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ABSTRACT

The recent decline in forest carbon (C) sink across the Nordic countries has been partly attributed to increased water limitations,
that is, droughts, on forest productivity. However, empirical evidence for this remains limited. This study combines ERA5-Land
reanalysis datasets with long-term C and water flux observations from Swedish and Finnish coniferous forest eddy covariance
(EC) towers to assess the conditions under which atmospheric (high vapor pressure deficit, VPD) and soil droughts (low soil
moisture) have affected forest carbon uptake. Using the reanalysis datasets, we then evaluate whether such conditions have
become more common at the studied sites, and across northern Europe in general. EC data suggests that C and water exchange
has responded only to extremely low soil moisture, whereas the response to atmospheric droughts has been more gradual and
the strongest response occurred during compound droughts. At two sites, isolated drought years led to over 10% reduction in an-
nual gross primary productivity and 20%-40% decline in annual net ecosystem productivity. However, frequent and widespread
impacts on annual C fluxes were not observed. The occurrence of atmospheric droughts has increased across northern Europe
during the last decade, while soil and compound droughts showed more localized changes. Beyond methodological advances in
analyzing drought signals from EC data, our results shed light on how droughts may have influenced ecosystem-atmosphere
carbon and water fluxes across northern European forests by integrating site-level flux responses with reanalysis datasets. The
results suggest that increasing VPD may be one underlying factor for the observed decline in forest growth in the Nordic coun-
tries, while soil moisture limitations have been likely rarer and more local.

1 | Introduction

National greenhouse gas inventories indicate that forest car-
bon (C) sink is decreasing in the Europe and already challeng-
ing the forest and climate policies (European Environment
Agency 2026; Migliavacca et al. 2025; Hyyrynen et al. 2023;
Korosuo et al. 2023). In the Nordic countries, decrease of
forest land C sink has been attributed to increasing harvests
and natural mortality, and weakening soil C sink, but also to
reduced forest growth rate (Henttonen et al. 2024; Laudon
et al. 2024; Hyyrynen et al. 2023). Whether the decline in

forest productivity is mainly due to forest aging and altered
management or warming and drying climate remains un-
known, and the drivers can also vary across regions and
species (Henttonen et al. 2024; Merlin et al. 2024; Mikinen
et al. 2022; Mensah et al. 2023). Laudon et al. (2024) argued
the growth decline of northern forests in Europe should serve
as a wake-up call to improve mechanistic insights on the novel
growth-regulating factors, resulting from direct (past man-
agement) and indirect (climate change) human impacts. They
hypothesize that increasing water limitations can underlie the
growth decline, supported by Mirabel et al. (2023). However,
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the evidence of climate-driven- decline in forest growth and
C sink in the Northern Europe remains anecdotal (Mdkinen
et al. 2022; Aldea et al. 2024; van der Woude et al. 2023;
Lindroth et al. 2020), and, for instance, in Norway, soil water
limitations have so far been considered insignificant (Merlin
et al. 2024).

Repeated forest inventories and tree core data enable assess-
ing the diameter or volume growth variability on inter-annual
timescales (Henttonen et al. 2024; Merlin et al. 2024), but
do not offer direct insight to physiological mechanisms that
regulate the growth and tree C sink variability. Therefore,
the hypothesis that increasing water limitations are starting
to restrict forest productivity and C sink must be explored by
other methods such as long-term C and water flux measure-
ments (Lindroth et al. 2020; Launiainen, Katul, et al. 2022) or
tree-ring stable isotope records of C and oxygen (McCarroll
and Loader 2004; Tang et al. 2023). Eddy-covariance (EC)
data from ICOS (Integrated Carbon Observation System;
Heiskanen et al. 2022) and FluxNet (Baldocchi 2020) can re-
veal immediate, often short-term, effects of anomalous and
extreme environmental conditions on net ecosystem produc-
tivity (NEP), gross-primary productivity (GPP) and forest
water use (e.g., Shekhar et al. 2023; Pohl, Werban, et al. 2023;
Novick et al. 2016; von Buttlar et al. 2018; Lindroth et al. 2020).
The EC data has, however, rarely been used to assess the
impacts of drought on C and water fluxes in the Nordic re-
gion (Lindroth et al. 2020). Therefore, it remains unknown
how frequent physiological droughts have been in Northern
European forests, and how large effect the drought-induced
flux anomalies can have on annual NEP, GPP and ecosystem
respiration (Reco).

Direct impacts of high vapor pressure deficit (VPD, atmospheric
drought) and limited root zone water availability (soil drought)
on plant functions and C uptake are relatively well known (e.g.,
Hao et al. 2025; Wolf and Paul-Limoges 2023). High VPD in-
duces stomatal closure, directly limiting CO, diffusion from the
atmosphere to leaf and constraining leaf and ecosystem level
photosynthesis (Novick et al. 2016, 2024; Grossiord et al. 2020).
At an ecosystem level, high VPD reduces surface conductance
(Gy), which affects latent heat flux (LE, i.e., evapotranspiration
ET~G¢xVPD) and evaporative fraction (EF=LE/(LE+H),
where H is the sensible heat flux). GPP and light-use efficiency
are often less affected by droughts than ET and energy parti-
tioning (Novick et al. 2024). However, when high VPD is asso-
ciated with limited soil water availability, decreased ecosystem
photosynthesis and light-use efficiency is common (Grossiord
et al. 2020; Novick et al. 2024).

Soil drought develops gradually due to the imbalance between
soil water inputs (infiltration) and outputs (plant transpira-
tion, soil evaporation, and drainage). During progressive soil
drought, soil and leaf water potential gradually decrease and the
role of stomatal control of gas-exchange intensifies (Grossiord
et al. 2020; Lin et al. 2015), and non-stomatal limitations gain
in importance as mesophyll conductance and photosynthetic
capacity decrease (Keenan et al. 2010; Lin et al. 2015; Grossiord
et al. 2020). Soil water availability exhibits a threshold response,
characterized by a wide non-limiting regime, below which drop-
ping soil water potential and reduced soil-to-root hydraulic

conductivity start to rapidly impact tree hydraulics, water use
and GPP (e.g., Sperry et al. 2002; Wood et al. 2023; Fu, Ciais,
Prentice, et al. 2022). Compared to GPP and energy partition-
ing, Reco seems to drop more gradually (Shi et al. 2014), and
in Nordic forests, the response of NEP to soil drought is often
weaker than that of its components (Lindroth et al. 2020;
Launiainen et al. 2015).

Prior research on drought responses of northern European
forests C and water cycle using EC observations has provided
a blurred image. For instance, the synthesis study of Lindroth
et al. (2020) showed that annual NEP can either increase or de-
crease due to droughts, a finding that was partially explained
by highly site-specific responses of the component fluxes, GPP
and Reco. However, large fraction of the variability remained
unexplained, possibly due to the coarse temporal resolution
(annual) of the study. Similarly, Krasnova et al. (2022) found
varied drought responses at hemiboreal forests in Estonia. Gao
et al. (2017) showed that in a mixed conifer forest in southern
Finland, soil drought affected ecosystem water use efficiency on
only a handful of days during a 11-year study period. Likewise,
Matkala et al. (2021) did not observe strong ecosystem re-
sponses to extreme weather events at two coniferous forests in
Northern Finland. Lately, Scapucci et al. (2024) and Shekhar,
Hortnagl, et al. (2024) have highlighted the importance of com-
pound droughts, that is, joint atmospheric and soil drought, on
C and water fluxes at a temperate forest. Previous studies on
drought responses of northern European forest C and water
fluxes have used varied drought metrics and lack a unified defi-
nition of physiological drought. Also, timescales of interest and
approaches to disentangle the drought responses and separate
them from all other sources of variability in ecosystem scale
fluxes lack consistence and hinder direct comparisons between
individual studies.

