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Siberian vegetation growth intensifies
monsoon precipitation in southern East
Asia in late spring and early summer
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Regional hydrological cycle responding to rising temperatures can have significant influences on
society and human activities. We suggest a new perspective on East Asia’s enhanced precipitation
amount that emphasizes the role of Siberian surface warming. Increased vegetation greenness in late
spring and early summer in eastern Siberia, which may be a response to global warming, acts to warm
the surface by reducing the surface albedo with an increase in net absorbed shortwave radiation.
Subsequently, eastern Siberia warming leads to the strengthening of anti-cyclonic atmospheric
circulation over inner East Asia as well as the subtropical western North Pacific high via thermal forcing
and the enhanced land-sea thermal contrast, respectively. Consequently, the anticyclonic circulation
over inner East Asia transports much drier and cooler air to southern East Asia. This leads to favorable
conditions for increased precipitation in combination with an increased tropical moisture flux from the

subtropical western North Pacific high. Therefore, continuous Siberian vegetation growth has a
potential influence on the future precipitation amount in the subtropics through

vegetation—-atmosphere coupled processes.

Earth’s surface temperature has been steadily increasing since the industrial
revolution'”. This is mostly due to anthropogenic forcing including
greenhouse gas concentration increases*. Earth’s rising surface tempera-
ture directly causes changes in regional and global mean hydrological
cycles”. Hydrological cycle in the Earth system is not only a manifestation
of the weather and climate but also a driving force for changes of the
climate'®"". However, the uncertainties exist in assessing the effects of global
warming to the climate systems are due primarily to an inadequate
understanding of the hydrological cycle'. For example, while increasing
atmospheric moisture content is expected to intensify precipitation
extremes under global warming'”™”, the sensitivity of precipitation to
temperature is complicated and the underlying physical mechanisms related

to thermodynamic and dynamical components remain unclear'.

Recently, much attention has been paid in the climate community to
how the regional hydrological cycle responds to increases in the Earth’s
surface temperature has been given in the climate community'”"*. In par-
ticular, summer rainfall in East Asia is directly linked to water for agri-
culture, industry and life, and to an increasing trend in the frequency of
extreme precipitation along the Meiyu-Baiu-Changma front””. This
requires a detailed understanding of changes in the hydrological cycle in
East Asia.

The surface warming rate does have regional variations in properties
including its trend, and, therefore, it is essential to understand how the
regional surface warming remotely influences the trend of precipitation
amount in faraway regions with other controlling factors. Among them,
there are several mechanisms explaining an upward precipitation trend in
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Fig. 1 | Precipitation climatology and linear
trends. Climatological (1981-2010) precipitation
pattern during (a) May, (b) June, (c) July, and (d)
August. 1979-2020 precipitation linear trends dur-
ing e May-June (M]). Stippling shows statistically
significant areas at the 95% confidence level
according to a Student’s ¢-test.
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southern East Asia®* . While some studies emphasize anthropogenic

aerosols’ role in increased summer precipitation®*”, other studies suggest
that natural climate variability including El Nifio and Southern Oscillation,
the Indian Ocean Dipole, the Pacific Decadal Oscillation, and the Atlantic
Multi-decadal Oscillation contribute to an increased occurrence of severe
floods and increasing precipitation”**"*. However, there is less study of how
the surface warming in the Northern Hemisphere (NH) high latitudes,
where a warming trend is high***, remotely influences East Asian monsoon
precipitation. In particular, it has been reported that a large change of land
cover including vegetation activity is occurring in the NH high latitudes™**
and a great deal of work has been devoted to regional climate responses to
the land cover change during recent decades™"*.

Land cover change impacts the climate via two different processes.
Biogeochemical effects modify the net fluxes of greenhouse gases, for
example, CO,, from the variations in soil carbon and vegetation'"**. Bio-
geophysical effects can trigger the changes in the surface energy budget,
which are mediated by albedo and evapotranspiration***'. Here, we suggest a
biogeophysical ~ perspective that emphasizes Siberian  coupled
vegetation—atmospherics processes’ influence on increased precipitation
amount in southern East Asia in late spring and mid-summer.

