rice paddies (Spahni et al., 2011); (iii) inundated
wetlands other than peatlands or rice paddies; (iv) wet mineral soils, which are not wetlands, peatlands, rice paddies, permanen
freshwater bodies, or ice/sea water covered areas, but are ocassionally wet; and (v) dry mineral soils, which are areas identicz
to wet mineral soils but are "dry" in general. Of these categories, we did not include rice paddies in our prior as they are not
present in the northern high latitude region. Soilsink was included in the biospheric prior.

For both the anthropogenic and biospheric uxes, we used the prior uncertainty of 80 % for terrestrial uxes and 20 % for
oceanic uxes, assuming uncorrelated uncertainties, following previous studies (e.g., Tsuruta et al., 2017; Bruhwiler et al.,
2014).

2.3 Permafrost map

The permafrost extent (v3.0) is one of the variables belonging to ESAs Climate Change Initiative (CCI) (Bartsch et al., 2020;
Obu et al., 2019). The temporal resolution of the data is one year and the spatial resolution is 926.63 m (Obu et al., 2021).
Using the permafrost and SMOS F/T soil state data, we split the northern latitudes into four zones depending on how much of
the exposed land surface is underlain by permafrost: 90-100 % for the continuous permafrost, 50-90 % for the discontinuous
permafrost, 14-50 % for the sporadic zone and the non-permafrost zone mainly comprising areas that were frozen seasonally
based on the SMOS F/T data with some potential permafrost spots, since the CCl permafrost data had no values lower than 1
% (Fig.1). Areas where no SMOS F/T data was available, were excluded from this study. This masking excluded areas such as
southern regions below 40 ° N where almost no permafrost is located, as well as oceans, most of Greenland, and some ares
close to the Great Lakes in the USA.

The permafrost data was only available until 2018. Average permafrost zones were calculated from the years 2011-2018.
The four permafrost zones had only minor changes between the different years. The permafrost percentage was calculated ¢
a l° 1°resolution by averaging the original 1 km data within each grid cell. The average areas were used in this study to
de ne the four permafrost zones for all the years from 2011-2021. We are aware that a newer version of the permafrost data
(v4.0) including the years 2019-2021 has been published but it was not used in this study (Westermann et al., 2024).
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Figure 1. Extents of the four permafrost zones in 1°1° resolution.

2.4 ERA5 2 m temperature data

ERAGS is the latest global reanalysis from the ECMWF available from 1959 to the present day (ECMWF; Hersbach et al., 2020).
It provides hourly estimates of multiple land, oceanic and atmospheric climate variables. Here, the ERA5 2 m air temperature
reanalysis data was used to study the relationship between the air temperature and £amaigsbns during the melt period.

The ERA5S temperature data was additionally used as an auxiliary dataset in the SMOS F/T data and as input data in the
CTE-CH,.

2.5 De ning the melt period and its methane emissions
2.5.1 De nition of the melt period

In this study, the melt period was de ned as a season in the northern latitudes in spring, when the soil in a speci ¢ region

turned from frozen to thawed based on the "thawed" state in the SMOS F/T data (see Section 2.1). The word "melt" is used
here instead of "thaw" because the SMOS F/T data can indicate the melting of the snow instead of the soil, especially at the
beginning of the melt period. This is because the microwave radiation signal from wet snow resembles the signal from thawed
soil (Rautiainen et al., 2016). However, methane emissions are possible even at the very beginning of the melt period because

the air temperature rises above zero and melted or rain water can trickle into the soil and wintertime methane reserves are
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released (Hargreaves et al., 2001; Rinne et al., 2007; Song et al., 2012; Raz-Yaseef et al., 2017). It is thus justi ed to start the
melt period from the melting of the snow. The boundaries used in this study were similar to the ones used by Erkkila et al.
(2023) to de ne different seasons in the northern high latitude wetlands, but instead of frozen or partially frozen state of the
SMOS F/T data, we used the thawed soil state to de ne the melt period. The resolution of the SMOS F/T data was changed
from25km 25kmto1° 1° by calculating the fraction of the thawed 25 km25 km pixels whose center was inside the

1°  1°grid cell.

The melt period was de ned for four permafrost zones: non-permafrost, sporadic, discontinuous and continuous permafrost
(region-based approach), and separately for each 1° grid cell (grid-based approach) in these zones. The region-based
approach gives information about the permafrost areas constrained by their speci ¢ climatological conditions while the grid-
based melt period was studied to illustrate the local variation in the melting of the soil.

