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Abstract. Northern Eurasia experienced anomalous weathewhich was trained and tested by ground observation data.
conditions in the 2003 summer. We examined how forestThe correlation was positive in the mid- and high-latitudes
ecosystems responded to the meteorological anomalies dusince light was an essential factor of the summer GPP. On
ing the period using the dataset collected at flux monitoringthe other hand, a negative correlation appeared in the lower
sites in Asia, including a boreal forest in Mongolia, temper- latitudes, suggesting that the water limitation was much more
ate forests in China and Japan, and a sub-tropical forest itmportant than the PPFD in the region. Our study illustrated
China, as well as the dataset from satellite remote sensinghat the integration of flux data from wide areas by combin-
From July to August 2003, an active rain band stayed in theing satellite remote sensing data can help us gain an under-
mid-latitude in East Asia for an unusually long period. Un- standing of the ecosystem responses to large-scale meteoro-
der the influence of the rain band, the Gross Primary Produclogical phenomena.

tion (GPP), of temperate forests was 20-30% lower in the
2003 summer than in other years due to significant reduc-
tion in the Photosynthetic Photon Flux Density (PPFD). The
GPP of a cool-temperate forest in the north of the rain band1
was slightly enhanced by the higher PPFD; however, the GPFI’E ¢ Asia i ¢ of th limat ion in th
of a sub-tropical forest located in the south of the rain band ast Asia 1s a part of the monsoon climate region in the
was reduced by drought stress due to extremely hot and dr orld. There are many characteristic weathgr systems '? d'f' ,
conditions. The correlation coefficients for the year-to-year erent seasons, such as an early summer rainy season (‘Baiu

changes in the PPFD and GPP during mid-summer were cal” Japanes_e, Meiyu” in Chinese, gnd Changma in Ko-
culated, and the spatial distribution was examined. The Spar_ean), tropical cyclones (typhoons) in summer and fall, and
' ' old surges by the northwesterly winter monsoon (Yoshino,

tial pattern of the PPFD was calculated by satellite data, an(;fL : . .
that of the GPP was estimated by a regression-type mode 965.’ 1966). 'I.'h.e early summer rainy season in East Asia
Provides a sufficient water supply to terrestrial ecosystems
over Japan, Korea, and eastern China and maintains the
high productivity of the temperate vegetation in the region.

Correspondence td\. Saigusa The intensity and duration of the early summer rainy sea-
BY (n.saigusa@nies.go.jp) son, which are determined by the air-sea-land interactions
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over the Pacific Ocean and Eurasia, have a large seasonsbn and Waple, 2004). Heavy rain and floods occurred over
and year-to-year variability (Matsumoto, 1992; Tian and Ya- the West Sahara, while drought conditions were observed in
sunari, 1998). This variability is a major focus of researchthe Guinea Coast and southeastern Southern Africa (Kado-
in agriculture, disaster prevention, and estimations of carbormura, 2005). Record wet conditions were observed across
and water cycles in East Asia (Kitoh and Uchiyama, 2006). parts of the Southeast, Mid Atlantic, and East Coast of the

Recent studies using flux measurement networks in Asidlnited States (Levinson and Waple, 2004).
have shown that the year-to-year changes in annual net In the eastern parts of Eurasia from June to August 2003,
ecosystem C@ exchanges are controlled by different key the rainy season was prolonged within the latitudinal range
factors in different biomes. In humid temperate forests inof 30-40 N and longitudinal range of 100-158, extend-
East Asia, the key factors are the temperature and solar rading from China, Honshu, the main island of Japan, through
ation during the growing season (Ohtani et al., 2005; Saigus&outh Korea. The rain front remained over the area for an
et al., 2005; Yu et al., 2008), which vary year-to-year in re- unusually long time and brought floods in the Huai River
sponse to the timing of the early summer rainy seasons. Ibasin (31-36N; 112-122 E) in China (Liu et al., 2004)
the Tibetan alpine grassland, important factors are the temand a cool summer with extremely low insolation over Hon-
perature and biomass increment during the growing seasoshu, Japan (33-4N; 131-142 E) (Kusunoki, 2005). On
(Kato et al., 2006). In sub-tropical and tropical forests in the other hand, the weather was extremely hot and dry in
southeastern China and in Thailand, they are the length andoutheastern China (Sun et al., 2006).
strength of the dry season (Sun et al., 2006; Yu et al., 2008; The key questions in this study are as follows:

Saigusa et al., 2008), and the EIflgiSouthern Oscillation

(ENSO)-related dry weather and smoke from fires are crit- 1. How meteorological anomalies in the 2003 summer af-
ical in a tropical peat swamp forest in Indonesia (Hirano et fected the productivity of Asian forests both in the point
al., 2007). scale and in the continental scale?

