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1.  Introduction
The frequency and intensity of heatwaves has increased in recent decades; due to climate change increasing not 
only the global mean temperature but also its variability (Baldwin et al., 2019; Ciavarella et al., 2020; Easterling 
et al., 2000; Rahmstorf & Coumou, 2011; Schär et al., 2004; Stott et al., 2004; Van Oldenborgh et al., 2019). 
Additional warming is expected to increase  the duration and intensity of heatwaves in the coming decades 
(Horton et al., 2016; Perkins-Kirkpatrick & Gibson, 2017). This has the potential to strain the terrestrial biosphere 
(Zscheischler et  al.,  2014) and limit its capacity to mitigate future climate change through carbon sequestra-
tion  (Friedlingstein et al., 2019), via reduced photosynthesis, increased ecosystem respiration, and an increase 
in wildfires.

In 2020, a mega-heatwave, here defined as an intense and persistent heatwave (Miralles et al., 2014), caused 
the surface air temperature (SAT) to reach a record-breaking 38°C in Verkhoyansk Siberia on 20 June 2020 
(Ciavarella et al., 2020). This mega-heatwave was initiated by a strong stratospheric polar vortex and tropospheric 
jet stream from January through April (Overland & Wang, 2021). Integral to mid-latitude heatwave development 
is an atmospheric blocking event, where a high-pressure system remains near-stationary for days or even weeks 
(Black et al., 2004). The 2020 Siberian heatwave was later associated with a blocking event in June and a north-
ward swing in the jet stream sending warm air into the region (Ciavarella et al., 2020).

Here, we show that the early heatwave in Siberia, induced by a persistent meridional wind ridge, led to a carry-over 
effect on the June heatwave through a series of land-atmosphere feedbacks. The early heatwave generated a 

Abstract  A heatwave in Siberia starting in January 2020, initiated by a wave 5 pattern in the jet stream, 
caused the surface air temperature to reach 38°C in June with important impacts on ecosystems and water 
resources. Here we show that this dynamical setup started a chain of events leading to this long-lasting and 
unusual event: positive temperature anomalies over Siberia caused early snowmelt, leading to substantial earlier 
vegetation greening accompanied by decreased soil moisture and browning in the summer. This soil moisture 
depletion and vegetation browning, in turn, increased the impact of the heatwave on the atmosphere through 
a land-atmosphere feedback. This line of evidence suggests that large-scale dynamics and land-atmosphere 
interactions both contributed to the magnitude and persistence of this record-breaking heatwave, in addition to 
the background global warming impact on mean temperature. Here, we describe a carry-over effect in Siberia 
from a spring positive temperature anomaly into summer dryness and browning, with retroaction into the 
atmosphere. With the Arctic warming twice as fast as the global average, this event foreshadows the future of 
northern latitude continents and emphasizes the importance of both atmospheric dynamics and land-atmosphere 
interactions in the future as the climate changes. More frequent similar events could have major consequences 
on the carbon cycle in these carbon-rich northern latitude regions.

Plain Language Summary  A heatwave starting January 2020 in Siberia caused temperatures to 
reach 38°C (100°F) in June. The winter heatwave caused an early snow melt which elevated the soil moisture. 
This in turn caused earlier spring greening. As the heatwave persisted, soil moisture evaporated causing soil to 
be drier and trees to brown earlier in summer. Since the soil was drier than normal, the heat emanating from it 
was elevated which further exacerbated the heatwave. With arctic temperatures increasing twice as fast as the 
global average, the role of land-atmosphere interactions we describe will likely become more prominent in the 
future as the climate warms.
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Key Points:
•	 �Early warming favored early 

snowmelt, leading to earlier soil 
moisture availability and enhanced 
terrestrial greenness

•	 �Soil moisture was depleted in 
late summer, leading to a drop in 
terrestrial greenness and increased 
browning

•	 �The browning and reduced soil 
moisture in summer reduced 
evapotranspiration and increased 
sensible heat flux, further fueling the 
heatwave
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cascade of events that further amplified the late spring heatwave. The initial and persistent heat anomaly caused 
earlier snowmelt, leading to an earlier increase in soil moisture and vegetation activity. This increased vegetation 
activity, led to a draw-down in soil moisture that Granger-caused (Section 2) a decrease in terrestrial green-
ness three months later. This led to substantial vegetation browning and drier soil conditions, unusual at those 
high northern latitudes; generating reduced surface evapotranspiration and increased sensible heat flux. This fed 
back onto the atmosphere and amplified the late spring heatwave through land-atmosphere feedbacks.