Here, we quantify the effect of high atmospheric VPD, often
associated with elevated temperatures, limited soil water
availability and their combined effect on forest NEP, its com-
ponents and EF using long-term ecosystem scale C, water and
energy flux data from seven boreal and hemiboreal coniferous
forests located between 56° and 68° N in Sweden and Finland.
We formulate non-dimensional air and soil moisture indices
based on site-specific long-term VPD and soil moisture sta-
tistics and analyze spatiotemporal drought patterns in the
Nordic-Baltic region using ERA5-Land data (Mufoz-Sabater
et al. 2021). At each EC site, we relate the observed daily flux
anomalies to extreme atmospheric or soil moisture conditions
and utilize the found daily responses to evaluate the drought
effects on annual scale. Specifically, we address the following
questions:

1. Can physiological drought signals be observed in the eco-
system C and water fluxes, and to which degree the anom-
alies can be attributed to atmospheric or soil droughts?

2. How severe, frequent and persistent are high VPD and soil
water limitations on forest NEP, GPP, Reco and evaporative
fraction, and what is their impact on annual C fluxes?

3. How severe atmospheric and soil droughts have varied in
the Nordic-Baltic region in the past decades, and have they
become more common during the last decade?

2 of 20

Global Change Biology, 2026

85UB0| SUOWILLIOD BA11E81D) 3ot [dde 8Ly Aq peusnob ke S9o1e YO ‘SN JO S8 10} ARIqIT8UIIUQ A1 LD (SUOTHPUOD-PUB-SWBH W00 A8 | 1M ARe.q)1[Bu 1 [UO//SANY) SUORIPUOD pue SWie | 8U18eS *[9202/80/92] Uo ARigiTauliuo A|in ‘snysese eAuouuon A 29602 GoB/TTTT 0T/10p/w0o A 1M Atelq Ul |uo//Sdiy Wwolj pepeojumoq ‘g ‘9z0Z ‘98rZS9ET



We use the insights from the EC data and regional drought sta-
tistics to discuss whether water limitations can underlie the re-
cent growth decline in the Nordic forests.

2 | Materials and Methods
2.1 | Drought Indices

We define a standardized soil moisture index (SSMI) and stan-
dardized air moisture index (SAMI) to identify and distinguish
periods of soil and atmospheric droughts, respectively. These
indices were calculated using ERA5-Land data (Mufioz-Sabater
etal. 2021; Copernicus Climate Change Service 2019), either vol-
umetric soil water content (VWC) between 7 and 28 cm below
the soil surface (SSMI) or VPD (SAMI). Data were extracted for
the years between 1950 and 2024 for each terrestrial ERAS5 grid
cell (0.1°x 0.1° horizontal resolution) in the study area (a bound-
ing box spanning from 59°45’ N, 19°15’'E to 70°15’ N, 32°0’E).
Open-Meteo software (Zippenfenig 2023) was also used in ex-
tracting the data. The VPD was calculated from air and dew-
point temperature. SSMI and SAMI were derived based on data
from thermal growing seasons only, which were estimated using
daily air temperature following Ruosteenoja et al. (2016). Time
series of daily SSMI and SAMI were determined separately for
each location (EC site or ERA-5 grid cell) as follows (Figure 1):
First, empirical cumulative distribution function (empirical
CDF) was calculated from the daily thermal growing season
data. Second, the probability of occurrence of each observed soil
moisture or VPD value was derived from the empirical CDF.
Finally, these probabilities were converted to standard scores

Empirical distribution
1.0

using inverse of the standard normal CDF, which yielded the
values for the indices. Note that as VPD and temperature are
highly correlated, SAMI should be interpreted as a compound
index for high VPD and temperature.

This approach to produce standardised indices from empirical
CDFs s akin to Carrao et al. (2016). Negative SSMI values indicate
that the observed VWC was smaller than the most common ther-
mal growing season soil moisture value at that location during the
1950-2020 period, whereas positive SSMI values indicate it was
larger. To have the same sign convention for SSMI and SAMI, the
SAMI values were multiplied by —1; hence negative SAMI values
indicate that VPD was larger than the most common value occur-
ring in the thermal growing season. Mathematically, this proce-
dure to estimate the indices can be written as

SAMI = — F, ! (Fypp(VPD)) D

SSMI = F, ! (Fyy,c(VWO)), ()

where F ! is the inverse of the standard normal CDF, Fypj
and Fyy are the local empirical CDFs for VPD and VWC,
respectively, and VPD and VWC are the local time series.
Highly negative SSMI (SAMI) indicate that the soil (air) was
very dry when compared to the most common conditions at
the location. SSMI and SAMI values delineate days into four
quadrants representing different combinations of daily soil
and air moisture status (Figure 2). Soil moisture variability is
typically delayed from the corresponding variability in VPD
(Figures 2 and 3a). Figure 3a shows an example of SSMI and
SAMI time series at one EC site during one thermal growing
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c o o o9
o N » ©
1 1 1 1

Probability
o
[&)]
1

0.4 -
2
0.3 @ 0.30
0.2 A -
0.1 .
A R — @)
0.0 == T T T L T T T
0.2 0-26 0.3 032 0.4 -3 16T 4052 1 2 3
Soil moisture from 1950-2020, ERA5-Land (m3 m~3) SSMI

FIGURE1 | Illustration on calculation of the standardized soil moisture index (SSMI) based on ERA5-Land data. The volumetric soil moisture

content distribution during thermal growing season, at a given grid-cell, is converted to SSMI using empirical cumulative density function (CDF) and
equiprobability transformation. Similar approach was used to convert VPD to SAMI. Red curves show the CDF functions for the empirical distribu-
tion (left) and standard normal distribution (right) and grey bars the underlying probability density functions. Estimation of SSMI consists of three
steps: (1) estimation of empirical CDF, (2) calculation of probability for each soil moisture value in the time series using the empirical CDF and (3)
transformation of this probability into SSMI using inverse of the standard normal CDF. Blue arrows show an example on the calculation procedure
where soil moisture value 0.32m3m~3 is converted into SSMI value of —0.52 and green arrows show the conversion between 0.26 m*m= and —1.61.
ERAS5-Land soil moisture data FI-Hyy area were used in this figure.
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FIGURE2 | Relationship between soil moisture (SSMI) and air moisture (SAMI) indices at SE-Htm. The green filled contours show the distribu-
tion of growing season data between 1950 and 2020. Blue contours show the same distribution for the European drought Year 2018. SAMI and SSMI

values delineate the data into four quadrants: Dry air — dry soil, dry air — wet soil, wet air — wet soil and wet air — dry soil. Marginal probability

density functions (marginal pdfs) are shown in the subplots on top and right.

season. Some prior studies have used percentiles of soil mois-
ture and VPD time series to identify air and soil droughts.
For instance, the 10th and 90th percentiles for soil moisture
and VPD used in Shekhar, Buchmann, et al. (2024); Shekhar,
Hortnagl, et al. (2024) translate to SSMI and SAMI values of
—1.28. Different approaches for categorising drought severity
have been used in the past (Pohl, Rakovec, et al. 2023) and we
define index values below —2 as extreme, between —1.5 and
—2 as severe, between —1 and —1.5 as moderate and —0.5 and
—1 as mild drought. This follows McKee et al. (1993) with the
exception for the definition of mild drought. Note that the in-
dices SAMI and SSMI do not explicitly consider the drought
persistence in their definitions. However extremely low SSMI
values are acquired only when the ecosystem water balance
has been negative over an extended period of time and hence
the drought persistence is implicitly included in the metric
definition. Furthermore, the study results were not sensitive to
the length of the past soil drought periods (see Figures S12 and
S13 and the corresponding text in the Supporting Information)
suggesting that the observed ecosystem responses were largely
in synchrony with the drought metric variability.

Our definition of drought indices is akin to Carrao et al. (2016)
and Pohl, Rakovec, et al. (2023) who estimated SSMI from soil
moisture data; however, there are few important differences: (1)

our analyses focus exclusively on the physiologically relevant
thermal growing season, (2) we utilize empirical CDFs, and (3)
our indices are based on ERAS5-Land data. Also, they did not
analyze atmospheric droughts via SAMI or compound droughts
with both SAMI and SSMI. The use of empirical CDFs instead of
parametric distributions eliminates the need to assume a certain
functional form for the underlying PDF or go through uncertain
bandwidth selection in kernel density estimation (KDE, Pohl,
Rakovec, et al. 2023). Furthermore, VPD and SWC are bounded
random variables, and KDE tends to produce uncertain values
near the bounds (Carrdo et al. 2016), while fitting parametric
distributions is uncertain in the distribution tails (Farahmand
and AghaKouchak 2015). No detrending or deseasonalizing was
done to the VPD or VWC time series before calculating the in-
dices. See the Supporting Information for a comparison against
indices calculated from deseasonalized data.