In addition to such recent studies, more synthetic knowl-
edge of how ecosystem functions on carbon and water cycles
respond to large-scale meteorological phenomena, such as
year-to-year changes in Asian monsoon circulations, would

be desirable. Such information is necessary for more accu- oo .
o . . The data used in this study originated from tower-based CO
rate estimations of terrestrial ecosystem processes in ordefrux monitoring sites and )gategljlite remote sensing. Discus-

to improve future climate change predictions. One of thesions are conducted to clarify the spatial distributions of the

reasons is that ongoing global warming has the potential tc% o . . . .
. X -forest productivity in Asia and its relation to meteorological
increase the frequency and magnitude of many extreme cli-

matic events, including floods, droughts, tropical and Otheranomalies in the 200.3 summer. )
World Meteorological Organization defined “abnormal

storms, and anomalous temperatures in the global scale a(%veather)” as an unusual climatic bhenomenon oceurin
well as in the Asian monsoon region (Meehl and Washing- P N 9
only every 25 years or more. The word “anomalous

ton, 1993; Kitoh et al,, 1997; Easterling et al., 2000; Meehl weather)” has a similar meaning; however, it is used in the
and Arblaster, 2003). Such assessments are indispensa Qe 9: '

to estimate the impacts of extreme climatic events on terres- foader sense in the present study.

trial ecosystems. Another reason is that any of the recent cli-

mate prediction models needs to incorporate the biologicab pethods

feedback of terrestrial ecosystems that may play important

roles in the global carbon and water cycles (Yoshikawa etal.2 1  Ground observational sites

2008). However, we still do not understand the magnitude of

the feedback, and the models have enormous uncertainties fix ground observational sites were selected in East Asia,

the estimation of that feedback. which had data of two years or more in around 2003, in
In recent years, the climate of 2003, particularly that order to compare the ecosystem-atmosphere &@hange

during Northern Hemisphere summer, was exceptionallybetween different years. The sites are: a boreal larch for-

anomalous throughout the world. The summer of 2003 wasest in a mountainous region in Mongolia (Southern Khen-

very likely warmer than any other summer back to 1500 intei Taiga, SKT); a cool-temperate planted larch forest in

southern Europe (Luterbacher et al., 2004), and the heat wavdokkaido, Japan (Tomakomai Flux Research Site, TMK);

led to drought, crop shortfalls, and health crises in severah cool-temperate mixed forest in China (Forest Ecosystem

countries (Levinson and Waple, 2004; Ciais et al., 2005).0Open Research Station of Changbai Mountains, CBS); a

Other climatic extreme events during 2003 included wet andcool-temperate birch-oak secondary forest in central Japan

cold conditions as well as severe drought throughout thegTakayama Deciduous Broadleaf Forest Site, TKY); a warm-

world. Record cold temperatures and unusual snowfalls weréemperate mixed evergreen and deciduous forest in Japan

observed in the early summer over European Russia (Levin{Seto Mixed Forest Site, SMF); and a sub-tropical planted

2. What is the essential controlling factor of the produc-
tivity, and how does it change under different climatic
regions?
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pine forest in China (Qianyanzhou Experimental Station,whereQ1g is the temperature sensitivity of respiratid®),is

QYZ). The locations of the study sites are shown in Fig. 1.the air temperaturey,, is the volumetric soil water content

The ecosystem type, dominant species, and approximate agen® m—3), anda, b, ¢, andd are regression parameters.

are described in Table 1. The climatic conditions are pre- For the daytime, the observed daytime NEB£E day)

sented in Table 2. was fitted to the following Michaelis-Menten equation for
CBS and QYZ (Yu et al., 2008):

HPPFDPmax
All sites had an eddy covariance measurement system in! NEE.day= ~ 9PPFDY Prax
stalled on a tower, which consisted of a three-dimensional
sonic anemometer-thermometer, an infrared gas analyzdr€re,¢ is the initial slope, PPFD is the Photosynthetic Pho-
(IRGA) for CO, and water vapor, and a data acquisition sys- 0N Flux Density,Pmay is the maximum level of Gross Pri-
tem. Open and/or closed-path IRGAs were utilized dependMary Production (GPP) at light saturation, aRglis the in-
ing on the site. The measurement systems for each site 4§7Cept. The three parametgrsPmax, andR, are regression
used in the study period are listed in Table 3. coefficients.