The increase in vegetation is most evident in the Eurasian boreal forests
including Siberia, which greatly accelerates the warming mainly in those
regions**. Here, through reanalysis, observational data analysis and model

experiments, we found that the increased vegetation growth in eastern
Siberia in late spring and early summer has remote effects on subtropical
precipitation in southern East Asia via changing the atmospheric
circulations.

Results
An upward precipitation trend in East Asia
Northeast Asia including China, Japan, and Korea is largely influenced by
Asian-Pacific monsoons consisting of the western North Pacific summer
monsoon and East Asian summer monsoon between the Asian continent
and the western tropical Pacific ocean”’. Climatological (1981-2010) pre-
cipitation bands extend from South Asia to the northwest Pacific in May
(Fig. 1a) when the East Asian summer monsoon begins, and they become
much stronger in June and July (Fig. 1b, c), when the spatial structure of the
precipitation band tilts from southwest to northeast Asia. From June to July
(Fig. 1b, c), the precipitation band moves to the north and its center of
maximum precipitation is located over the Korean peninsula and southern
Japan. In August (Fig. 1d), such a tilted structure disappears and the amount
of precipitation over East Asia is reduced in East Asia compared to that
in July.

This implies that there exist distinct differences of climatological (1981-
2010) precipitation bands during the early and late period of the East Asian
summer monsoon*® (Supplementary Fig. 1). The purpose of this study is to
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Fig. 2 | Surface temperature linear trends.
1979-2020 surface temperature linear trends over
continent (a) and over the ocean (b) during MJ.
Stippling shows statistically significant areas at the
95% confidence level according to a Student’s ¢ test.
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investigate the role of Siberian surface warming, which is mainly due to
increased vegetation greenness in late spring and the early summer (May to
June, hereafter, MJ), on the East Asian monsoon. We mainly examined the
mean structures of the early period (M]) of the East Asian summer mon-
soon. Figure le displays the linear trend of precipitation anomalies from
1979 to 2020. During M]J, an upward precipitation trend is evident in
southern East Asia including southern and eastern China in the 20°-35°N
latitudinal regions (Fig. le). The maximum of the upward trend in pre-
cipitation in southern East Asia lies within the climatological precipitation
band (Fig. 1a, b), implying that the regional hydrological cycle in East Asia
during the late spring and early summer has been enhanced in recent
decades.

Warming in Siberia due to vegetation climate feedback
processes

We propose that vegetation climate feedback processes in the NH high
latitudes such as Siberia appear to contribute to the upward precipitation
trend in the southern part of East Asia (Fig. 1 and see also Supplementary
Fig. 2) via changing atmospheric circulation.

Figure 2a displays the Asian continent’s surface temperature trends
during MJ for 1979-2020. The most striking feature is a significant surface
temperature warming trend in central-to-northern Siberia north of 55°N
during MJ (Fig. 2a). Indeed, NH high latitudes north of 55°N have experi-
enced substantial continental warming in late spring and mid-summer in
recent decades™***, with a much higher degree and faster rate than the
global averages™. Consequently, the land-sea thermal contrast around East
Asia is also strengthened for 1979-2020 (Fig. 2a, b).

While there are several explanations about the NH high latitude surface
warming”>*"*', one of the most compelling is associated with vegetation-
albedo feedback effects in response to global warming***’. Human-induced
greenhouse gas increases and associated climate change conditions are
favorable for some plant species in the NH’s high latitudes and sub-Arctic
regions. Over the last several decades, this phenomenon has led to increased
vegetation greenness in the sub-Arctic regions like Siberia and has stimu-
lated the expansion of shrub plants in Pan-Arctic regions™ .