2.  Methods
2.1.  Datasets

The ERA5 reanalysis (Hersbach et  al., 2020), produced by the European Centre for Medium-Range Weather 
Forecasts (ECMWF), combines observations from across the globe with model output into a globally complete 
and consistent data set. Output is provided hourly on a 0.25° grid. We extracted 2-m air temperature, soil mois-
ture, snowmelt, 10-m (longitudinal) u-component, and 10-m (latitudinal) v-component of wind. Each product was 
re-gridded to a daily temporal resolution with a 1° spatial resolution.

Leaf area index (LAI) is an essential climate variable (Belward et al., 2016) which measures amount of foliage as 
a measure for the photosynthetic active area. LAI is based on the National Oceanic and Atmospheric Administra-
tion Climate Data Record (NOAA-CDR) data set version 5 (Vermote, 2019) and estimated using surface reflec-
tance data from Advanced Very-High-Resolution Radiometer (AVHRR) data aboard eight NOAA polar-orbiting 
satellites (NOAA-7, -9, -11, -14, -16, -17, -18, and -19) using an artificial neural network. The algorithm has 
been validated using both in situ data and the Moderate Resolution Imaging Spectroradiometer LAI (Claverie 
et al., 2016). The AVHRR-based data set is provided from 1982 to the present at 0.05° (5 km) resolution; we 
regridded the product to daily resolution at 1° spatial resolution. Only years 2001-present were analyzed to avoid 
biases and drift from satellites not equipped with a propulsion system to maintain orbit.

2.2.  Dry Static Energy Convergence

Atmospheric horizontal heat transport was diagnosed as dry static energy convergence (EC), calculated as the 
negative divergence of vertically integrated dry static energy flux over the pressure (p) from the top of the atmos-
phere (p = 0) to the surface (p = ps):

𝐸𝐸𝐸𝐸 = −▿ ⋅ ∫
𝑝𝑝𝑠𝑠

0

(𝒖𝒖𝑠𝑠) 𝑑𝑑𝑑𝑑�

𝑠𝑠 = 𝑐𝑐𝑝𝑝 ⋅ 𝑇𝑇 + 𝑔𝑔0 ⋅ 𝑧𝑧�

where ▽⋅ is the horizontal divergence operator, u is the horizontal vector wind, s is dry static energy, cp is specific 
heat capacity of dry air, T is air temperature, g0 is gravitational acceleration constant, and z is geopotential height.

Using monthly u and s and their climatological monthly values over 1981–2010 as reference, we calculated 
monthly EC anomalies (ΔEC) in 2020 and further decomposed them into three components: (a) a thermodynamic 
term (ΔTH) induced by dry static energy anomalies, (b) a dynamic term (ΔMCD) induced by horizontal wind 
anomalies, and (c) a cross term (ΔCRO) induced by the product of specific humidity anomalies and horizontal 
wind anomalies:

Δ𝐸𝐸𝐸𝐸 ≈ −▿ ⋅ ∫
𝑝𝑝𝑠𝑠

0

(𝒖𝒖0Δ𝑠𝑠 + 𝑠𝑠0Δ𝒖𝒖 + Δ𝒖𝒖Δ𝑠𝑠) 𝑑𝑑𝑑𝑑�

Δ𝑇𝑇𝑇𝑇 = −▿ ⋅ ∫
𝑝𝑝𝑠𝑠

0

(𝒖𝒖0Δ𝑠𝑠) 𝑑𝑑𝑑𝑑�

Δ𝑀𝑀𝑀𝑀𝑀𝑀 = −▿ ⋅ ∫
𝑝𝑝𝑠𝑠

0

(𝑠𝑠0Δ𝒖𝒖) 𝑑𝑑𝑑𝑑�

Δ𝐶𝐶𝐶𝐶𝐶𝐶 = −▿ ⋅ ∫
𝑝𝑝𝑠𝑠

0

(Δ𝒖𝒖Δ𝑠𝑠)𝑑𝑑𝑑𝑑�
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where the subscript 0 represents climatological monthly values and Δ represents departure from the monthly 
climatology.

