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Abstract
The full flowering of Kyoto’s cherry trees in 2021 was observed on the 26th of March, the earliest
date recorded in over 1200 years. An early shift of the flowering season is consistent with Kyoto’s
warming climate and could have serious repercussions for the local economy. It is therefore crucial
to assess how human activity impacts flowering dates and alters the likelihood of extremely early
flowering. To make this assessment, our study combines a risk-based attribution methodology with
a phenological model that estimates full flowering dates from daily temperature data. We employ
14 state-of-the-art climate models that provide ensembles of simulations with and without the
effect of anthropogenic forcings, and, using the simulated temperatures at Kyoto, we obtain
representations of the cherry flowering season under different climatic conditions. An
observationally-based correction is also applied to the simulated temperatures to introduce the
effect of urban warming. We find a significant anthropogenic shift in the mean flowering season of
over a week, about half of which is due to urban warming. By the end of the century and under
medium emissions, the early shift is estimated to further increase by almost a week. Extremely early
flowering dates, as in 2021, would be rare without human influence, but are now estimated to be 15
times more likely, and are expected to occur at least once a century. Such events are projected to
occur every few years by 2100 when they would no longer be considered extreme.

1. Introduction

Cherry blossom is celebrated as the most iconic her-
ald of spring in several cultures. Given its fleet-
ing appearance, understanding its timing is crit-
ical in countries like Japan and South Korea, where
spring festivals are vital to the local economy [1].
A warming climate leads to earlier flowering times
and poses a challenge to predictability [2–11]. Besides
tourism, the sensitivity of tree phenology to rising
temperatures would also have knock-on effects on
crop-tree farming and land management practises
[12–14]. The latest scientific report of the Intergov-
ernmental Panel on Climate Change (IPCC) con-
cluded it is virtually certain that human influence
has been a major driver of the observed warm-
ing in many sub-continental regions [15]. Moreover,

attribution studies have given evidence of a length-
ening of the growing season driven by human influ-
ence with impacts on vegetation [16–18]. These
studies may indeed suggest a link between anthro-
pogenic warming and cherry flowering, but there
is still a missing step in attribution research that
would establish in a more direct manner the effect
of human influence on blossom times. The lack
of such a direct approach is noted not only in
phenology studies but more generally in impacts
attribution research, and largely stems from lim-
ited collaboration between impacts and attribution
experts. Here we aim to fill this gap by present-
ing such an end-to-end attribution analysis, which
assesses the changing risk of past and future extreme
shifts in Kyoto’s cherry blossom season driven by
human activity.
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Phenological studies of Kyoto’s cherry trees bene-
fit from a long record of full flowering dates (FFDs)
that goes back to 812 AD. The record has been
compiled from imperial court diaries and chron-
icles, with gaps being filled between updates as more
data became available, and has been extended to the
present with routine phenological observations in
more recent times [19–22].Unlike proxy data that rely
on dating procedures, Kyoto’s phenological data facil-
itate a more precise reconstruction of past climates
[23]. While Kyoto’s long FFD record is now well-
established in scientific literature, it has not yet been
integrated into an attribution assessment that would
partition FFD changes between natural and anthro-
pogenic climatic drivers. Besides this new perspect-
ive, our study also applies for the first time a prob-
abilistic attribution methodology to a phenological
impact, in order to assess the changing likelihood of
FFD extremes due to human influence. Timeseries of
the Kyoto’s FFDs (figure 1(a)) illustrate large inter-
annual variations, but also a gradual move of peak
flowering in recent decades from late to early April.
This move would be expected to increase the likeli-
hood of extremely early FFDs and, consistent with
that expectation, the earliest FFD in Kyoto’s multi-
centennial record was observed on the 26th of March
2021. To what extent can historical FFDs changes
be attributed to anthropogenic forcings and how do
these forcings alter the present and future risk of
extreme events like in year 2021? To address these
questions, we adopt an interdisciplinary approach
that firstly derives simulated FFDs with a phenolo-
gical model, and subsequently conducts an attribu-
tion analysis to assess the effect of human influence.
We employ the risk-based attribution framework [24]
to infer changes in the flowering season based on
large ensembles of climate model simulations with
and without the effect of human influence.