With the region-based approach, the melt period was set to start 1) when the mean thawing fraction of a permafrost zone had
surpassed the minimum thawing fraction of that year by 0.1 (thaw(%h)awmin yea{%0) + 10 %), and 2) after the day when the
zone reaches its minimum annual mean thawing fraction before mid July. During some years, the freezing of the soil continued
past the turn of the year, which meant that the (1) boundary was reached before the maximum freezing of the soil. This meant
that the additional (2) condition for the beginning of the melt period had to be de ned. With the (2) condition, the melt period
could be separated from the autumn freezing period. In regions with permafrost, the rst (1) condition was surpassed later
during the spring than the second (2) condition, but in the non-permafrost zone the second (2) condition was needed.

The season ended when the mean thawing fraction of the whole zone had surpassed 0.8 of the maximum thawing fraction
of all years which was 1 for all zones (thaw(%)/thawai(%) 80%). The fraction of 0.8 was chosen because there was not
as much variation in the thawing fraction that close to summer indicating a stable thaw state. The day when the melt period
ended was included in the melt period. The melt period in each grid cell was de ned from the amount of thawed pixels in a
grid cell, emphasizing more the small grid cells in the north. The mean thawing fraction of all grid cells in a permafrost zone
was then calculated. The selected thresholds were chosen to de ne a robust, zone-mean transition period rather than the exa
timing of soil thaw at individual grid cells. In early spring, the SMOS F/T signal can respond to wet snow in addition to thawed
soil, as liquid water in the snowpack produces a microwave signature similar to that of thawed soil (Rautiainen et al., 2025).
Consequently, thawing fractions very close to 0% or 100% are more sensitive to short-term uctuations in the microwave
signal. De ning the season boundaries away from these extremes ensures that the melt period re ects a sustained, large-scal
transition.

In the grid-based approach, the start of the melt period was de ned differently. The season started when 1) one SMOS
F/T pixel (25 km 25 km) in the 1° 1° grid cell had melted and 2) after the day when the grid cell reaches its minimum
annual thawing fraction before the end of July. The second condition was needed for the same reason as in the region-base
approach. There were a maximum of 18 SMOS F/T pixels and a minimum of 1 pixel in eachL1Yrid cell depending
on data availability and geographic location. For example, in a grid cell with 18 pixels, the season started when the thawing
fraction was 1/18, meaning that 5.6 % of the area of that grid cell has melted. The season ended when the thawing fraction

in the grid cell had surpassed 0.8 of the maximum thawing fraction of that year. To separate the spring melt period from the
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autumn freezing season, the melt period was de ned to start and end before the 212th day of the year (end of July). Missing
data in the grid cells was replaced by interpolating linearly between the previous and the coming day with an existing value.
If none of the pixels melted in a grid cell, or if the thawing fraction never was below 0.8 of the maximum thawing fraction of
that year before the end of July, meaning that the grid cell did not freeze, the grid cell did not have a melt period. In some of
the grid cells, the condition for the end of the melt period was never surpassed before the 212th day of the year even though
the season had a beginning. For those grid cells, the end of the melt period was de ned as a day when the soil had thawed the
maximum amount during the melt period. However, this only happened in 2 grid cells in 2017. Additionally, in a few grid cells,
the minimum thaw fraction occurred after the maximum had already been reached. In these cases, the onset of the season wze
de ned to occur prior to the maximum. Excluding the rst three years, fewer than 1 % of grid cells in the study area did not
have a melt period annually. In the rst three years, this percentage ranged from 6.5 % in 2011 to 1.1 % in 2013.

2.5.2 Calculating melt period methane emissions

After de ning the melt period, the methane emissions were calculated from the CTHAR&tse model biospheric posterior
emission estimates. The methane emissions were optimized weekly, and to calculate the daily emissions, the model data wa
interpolated linearly from one optimized weekly value to the next weekly value. From these daily values, the posterior methane
emissions were analysed during the melt period. Similarly to the melt period, the regional emissions were calculated separately
for the four permafrost zones: non-permafrost, sporadic, discontinuous and continuous permafrost zones.