2.3.  Granger Causality

Granger causality tests the usefulness of a variable to forecast another. If the variable is useful, then we say it 
Granger-causes another. Causal here is in the statistical sense and does not necessarily mean there is a physi-
cal causal relationship. It is also important to keep in mind this statistical test cannot account for confounding 
variables.

We use Granger causality to quantify the causal impact of soil moisture on LAI. Given variables X and Y with 
two times series, Granger causality tests whether past values of X affects the current value of Y. If so, we say that 
X Granger-causes Y. This is accomplished by comparing two models, an unrestricted and restricted model. The 
unrestricted model assumes the current value of Y at time t is influenced by previous values of X and Y:

𝑌𝑌𝑡𝑡 = 𝛼𝛼 + 𝛿𝛿𝛿𝛿 + 𝜙𝜙1𝑌𝑌𝑡𝑡−1 +⋯ + 𝜙𝜙𝑝𝑝𝑌𝑌𝑡𝑡−𝑝𝑝 + 𝛽𝛽1𝑋𝑋𝑡𝑡−1 +⋯ + 𝛽𝛽𝑞𝑞𝑋𝑋𝑡𝑡−𝑞𝑞 + 𝜖𝜖𝑡𝑡�

and a restricted model where the current value of Y is only influenced by previous values of Y, as well as an 
intercept (α) and time (δt):

𝑌𝑌𝑡𝑡 = 𝛼𝛼 + 𝛿𝛿𝛿𝛿 + 𝜙𝜙1𝑌𝑌𝑡𝑡−1 +⋯ + 𝜙𝜙𝑝𝑝𝑌𝑌𝑡𝑡−𝑝𝑝 + 𝜖𝜖𝑡𝑡�

Sum of squared residuals (SSR), Akaike information criterion (AIC), and Bayesian information criterion (BIC) 
are used for model selection to estimate the relative quality of the unrestricted and restricted models. BIC is simi-
lar to AIC, however it adds a higher penalty for models with more parameters. If SSR, AIC, and BIC are lower for 
the unrestricted model, then we can conclude that X Granger-causes Y. This analysis was facilitated by the Python 
statsmodels package (Seabold & Perktold, 2010) and performed by averaging the LAI and soil moisture within a 
large region (50°N–75°N, 50°E−120°E).

3.  Spring Drivers and Larger-Scale Patterns
Surface air temperature (SAT) conditions in Eurasia were anomalously high from January–June 2020 (Overland 
& Wang, 2021). The SAT anomaly over the period from 25 May 2020 through 7 June 2020 exceeded +6°C in 
Siberia (Figures 1a and 1b). A persistent and strong stratospheric polar vortex contributed to above normal SAT 
in Eurasia throughout winter and spring 2020 (Ciavarella et al., 2020; Overland & Wang, 2021), keeping the 
cold air over the Arctic. From April 2020 to May 2020 a strong meandering jet, characterized by an amplified 
Rossby wave 5 (Kornhuber & Tamarin-Brodsky, 2020) developed and remained stationary over large parts of 
the Northern Hemisphere (NH) (Figure 1c). The increase in wave 5 amplitude (Figure 1c) co-incided with the 
record breaking temperatures in early spring, and throughout the summer (Figure 1d). Wave 5 has a preferred 
phase position and is thereby associated with record temperatures over Russia. This near circum-global pattern 
connected below average cold temperatures on the North American East coast and record warm anomalies over 
central Eurasia. The latter kick-started a series of heat records within the Arctic circle (Ciavarella et al., 2020). 
Also, the Arctic Oscillation was in a strong positive phase, which is known to favor Eurasian summer heatwaves 
(Wu & Chen, 2020).

We attribute atmospheric dynamics to the large horizontal heat transport into Siberia in early spring (Figure 2a), 
suggesting that a ridging pattern largely defined the onset and initial persistence of the heatwave. A persistent 
high pressure system was parked over the area, which elevated SAT anomalies in Siberia.