2.2 | Eddy Covariance Observations
and the Metrics of Ecosystem Function

EC flux data from seven ICOS forest ecosystem sites in Finland
and Sweden were used in this study, covering the climate gra-
dient from hemiboreal southern Sweden to boreal/sub-arctic
Northern Finland (Table 1). All sites are either Scots pine (Pinus
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FIGURE 3 | Daily drought indices SAMI and SSMI (a) and measured (X) and predicted (X ,.) daily mean GPP at FI-Hyy during the thermal
growing season in 2018 (b). Negative SSMI and SAMI indicate that soil and air were drier than normally, respectively. AGPP (AX in the figure) was
calculated as the difference between the predicted (X ,.,;) and measured GPP (X), see Equation (6). The continuous black lines (b) show locally es-

timated scatterplot smoothing (loess) fits to the measured GPP and AX.

sylvestris), Norway spruce (Picea abies) or mixed evergreen
coniferous forests with mean stand age from 35 to 122years
Data from FI-Ken, SE-Nor, SE-Htm, SE-Svb and SE-Ros sites
were retrieved from ICOS carbon portal, and data processing
was executed by ICOS (Sabbatini et al. 2018; Vitale et al. 2020;
Pastorello et al. 2020). To utilize the long time series measured
prior to ICOS, we retrieved locally processed data for FI-Var and
FI-Hyy from the site PI's (Mammarella et al. 2016; Launiainen,
Kieloaho, et al. 2022). The flux time series were gapfilled with
the marginal distribution sampling algorithm, and NEP mea-
sured by EC was partitioned into GPP and Reco (NEP=GPP
— Reco) with the nighttime partitioning method (Reichstein
et al. 2005; Pastorello et al. 2020). For FI-Hyy and FI-Var these
two processing steps were executed using the REddyProc tool
that use routines that are similar to the ICOS protocols (Wutzler
et al. 2018). Days for which less than one third of the data were
measured were excluded from further analysis.

Ecosystem light response was assessed for each day using the
rectangular hyperbolic light response curve (Falge et al. 2001):

P, PPFD
GPP= — &% __— ®?)
aPPFD + P,

where « (—) is apparent quantum yield, P, , (umolm=2s7) is
ecosystem photosynthesis without light limitation and PPFD
(umol m~—2s71) is photosynthetic photon flux density. Equation (3)

was fitted to 30-min values of GPP and PPFD observed during
each day, resulting in daily time series of @ and P,,,. Similarly,
temperature response of Reco was assessed following Lloyd and
Taylor (1994):

Reco = RrefeEO(Trefli-%_T-]iTO), @
where E, (K™} is the temperature sensitivity of respiration, T
(°C) is air temperature, T,,;=15C, T, = —46.02°C and R
(umolm=2s71) is the baseline respiration describing Reco when
T = T, Fixed value for E, was utilized for each site and estimated
(Reichstein et al. 2005), whereas R, ; was estimated separately for
each day using Equation (4), similarly as in the case of GPP. Note
that as we utilize data from nighttime partitioning method, the
Reco temperature response is estimated from already modelled
data. These analyses provided daily values for the parameters de-
scribing GPP light response and Reco temperature response that
were used in estimating the drought responses (see below) The
evaporative fraction (EF) was calculated as

F= LE ’
LE+H

©)

where LE and H are daily latent and sensible heat fluxes, re-
spectively. EF quantifies the fraction of available energy used
in evapotranspiration and hence it likely varies in response to
moisture availability (e.g., Seneviratne et al. 2010).

Global Change Biology, 2026

5 of 20

85UB0| SUOWILLIOD BA11E81D) 3ot [dde 8Ly Aq peusnob ke S9o1e YO ‘SN JO S8 10} ARIqIT8UIIUQ A1 LD (SUOTHPUOD-PUB-SWBH W00 A8 | 1M ARe.q)1[Bu 1 [UO//SANY) SUORIPUOD pue SWie | 8U18eS *[9202/80/92] Uo ARigiTauliuo A|in ‘snysese eAuouuon A 29602 GoB/TTTT 0T/10p/w0o A 1M Atelq Ul |uo//Sdiy Wwolj pepeojumoq ‘g ‘9z0Z ‘98rZS9ET



13652486, 2026, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/gch.70962 by Luonnonvarakeskus, Wiley Online Library on [26/08/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Global Change Biology, 2026

(T207) 'Te 30

o (c202) ‘T8 39 [Yd1ed 020¢-¥10C [ealog [auld OlRX-qng S6 L'C auid sj0os H,57.61 ‘N ,0To¥9 [epaulsoy SOY-dS
(%S) uo1g (%€)
(0202) ‘T8 12 sonids AemIoN
j1tie) (Tzoo) e IYIIRd  0T0T-+10T [ealog [[mour oLIeX-qng S6 9y {(%19) auld $100S  H,9t,61 ‘N ,STob9  19819Q11RAS  qAS-HS
(0200) B30 nm
woIpur]  (zz07) (819 ZSelPH  070Z-S10T  [Bd1oqIudy  Apues OISO o3 LS oon1ds AeMION  H,5ToET ‘N ,90,9S  BSSOWNAH  WIH-AS
(%1) yorrg (%L€)
(8102) 1B 1 nn sonids AemIoN
joIpury (TT07) Te R PO 0T0Z-¥10T  [edioqiusy  Apues OISO (44 vy ‘(%9) ourd 300§ H,6ToLT ‘N,S0,09  BPUNION ION-HS
(6102) 'Te 3 nmn
elewrniy (£207) 'Te 39 1103 €20C-¢10¢ [ea10g Apues JLIX 89 91 uId S100§ H,L€06C ‘N ,SV0L9 OLLTEA TBA-TA
(S102) TR 39
BlaINYy (4207) TR B[UNET  £20T-810C [ea10g [[IouUl]  OLdX-qng 86 8T oonuds AeMION  H,STobT ‘N ,6SoL9  BAOIBHUSY  UdY-Td
(%ST) yond
(TT07) TR 30 “(%S7) donids
‘oyeo[ary (¢207) T8 190 KemIoN (%09)
‘usurerune]  Tnjey] ‘usureruneT  610C-L661 [ea10gq [[mauld JLRX-gqng 9S Sv-T'¢ outd sjoos Hd,8To¥T ‘N, 1S619 B[BUALH ALH-14
FERLIERENEN | 92In0Ss BIRQ R GEVNERN (N 1eJIqRH adfy adfy (eak)  (p_w ) sar0ads 991], uof ‘ye] aMms pr-aus
[ros 9IS o8e IVl
puels

*8T0¢ Ul 98e pue)s 03 s19Jo1 age puelS ‘Apnis SIY) Ul papN[OUI SUONE)S JudwaInseaw D ay) jo uondiosaq | [HTIVL

6 of 20



Atmospheric and soil droughts are expected to alter ecosystem
functions, resulting in anomalies in ecosystem C fluxes, GPP
and Reco response curves (Equations (3) and (4)) and EF. We
analyzed the anomalies AX in daily time series as follows:

AX=X - Xmodel’ (6)

where X is the observed daily time series and X ., is a statisti-
cal model (see below) describing the expected value for X at each
time step without VPD or soil moisture limitations. Ideally, AX de-
scribes the ecosystem response to moisture stress. However, due to
our definition of X ..., there can be residual effects outside VPD
and soil moisture limitation that are shown in AX. These resid-
ual effects are later discussed in Section 3.1. For a, P, R..; and
EF, the X ., was estimated akin to von Buttlar et al. (2018). It
was estimated for each day as the median X observed at that par-
ticular day of year (DOY); however for FI-Hyy and FI-Var it was
estimated as a linear fit between X and year separately for each
DOY due to the long time series available from these sites, albeit
measurement setup changes may complicate this analysis at FI-
Hyy (Launiainen, Katul, et al. 2022). Furthermore, when deriving
X _ode for a specific year, the data from that particular year were
excluded and hence the derived X ., values were independent
of the corresponding observations. For removing stochastic noise
from the X ,, time series it was then smoothed with 14 days cen-
tered averaging. Then, for GPP and Reco, the X .. was estimated
with Equations (3) and (4), respectively, by utilizing the modelled
values for the fit parameters obtained in the previous step and,
for NEP, the X, Was calculated using the X ., for GPP and
Reco. This way the models for GPP, Reco and NEP capture the flux
seasonality, as well as their short-term responses to their most im-
portant environmental drivers, that is, PPFD for GPP, T for Reco
and both for NEP. Finally, the anomalies AX were normalised to
zero mean and unit variance for easier comparison between sites
and variables. Figure 3 shows an example of SSMI and SAMI time
series along with observed (X) and modelled (X ,,) GPP at FI-
Hyy and their difference (AX) during the thermal growing season

during the Year 2018.