The total melt period Cllemissions in a region or grid cell in teragrams of methane (Tg (@ region per season, hereafter
denoted simply as Tg) were calculated from the daily methane emission estimate. The daily values of all grid cells were added
together in each permafrost zone during the melt period. The average emissions were calculated in the uni of |fgCH
by dividing the average daily emissions during the melt period in a permafrost zone by the area of the speci ¢ permafrost zone.
The emissions were studied against the land area of the permafrost zones instead of the actual area of wetlands or permafro
in each zone. This was done because the exact area of wetlands is uncertain (Saunois et al., 2025), and using the estimate
wetland area extent would have added another source of uncertainty.

As the melt period was de ned separately for each 12° grid cell, the melt period emissions were calculated separately as
well. The sum of the emissions per grid cell per melt period was calculated in each grid from the rst day of the melt period to
the last. To calculate average of the methane emissions in the unit of ;,ugCHs !, the average daily emissions during the
melt period in a grid cell were divided by the respective area of the grid cell. To compare with the other method, we divided
the grid-based emissions to the four permafrost regions as well.
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3 Results
3.1 Length of the melt period

The average length of the melt period over all the permafrost zones was approximately four times longer when the region-based
approach (45 days) was used than when the grid-based approach was used (10 days) (Fig. 2). Using the grid-based approac
the average length of the melt period was the longest in the southernmost zone, non-permafrost (12 days), and the shortes
in the northernmost zone, continuous permafrost (7 days) (Fig. 2, Fig. 3 and Fig. 4). For the region-based melt period, there
was no as clear gradient in the north—south direction as there was in the grid-based mean lengths. However, the longest mel
period was typically still in the southernmost permafrost zone, the non-permafrost (57 days), except for 2011, when the longest
season was in the continuous permafrost zone (54 days), and in 2018, when it was the longest in the sporadic zone (57 days’
On average, the region-based season was the shortest in the sporadic and discontinuous zones (40 days), which also had smal
areas than the other two zones. The years with the longest and shortest melt periods differed between the two methods an
grid-based and region-based lengths of the melt period also did not strongly correlate (Fig. A2).

Most of the of grid-based melt periods lasted only a few days (Fig. 4). However, some grid cells had a very long melt period,
some as long as the region-based melt period. For example, the West Coast of Canada and the USA had large areas with
longer melt period (Fig. 3). Other areas with a noticeably longer melt period include the coast of Norway, Iceland, East Coast
of the USA, Mongolia, the southern parts of Russia and Northern China. The shortest melt period in a grid cell was one day
in all the zones and the longest season was found in the sporadic zone and it lasted 212 days, the length of the the maximun
duration of the melt period based on our method. It was clearly an outlier, since 95 % of grid cells in the sporadic zone had a
melt period season shorter than 31 days. In addition, 95th percentiles for other zones were 40 days in the non-permafrost zone
26 days in the discontinuous permafrost zones, and 20 days in the continuous permafrost zone. From Fig. 4 we can see th
gradient in the north—south direction of the longest (97,5 percentile) grid-based melt periods, with the longest melt periods on
average in the southernmost zone, non-permafrost (Fig. 4 a).

With the region-based approach, the length of the melt period had a larger inter-annual variation (7—17 days depending
on the permafrost zone) than the average length of the grid-based season (Fig. 2), which might be linked to the inter-annual
variations of climate in the permafrost zones, as the region-based method focuses more on the climatological averages. Hence
the grid-based method is better at detecting the actual melting of the snow and soil on a local level, because it detects the faste
changes in a speci ¢ grid cell. An example of inter-annual variation of weather affecting the region-based length of the melt
period is in 2011, when in the continuous permafrost zone, the average ERA5 2 m mean air temperature was the lowest anc
the melt period was the longest. In contrast, in 2017 and 2019, the 2 m mean temperature was higher and melt period shorter ir
the continuous permafrost zone. In 2013, the spring melt period was the shortest in the sporadic and discontinuous permafros
zones. According to the ERA5S 2 m air temperature data, the melt period mean temperature was higher in these two zones thar
during other years of our study period. In 2015, the mean temperature on these two zones was higher during the spring melt
period as well. This suggest that the melt period was shorter and warmer after the colder weather surpassed. In 2017-2019, th
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sporadic zone had its longest melt period while the mean temperatures were the lowest. This all indicates that the melt period
timing and length were linked to the mean temperature of the zone.