2. Data andmethods

2.1. FFD and temperature observations
In addition to the long FFD record we also use
temperature observations at Kyoto’s Meteorolo-
gical Observatory during the instrumental period
1881–2021. Details on the FFD and temperature data
are given in supplementary appendix 1 (available
online at stacks.iop.org/ERL/17/054051/mmedia).
Kyoto’s FFDs are highly anti-correlatedwith themean
temperature in March, as illustrated in figure 1(b)
(correlation coefficient of −0.85). A warming trend
since the mid-20th century maps onto cherry tree
phenology, as flowering times arrive earlier. Attribu-
tion research has demonstrated the significant role of
anthropogenic forcings in rising mean and extreme
temperatures in East Asia [25–28], primarily driven
by greenhouse gas emissions. In Kyoto, in addi-
tion to greenhouse gases, the effect of urbanisation

is also expected to be an important contributor to
the warming [29].

To illustrate the urban effect (figure 2(a)) we
compare Kyoto’s temperature timeseries with those
from the rural station of Kameoka in the north-
western suburbs of Kyoto. It is evident that the origin-
ally almost identical timeseries begin to diverge after
the 1940s when the city’s urban expansion took off.
The temperature difference between the two locations
(figure 2(b)) shows that the urban bias continues to
increase until about the end of the 20th century, at
which point Kyoto’s observation station appears to
be surrounded by a predominantly urbanised envir-
onment. The temperature difference between the two
stations smoothed with 30 year running means (red
line in figure 2(b)) to minimise the effect of internal
variability is used for the urban-correction of sim-
ulated temperatures, as we will explain later. The
difference is also extended to future years, assum-
ing the urban warming has already reached its peak.
It should be noted that the urban warming plotted
in figure 2(b) corresponds to the mean temperature
from February to April, as the phenological model
uses daily temperature data from mainly these three
months. However, we find that the urban effect does
not notably vary between individual months, as illus-
trated, for example, in supplementary figure 1 for the
month of March.

2.2. The CMIP6 ensembles
We conduct the attribution analysis with a suite of
14 models which contributed to the Coupled Model
Intercomparison Project Phase 6 (CMIP6) Project
[30] (supplementary table 1). We select all models
that provide daily and monthly mean temperature
data for two experiments, one with and one without
human influence on the climate [31]. The former
experiment (ALL) includes all external climatic for-
cings, i.e. changes in well-mixed greenhouse gases,
aerosols, ozone and land use, as well as natural for-
cings that represent changes in volcanic aerosols and
the solar irradiance. The second experiment (NAT)
describes a hypothetical world without human influ-
ence on the climate and so includes natural forcings
only. Themodels providemultiple ALL andNAT sim-
ulations and, to avoid giving high weight to models
with larger ensembles, we limit the number of simula-
tions used in the study to amaximumof 10 permodel
for each experiment. In summary, the daily data are
derived from 51 ALL and 55 NAT simulations, while
larger ensembles are available for monthly data (sup-
plementary table 1). Both experiments start in year
1850, and we also consider future changes by extend-
ing the ALL simulations to the end of the 21st cen-
tury with the ‘middle of the road’ Shared Socioeco-
nomic Pathway 2 4.5 (SSP2 4.5) [32], a scenario that
describes a plausible pathway given the current mit-
igation efforts [33].
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Figure 1. Observed FFDs and March temperatures in Kyoto. (a) Timeseries of observed FFDs since year 812 AD. (b) Timeseries of
observed mean March temperatures during 1881–2021 (blue) plotted together with the FFD timeseries for the same period (red).
The y-axis of the temperature timeseries is inversed to help visualise the relationship with the FFD. The record temperature and
FFD both fall in year 2021 (last year in the timeseries).

For each model we extract temperature data at
the grid-point located closest to Kyoto (35N, 135.7E).
Although temperature spatial correlations are large
enough to justify this approximation, the models
have a relatively coarse horizontal resolution, of the
order of a few hundred kilometres, which represents
the wider rural area around the city rather than the
urban environment where the FFD and temperat-
ure records are collected. Indeed, we find that the
ALL simulations yield trends lower than the observed
trend in Kyoto, but consistent with the lower trend
in Kameoka (figure 2(c)). To account for the urban
effect, we add the observationally estimated urban
warming (red line in figure 2(b)) to temperature data
from the ALL experiment. The urban correction is
not applied to the NAT temperatures, as the nat-
ural climate is not influenced by any human forcings.
Modelled temperatures also have mean biases relative
to the observations, which are typically corrected by
ensuring that the mean simulated temperature over
a baseline period agrees with the observations[34].
Here we use the first 50 years of the observational
period as a baseline (1881–1930), as it is long enough
to provide a reliable bias estimate, but also early
enough not to be considerably influenced by anthro-
pogenic warming. We estimate the mean February to
April temperature over the baseline years from the

ALL simulations of each model and subtract it from
the equivalent observed mean. We then remove this
estimated bias from both the ALL and NAT simu-
lations of the same model and repeat the proced-
ure for all the models. The mean correction factor
(supplementary table 2) is again found not to vary
appreciably between months and, assuming it is con-
stant, we also apply it to simulated daily temperatures
between February and April. The ALL trends from
bias-corrected data that also include urban warm-
ing are consistent with the observations (figure 2(d))
and the ensemble mean trend agrees well with the
observed trend in Kyoto after correction.