2.3 | The Effect of Drought Anomalies on Annual
Carbon Fluxes

The effect of atmospheric and soil droughts on annual NEP,
GPP and Reco were estimated with a three-step procedure, see
Figure 4. First, the conditional distributions of AX values were
estimated in SAMI-SSMI bins. The distributions were estimated
with KDE for bins with at least 5 daily data points. Second,
fraction of thermal growing season days falling in these SAMI-
SSMI bins were estimated separately for each year and for the
full reference period (1950-2020). Then the difference between
these fractions were calculated for evaluating how the distribu-
tions in a specific year differed from the reference distribution.
An example of the distributions in Figure 4 at the FI-Hyy site
show that low SSMI and SAMI values, indicative of soil and at-
mospheric droughts, were more common during the thermal
growing season of 2018 than normally. Third, the over- or un-
derrepresentation of each SAMI-SSMI bin within the thermal
growing seasons were considered and AX values were randomly
sampled from the corresponding SAMI-SSMI bin specific condi-
tional distributions. Then the sampled AX values were summed

to produce an estimate for the water stress effect on annual X
values. For instance, if there were 10 thermal growing season
days more in a specific SAMI-SSMI bin, then 10 AX values were
independently sampled from the corresponding AX conditional
distribution. On the other hand, if there were for instance 7 days
less in a specific bin, then 7 AX values were sampled from the
corresponding AX conditional distribution and when calculat-
ing the sum, these 7 values multiplied with —1 to account for the
fact that this bin was underrepresented during this particular
year when compared to the reference. This third step was re-
peated independently 100 times for producing also uncertainty
estimates for the annual effects. If the AGPP, AReco and ANEP
did not show any clear dependence on SAMI or SSMI, then this
procedure yielded an estimate that showed negligible effect of
water availability on annual fluxes, whereas strong SAMI and
SSMI dependence would result in a strongly altered annual
fluxes. For acquiring reasonable estimates for drought effects on
annual scale with this procedure, the SAMI-SSMI bins need to
have large enough set of data points for gaining robust estimates
for the conditional distributions in each bin and on the other
hand there needs to be enough SAMI-SSMI bins for capturing
the AX dependence on these two variables. Hence, a balance
needs to be struck between these two points of view when decid-
ing the number of bins. Furthermore, the ecosystem response to
a particular SAMI-SSMI state needs to be instantaneous (daily)
since in this approach the lagged effects, for example, the effect
of the length of the past drought period, are neglected. The anal-
ysis included in the Supporting Information (Figures S12 and
S13 and the corresponding text) suggests that the past states of
the system, that is, length of the past drought period, was not
strongly altering the current response to a particular SAMI-
SSMI state, supporting our approach for estimating the drought
effects on annual scale from daily scale observations.

2.4 | Drought Occurrence and Spatial Trends in
the Past and During 2015-2024 Period

To analyze the drought occurrence and spatial trends of SSMI
and SAMI in the Nordic-Baltic region, the data was split into
reference period (1980-2010) and the most recent decade
(2015-2024). For both periods, the mean number of days where
thermal growing season SAMI or SSMI was below —2.0 (i.e.,
extreme conditions) was calculated for each location. For each
location, the mean number of days was converted to mean frac-
tion of thermal growing season (TGSD%) by accounting for the
inter-annual variability of thermal growing season length. The
anomaly of local TGSD% during the most recent decade was
then calculated by subtracting TGSD% of the reference period
from TGSD% of the most recent decade.

3 | Results and Discussion

3.1 | Flux Anomalies During Atmospheric and Soil
Droughts

Figure 5 shows the clear response of EF on soil water avail-
ability (via SSMI) at some, but not all, study sites. Based on a
conceptual framework derived from classical hydrology, the
transition of the ecosystem water cycle from energy-limited to
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Conditional distribution sampling technique
for estimating the effect of water stress on annual scale

‘conditional pdf
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Step 2: Estimating the annual distribution of growing season days in SSMI-SAMI space for each year
and comparing it against a reference distribution from 1950-2020.

Difference

SAMI

Step 3: Randomly sampling values from the conditional AX distributions (Step 1) based on the growing
season day distribution differences for each year (Step 2) and then summing the sampled values to
get the annual balance estimates.
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FIGURE4 | Schematic figure showing how the effect of water stress observed at daily scale was used to evaluate the drought impacts on annual

scale. Data from FI-Hyy were used in this plot.

water-limited regime occurs at a critical soil moisture threshold
(e.g., Seneviratne et al. 2010). While being a gross simplification
of the underlying ecohydrological processes, the framework
has recently proven useful in analyzing water stress in global
ecosystems (Fu, Ciais, Prentice, et al. 2022; Fu et al. 2024). In
the energy-limited regime, EF does not strongly depend on
soil moisture, whereas in the soil moisture-limited regime, the
evapotranspiration rate decreases and EF becomes a quasi-
linear function of soil moisture. We evaluated the dependence of
AEF on SSMI during periods when soil moisture was decreasing
for at least 10 consecutive days (dry-downs) and identified the
two limiting regimes following Fu, Ciais, Prentice, et al. (2022).
A clear transition between the regimes was detectable only at
FI-Hyy (mixed conifer, SSMI < —1.6, Figure 5a), FI-Var (pine,

—1.5, Figure 5b), SE-Htm (spruce, —2.0, Figure 5d), and SE-Nor
(mixed conifer, —1.6, Figure 5e). No change point in the AEF
versus SSMI relationship was found at the other studied forests,
that remained in the energy-limited regime during the study pe-
riod. However, note that only a small fraction of the data falls
within the dry soil extremes, and these thresholds are thus un-
certain (Figure 5).

The findings suggest that at the studied Nordic forests, partition-
ing of available energy to LE and H has only seldom been af-
fected by soil moisture. Putting the results in perspective, SSMI
of —1.6 equals the probability of approx. 0.05 for the ecosystem
being in soil moisture limited regime during a thermal grow-
ing season. At a site where the average thermal growing season
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FIGURES5 | The dependence of standardized evaporative fraction anomaly (AEF) on soil moisture index (SSMI) during growing season soil mois-

ture dry-downs. Black dots show daily values, red circles bin medians (errorbars: Interquartile range) and blue curves the fitted linear-plus-plateau

models suggested by Fu, Ciais, Feldman, et al. (2022). The fits are shown only if the fit was successful. The vertical dashed lines show the critical

SSMI values delineating the soil moisture and energy limited regimes.

length is 170days (e.g., FI-Hyy) this equals ca. 85 thermal grow-
ing season days per decade. For SSMI= -2 this would translate
to a probability of 0.02 and 34days. Based on Figure 5, strong
soil moisture limitations on EF were observed only when SSMI
< 2.5 (FI-Hyy, SE-Htm, SE-Nor); such situations had very low
probability (0.006) and hence occurrence (11 days per decade).

The responses of carbon flux and bulk ecosystem parame-
ter anomalies to SSMI and SAMI at FI-Hyy site are shown in
Figure 6 (see Figures S1-S6 for the other sites). Binning the
daily anomalies AP, , ARref, AEF, AGPP, AReco, and ANEP
against both SSMI and SAMI enables disentangling the eco-
system responses to soil and atmospheric droughts and to eval-
uate the effect of compound droughts. The response of AP .
and AEF to SAMI was gradual and all the anomalies became
negative when SAMI was negative (Figure 6a,c,d), indicating
that physiological water stress was increasing gradually with
increasing VPD irrespective of soil moisture conditions. Note
that as VPD and temperature are strongly correlated, this might
partially reflect heat stress as well. Nevertheless, this is in line
with earlier studies showing that ecosystems react to increas-
ing atmospheric dryness over a wide range of VPD (Grossiord
et al. 2020; Fu, Ciais, Feldman, et al. 2022; Shekhar et al. 2023;
Novick et al. 2024). The AP, ,. and AEF remained insensitive to
soil moisture (SSMI) except at the dry extreme below a threshold
SSMI value (Figure 6a,c,d). The reference ecosystem respiration
rate anomaly (ARref) became negative only when SSMI was
below approximately —2, but did not have a clear response to
SAMI (Figure 6b).