The climatological (1982-2010) Normalized Difference Vegetation
Index (NDVI)* (see Methods) are lower than 0.4-0.5 in high NH latitudes
during MJ (Fig. 3a) because low temperatures and low solar radiation are
primary limiting factors for vegetation’s survival and growth®**. However,
more vegetation and enhanced greenness during the late spring and early
summer for 1982-2020 is significant (Fig. 3b), which could be due to a
significant surface temperature warming trend in high NH latitudes (Fig.
2a). Enhanced high latitude vegetation greenness in response to global
warming has a net positive feedback effect on surface warming, primarily by
reducing surface albedo as vegetation colonizes previously snow-covered or
barren surfaces”™. An increase in vegetation greenness may, in turn,
increase temperature by regulating surface energy fluxes such as a net
absorbed shortwave radiation. Figure 3c display linear trends in a net
absorbed shortwave radiation during MJ for 1979-2020. The spatial patterns
north of 55°N show a net absorbed solar radiation increase similar to surface

warming (Fig. 2a) and NDVI (Fig. 3b), implying that surface warming in the
NH high latitude is mainly due to increasing net absorbed solar radiation
caused by a decreasing albedo associated with an increasing vegetation
greenness, i.e., vegetation-albedo feedback (Supplementary Fig. 3a). It is
noteworthy that the snow cover is also significantly reduced in NH high
latitudes (Supplementary Fig. 3b), where a surface warming is dominant
(Fig. 2a). These results indicate that the increase of net absorbed solar
radiation in NH high latitudes (Fig. 3c) could be largely explained by the
albedo reduction due to either the increased vegetation greenness or the
reduced snow cover.

On the other hand, biogeophysical effect is able to induce the changes
in surface energy budget via evapotranspiration**”’. We further calculate the
linear trends in evapotranspiration during MJ for 1979-2020 and found that
an increase of evapotranspiration is evident in Siberia (Fig. 3d), which is
associated with an increase in vegetation greenness®**. The increase of
evapotranspiration acts to cool down surface temperature, which is in
contrast to surface warming in Siberia (Fig. 2a). Therefore, we conclude that
an increase of net absorbed solar radiation due to either the increase of
vegetation greenness or the reduced snow cover overwhelms the role of
evapotranspiration on the Siberian surface temperature change, resulting in
surface warming. However, significant warming over inner East Asia,
including northern China and Mongolia during MJ (Fig. 2a), does not
match exactly with vegetation greenness changes (Fig. 3b) or the associated
net absorbed shortwave radiation feedback for the same period (Fig. 3¢).
This is partly because temperature is not a critical limiting factor for vege-
tation growth in this semi-arid region. Since this region has a large drying
trend in the recent pastf’s, furthermore, a surface warming can be associated
with a soil moisture-temperature feedback®. Indeed, both evapotranspira-
tion and soil moisture are reduced in inner East Asia during MJ (Fig. 3d, e).
Reduced soil moisture makes it more difficult for plants to uptake soil
moisture”. This leads to the reduced evapotranspiration to the atmosphere,
which reduces the latent heat flux that warms the surface temperature. Soil
moisture therefore links surface temperature and latent heat flux through a
feedback process. A decrease in soil moisture can reduce evaporation from
land areas, which can explain a significant increase in the surface tem-
perature in inner East Asia. Therefore, a significant warming over inner East
Asia during MJ can be partly attributed to land-atmosphere coupled
processes.

Siberian surface warming effects on increasing trend of pre-
cipitation amount in southern East Asia

We hypothesize that the surface warming due to the increased Siberian
greenness induces changes in atmospheric circulation in the NH mid-lati-
tudes, and may subsequently lead to precipitation increases in southern East
Asia by altering regional-scale background atmospheric conditions. These
changes in atmospheric circulation act to easily confine the water vapor,
transported from the tropics during the late spring and early summer, in the
East Asian monsoon precipitation band zone, increasing subtropical pre-
cipitation amountThe climatological structure of geopotential height (GPH)
at 850 hPa during MJ is characterized by a strong pressure contrast between
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Fig. 3 | Normalized Difference Vegetation Index and trends of biogeophysical
variables. a Climatological (1982-2010) Normalized Difference Vegetation Index
(NDVI) during MJ (b). NDVI linear trend during MJ for 1982-2020. c-e A net
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absorbed shortwave radiation, evapotranspiration and surface soil moisture trends
during MJ for 1979-2020, respectively. Stippling in (b-e) shows statistically sig-
nificant areas at the 95% confidence level according to a Student’s t test.