The net ecosystem GQexchange (NEE) was estimated  The daytime NEE for SKT, TMK, TKY, and SMF was
every half hour from the C&Xlux over the canopy taking into  fitted to the following non-rectangular hyperbola relationship
account the temporal change in €8orage below the height  (Thornley, 1976) because it gave better regressions:
of the flux measurement system. We used quality-controlled
half-hourly datasets and screened out unusual data and lowNEEday
nocturnal turbulent conditions on the basis of the site-specific_ —¢PPFD-Pmax+ V/(¢PPFD+ Pmax)2—4¢PPFD9Pmax+R )
protocols and wthreshold values listed in Table 3. 20 @

_ Nig_httime and daytime data were fitted to empirical func- \yhereo (= 0.9) is a parameter of convexity. The three pa-
tlons listed as follows (Egs. 1-5), and_ the funct|0ns_ were UseQametersﬁ, Prmax, @andR, are regression coefficients.

to fill observgtmnal gaps fc_>r each site. The quality control Gaps in the nighttime and daytime NEE were filled using
processes rejected approximately 53—-75% of observed datgqgs. () to (5) as the functions of the temperature, soil water
The gaps made by the rejected values were filled by the €4U&ontent, and PPFD: while small gaps 2—3 h) were linearly

2.2 Flux measurement and data processing
+ R4 (4)

tions. o interpolated. The GPP was calculated by GPPNEE +

For nighttime, the observed nighttime NEE'\(EEnith RE. The temperature dependence of RE in the daytime was
was fitted to the equation of Lloyd and Taylor (1994): assumed to be equal to the nighttime estimation, and the day-
FNEE night = FRe time RE was calculated by Edl)(or Eq. @) using the day-

Eo 1 1 time temperature. Detailed descriptions of gap filling and
= FRE,TrefeXp<7 <T T T TexT —T )) (1) flux partitioning have been presented by Hirata et al. (2008)
K +1ref=1o  Tx+1.—To for SKT, TMK, TKY, and SMF and by Yu et al. (2008) for
where FRg is the total ecosystem respiration rate (RE) ob- CBS and QYZ.
tained by the nighttime NEEre 7,.; is RE at the reference  The estimation of RE is one of the most critical sources
temperatureTrer (=10°C), Eo is the activation energy (in  of uncertainty at many forest sites. Recent studies in Asian
Jmol1), R is the ideal gas constant (=8.314JmoK~1),  forest sites showed that the uncertainty in the nighttime cor-
andTx andTp are constants (i.e., 273.15 and 227.13K, re-rection was quite high especially in warm regions such as
spectively). The two parametergp and Fre 7, are the tropical forests (Hirata et al., 2008; Saigusa et al., 2008),
regression coefficients. The air temperature was used,for which had tall canopies and high respiratory activities. Effec-
(°C) at each site with the exception of CBS, where the soiltive and standardized protocols for quality-control and gap-
temperature at 5cm in depth was used because it gave bettéifling for various forest ecosystems in Asia have not been
regressions (Yu et al., 2008). established yet. Therefore, we applied site-specific method
For most sites, the Lloyd and Taylor equation was appliedbased on different functions (Egs. 1-5) in order to simulate
to estimate the RE; however, the soil moisture affected theealistic nighttime and daytime NEE for each site.
RE significantly at QYZ due to severe seasonal droughts (Yu The gap-filled datasets of the NEE, RE, and GPP were
etal., 2006; Wen et al., 2006; Yu et al., 2008). Therefore, theysed from 2003 to 2005 for SKT and SMF and from 2003
temperature and soil water content were taken into account tgy 2004 for CBS and QYZ, since the measurements started
estimate the RE at QYZ with the following equations (Wen in 2002 or in 2003 at these sites. The data from 2001 to
etal., 2006; Yu et al., 2008). 2003 were used for TMK and TKY because of data availabil-
(T — Tref) ity. The' observation at TMK was terminated in September
T) () 2004, since the towers and most trees collapsed as a result
of strong typhoon winds. At TKY, the GPP was unusually
Q10=a+bT,+cSy +dSl%, 3) low in 2004 due to unexpected defoliation caused by severe

FNEE night= FRE = FRE T exp(ln (Q10)

www.biogeosciences.net/7/641/2010/ Biogeosciences, 765512010
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Table 1. Description of the study sites.