While anomalies in Reco closely follow those of ARref, AGPP
shows a stronger drought response than the light-saturated

photosynthetic rate AP__ . The humid periods with ample
soil moisture and low VPD (SSMI & SAMI >0) are associated
with slightly positive AGPP, while GPP reduction during com-
pound droughts (SSMI & SAMI <0) was stronger than that of
AP_ . (compare Figure 6a,d). In a relative sense, the response
of AGPP to soil and atmospheric droughts was stronger than
the corresponding response of AReco, in accordance with
Schwalm et al. (2010). The anomalies in net ecosystem produc-
tivity (ANEP) follow closely those of AGPP, although at moder-
ately negative SAMI the decrease in Reco partly compensates
for the dropping GPP (Figure 6d,e). ANEP was negative over a
wide range of SSMI and SAMI values (Figure 6f), indicative that
the ecosystem carbon sink was decreased by both soil and at-
mospheric droughts but without clear threshold values. The re-
sponses of flux anomalies to drought indices were qualitatively
similar across the other sites (Figures S1-S6). However, as the
study periods and distributions of SAMI and SSMI vary between
sites, and their data coverage is shorter compared to FI-Hyy, this
resulted in less clear signals (Figure 6; Figures S1-S6).

Our results show that VPD limitations on ecosystem carbon
and water fluxes are more prevalent than soil moisture limita-
tions. VPD provides the primary ecohydrological limitation on
ecosystem GPP across a wide range of soil moisture, while soil
water availability becomes crucial only in dry soils (Grossiord
et al. 2020; Fu, Ciais, Feldman, et al. 2022) during which also
the sensitivity to VPD tends to decrease (Novick et al. 2016; Fu,
Ciais, Feldman, et al. 2022). Moreover, anomalies in NEP are
more related to those in GPP than Reco. Boreal forest stands
also show surprisingly rapid recovery of leaf and ecosystem
level fluxes after short-duration droughts (Launiainen et al.
2015; Shekhar et al. 2023). For instance, Shekhar et al. (2023)
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FIGURE 6 | Bin medians of the standardized anomalies of AP (a), ARref (b), AEF (c), AGPP (d), AReco (¢) and ANEP (f) in air (SAMI) and soil

moisture (SSMI) bins at FI-Hyy. Only bins with more than 5 data points are shown. Hexagon edges are given with dashed line if 0 is within the inter-

quartile range of the data in the bin. Vertical red dashed line shows the approximate SSMI threshold below which the ecosystem is in soil moisture
limited regime (see Section 3.1). When AX <0, the observed values were below the expected values, suggesting; for example, that the ecosystem fluxes

(GPP, Reco or NEP) were decreased due to the moisture conditions.

showed that evergreen needleleaf forest NEP recovered from
atmospheric drought on average in 3days and our analysis on
the effect of past soil drought periods on the current ecosys-
tem responses suggest a rapid recovery as well (see Figures S12
and S13 and the corresponding text). The strength of stomatal
and non-stomatal limitations on C and water exchange varies
both within forest canopies and across landscapes, as they de-
pend, for example, on tree species, size, position in the canopy,
local microclimate and soil hydraulic regime (Niinemets 2010;
Grossiord et al. 2020; Novick et al. 2024). Particularly, the sen-
sitivity to VPD tends to differ between isohydric (e.g., Scots
pine, Norway spruce) and anisohydric trees, reflecting different
safety margins of tree hydraulic system (Grossiord et al. 2020).
The effect of species or canopy structure on tree stand drought
responses can, however, not be addressed with spatially scarce
EC flux data spanning large geographical area.

Our analysis of AGPP, and through that ANEP residuals, as-
sumes that the underlying models for GPP and Reco (Equation 3
and the X .. definition in Section 2.2) capture the dominant
variability not related to the soil or atmospheric drought. PPFD
is the main driver of photosynthesis and a simple light response
function (Equation 3) is commonly used in analysing ecosystem
GPP responses to PPFD (e.g., Falge et al. 2001). While the other
variables such as fraction of diffuse and direct radiation, solar
zenith angle, leaf temperature and nutrient status affect pho-
tosynthesis, the available data does not permit us to reliably fit
more complex models to estimate AGPP.

If the light-response model systematically failed to capture GPP
at the studied sites, we would expect high or low AX values
also in other quadrants besides low SSMI and SAMI (Figure 6)
which are not observed. This supports our hypothesis that AGPP

and ANEP reflect limitations by soil or atmospheric drought.
Nevertheless, since temperature is not used for estimating the
model for GPP, we note that especially low SAMI values can re-
flect both high VPD limitation to photosynthesis and leaf heat
stress, since air temperature and VPD are tightly correlated.

3.2 | Impact of Droughts on Annual Carbon Fluxes

Atmospheric dryness and soil water limitations clearly de-
creased annual GPP at the FI-Hyy mixed conifer forest during
the years 1997, 1999, 2002, 2006, 2010, 2018 and 2019 (Figure 7a).
However, only during 1999, 2006 and 2018, the drought-induced
GPP deficit effect amounted to more than 10% of the correspond-
ing observed annual GPP (Figure 7a). Annual ecosystem res-
piration was less sensitive to droughts than GPP, meaning the
droughts reduced annual NEP. For instance, the NEP decrease
of ca. —60g(C) m=2a~! (=80 ... —40g(C) m~2 a1, 95% confidence
interval) in 2006 corresponds to ca. one fourth of the long-term
mean NEP (230g C m~2 a™1). No strong influence of droughts
on annual fluxes were found for the FI-Var (Scots pine) and FI-
Ken (Norway spruce) sites in northern Finland (Figure 7b,c).
The strongest absolute decrease of annual GPP (—240g(C) m™2
a~! or ca. 10% of long-term mean GPP) occurred during the in-
tense European 2018 drought (e.g., Lindroth et al. 2020) at the
southernmost site SE-Htm (spruce), while the effects of droughts
were less evident at SE-Svb (mixed) and SE-Ros (pine) in north-
ern Sweden. At SE-Nor, SE-Ros and SE-Svb, annual Reco de-
creased roughly in tandem with GPP and annual NEP remained
unaltered. In the hemiboreal spruce stand SE-Htm, the effect
of drought on Reco was smaller than on GPP, and annual NEP
was significantly decreased (—90g(C) m~2 a~! or ca. 50% of long-
term mean NEP) in 2018, resembling the decrease at FI-Hyy in
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FIGURE 7 | Combined impact of elevated VPD (SAMI) and soil droughts (SSMI) on annual C fluxes at the study sites. Negative values in a given
year indicate a decrease of annual NEP, GPP or Reco due to stronger-than-average droughts. Horizontal lines show distribution medians. Note the

y-axis scale differs between the subplots representing different EC-sites.

2006. These results are to a degree sensitive to the period used in
estimating the annual drought impacts and typically somewhat
(on the order of 10g(C) m~2 a~!) weaker responses were esti-
mated on annual scale if only the peak summer months (June-
August) were considered instead of the whole growing season
as done here (see Figures S14 and S15). For instance, the effect
of drought on annual GPP during the Year 2018 at SE-Htm was
estimated to be —230g(C) m=2 a=! (-280 ... —170g(C) m~2 a7!)
when estimated from the peak summer months. Nevertheless,
the salient features of the findings were retained regardless of
which period (June-August or whole growing season) were used
in estimating the annual effects.