2.3. Model evaluation
As attribution results are derived from model exper-
iments, it is essential to demonstrate that our multi-
model ensemble can reliably represent the main char-
acteristics of Kyoto’s March temperatures, which are
closely linked to the FFDs. Apart from historical ALL
trends, already shown to be consistent with the obser-
vations, we also employ here some additional stand-
ard evaluation assessments [34] to examine whether
the modelled variability and temperature distribu-
tion compare well with the observations. March tem-
perature timeseries are illustrated in figure 3(a). The
ALL simulations reproduce the observed long term
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Figure 2. The influence of urbanisation on Kyoto’s temperature. (a) Timeseries of the observed February to March mean
temperature in Kyoto (black) and the rural area of Kameoka (purple). (b) The temperature difference between the two locations
(black) and a smoothed version (red) produced with 30 year running means and extended to the future (dashed red line). (c)
March temperature trends from the individual ALL simulations over the period 1925–2017 without the urban correction (vertical
pink bars), the ensemble mean trend (horizontal red line), and the observed trends in Kyoto and Kameoka (black horizontal
dashed lines). (d) Same as panel d, but for model data corrected to include the urban warming.

warming, projected to continue in future decades.
On the other hand, the NAT climate appears to
be largely stationary, suggesting that Kyoto’s warm-
ing trend is of anthropogenic origin. Variability
over different timescales is commonly assessed with
power spectra [34, 35]. Spectra from detrended tem-
perature timeseries show that the observations lie
within the range of the models (figure 3(b)). Finally,
using the quantile–quantile plot (figure 3(c)) we
affirm that the temperature distribution constructed
with the ALL ensemble (both main body and tails) is
in overall agreement with the observations. We there-
fore conclude that the CMIP6 data employed here are
fit for the purposes of the attribution analysis. Eval-
uation assessments applied to the data without the
urban effect correction also confirm that the mod-
els represent well the rural temperatures of Kameoka
(supplementary figure 2).

2.4. Phenological modelling
Phenological modelling of blooming dates
ranges from simple regression methods to more

sophisticated physical-based models like the grow-
ing degree days phenological models [36–39]. The
latter represent the transition from a rest period to
a forcing period when heat units are accumulated
until a predefined heating requirement is met. Here
we employ the Days Transformed to Standard tem-
perature (DTS) model [40–42], an alternative accu-
mulation model that proposes an exponential con-
tribution of the daily temperature on growth during
the development process. The DTS value for day j in
year i, DTSijday, corresponds to the amount of daily
growth at temperatureTij relative to the to the growth
at a standard temperature Ts and is approximated by
the relationship:

DTSdayij = exp

[
Eα(Tij −Ts)

R · Tij · Ts

]
. (1)

The parameter Eα (J mol−1) describes the
response of flower buds to temperature, and R is
the universal gas constant (8.314 J mol−1 K−1). The
FFD is estimated as the day when the accumulation of
daily DTS values, after a starting date D, reaches the
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Figure 3. Simulated March temperature at Kyoto and model evaluation. (a) Timeseries of Kyoto’s March temperature from
observations (black line), and CMIP6 simulations with all external forcings (red lines) and natural forcings only (green lines).
The simulations of the ALL experiment are extended to 2100 with SSP2 4.5. The modelled temperatures are bias-corrected, and
the ALL temperatures include the effect of urban warming. (b) Power spectra from detrended timeseries of the March mean
temperature over the period 1881–2021 computed with observations (black) and model simulations (orange).
(c) Quantile-quantile (Q–Q) plots for each of the 51 ALL simulations, comparing the simulated and the observed March
temperature in Kyoto over the observational period.

mean accumulation value over a calibration period
with N years:

DTScalib =
1

N

N∑
i=1

Bi∑
j=D

DTSdayij (2)

where Bi denotes the FFD in year i. The parameters of
the DTS model for Kyoto’s cherry trees were estim-
ated in previous work by an error analysis [41] for
the 30 year calibration period 1911–1940 (N = 30),
when the influence of urban and other anthropogenic
warming is small. The parameter values, also used
in this study, are Eα = 56 kJ mol−1 and D = 42
(11 February), while the mean DTS over the calib-
ration period is DTScalib = 32.75. Applying the DTS
model to daily temperature data from the ALL and
NAT simulations we calculate FFD values for all the
simulated years.