land and ocean, where atmospheric pressure in the high NH latitudes is low
over land, and the atmospheric pressure in the western North Pacific Ocean
is high (Fig. 4a). This is largely due to the thermal contrast between land and
ocean; fast warming over land induces a low-pressure system compared to
the ocean”. A center of a significant upward trend in the 850 hPa GPH
during MJ (Fig. 4b, ¢) is slightly shifted eastward from the region where the
largest warming is observed in Siberia (see Fig. 2a). This can be explained by
the thermal forcing due to surface warming, which raises the lower tropo-
spheric GPH at mid to high latitudes®. Due to the enhanced land-sea
thermal contrast, the subtropical western North Pacific High is also
strengthened in June (Fig. 4c), resulting in the strengthening of south-
westerlies from the subtropics into East Asia (Fig. 4c).

We suspect that the significant upward 850hPa GPH trend changes the
atmospheric flow, which contributes to an enhanced low latitude vertical
moisture flux convergence. Figure 5a, b analyzes the integrated moisture
flux’s linear trends in the lower troposphere and convergence during May
and June for 1979-2020, respectively. Fig. 5¢ displays the climatological
(1981-2020) vertically moisture flux and its convergence. Consistent with
increasing southeastern Asian precipitation during MJ (Fig. le), the inte-
grated moisture flux convergence also increases in the same region in May
and June. Specifically noted is the strengthening of southwesterly flux from
the subtropics during June (Fig. 5b and see also Fig. 4c) is associated with the
strengthening of subtropical western North Pacific high related to the
enhanced land-sea thermal contrast. During July (Fig. 5¢), in addition,
northeasterly flux from inner East Asia is due to the strengthening of NH
mid-latitude anticyclonic circulation (Fig. 4c). These fluxes lead to more
favorable atmospheric conditions for moistening the southeastern Asia with
tropical water vapor, resulting in an upward trend of precipitation amount
in subtropical East Asia.

Idealized model experiments
To support the above hypothesis, we conducted two idealized climate model
experiments in which the Simple Land Interface Model® is coupled to the

Community Atmosphere Model version 5 with an interactive slab ocean
model” and the Los Alamos Sea Ice Model for interactive sea ice” (Meth-
ods), to quantify how the surface albedo changes due to the increased
vegetation in Siberia impact the precipitation amount in subtropical
East Asia.

The first is a control run in which the climatological background land
albedo obtained from ERA5 reanalysis dataset is prescribed (hereafter,
referred to as CTL_Exp). The second is the idealized run in which the
albedos are reduced in NH high latitudes where the albedo linear trend is
statistically significantly reduced in the reanalysis dataset (Supplementary
Figs. 3a, b and 4) during MJ in order to mimic the increased vegetation-
albedo feedback (hereafter, Albedo_Exp) (see Methods). In NH high lati-
tudes, among the effects of increased vegetation on the climate system, the
effect of radiative change due to albedo reduction is dominant**". There-
fore, this experimental design is an appropriate assumption to simulate the
effect of reduced albedo due to the increased vegetation.