4.  Impact of Heatwave on Snowmelt and Soil Moisture
In March–May 2020, the high positive SAT anomalies (Figure 1b) induced early snowmelt relative to climatol-
ogy (Figure 3a) and reduced snow cover (Figure 3b) within the study region extending from 50°N–75°N and 
50°E−120°E. This sharp drop in snow aligned with the heatwave period over Siberia (Overland & Wang, 2021). 
In the Northern Hemisphere, snow mass has been decreasing since 1980 while regionally it has been increasing in 
east Siberia (Pulliainen et al., 2020). Snow cover anomalies relative to climatology were reduced in the southeast 
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corner of the study region (50°E−120°E, 50°N-75°N) starting in March (Figure S1a in Supporting Informa-
tion S1) and progressing toward the northeast from April through June (Figures S1b, S1c, and S1d in Supporting 
Information S1). The regional warming resulted in an evolving pattern of soil moisture across the same region: 
Eastern Europe experienced low soil moisture anomalies in March and April (Figures 3c and 3d) and elevated 
soil moisture in May and June due to early snowmelt (Figures 3e and 3f), while southwest Siberia showed anoma-
lously low soil moisture and southeast Siberia had elevated soil moisture (Figures 3c–3f), due to earlier snowmelt.

To further explore the response of the various soil moisture patterns to the heatwave and snowmelt, time series of 
soil moisture and snowmelt from the ERA5 reanalysis over three contrasting regions are investigated within the 
period 1981–2020: Northwestern Russia, Western Siberia, and Northeastern Siberia (see Figure 3c for locations). 
In Northwestern Russia, the wetness in late spring and early summer (Figure 3g) was a result of earlier snowmelt 
(Figure 3a) that led to soil moisture depletion in June 2020 but later to a recovery to the climatological mean. 
This region represents a restoration pattern with the effects of the spring heatwave dissipating with time. The soil 
moisture in western Siberia peaked in March 2020 and remained drier than normal from April to October of that 
year (Figure 3h). In that region, May 2020 also experienced the least snow cover (Figure S1c in Supporting Infor-
mation S1) leading up to persistent summer dryness (Figure 3h) and gradual restoration to climatology in fall. In 

Figure 1.  Northern Hemisphere surface air temperature and large scale atmospheric circulation in spring to summer 2020: 
(a) 7-day mean 2 m surface air temperature anomaly centered on May 31st. (b) Hovmoeller diagram of 7 days running mean 
values of SAT averaged over 40°N–70°N overlaid with contours of meridional wind speed averaged over 37.5°N–57.5°N. 
Contours denote the −11, –6, –1 m/s (blue) and 1, 6, 11 m/s (red) levels respectively. Solid black horizontal lines denote the 
time period shown in (a), solid black vertical lines show the 50°–120°E area as shown in (a) for orientation. (c) Amplitude 
of Rossby Wave number 5 in units of standard deviation (std.) relative to monthly climatology. Red dashed lines denote 1.5 
standard deviation departures from the mean for orientation. (d) SAT anomaly averaged over 50°E−120°E, 40°–70°N (also 
see black box in a)). In April to May a persistent wave train diagnosed as a high wave 5 amplitudes corresponds to a rise in 
temperatures over central Eurasia.
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Northeastern Siberia, soil moisture was elevated in May 2020 (Figure 3i) as 
the snowmelt peaked almost a month earlier compared to its climatology in 
response to the heatwave (Figure 3a). Over the 2001–2020 record, 2020 was 
the fifth driest June on record (Figure S4 in Supporting Information S1) and 
the driest fall with the soil moisture remaining below mean values. The earlier 
peak soil moisture increase over the region was induced by the earlier timing 
of snowmelt. After peaking, soil moisture rapidly depleted (Figures 3c–3f) 
through losses to vegetation transpiration and evaporation. Soil moisture was 
elevated in March and April of 2020 with Negative anomalies beginning in 
May 2020. To summarize this section, wetness was observed in spring from 
an early snowmelt and then changed to dryness in summer. The next section 
explores the role of soil moisture in causing vegetation greening in spring and 
browning in late summer.

5.  Impact on Terrestrial Greenness
Simultaneously, the early snowmelt that elevated soil moisture created favora-
ble conditions for photosynthetic activity and greening. Many studies show 
early snowmelt causes spring greening (Pulliainen et al., 2017; Barichivich 
et  al.,  2014; Grippa et  al.,  2005; X. Zhang et  al.,  2019). Vegetation activ-
ity was substantially and positively impacted by the heatwave in spring and 
summer due to the evolving pattern of soil moisture. We use LAI, the ratio of 
leaf area per unit ground area, and an important indicator of vegetation health 
status (Section 2), as a proxy for terrestrial greenness.