The longer melt period in the southern regions could have been caused by an early onset of the melt period, followed by
variation between negative and positive temperatures, which would have slowed down the melting. The early onset of the melt
period and the consecutive variation between temperatures would have made the mean temperature lower and the melt perio
longer. To con rm this, the relationship between the length of the melt period and mean temperature was studied (Fig. 5).
A negative correlation was found between the two variables, which was the strongest in the discontinuous permafrost zone
(region-baseg = 0:008) and sporadic zone (grid-baspd 0:005). With the region-based approach, the correlation between
the variables was signi cantp(< 0:05) for all the zones and there was a more prominent negative correlation between the
length and the starting day of the melt period in all the permafrost zgne9(001 for all the zones, Fig. A3). This indicates
that the later the season started, the shorter the melt period was, at least in the larger permafrost zone scale. Additionally, ther
was a positive correlation between the region-based starting day of the melt period and the mean temperature of the melt perioc
(sporadic:p < 0:001, continuousp < 0:01, and non-permafrost and discontinuops: 0:05). This all indicates that the melt
period started earlier, when the mean temperature was lower, on a larger scale.

With the grid-based approach there was not as strong a correlation between the mean starting day of the melt period anc
the mean temperature or mean length of the melt pepod @1 for most of the permafrost zones). Additionally, the melt
period mean temperature was higher with the grid-based approach than with the region-based approach (Fig. 5). Looking at
the individual grid cells could have given a different output. The mean values of the length, temperature and starting day of
the grid-based melt period may be insuf cient to describe their relationship because the variation between different grid cells

is not seen.
3.1.1 Start and end days of the melt period

With the region-based melt period, the start and end of the season varied from year to year in each permafrost zone (Tab. A2)
The range of variation of the starting days was 21 days in the non-permafrost and sporadic zones, 15 days in the discontinuou:s
permafrost zone, and 18 days in the continuous permafrost zone. The range of variation of the ending days was shorter, only
6 days in the non-permafrost zone, 14 days in the sporadic zone, and 8 days in the discontinuous and continuous permafros
zones. Between different grid cells, the start and end of the melt period varied more within a year than the averages from year
to year. However, even inside one grid cell, there was more inter-annual variation that was not seen from the average (Fig. A4
b and c). On average, the region-based melt period started earlier and ended later than the grid-based melt period. However, i
some grid cells, the melt period started much earlier and ended later than the region-based season, as expected since at least
% of the grid cells had to be thawed for the region-based melt period to start and 80 % had to be melted for it to end.

With both methods, the season typically started and ended the earliest in the southernmost regions and the latest in the
northernmost regions, with the season starting later in some of the southernmost grid cells (mostly mountainous regions).
Using the grid-based approach, the melt period in the southernmost regions began as early as January. However, the averac

onset occurred in April in the non-permafrost zone and in May in the continuous permafrost zone, although the earliest onset
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Figure 2. The length of the melt period de ned with the two methods in the northern high latitude permafrost zones. The dotted lines
represent the grid-based mean length of the melt period. The solid lines represent the region-based melt period.

in the latter was already observed in February. Similarly, the melt period ended earliest in January in the non-permafrost zone
and in March in the continuous permafrost zone. On average, the season ended in April in the non-permafrost zone and in
June in the continuous permafrost zone. Using the region-based approach, the melt period in the non-permafrost zone extende
from mid-March to early May. In the sporadic permafrost zone, it lasted from mid-April to mid-May. In the discontinuous
permafrost zone, the season began in the second half of April and ended in late May. In the continuous permafrost zone, the
melt period occurred from early May to mid-June. In the Eurasian continent, the melt period started earlier in the west and later
in the east. The regions with the most permafrost are located in the eastern part of Eurasia which means that the regions witt
less permafrost started to melt rst. In the American continent, an east—west thawing gradient is not apparent. However, the
melt period started and ended the latest where the most permafrost is located. Our region-based melt period started on averag
10-20 days earlier in all the zones compared to the start of the thaw season de ned by Erkkila et al. (2023). With our grid-based
approach the melt period started on average 1-10 days later than the thaw season.

3.1.2 Melt period in the Hudson Bay lowlands and the Western Siberian lowlands

The melt period was additionally studied in the Hudson Bay lowlands (land area in 50—60° N latitudes and 75-96° W longi-
tudes) and the Western Siberian lowlands (land area in 52—74° N latitudes and 60—94.5° E longitudes). Hudson Bay lowlands
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