The estimates of drought impact on annual carbon fluxes were
acquired using the daily flux dependencies on SSMI and SAMI
(see Section 2.3) and thus ignore several confounding processes.
Summer droughts are often preceded by abnormally warm springs
and early start of the growing season (e.g., Kljun et al. 2007; Wolf
et al. 2016; Smith et al. 2020). This is because both can be caused
by the same large-scale persisting weather phenomena (e.g.,
Rousi et al. 2022) but also since earlier start of growing season
tends to increase early summer ET and lead to earlier depletion

of soil moisture (e.g., Buermann et al. 2013). Hence, when the
fluxes are viewed on annual scale, the early start of the growing
season can partially compensate the decrease of annual carbon
fluxes that would result from droughts alone. For instance, Kolari
et al. (2009) argued that the annual NEP was not strongly affected
by the drought at FI-Hyy during the Year 2006 due to these com-
pensatory mechanisms. Their findings are at odds with our re-
sults, where annual NEP was approximated to be decreased by
—60g(C) m~2 a~! due to drought. Similarly, the earlier estimates
of European 2018 drought impact on forest annual carbon balance
are not fully comparable to our findings. For instance, Lindroth
et al. (2020) estimated that annual NEP and GPP were decreased
by —250 and —190g(C) m~2 a~! and Reco increased by 60g(C) m™>
a~! at SE-Htm in response to the 2018 drought, whereas our re-
sults suggest that the annual NEP, GPP and Reco were decreased
by —90g(C) m~2 a~! (=150 ... —30g(C) m—2 a~!), —240g(C) m~2 a~!
(=290...-180g(C)m—2a~!) and —130g(C) m—2a~!(-200... —60g(C)
m~2 a~1), respectively. Lindroth et al. (2020) analyzed the drought
response comparing annual fluxes from drought and reference
years, while our analysis is based on daily flux anomalies relation-
ship with the atmospheric and soil drought indices. To quantify
ecosystem responses to droughts the latter approach is necessary,
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as it focuses on time scales where the drought responses can be
isolated from other confounding, and possibly compensatory pro-
cesses affecting the annual fluxes. It should be, however, noted
that our conditional distribution sampling technique (Figure 4) to
relate flux anomaly to SAMI and SSMI still ignores the effect of
timing of drought periods within the growing season by assum-
ing that there is unique data-driven distribution between flux and
drought anomalies (see Sections 2.3 and Supporting Information;
Figures S12-S15). Moreover, our approach does not account
for possible legacy effects from previous year(s) (Kannenberg
et al. 2020; Pohl, Werban, et al. 2023; Yu et al. 2022).

3.3 | Occurrence of Soil and Atmospheric
Droughts

3.3.1 | Occurrence Across Study Sites

The results indicate that drought indices based on long-term
VPD (SAMI) and ERA5-Land soil moisture (SSMI) distri-
bution at a given location can be used to identify periods of
physiological droughts on Nordic forests NEP and water and

energy exchange (Figures 5 and 6). The flux anomalies can
be interpreted as effects of elevated VPD and temperature,
limited soil water availability or combined drought events
(Figure 6), and they can significantly decrease annual NEP
during the most extreme years (Figure 7). At the study sites,
the occurrence of extreme soil droughts (SSMI < -2), how-
ever, has not clearly increased during the recent decade and
the variability between the years is prominent (Figure 8). Only
the Years 2018 and 2023 stand out from the previous decade
during which extreme soil droughts occurred over 10 thermal
growing season days at multiple sites (e.g., 57 days during 2018
at SE-Htm). Severe soil droughts (—1.5 < SSMI < —2) have been
more common at all the sites. Extreme atmospheric droughts
(SAMI < —2) have occurred frequently during the previous de-
cade, and the inter-annual variability of SAMI distribution is
smaller than SSMI variability at all sites (compare Figures 8
and S8). Typically, only few thermal growing season days per
year relate to extreme atmospheric droughts and even less to
extremely low soil moisture, limiting the amount of EC data in
those bins. The strongest ecosystem responses were observed
during compound droughts when both SSMI and SAMI sig-
nalled extreme droughts. Such conditions were occurring at

50 a) FI_Hyy [ Z Z L7 A
40
30
o Al e I
" || I "Il WAl 1T I 1R YLD 1111
50 | b) FI-Var VSN |
40
30
20 | |
B L1 AP PO PO A0 O
50 | c) FI-Ken Panw.aw|
40
30
e 1 L
° LIl II | il I||l|l.| ull | I li glll
& 50 d) SE-Htm =
3 40
g 30~
% A LR
Q
8 18 :I_lll I I 1 I II sl ll iy I III 1 ll II als "II- "ll 1 I 1 I
50 4 e) SE-Nor
40
30
A
" 1 1 | ili ll, ""I T | i i |I ull
50 4 f) SE-Ros i v
40 -
30
3l SRR Ml
e FECH (111 Jill AL R i DL stz
' i ' : T mEm 2.0<SSMI<-15
50 4 g) SE-Svb B -1.5<SSMI<-1.0
20 -1.0<SSMI<-0.5
50 | " | | ||| | -0.5<SSMI<0.0
SSMI>0.0
I .ulul, |||| I ||l Ll AL I| . '-I".- 1l |,| L
1950 1960 1970 1980 1990 2000 2010 2020

Year

FIGURE 8 | Annual occurrence of different soil moisture index (SSMI) values since the Year 1950. Note that the y-axis is cut at 60% to highlight
the occurrence of drought conditions. The more negative the SSMI, the drier the soil. Hatched areas show the temporal coverage of EC data used in

this work.

12 of 20

Global Change Biology, 2026

85UB0| SUOWILLIOD BA11E81D) 3ot [dde 8Ly Aq peusnob ke S9o1e YO ‘SN JO S8 10} ARIqIT8UIIUQ A1 LD (SUOTHPUOD-PUB-SWBH W00 A8 | 1M ARe.q)1[Bu 1 [UO//SANY) SUORIPUOD pue SWie | 8U18eS *[9202/80/92] Uo ARigiTauliuo A|in ‘snysese eAuouuon A 29602 GoB/TTTT 0T/10p/w0o A 1M Atelq Ul |uo//Sdiy Wwolj pepeojumoq ‘g ‘9z0Z ‘98rZS9ET



the study sites on only a handful of days during the last de-
cade, except in 2018, when both SAMI and SSMI were extreme
at SE-Htm for 33days (Figure S9). Similar long lasting com-
pound droughts had not been observed at the site prior the
Year 2018. By comparing Figures 8, S8 and S9 with Figure 7,
it is evident that frequent occurrence of extreme droughts had
an impact on annual flux estimates.

The frequency of SSMI and SAMI extremes differs because VPD
exhibits strong day to day variability due to synoptic scale weather
patterns, whereas soil moisture is an integrated measure of the
ecosystem water balance and thus varies more slowly than VPD
(Figure 3a). This means long (approximately 60days, depending
on location) atmospheric droughts were typically needed for the
formation of extreme soil droughts (SSMI< -2) (see Figure S10).
One should, however, note that SSMI and SAMI indices are based
on empirical CDFs; therefore, a single very extreme summer (e.g.,
1959 at SE-Nor for SSMI) can alter the CDF in such manner that
low index values are not reached at other years. This is since the
tails of the empirical CDF remain uncertain. We opted to use SSMI
and SAMI in this work instead of more traditional drought metrics
such as standardized precipitation index (SPI, McKee et al. 1993)
or standardized precipitation evapotranspiration index (SPEI,
Vicente-Serrano et al. 2010) since SPI and SPEI require a pre-
defined data aggregation time, and this choice is often arbitrary
and possibly varies between locations. In addition, SPEI ignores
the effect of snow accumulation and melt, a key regulator of sum-
mer soil moisture dynamics at the high latitudes (e.g., Trautmann
et al. 2018; Nousu et al. 2024). In contrast, SAMI and SSMI are
based on daily VPD and soil moisture known to directly affect
the coupled ecosystem C, water and energy cycles. Moreover, our
drought indices represent timescale relevant for the flux variability
and require no additional temporal aggregation. The use of simu-
lated soil moisture for characterizing droughts has been criticized
(Samaniego et al. 2013); however, ERA5-Land soil moisture prod-
uct has shown relatively good agreement with observations in past
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validation studies (e.g., Beck et al. 2021; Mufioz-Sabater et al. 2021;
Xue and Wu 2024) and in our comparisons against in situ derived
SSMI at FI-Hyy (see Supporting Information). The use of sim-
ulated instead of measured VWC has also the advantage that it
ignores methodological challenges (sensor drift, replacements)
associated with long-term soil moisture monitoring (Rasheed
et al. 2022). Nevertheless, ERA5-Land soil moisture should not be
considered as an accurate estimate of local soil moisture at a given
forest stand, but rather it provides a landscape scale estimate for
the soil moisture.