2.5. Attribution
Using the FFD data derived from the ALL and NAT
experiments, we first compute the change in the FFD
relative to the natural climate in a reference time-
window, e.g. a decade. To estimate the FFD change we

use the 51× 10 annual estimates of the FFD extracted
from the 51 ALL simulations for the reference decade.
Assuming the NAT climate is largely stationary, the
mean FFD without anthropogenic climate change is
approximated simply by the mean of the 9405 estim-
ates derived from the NAT simulations (171 years
during the period 1850–2020 × 55 simulations). We
then subtract themeanNATFFD fromeach of the 510
ALL estimates and compute the anthropogenic sig-
nal as the mean of the resulting 510 values. The asso-
ciated uncertainty, representing year-to-year depar-
tures from themean anthropogenic change because of
internal climatic variations, is represented by the 5th
and 95th percentiles of a normal distribution fitted to
the same 510 values. The procedure is also applied to
data from the ALL experiment but without the urban
correction, to examine the what the anthropogenic
influence would be in a rural environment.

In the second part of our attribution analysis, we
estimate the probability of extreme events (FFD= 85
or less). The natural world probability is estim-
ated by fitting a Generalised Pareto distribution
(GPD) to the 9405 FFD estimates derived from the
NAT simulations. For the ALL climate, we compute

5
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Figure 4. Kyoto’s FFDs estimated with the DTS model. (a) Timeseries of observed FFDs (black) and FFDs reconstructed with the
DTS model from Kyoto’s daily temperature data (orange). The calibration period (1911–1940) used to derive the DTS parameters
is marked by the grey area. (b) Timeseries of Kyoto’s FFDs estimated with the DTS model using data from CMIP6 simulations
with all external forcings (red) and natural forcings only (green). The observational FFD timeseries are also shown in black. (c)
The mean of the 51 FFD timeseries from the ALL experiment (red) and the same estimated with ALL data that do not include
urban warming (light blue). The NAT mean FFD is marked by the green line.

the probabilities in 20 year rolling windows, from
the present climate to the end of the century. In
this case we use the ALL FFDs in time windows
2012–2031, 2013–2023, …, 2081–2100, i.e. samples
of 1020 values per time window. The ALL probabilit-
ies are also estimated for rural conditions in the same
way from data that do not include the urban cor-
rection. Rural probabilities are also computed with
the GPD, whereas the larger probabilities with the
urban effect included are estimated with the nor-
mal distribution [43]. Uncertainties from sampling
limitations are estimated with a Monte Carlo boot-
strap procedure [43] that performs random res-
ampling of the FFD estimates and recalculates the
probability with the resulting alternative samples. The
procedure is repeated 1000 times and the 5%–95%
uncertainty range is then computed from the 1000
probability estimates.

3. Results

3.1. FFDs derived from the DTSmodel
Reconstructions of Kyoto’s FFDs with the DTSmodel
using daily temperature observations as input are in

close agreement with the observed FFDs (figure 4(a)).
The correlation coefficient between the reconstruc-
ted and observed FFD timeseries is 0.91 and the
root mean square error is 2.5 d. The DTS model
was calibrated over the period 1911–1940 and it is
assumed that the estimatedmodel parameters remain
unchanged with time. This is an important assump-
tion given the non-stationarity of the climate and the
associated earlier occurrence of the FFDs with rising
temperatures. It is evident, however, that the DTS
model performs well outside its calibration period
(figure 4(a)), with no degeneration in recent decades
when themajor shift towards earlier FFDs takes place.
The good level of agreement between observed and
reconstructed FFDs suggests that the DTSmodel does
not introduce notable uncertainty in our analysis.