N. Saigusa et al.: Impact of meteorological anomalies in the 2003 summer

Code Site name Country Location Elevation Ecosystem Dominant species Age Canopy References
(°N,°E) (m) type (year)  height (m)
SKT  Southern Khentei Mongolia 4827, 1630 DC Larix sibirica 70-300 20 Li et al. (2005)
Taiga 108°39
TMK  Tomakomai Flux Japan 4244, 140 DC Larix kaempferi 45 16 Hirano et al. (2003);
Research Site 141°37 Hirata et al. (2007)
CBS  Forest Ecosystem Open China 4224, 738 MX Pinus koraiensis, ~200 26 Yu et al. (2006; 2008);
Research Station of 128°05 Tilia amurensis, Zhang et al. (2006)
Changbai Mountains Acer mono,
Quercus mongolia,
Fraxinus mandshurica
TKY  Takayama Deciduous Japan 3608, 1420 DB Betula ermanii 50 15-20 Saigusa et al. (2002)
Broadleaf Forest Site 13725 Quercus crispula
SMF  Seto Mixed Forest Site Japan °35, 205 MX Quercus serrata, 70-80 9 Matsumoto et al.
13704 Evodiopanax innovans, (20084a, 2008b)
llex pedunculosa,
Symplocos prunifolia,
Castanopsis sieboldii,
Pines densiflora
QYZ  Qianyanzhou China 2644, 102 EC Pinus massoniana 23 12 Yu et al. (2006, 2008);
Experimental Station 11503 Pinus elliottii, Wen et al. (2006)

Cunninghamia lanceo-
lata

Description of ecosystem type: DC deciduous coniferous forest; MX mixed evergreen and deciduous forest; DB deciduous broadleaved
forest; EC evergreen coniferous forest.

Table 2. Climatic conditions and period of meteorological observations.

Code Annual mean Annual Period Climatic zone References

air temperature  precipitation

(°C) (mm)

SKT 2.7 296 1993-2002 cold continental Li et al. (2005)
TMK 6.2 1040 2001-2003 cool-temperate  Hirata et al. (2007)
CBS 3.6 695 1982-2003 cool-temperate  Guan et al. (2006)
TKY 6.4 2300 1994-2002 cool-temperate  Saigusa et al. (2005)
SMF 15.4 1565 1971-2000 warm-temperate Matsumoto et al. (2008a)
QYZ 17.9 1485 1985-2004 sub-tropical Wen et al. (2006)

Table 3. Systems for eddy covariance measurements and period of data analyses.

Code Height Sonic anemometer IRGA u* threshold Period References
(m) (mst)
SKT 30 SAT-540, Kaijé 1 LI-7500, LI-CORt3 0.3 2003-2005 Lietal. (2005)
TMK 27 DAB00-3TV, Kaijo* 1 LI-6262, LI-COR*3 0.3 2001-2003 Hirata et al. (2007)
CBS 40 CSAT-3, Campbél?  LI-7500, LI-COR*3  0.05 2003-2004 Yu et al. (2008)
(non-growing
period)
<0.17
(growing period)
TKY 25 DAG00-3T, Kaijo* 1 LI-6262, LI-COR:3 0.5 2001-2003 Saigusa et al. (2005)
SMF 19 DAT540, Kaijé 1 LI-7500, LI-COR:3 0.3 2003-2005 Matsumoto et al. (2008a)
QYz 40 CSAT-3, Campbell?  LI-7500, LI-COR:3 0.2 2003-2004  Yu et al. (2008)

* 1 KAIJOSONIC Corporation, Tokyo, Japan

* 2 Campbell Scientific, Inc., Logan, UT, USA

*3 ||-COR, Inc., Lincoln, NE, USA

Biogeosciences, 7, 64655 2010
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Fig. 1. Location of study sites in East Asia on a land classification map illustrated according to De Fries et al. (1998).

typhoon winds, and the data observed in and after 2004 wer2001 to 2006 and then monthly averaged. The MODIS prod-
not used for this study to avoid the influence of disturbance. ucts were used to estimate PPFD satisfactorily only after July

2002. Therefore we used SeaWiFS from January 2001 to
2.3 PPFD based on satellite remote sensing June 2002, and MODIS from July 2002 to December 2006.