Due to the imposed albedo changes, the total albedo in the Albedo_Exp
is reduced over the central-to-northern Siberia region (Supplementary Figs.
5a, b). The albedo averaged in the central-to-northern Siberia region
(60°-160°E, 55°-75°N) between two experiments (Albedo_Exp minus
CTL_Exp) is —0.023 during MJ. Note that the albedo difference in the same
regions between two periods (2011-2020 minus 1979-1988) is —0.07 during
M]J in the reanalysis dataset (Supplementary Fig. 3). Therefore, the Albe-
do_Exp may explain about 32% of albedo changes during MJ in the rea-
nalysis dataset for 1979-2020. We further analyze the albedo product from
the Satellite Application Facility on Climate Monitoring’s cloud, albedo, and
surface radiation dataset from advanced very high-resolution radiometer
data, CLARA-A3"* for the period of 1979-2020 (Supplementary Fig. 5c and
Methods). The albedo difference over the central to northern Siberia region
between two periods (2011-2020 minus 1979-1988) is —0.03 during MJ,
which is similar to that in the model experiment.

Figure 6 displays the differences in surface temperature, GPH at
850hPa, vertically integrated moisture flux, and precipitation between the
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Fig. 4 | Climatological geopotential height at
850hPa and its linear trends with 850hPa
horizontal winds. a Climatological (1981-2010)
structure of 850hPa geopotential height during a MJ.
b, ¢ 1979-2020 geopotential height and horizontal
winds linear trends during May and June. Stippling
in (b, ¢) shows statistically significant areas at the
90% confidence level according to a Student’s ¢ test.
Linear trends of 850 hPa horizontal winds above the
90% confidence level are displayed only in (b, c).
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Albedo_Exp and CTL_Exp during MJ. There are some discrepancies in the
spatial structures compared with the reanalysis dataset because the model
difference represents the influence of the reduced land surface albedo in NH
high latitudes only. In spite of this, the surface temperature increases in
Siberia during MJ (Fig. 6a) due to the increased net absorbed shortwave
radiation (Supplementary Figs. 5a). The anti-cyclonic circulation is simu-
lated in NH high latitudes during MJ although the statistical significance is
very limited (Fig. 6b). On the other hand, the strengthening of subtropical
western North Pacific high is very clear in the simulated results (Fig. 6b).
Such phenomenon might be induced by the enhanced land-sea thermal
contrast, which is mainly affected by the Siberian surface warming (Fig. 6a).

Consequently, the increased precipitation in southeastern East
Asia, including southern and central China, Japan, and Korea, is
simulated along with the enhanced moisture convergence during
MJ (Fig. 6¢, d) although the simulated precipitation response shifted
northward compared with observation. The precipitation averaged
in the southeastern Asia (105°-140°E, 22°-36°N) between two
experiments is 0.51 mm/day during M]J, and the amount of pre-
cipitation increased from 1979-988 to 2011-2020 is 1.09 mm/day
during MJ in the observation (Fig. le). Therefore, the Albedo_Exp
explains about 47% of observed precipitation changes during MJ for
1979-2020. These results support our hypothesis that the climate
effects of increased vegetation growth in Siberia play an important
role in precipitation increases in southeastern Asia during the late
spring and early summer through the regional atmospheric circu-
lation change.

Conclusion and discussion

By analyzing observational and reanalysis datasets along with
idealized numerical experiments, we suggest a biogeophysical effect
from vegetation-atmosphere coupled processes in Siberia, which,
by way of altering atmospheric circulation, increases late spring and
early summer precipitation in the subtropical Asia. While
vegetation-albedo feedback processes may largely contribute to
Siberia’s warming’>**’, we emphasize that such influence is not
limited regionally and can reach the subtropics. The Siberia surface
warming is associated with the strengthening of anticyclonic cir-
culations in inner East Asia as well as the subtropical western North

Pacific high, which changes the structure of the vertically integrated
moisture flux and its convergence/divergence in the subtropics.
This leads to the increased precipitation in the southeastern Asia.
Therefore, vegetation greenness over Siberia, which could be asso-
ciated with global warming’>”*, influences changes in the sub-
tropical hydrological cycle. This implies that a rapid change of
vegetation activity in NH high latitudes should be carefully con-
sidered to understand the changes in the hydrological cycle in low
latitude regions in future climate. However, it is necessary to
quantify how much the surface warming and albedo changes due to
the increased vegetation growth drives the atmospheric circulation
changes compared to the roles of either non-albedo driven surface
warming or non-vegetation driven albedo change, which is not
precisely examined in the present study.