We calculated SAMI and SSMI from “raw” VPD and VWC
time series without detrending or deseasonalizing done; for
example, in Pohl, Rakovec, et al. (2023). We opted for this
approach since our primary purpose of the indices is to ex-
plore the impacts of atmospheric and soil droughts on eco-
system fluxes. For this, detecting temporary flux anomalies
as deviations from typical thermal growing season behavior
(as done here) is more meaningful than analyzing deviations
from time series from which a varying baseline (e.g., seasonal
variation) is already removed. Boreal forests GPP, Reco and
energy partitioning have strongly different temporal patterns
over the thermal growing season (Launiainen 2010; Ueyama
et al. 2013; Launiainen, Kieloaho, et al. 2022). This is because
boreal forests have strong phenology and tend to acclimate to
their local mean environmental conditions (e.g., Choat et al.
2012; Franklin et al. 2020; Harrison et al. 2021) and there-
fore also drought indices used to analyze flux anomalies must
describe how the conditions depart from such local baseline
conditions (see Supporting Information).

3.3.2 | Regional Occurrence and Trends

Using gridded ERAS5-Land data, we assessed the spatial pat-
terns of extreme atmospheric (SAMI< —2.0; Figure 9) and soil

-4 =2 0 2 4

TGSD% anomaly SAMI = -2.0 2015-2024 (pp)

FIGUREY | (a)Mean fraction of thermal growing season days (TGSD) in 1980-2010 of extreme atmospheric droughts (SAMI < —2.0) in the Nordic
and Baltic countries. (b) Difference in percentage points (pp) between mean the fraction of extreme atmospheric droughts during the last decade

(2015-2024) and 1980-2010 reference period. Red color suggests that the occurrence of atmospheric droughts has increased. Map lines delineate

study areas and do not necessarily depict accepted national boundaries.
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(SSMI< —2.0; Figure 10) droughts in the Nordic-Baltic region
and explored how their occurrence has changed during the last
decade. During 1980-2010 (2.3 + 0.3) % (mean = std) of the ther-
mal growing season days were characterized dry (SAMI < —2.0),
with more frequent occurrence in Denmark, Southern Sweden
and coastal Norway and less frequent in the eastern and north-
eastern Finland (Figure 9a). During the last decade, the fraction
of high VPD thermal growing season days has clearly increased
in most parts of the area (Figure 9b); also, at the location of
the EC sites used in this study (Figure S8). On average this in-
crease has been (1.1 + 0.8) pp and strongest in central Finland
and the Scandes. Considering that due to climate warming,
the average thermal growing season length has increased from
(158 + 43) days to (168 + 42) days, this increase means that on
average the number of days during thermal growing season
when SAMI<-2.0 has increased from 4 days to 6 days per year.
Locally, this increase has been at maximum 10days.

The occurrence of extreme soil droughts (SSMI<-2.0) shows
much stronger spatial variability than atmospheric droughts
(Figure 10a). During 1980-2010, the Baltic countries, Scania,
northern Scandes and southern coast of Finland have experienced
the most frequent extreme soil droughts (> 3 pp). Compared to the
long-term average, the last decade has been particularly dry in part
of central Finland, central Norway and central and southern parts
of Sweden (Figure 10b). Finally, compound droughts, that is, peri-
ods when both SAMI < —2.0 and SSMI < —2.0, are rarer than atmo-
spheric or soil drought alone (Figure 11a). The compound drought
anomaly (Figure 11b) is smaller compared to the either of the
droughts alone and show no clear pattern in Finland or the Baltics.
In southern Sweden, southern Norway and Denmark the com-
pound drought shows small increase (ca. 1-2pp) during the recent
years. This converts to a few growing season days on average per
year, or alternatively to a longer dry spell once or twice per decade,
similarly as in the case of in the increase of SAMI<—2.0days.

Overall, the results suggest extreme atmospheric droughts have
become more frequent over the whole region during the last
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decade, while changes in extreme soil and compound droughts
are more local and no trend covering the whole region can be
detected. Note that these results differ with the recent analy-
ses on European soil and atmospheric droughts by Shekhar,
Buchmann, et al. (2024). Their results suggest that soil moisture
has an increasing trend in Northern Europe and that, for exam-
ple, in Finland atmospheric droughts have become less com-
mon. The differences arise particularly from different reference
and present periods. Shekhar, Buchmann, et al. (2024) analyze
the SWC and VPD extreme shifts between reference (1950-1990)
and target (1990-2021) periods that are longer than in this study
(reference: 1980-2010, target: 2015-2024).

While extreme soil drought conditions during which carbon
fluxes were decreased have been rare (Figures 8 and 10), their oc-
currence may increase in the future. If long-lasting atmospheric
droughts increase in the future, for example, due to increased
occurrence of persistent weather phenomena such as the anom-
alously high-pressure system during the Year 2022 over France
(van der Woude et al. 2023), also extreme soil droughts may also
become more common. In Supporting Information it is shown
that approximately 60days of continuous atmospheric drought
is needed for creating significant soil droughts at the study sites.

3.4 | Can Droughts Have Contributed to
the Recent Growth Decline of Nordic Forests?

Our results provide important insights on northern boreal for-
est C and water flux response to atmospheric and soil droughts
based on seven EC sites (Table 1). We observed a consistent de-
crease of daily GPP and NEP during periods of high VPD, as well
as during the rare cases of soil drought (Figure 6; Figures S1-
S6). Analysis of the regional changes in atmospheric (SAMI)
and soil drought (SSMI) indices further indicated that high VPD
conditions have become more common across the whole Nordic-
Baltic region during the last decade compared to the 1980-2010
reference period (Figure 9). Extreme soil droughts and changes

TGSD% SSMI = -2.0 anomaly 2015-2024 (pp)

FIGURE 10 | Same as Figure 9 but for mean fraction of growing season days when soil moisture is low (SSMI< —2.0). Red color suggests that

the fraction of extreme soil drought days has increased. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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TGSD% SAMI & SSMI = -2.0 mean
1980-2010 (%)
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FIGURE 11 | Same as Figure 9 but for mean fraction of growing season days when both atmospheric vapor pressure deficit and soil moisture is
low (SAMI < —2.0 and SSMI < —2.0). Note different color scale from Figures 9 and 10. Map lines delineate study areas and do not necessarily depict

accepted national boundaries.

in their frequency, however, have been more local and a large-
scale trend is lacking (Figure 10). Our results further showed
drought-induced decrease of annual GPP of approximately 10%
in extremely dry years (Figure 7), however, such strong reduc-
tions were rare.

Beyond remaining case studies over a small number of sites,
EC data has inherent limitations in its capacity to assess tree
growth variability. Firstly, the EC towers can capture the inter-
annual NEP variability, from which annual GPP anomalies can
be derived. However, moving from drought-induced changes
in GPP to variability in tree net primary production (NPP),
the amount of C available for growth, requires understand-
ing how, for example carbon use efficiency (CUE=1-R_/GPP,
where R, is autotrophic respiration) and partitioning of GPP
between trees and understory vary during drought (e.g., Liu
et al. 2019; Martinez-Garcia et al. 2024). Secondly, stem growth
and carbon uptake can show different responses to environ-
mental drivers such as droughts (Cabon et al. 2022), suggest-
ing that the controls of ecosystem-atmosphere carbon fluxes
observed here on VPD, and soil moisture do not necessarily
have direct correspondence with the controls of tree growth.
Thirdly, it is hypothesized that trees allocate more resources to
root growth in water-limited conditions (Brunner et al. 2015).
The large-scale growth decline observed across the Nordics
is primarily derived from the observed decline of basal area
growth (Henttonen et al. 2024; Laudon et al. 2024), which does
not enable assessing potential changes in carbon allocation. On
the other hand, the EC technique observes the carbon fluxes
between the whole ecosystem and the atmosphere; hence NEP
and GPP are insensitive to changes in carbon allocation if they
do not alter ecosystem scale fluxes; for example, via increased
soil respiration. Therefore, the increased carbon allocation to
roots in response to droughts could be interpreted as decreased
stem growth, whereas such changes in allocation patterns are
not reflected in EC GPP observations.