Timeseries of observed and model-based FFDs
are illustrated in figure 4(b). As there is no long-term
change in the NAT climate, FFDs as early as in 2021
are rare. However, even without anthropogenic for-
cings, such rare events may still take place because
of internal variability, and we find 6 years with FFDs
in late March out of the 9405 years provided by the
NAT simulations. To illustrate the mean shift of the
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Figure 5. Anthropogenic influence on Kyoto’s flowering season. The estimated FFD change in consecutive decades relative to a
hypothetical natural climate without anthropogenic forcings computed with (red) and without (light blue) the effect of urban
warming. The diamonds mark the mean FFD change and the vertical bars the expected year-to-year departures from the mean
change due to internal variability. Shifts in the FFD by multiples of weeks are indicated by the horizontal grey lines.

flowering season with time we next plot the mean
of the 51 ALL timeseries, for which much of the
variability effect is removed (red line in figure 4(c)).
We also compare the change in Kyoto with what it
would have been without urban warming, using the
ALL data but without the urban bias correction (light
blue line). The figure also shows the mean FFD in
the NAT climate calculated as the average of all the
NAT year estimates (green line). Both urban and rural
timeseries are consistent with the natural mean FFD
in earlier decades but begin to diverge in later years
towards earlier flowering seasons. Interestingly, the
change comes several decades earlier in an urban set-
ting, highlighting the importance of urban forcing on
local scales. We will next quantify the anthropogenic
contribution to changes in the FFD and will demon-
strate a human-caused increase in the risk of extreme
events like in year 2021.

3.2. Attributing changes in consecutive decades
We compute the change in the FFD relative to the
natural climate in consecutive decades from 1850 to
the end of the 21st century (figure 5) following the
method in section 2.4. The mean change (diamonds
in figure 5) provides a measure of the total anthro-
pogenic effect on the FFDs and the 5%–95% range
(vertical bars) represents interannual departures from
the mean change due to internal variability. We find

that after about the 1930s, human influence leads to
earlier flowering, with an estimated shift of 11 d in
the present climate and 17 d by 2100. The anthropo-
genic effect is detectable in the present decade above
internal variability, as the range of the FFD change no
longer encompasses zero. Without urban warming,
the anthropogenic signal would emerge several dec-
ades later, at around the end of the 20th century, and
would lead to a smaller shift of 5 d at present and 11 d
by 2100. Hence, in a rural setting, the current anthro-
pogenic change in Kyoto’s flowering seasonwould not
be observed until the end of the century. Our res-
ults also indicate a slowdown in the shift of the FFDs
during the course of this century, though the pre-
cise trajectory of future changes depends on the selec-
ted emissions scenario. We expect the human impact
would be further reduced in amore sustainable devel-
opment pathway than the middle-of-the-road SSP2
4.5, which stresses the importance of lowering green-
house gas emissions.

3.3. The changing likelihood of extreme FFDs
Risk-based attribution studies estimate the chan-
ging likelihood of extreme events from ensembles
of simulations that represent different climatic con-
ditions. Applying the same approach here, we con-
struct probability distributions of the FFD for the
present climate, the climate of the late 21st century

7
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Figure 6. Anthropogenic influence on the likelihood of extremely early flowering. (a) Normalised distributions of Kyoto’s FFD
constructed with data from CMIP6 experiments that correspond to the natural climate (green line), the present-day climate of
2012–2031 (red solid line) and the climate of the late century 2081–2100 (dashed red line). The grey vertical line marks the
extremely early FFD observed in 2021. (b) The same as panel a, but without the effect of urban warming in the ALL distributions.
(c) The return time of extreme events with the FFD being at least as early as in 2021, estimated for the natural climate (green) and
in 20 year rolling windows, from present-day to the end of the century, with (red) and without (light blue) urban warming. The
best estimate of the return time is marked by the diamonds and the associated 5%–95% uncertainty range by the vertical bars.

and the natural climate without human influence
(figure 6(a)). The present and future distributions
are based on FFD data derived from the ALL exper-
iment and extracted from two 20 year-periods used
as a proxy of different climatic conditions, namely
years 2012–2031, representing the climate of 2021 and
of the present-day, and years 2081–2100, represent-
ing the late century. For the distribution of the nat-
ural world, we use all the FFD data from the NAT
experiment. We also assess the effect of urban warm-
ing separately and construct distributions for rural
conditions using data from the ALL experiment but
without the urban correction (figure 6(b)). It is evid-
ent that the 2021 FFD would be extremely rare in the
pre-industrial world as it lies well outside the main
body of the NAT distribution. Without urban warm-
ing, the 2021 event would be more likely in today’s
climate, but still uncommon as it is positioned in the
far tail of the rural distribution. However, the com-
bined effect of urban and other anthropogenic warm-
ing hasmoved the distribution further towards earlier
FFDs, increasing the likelihood of the 2021 record,
while by 2100 the event lies much closer to the peak of
the urban distribution and would therefore no longer
be considered extreme.