In May and June of 2020, LAI was higher than normal within the study 
region, bounded between 50°N and 75°N and 50°E−120°E (Figure 4a). The 
enhanced LAI was localized to Siberia, with lower values found in Europe 
(Figure  4b). In May of 2020, the study region saw a widespread increase 
in LAI relative to climatology (Figure  4b). The timing of the greening 
closely follows the increase in snowmelt in the previous month (Figure S2 in 
Supporting Information S1) and concomitant availability of soil moisture and 
earlier availability of favorable temperatures for photosynthesis (Figure 1).

As a result, in 2020, the seasonal cycle of LAI was shifted. LAI achieved 
a maximum value of 3.4 in May at (58°N, 90°E) (Figure S3 in Supporting 
Information S1). This is 130% greater than the May climatological value of 
1.4 at this location. In August 2020 at this location LAI was 2.7, which is 26% 

lower than its climatology. In August, at (55°N, 95°E) LAI reached a minimum value of 1.08, which is 71% less 
than the climatological value (3.8) at this time. This lower than normal LAI is largely found in the Taiga forest of 
Eastern Siberia. These changes also hold within the region 50°N-75°N and 50°E−120°E, where LAI was anom-
alously low in August 2020 (Figure 4a). The percent change in LAI relative to climatology begins to decrease in 
June and July of 2020 (Figures 4c and 4d). However, high northern latitude regions experienced elevated LAI in 
June. In August, LAI is anomalously low (Figure 4e), corresponding to the region of dry soil moisture (Figure 3e) 
in the summer due to the earlier snowmelt.

We further test the causal link between time series of soil moisture and LAI with Granger causality (Section 2) to 
investigate whether positive soil moisture anomalies in the spring, due to a temperature anomaly, caused this earlier 
greening and later browning. Based on this analysis (Section 2), we conclude that soil moisture Granger-caused 
the LAI anomaly with a lead time of three months over the studied region (50°E−120°E, 50°N-75°N) (Figure 
S5 in Supporting Information S1), similar to the lag between snowmelt and soil moisture due to the initial SAT 
anomaly. This emphasizes the role of initial soil moisture anomalies on LAI, itself triggered by the chain of events 
starting with the initial heatwave anomaly in late winter and early spring. Atmospheric aridity may also play an 
additional role in explaining the reduction in LAI (Zhou, Williams, et al., 2019; Zhou, Zhang, et al., 2019).

Figure 2.  (a) Monthly anomalies of dry static energy convergence in 2020 and 
its components averaged within 50–75°N, 50–120°E. (b) Sensible heat flux 
anomalies. Sensible heat flux anomaly was negative (downward) January–
April, which contributed early snowmelt. A positive (upward) sensible heat 
flux anomaly in May and June enhanced the intensity of the heatwave.
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The earlier greening increased evapotranspiration which led to a depletion in soil moisture (Figure 3f) which 
then led to plant stress and reduced LAI in the summer (Figures 4a and 4e). When averaged over the region, 
50°N-75°N and 50°E−120°E, June 2020 is in the 23rd percentile across all Junes from 2001 to 2020 (Figure S4 
in Supporting Information S1). In addition, the surface sensible heat flux anomaly became positive and peaked in 
June (Figure 2), coinciding with the peak of the heatwave. This led to an important contribution attributable to the 

surface sensible heat flux and therefore from land-atmosphere interactions to 
the summer heatwave in the region (Figure 2). Sensible heat represents the 
primary means of heat transfer between the surface and the overlying air to the 
thermal gradient. This soil moisture-vegetation-temperature feedback ampli-
fied air temperature via reduced evaporative cooling and increased sensi-
ble heat flux (Figure 5) (Fischer et al., 2007; Stéfanon et al., 2014). August 
2020 was the warmest August in the last 20 years, while August LAI was the 
lowest over the same period (Figure S4 in Supporting Information S1). In 
mid-latitude regions, soil moisture drought is known to have strong influence 
on the intensity of temperature extremes (Lorenz et al., 2016), which can be 
advected to cooler regions downwind and enhance the heatwave (Schumacher 
et al., 2019). Thus, even in Siberia, the 2020 summer reduction in soil mois-
ture (Figure 3) and increase in vegetation browning (Figure 4) amplified the 
heatwave, further stressing vegetation.