Finally, extreme environmental conditions are, by definition,
rare, and long time series are required to gain good statistics
on their effect on ecosystem function. Luckily, decades-long
EC flux time series are beginning to become available (e.g.,
Pilegaard and Ibrom 2020; Launiainen, Katul, et al. 2022;
Griinwald et al. 2025; Krebs et al. 2025). Nevertheless, evalu-
ating daily patterns of VPD and soil water availability against
their long-term local climatic patterns using the novel approach
based on SAMI and SSMI indices developed in this study will
enable assessing whether EC observations done over a short pe-
riod; for example, a couple of years, represent local extremes or
typical environmental conditions. This would be impossible to
evaluate from the short time series alone.

While ecosystem GPP anomalies are not directly transferable
to growth variability, a significant positive correlation between
them exists (Cabon et al. 2022). Our results enlighten the role
of atmospheric and soil droughts behind the enigmatic for-
est growth decline recently observed across the Nordic coun-
tries (Henttonen et al. 2024; Korhonen et al. 2024; Mensah
et al. 2023; Merlin et al. 2024). In Finland, growth of Scots
pine has declined mostly in the northern part of the coun-
try, consistently both on mineral soil and drained peatlands
(Henttonen et al. 2024; Korhonen et al. 2024; Helama 2024). At
the same time, growth of Norway spruce has shown no decline
(Henttonen et al. 2024). If the growth decline would be purely
drought-related, it would imply that large-scale hydroclimate
has become more unfavourable for Scots pine particularly in
the Northern Finland, while Norway spruce or deciduous spe-
cies are not affected. Our results show that high VPD events are
frequent (Figure S8) and there has been uniform increase of ex-
treme atmospheric droughts in the Nordic-Baltic region during
the last decade (Figure 9). Noting the stronger VPD sensitivity of
stomatal conductance (e.g., Oren et al. 1999) and non-stomatal
limitations of photosynthesis (Salmon et al. 2020) in Scots pine
compared with Norway spruce, elevated VPD could contribute
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to the observed species-specific growth responses (Henttonen
et al. 2024). In large parts of Canada, decline of boreal forest
growth has been attributed to warming-induced increase of
VPD (Mirabel et al. 2023). At the same time, strong spatial vari-
ability of soil water limitations is proposed as the reason for
the diverging forest productivity trends between western and
eastern Canada (Ma et al. 2012). Similar contrasts emerge also
between Finland and Sweden (Henttonen et al. 2024; Mensah
et al. 2023). In Sweden, growth reduction of Norway spruce has
been stronger than that of Scots pine (Mensah et al. 2023), espe-
cially in Southern Sweden. This could be due to more frequent
soil water limitations in the region (Figure 10; Goude et al. 2022)
and the known sensitivity of spruce to soil drought (Lévesque
et al. 2013; Aldea et al. 2024). In Norway, Merlin et al. (2024)
report that the correlation between annual diameter growth
and temperature and soil water availability vary strongly across
regions. Despite last decades of warming, the climate-growth
relationships have remained stable, and soil droughts are so
far considered to be insignificant for forest growth in Norway
(Merlin et al. 2024). Our results show that soil droughts have
been rare at the seven EC sites studied, and there has not been
a uniform trend in the occurrence of extreme soil droughts in
the last decade (Figure 10). It is thus unlikely that widespread
soil moisture limitations could underlie the large-scale growth
decline in the Nordic countries. Especially, soil droughts are
unlikely to explain the observed growth decline in Northern
Finland (Mékinen et al. 2022). Other factors, such as changes
in forest age structure, may also play a role in explaining the
growth decline (Henttonen et al. 2024; Mékinen et al. 2022). So
far, the role of environmental change on the growth decline ob-
served in NFI data has been addressed only at regional scale
(e.g., Miékinen et al. 2022; Helama 2024). While this may be vi-
able for addressing the effects of temperature and VPD changes
driven by large-scale hydroclimatic change, strong heterogene-
ity of boreal forest landscape due to topography, soils and fertil-
ity amplifies spatiotemporal variability of soil moisture (Larson
et al. 2022; Launiainen, Kieloaho, et al. 2022; Nousu et al. 2024),
making soil drought inherently a local feature. As soil moisture
limitation of photosynthesis and water use is a highly non-linear
process, it is necessary that growth variability in future stud-
ies is analysed at a spatial scale (e.g., NFI plot or small region)
where soil moisture (or its proxies such as P-ET) variability is
not blurred by spatial averaging.

4 | Conclusions

The C sink of boreal forests in the Nordic countries has declined
over the last decade, and increased water limitations on forest
growth have been proposed as a potential, yet speculative reason
for the phenomenon (Laudon et al. 2024). We used long-term
eddy-covariance time series from seven (hemi)boreal forests in
Sweden and Finland to assess how atmospheric droughts (ele-
vated VPD) and soil droughts (limited soil water availability)
have affected ecosystem productivity and water use. To provide
insights on this, we developed new statistical metrics to relate
daily VPD (SAMI) and soil moisture (SSMI) conditions to their
respective average seasonal cycle during the thermal grow-
ing season. We further showed that anomalies in NEP, GPP,
Reco, and evaporative fraction can be linked to extreme values
of SAMI and SSMI. We found that soil moisture has limited

boreal forest ecosystem functions and C and water fluxes at the
study sites only at very extreme and hence infrequent cases.
In contrast, increasing VPD decreased GPP and apparent pho-
tosynthetic capacity over a wide range of conditions, implying
frequent VPD limitations. Strongest ecosystem flux anomalies
were observed during compound droughts when both air and
soil moisture were low.

On annual scale, significant impacts of atmospheric and soil
droughts were observed only at a few isolated years and the
drop in annual GPP was ca. 10% at maximum, indicating that
persistent drought-induced decline in GPP or NEP has not taken
place at the study sites. For instance, during the 20-year time
series from a mixed coniferous forest stand (FI-Hyy) in Southern
Finland only 3years (1999, 2006 and 2018) stand out as drought
years. Nevertheless, based on ERA5-Land data, a widespread
increase in the occurrence of strong atmospheric droughts were
found across the Nordic and Baltic countries, suggesting VPD
limitations on ecosystem carbon uptake have likely increased
when compared to prior decades. Atmospheric droughts have
also been projected to become more frequent with climate
warming (Novick et al. 2016) and hence VPD limitations on for-
est growth may become more prevalent in the future.

Our study provides a significant methodological improvement
for investigating how ecosystems respond to extreme droughts,
and for estimating the contribution of drought-related anomalies
to annual NEP, GPP and Reco. Firstly, the framework utilising
both atmospheric (SAMI) and soil (SSMI) drought indices, devel-
oped in this study, identify extreme drought conditions directly
from statistics of the controlling environmental variables, that
is, VPD and soil moisture. This is clear improvement over tra-
ditional indirect approaches, such as the use of SPEI. Secondly,
our approach to identify drought-induced daily anomalies from
flux time series can be used to delineate water stress responses
from all EC sites globally, across different ecosystems and cli-
mate zones. Use of well-documented response curves (e.g., pho-
tosynthetic light response) rather than correlative models (e.g.,
machine learning models) to delineate the anomalies has the
benefit of being less susceptible to the inadvertent removal of
the studied responses from the anomalies. Third, the novel con-
ditional distribution sampling technique to quantify the effect of
temporary drought anomalies on annual C fluxes significantly
improves our capacity to isolate the effects of drought responses
from other inter-annual variability in flux data.

Our finding that atmospheric droughts have restricted forest car-
bon uptake at the seven studied (hemi)boreal forests aligns with
Mirabel et al. (2023) who attributed the decrease of boreal forest
growth in Canada to warming-induced increase of VPD. To reveal
how atmospheric (SAMI), soil (SSMI) or their co-occurrence has
affected tree growth during the past decades across the Nordic-
Baltic region, systematic analysis of tree ring width chronolo-
gies and plot-level growth data from National Forest Inventories
against drought indices SSMI and SAMI is necessary.
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