The method was originally developed by Frouin and Mu-
To show the spatial distribution of the PPFD and its influencerakami (2007) for the estimation of the PPFD over the
on photosynthetic productivity in East Asia, we estimated theocean surface from Advanced Earth Observing Satellite Il
PPFD using channels in 400—700 nm of the MODerate res{ADEOS-II) Global Imager (GLI) data. The planetary at-
olution Imaging Spectroradiometer (MODIS) carried by the mosphere was simplified as a clear atmosphere positioned
NASA's Earth Observing System satellites, Terra and Aqua,above a cloud layer taking atmospheric absorption (due to the
and the Sea-viewing Wide Field-of-view Sensor (SeaWiFS)ozone and water vapor) into account. The estimation of the
carried by the SeaStar satellite. The PPFD data were proland PPFD requires land surface reflectance to separate at-
duced as a daily mean at 25 km resolution for the period frommospheric backscattered lights from the top-of-atmosphere

www.biogeosciences.net/7/641/2010/ Biogeosciences, 765512010
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(TOA) radiance. We derived monthly land-surface re-

flectance by using aerosol optical thickness at 412 nm and - ”
assuming the tropospheric aerosol model. The optical thick-
ness is derived using the TOA and land-surface reflectance az®
412 nm, which was empirically estimated by the Normalized £ »
Difference Vegetation Index (NDVI). o

The PPFD estimated by satellite was converted to the daily
value by using calculated diurnal cycle of the solar zenith an-
gle and the satellite-observed instantaneous atmospheric cor

Z 60 -
]

(a) Daily-base
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ditions. The algorithm had been verified with in situ mea- 2000 Sites N. Xav, Yav. RMSD, r
surements from moored buoys over oceans; the root mear _ A SKT: 33,984.7, 817.3, 202.5, 0.955
square difference (RMSD) by the average PPFD was 23%, © TMK: 36,710.8, 718.3, 109.9, 0.962
14%, and 10% on daily, weekly, and monthly time scales, g 1500 _DTKY’34’ 834.0,841.4, 38.1,0.976
respectively (Frouin and Murakami, 2007). We validated the NE o 4
land PPFD using the three ground study sites, SKT, TMK, ¢ ® . ]
and TKY. Figure 2a, b show that the satellite PPFD satisfac- 5 X £
torily estimated daily and monthly PPFD. The error ratios E 1000 - 5 2 aa
(RMSD /in situ average) of the monthly data are 21%, 15%, o Uofi & A
and 7% at SKT, TMK, and TKY respectively (Fig. 2b). Rel- 2 8 .’,i
atively large errors (underestimation) in SKT samples were g Py
found mainly in the winter-spring seasons, when the area was % 500 F A
covered by snow, which is easily mistaken for clouds froma § ‘K
satellite. The satellite PPFD agreed well with the in situ data A
within about 1% bias at the other two sites.

00 500 1000 1500 2000

2.4 GPP in continental scale
In situ PPFD (mol m2 montht)

We used a machine-learning technique for regressions t?—'ig. 2. Scatter plot between in situ and satellite monthly PPFD

obtain spatio-temporal GPP variations by combining Satel'for (a) daily-base and fofb) monthly base. The triangle, circle,

lite remote sensing data and ground observation data as deg;,q square in Fig. 2b show samples at the SKT, TMK, and TKY

scribed by Yang et al. (2007). The method is based on thejtes The sample number, average of in situ data (Xav), average of
regression-type support vector machine (SVM), which trans-satellite data (Yav), RMSD, and correlation coefficients at each site
forms a nonlinear regression into a linear regression by mapare listed in the figure.