Within the study region, temperature was anomalously warm throughout 
2020 (Figure S4a in Supporting Information S1), with August 2020 being 
the warmest over this period (Figure S4b in Supporting Information S1). Soil 
moisture was anomalously high in March 2020 and then switched to a dry 
anomaly (Figure S4c in Supporting Information S1), with June 2020 being in 
the 23rd percentile and one of the driest over the last 20 years (Figure S4d in 

Figure 3.  Monthly average (a) Snowmelt and (b) snow cover for years 1981–2020 using data within the study region (50°N–75°N and 50°E−120°E). Gray lines 
indicate the years 1981–2019, with the dashed line indicating the 1981–2010 climatology. Red line indicates 2020. Soil moisture anomalies from 1981 to 2010 mean 
are shown for (c–f) March through June. Dashed line delineates the study region. Small black boxes show the location of three regions, whose time series are shown in 
(g–i). Elevated soil moisture is observed in March and April transitioning to dryness in May and June.

Figure 4.  (a) Box plots of AVHRR-based LAI estimates from 2001 to 
2019 using data within 50°N–75°N and 50°E−120°E. Observations prior to 
2001 were excluded (see Section 2). Black line is the median across these 
years. Small circles indicate outliers, which are greater than 1.5 times the 
interquartile range. Red x's indicate LAI in 2020. Percent change in LAI from 
2001 to 2019 climatology for May, June, July, and August 2020 (b–e). Black 
boxes indicate analysis region (50°N–75°N and 50°E−120°E) considered in 
this study. Enhanced greening is observed in May while enhanced browning is 
observed in August.
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Supporting Information S1). These soil moisture anomalies Granger-caused 
changes in the LAI, which was anomalously high in spring and low in 
summer (Figure S4a in Supporting Information S1). Compared to August of 
every other year, 2020 had the lowest August LAI (Figure S4f in Support-
ing Information S1). The low summer LAI, and hence browning, reduced 
evapotranspiration causing an anomalously highly sensible heat flux in June, 
which further amplified the heatwave, as emphasized by an attribution anal-
ysis (Section 2) (Figure 2). The chain of events starting in the spring and 
extending to the summer is summarized and illustrated in Figure 5.

6.  Implications
In the future, the areal extent of blocking events is projected to increase by 
as much as 17%, thereby increasing the areal extent of heatwaves (Nabizadeh 
et al., 2019). Northern latitude regions have witnessed a much more rapid 
increase in air temperature compared to the rest of the globe, referred to 
as the Arctic amplification (Serreze & Barry,  2011). The combination of 
Arctic amplification, and increased frequency and intensity of extremes 
could potentially place substantial pressure on northern latitudes ecosys-
tems, such as boreal forests. The combined stress could potentially lead to 
an ecosystem tipping point (Lenton et  al.,  2008), reverting northern lati-
tude CO2 uptake capacity (P. Zhang, Jeong, et al., 2020) into a source to the 
atmosphere, especially if the permafrost were to melt (Keuper et al., 2020; 
Turetsky et al., 2020). North of Siberia's tree line, the 2020 fire season began 
early due to warming temperatures which re-emerged “zombie fires” in the 
peatland (McCarty et  al.,  2020; Witze,  2020), which smolder through the 

non-fire season and intensify in the subsequent spring. This carbon-rich peatland region is currently a net sink 
for atmospheric CO2; yet this region could become a net source by the end of the century (Hugelius et al., 2020) 
as the climate warms and if wildfire frequency were to increase (Sherstyukov & Sherstyukov, 2014) and be as 
dramatic as in 2020. Sustained heatwaves with magnitudes comparable to 2020 could in turn impact northern 
latitude surface processes such as snow cover, terrestrial greenness, or wildfire frequency and intensity (Lange 
et al., 2020).