Following the method described in section 2.4,
we next calculate the likelihood of extremely early
FFDs in the natural world and in 20 year rolling
windows from present-day to the end of the cen-
tury (figure 6(c)). The return time (inverse prob-
ability) of extremely early FFDs in the natural cli-
mate is estimated to be 1200 years (uncertainty
range: 620–2500). The shift of the FFD in a cli-
mate influenced by anthropogenic forcings except
urban warming is still largely influenced by variab-
ility (figure 5, present-day range includes zero) and
so the return time of extremely early events encom-
passes the NAT range (figure 6(c)). The FFD sample
used to estimate the rural likelihood is also much
smaller than the NAT sample and since the early
flowering events considered here are very rare, the
estimated return time uncertainty in the present-day
climate is much larger compared to NAT. However,
in Kyoto’s warmer urban climate the anthropogenic
signal has emerged more clearly, and the likelihood
of extremes is estimated to have already increased
15 times (7–30) because of human influence, with
the return time reduced to 83 years (65–110). As
temperatures continue to rise, early flowering events
are found to become very common by 2100 with a
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return time of 4.6 years (4.2–4.9). Their likelihood
also increases in the rural climate, for which the
return time at the end of the century is estimated
to be 43 years (34–56). Our results suggest a rapid
change in the likelihood of extremely early flower-
ing dates in Kyoto attributed to human influence that
also reflects an imminent change in our perception of
climatological seasons.

4. Discussion

Attribution of climate change impacts has been
receiving increasing attention, as direct information
on impacts is more pertinent, e.g. for the purposes
of effective adaptation planning, than assessments of
the underlying climatological changes. The need to
bring closer impacts and attribution research is evid-
ent in the most recent report of the IPCC’s Work-
ing Group II, in which detection and attribution per-
spectives are included in its chapters [44]. Impacts
research may adopt established attribution meth-
odologies like the risk-based approach, which has
been foundational in studies of extreme weather and
climate events [45] and has demonstrated a signi-
ficant anthropogenic influence on characteristics of
several different types of extremes [46]. Extending
the approach from meteorological events to their
impacts, enables us to assess, for example, changes
in heat-related mortality [47], energy consumption
[48], or in the economic cost of catastrophic weather
events like hurricanes [49]. Our study presents a new
phenological application of risk-based attribution to
early cherry flowering trends in Kyoto.

We demonstrate that Kyoto’s cherry flowering
season arrives on average 1–2 weeks earlier because
of anthropogenic climate change, with a projected
shift of an extra week by the end of the century
under a medium emissions scenario. As a result,
extremely early flowering like in year 2021 becomes
increasingly common in a warming climate and may
occur every few years by 2100, when it will no
longer be classified as extreme. In common with
other multi-model studies, our analysis is dependent
on the available model data, a potential limitation
that is sometimes referred to as an ensemble-of-
opportunity[50], though evaluation against observa-
tional data indicates that the models utilised here
simulate well Kyoto’s climate characteristics import-
ant to this study. Such evaluation assessments have
been recognised as important in model-based attri-
bution studies[51]. Estimates of future changes are
also tied to the choice of the emissions scenario
[33, 52]. Results with the middle-of-the-road SSP
suggest that larger emission reductions would be
necessary to prevent phenological changes in rural
suburbs of Kyoto reaching the levels we currently see
in the city.

5. Conclusions

Earlier flowering has been a known phenological
impact of climate change [41, 53]. Nevertheless, no
attribution analysis had previously established the
precise contribution of anthropogenic forcings, the
detectability of their signal above internal variabil-
ity, or their pivotal role in the changing likelihood of
extreme FFD events. This largely stems from a gap
in attribution research that has mainly focussed on
trends in climate variables and changes in character-
istic of weather extremes, rather than on impacts of
climate change. The latter requires collaborative effort
between different disciplines, to combine modelling
of climate-dependent impacts with attributionmeth-
ods and thus facilitate end-to-end attribution invest-
igations [54].Moreover, strong links need to be estab-
lished, not only among researchers, but also between
the scientists and stakeholders for whom attribution
information may form a robust basis for decision-
making. For example, our analysis can be part of the
information that would guide Kyoto’s effective adapt-
ation to climate change, helping to prevent its adverse
impacts on the local economy. Finally, our work may
also serve as a template of future studies extended to
other regions and species, that would provide a more
complete view of phenological changes resulting from
human activity.
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