Methods

Dataset

We obtained monthly observational precipitation fields for
1979-2020 from the Global Precipitation Climatology Project
(GPCP) version 2.3”°. The GPCP version 2.3 product provides
precipitation datasets at a spatial resolution of 2.5° from the inte-
gration of station observations and satellite estimates. For 1979-
2020 atmospheric fields, forecast albedo data and soil moisture, we
used the monthly European Centre for Medium-Range Weather
Forecasts (ECMWF) fifth major global reanalysis (ERA5)’°. To
obtain the anomalies of the atmospheric fields, we used the monthly
climatological period of 1981-2010 (30-years). We additionally
analyzed the shortwave albedo obtained from the Satellite Appli-
cation Facility on Climate Monitoring’s cloud, albedo, and surface
radiation dataset from advanced very-high-resolution radiometer
data, CLARA-AS3 for the period of 1979-20207.

Normalized Difference Vegetation Index

We used Normalized Difference Vegetation Index (NDVI) datasets
from the AVHRR sensor, which quantifies vegetation by evaluating
the difference between near-infrared and red light””. Monthly NDVI
data from 1982 to 2020 was obtained using the Maximum Value
Composite (MVC) method”®”, where the highest value is selected
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Fig. 5 | Vertically integrated moisture flux and its
convergence linear trends. a, b 1979-2020 verti-
cally integrated moisture flux (vector) and its con-
vergence (shading) linear trends during May and
June, respectively. Shading in (a, b) represents
convergence (red) and divergence (blue) of the
vertically integrated moisture flux. Stippling shows
statistically significant areas for the vertically
moisture flux convergence at the 90% confidence
level according to a Student’s ¢ test. ¢ Climatological
(1981-2010) vertically integrated moisture flux and
convergence/divergence during MJ. Arrows repre-
sent the vertically integrated moisture flux vector.
Scale in (a-c) is shown in the upper right above
figure. Shading represents convergence (red) and
divergence (blue) of the vertically integrated
moisture flux.
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Fig. 6 | Model responses for the reduced land
surface albedo in Siberia. a Changes in surface
temperature for the reduced land surface albedo in
Siberia during M]J. b-d as in (a) but for the 850 hPa
geopotential height, vertically integrated moisture
flux and precipitation, respectively. Stippling and

blue crosses show statistically significant areas at the
95% and 90% confidence level according to a Stu-
dent’s t test, respectively.
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from each NDVI value for each grid. MVC methods can minimize
common problems in single-date remote sensing studies such as
cloud contamination, atmospheric attenuation, and surface direc-
tional reflection. Note that we obtained the NDVI anomalies for
1982-2010 monthly climatology.

Vertically integrated moisture flux

The vertically integrated moisture flux (kg m™" s™') was calculated
by integrating specific humidity (g) (g kg™') and horizontal wind
vector (V) (m s™') values from the surface pressure to the lower

1

tropospheric layer (850 hPa) as follows:

VIME = © / " ) )

&8 J 850hPa

where g (m s~) is the gravitational acceleration and p, (N m ) is the surface
pressure. Because the atmospheric water vapor transport is most evident in
the lower troposphere, we integrated vertically from the surface pressure to
850hPa. The monthly vertically integrated moisture flux is obtained by
using the daily specific humidity and horizontal winds in relation to
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transient eddies on daily time scales and then we averaged in May-June and
June-July, respectively.

Pattern correlation

To quantify the resemblance among the climatological mean and trend
fields, we computed the area-weighted pattern correlation (AWPC) as
follows™":

PHD i Wi XiiYi;

AWPC = 1 1 (2)
(o Wi ) (S o wiy )

where W;;is an area-weight coefficient and i/j is the latitude/longitude index
of the spatial pattern X and Y consisting of n and m grid points in Eq. (2).