Soil moisture, soil temperature, land use, land cover, nutrient availability, and vegetation are drivers of soil 
emissions (Oertel et al., 2016). Heatwave induced soil heating has the potential to increase emissions through 
enhanced connection with deep-soil carbon stocks being activated by deeper aeration (Castellano et al., 2019). 
However, this influence could be counter-balanced by soil moisture availability. Green et al. (2019) show that the 
level of soil moisture has a large negative influence on the land's ability to store carbon. Drier soils will reduce 
methane and CO2 emissions (Oh et al., 2020; Selsted et al., 2012; Zona et al., 2016). In the Arctic, significant 
declines in net ecosystem productivity beginning in 2013 are driven by increased heterotrophic respiration arising 
from increased precipitation and warming (Larson et al., 2021). In tundra environments and landscapes recently 
affected by fire, soil respiration often exceeded gross primary production (GPP), resulting in a net annual source 
of CO2 to the atmosphere. As this region continues to warm, soil respiration may increasingly offset GPP, further 
amplifying global climate change (Watts et al., 2021).

Given current policies, we are likely on track with Representative Concentration Pathway 4.5 or 6.0 (RCP4.5–6.0) 
(Hausfather & Peters, 2020), with an increase in global temperature of about 3°C by the end of the century. More 
frequent and severe heatwaves are to be expected as global temperatures increase throughout the 21st century 
(Collins et al., 2013) but also as climate variability increases (Schär et al., 2004). To assess the impact of future 
heatwaves in sparsely sampled regions, such as Siberia, we must rely on process-based models, that is, Earth 
system models. However, correctly representing atmospheric processes and land-atmosphere feedbacks remains 
challenging in Earth system models (Davini & D'Andrea, 2016, 2020). Current generation models have difficul-
ties capturing extreme events due to atmospheric dynamic anomalies (Mann et al., 2018; Schewe et al., 2019), 
correctly capturing blocking events (Davini & D'Andrea,  2016,  2020; Hanna et  al.,  2018), as well as vege-
tation feedbacks, and snow/precipitation dynamics. Mean heatwave frequency is also underestimated in Earth 

Figure 5.  Schematic illustrating increased spring temperature leads to an 
early snow melt, which increases soil moisture causing an early greening. 
In summer, the enhanced temperature draws down soil moisture through 
evaporation which leads to browning and a land-atmosphere feedback. Early 
snow melt and a persistent heatwave causes water stress in summer relative to 
climatology.
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system models, with region-dependent biases for mean heatwave duration, intensity, and cumulative heat (Hirsch 
et al., 2021). In addition, even ERA5 does not include several important processes, such as dynamic phenology, 
but instead uses prescribed monthly climatology (Boussetta et al., 2013). An increase in observational constraints 
and improved parameterizations will lead to more accurate models, which are critical to assess the impact of 
extremes in real-time an also their future projections.

7.  Conclusions
To summarize, we show that an early warming anomaly in Siberia and northern Eurasia due to a phase-locked 
wave 5 pattern in the jet stream (Kornhuber & Tamarin-Brodsky, 2020) favored earlier snowmelt, which led to 
increased spring soil moisture and increased terrestrial greenness. In the later part of the summer, soil moisture 
was depleted leading to a drop in terrestrial greenness and increased vegetation browning. This water stress 
decreased LAI, since dryness stress from low soil moisture limits vegetation growth and can lead to vegetation 
browning and senescence (Liu et al., 2020), as schematized in Figure 5. This heatwave induced a drop in terres-
trial activity, which may not necessarily hold in all regions, as the response of different ecosystems to drought is 
dependent on the species composition and resistance to water stress (Bastos et al., 2020; Konings et al., 2017), as 
well as on the ratio between water supply from precipitation and water demand from the atmosphere (Y. Zhang, 
Parazoo, et al., 2020).

This manuscript presents a documentation of carry-over effects from spring temperature anomalies leading 
to summer dryness and browning in Siberia, which further contributed to fueling elevated summer tempera-
tures (Figure S4 in Supporting Information S1). Early snowmelt leading to spring greening is well established 
(Barichivich et  al.,  2014; Grippa et  al.,  2005; Pulliainen et  al.,  2017), while spring soil-moisture exhaustion 
leading to dryness has been documented in Europe (Bastos et al., 2020). Anomalously low soil moisture has 
occurred before 2020, yet greening exhausting soil moisture and then browning in summer in Siberia has not 
been previously documented in the literature. This feedback and cascading effect in Siberia is unique to 2020, 
especially considering the region is conventionally considered cold and wet. Legacy effects could further impact 
such events, which we leave for future research.
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