Statistical significant test

We used a Student’s ¢-test to obtain the statistical significance in the trend
fields. t-test is a statistical hypothesis test in which the test statistic follows a
Student’s ¢ distribution under the null hypothesis. A t-test is two-sided (also
termed two-tailed), specifying whether the observed trend is larger or
smaller than the hypothesized mean. The test statistic ¢ in Eq.(3) is then
calculated as follows

(€)

(b: sample slope, ,: (null) hypothesized slope, S,: standard error of
the slope)

If the t-statistic is more extreme than the critical value determined by
the appropriate reference distribution, the null hypothesis is rejected. The
critical value depends on the significance level of the test (the probability of
erroneously rejecting the null hypothesis). Note that we also used a different
statistical test, i.e., Mann-Kendall test” to obtain the statistical robustness
and reached to the similar results.

Idealized model experiments

To quantify the impact of vegetation-atmosphere coupling on the regional
hydrological cycle, we conducted idealized climate model experiments. The
model used in this study is the SLIM® which couples to the CESM* in place
of the CLM5". The SLIM allows us to perturb a single surface property while
holding the rest of the land surface properties fixed. As such, this idealized
approach to land surface modeling has been utilized to quantify how
changes in specific aspects of the land surface impact atmospheric circula-
tion and surface climate response®**. The SLIM is coupled to the CAMS5
with an interactive SOM™ and the CICE5"". These coupled simulations
allow for atmospheric feedbacks related to the land-atmosphere coupling
that plays a vital role in defining temperature responses to albedo changes
over the mid-to-high latitudes”. The SOM configuration also enables
atmospheric signals to propagate farther than a fixed surface boundary
condition, which is important for allowing shifts in large-scale atmospheric
circulation and precipitation response driven by changes in land surface
properties™*. Thus, this idealized modeling framework is a suitable tool for
understanding atmospheric responses to changes in land surface properties
due to vegetation-atmosphere coupling processes.

We designed our two experiments by modifying the snow-free land
albedo over non-glaciated regions as follows: We specified albedo values for
four solar radiation streams, direct visible, direct near-infrared, diffuse visible,
and diffuse near-infrared light. The control experiment (CTL_Exp) was
prescribed with monthly climatological background land albedo for these
four radiation streams from ERA5 reanalysis dataset”. In the albedo per-
turbation experiment (Albedo_Exp), we imposed decreases in land albedo for
direct and diffuse visible shortwave radiation spectra only, which is directly
involved in the vegetation albedo processes”, over NH high latitudes where
the albedo linear trend is statistically significantly reduced during May-to-
June in the reanalysis dataset (Supplementary Figs. 3, 5). We conducted the

Albedo_Exp in which the albedo for direct and diffuse visible shortwave
radiation has been decreased by multiplying it by 0.5. The CTL_Exp and
Albedo_Exp were integrated for 50 years with a fixed CO, concentration of
367 ppm. We discarded output data from the first 30 years as spin-up and
used the last 20 years for analysis in which the atmospheric variables simu-
lated in experiments are stabilized in terms of global mean surface tem-
perature (Supplementary Fig. 6). It should be noted that the results when we
used the last 40, 30, and 10 years for analysis are almost identical.

Data availability

The GPCP precipitation data are acquired from https://psl.noaa.gov/
data/gridded/data.gpcp.html. ERA5 reanalysis data are acquired from
https://cds.climate.copernicus.eu/#!/home. The AVHRR NDVI data are
acquired from  https://climatedataguide.ucar.edu/climate-data/ndvi-
normalized-difference-vegetation-index-noaa-avhrr. The CLARA-A3
dataset is obtained from https://www.cmsaf.eu/. The code of CESM is
available from http://www.cesm.ucar.edu/models (CESM code website).
The SLIM source code is hosted on the ESCOMP repository: https://
github.com/ESCOMP/SimpleLand. All coding used to generate this
study’s results is available on request from the authors.

Code availability
The python code used to produce the figures of this study is available upon
request from the authors (sysong619@gmail.com or dhto977@gmail.com).
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