ping the original low-dimensional input space to a higher-
dimensional feature space using kernel functions (e.g., Cris-
tianini and Shawe-Taylor, 2000), with inputs of incoming ations of the GPP in Asia using satellite-based data, and the
surface solar radiation (Rad), satellite-based land surfacenonthly GPP was estimated for Asia in this study.
temperature (LST), satellite-based enhanced vegetation in- As inputs of SVM, we used ground observation data
dex (EVI), and land cover (Yang et al., 2007). The methodand satellite remote sensing data. The ground observa-
was originally assessed at more than 30 Ameriflux sites ovefion data include Rad and GPP at flux sites from Ameriflux
the continental United States and extended spatially using eve| 4 (gap-filled) weekly (8-day) data (available &ttp:
satellite data. The method was found to be effective for pre-jpuplic.ornl.gov/ameriflug/and Asiaflux data (SKT, TMK,
dicting spatio-temporal GPP patterns with acceptable accucps, TKY, and QYZ; see Sect. 2.2). These data are used
racy (e.g.,R?= 0.72 and root mean square error (RMSE) = for (Eg. 1) the input of SVM (GPP and Rad) and (Eq. 2)
1.84gCm?day*; Yang et al., 2007). model validation (GPP). Satellite remote sensing data in-
The SVM analysis consists of three main steps for modelclude LST and EVI. Both are from an eight-day composite
tuning and testing. First, the SVM model parameters (C: cosbf the MODIS-based LST (Wan et al., 2002) and EVI (Huete
of errors,e: width of an insensitive error band, and kernel et al., 2002) from 2000 to 2006. For the satellite-based GPP
parameter) were obtained from a training set. Second, wittevaluation processes at the flux sites, we used MODIS 1-km
the obtained parameters for the model structure, we trainedesolution American Standard Code for Information Inter-
the model. Last, we evaluated the model based on a test sathange (ASCII) subset datasets, each of which consisted of
More details regarding the methods are described in Yang ef-by-7 km regions centered on the flux towers for LST and
al. (2006, 2007), and Ichii et al. (2009). After evaluation, EVI (Cook et al., 2004). At each time step, we averaged
the model was employed to obtain the spatio-temporal varithese values using high-quality pixels by using the quality

Biogeosciences, 7, 64655 2010 www.biogeosciences.net/7/641/2010/
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Fig. 3. Scatter plot between in situ GPP (Xav) and SVM-based GPP
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assurance (QA) flag. For the spatial analysis, we created 8-
km spatial resolution data from MODIS LST and EVI; for
data cleaning, all data were filled using averaged 8-day data
calculated from 2001 to 2006 at each grid point if the QA
flags were not satisfactory.

As a result of model training and testing, we obtained the
SVM kernel parameters of C = 1.07&,= 7.464, anck =
0.203 with a coefficient of determination @&?= 0.71 and
an RMSE of 2.33gC m?day ! between the observed and
satellite-based GPP (Fig. 3). Relatively better agreement was
obtained at TKY, which could be related to the better estima-
tion of insolation by satellite data (see Fig. 2a, b). On the
other hand, values of satellite-based GPP at other sites were
systematically lower than those of ground-based GPP, espe-
cially at TMK, SKT, and CBS. Although the reason has not
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been clarified yet, a possible explanation was that the moddTig- 4. Spatial distribution ofa) the anomaly in the summer PPFD

could not capture a very high in situ GPP, especially in the
peak growing season in a larch forest at TMK (see Fig. 6).
Larch forests almost uniquely exist in the northeast part of
Eurasia (Koike et al., 2000), and cool-temperate larch forests
have a photosynthetic efficiency that is significantly higher
than that found in other forests of East Asia (Saigusa et al.,
2008), which could make an accurate prediction difficult.
Overall, we obtained a similat? value but a larger RMSE
value than that reported by Yang et al. (2007), which was

3 Results and discussion

2003 summer

3.1 Spatial distribution of the PPFD anomaly in the

and(b) the standard anomaly in the summer air temperature for 2-
month average of July—August in 2003 (base period 2001-2006).
Black circles show the location of the study sites.

probably due to scales that were spatially broader than thosgigure 4a shows the spatial distribution of the anomaly

from the original studies. Although the accuracy of the GPP

within the summer PPFD (2-month average of July—August)

estimation still needs to be improved, we consider that the, 003 estimated by satellite remote sensing data. The base

spatio-temporal variability in GPP estimated by the SVM ap- period is 2001-2006.

proach can be used in the present study.

www.biogeosciences.net/7/641/2010/

In Fig. 4a, the red area (positive

anomaly in the PPFD) and the blue area (negative anomaly)
appeared alternatively from north to south over eastern Eura-
sia. In East Asia, a significant negative PPFD anomaly was
observed in a zonal area within a latitudinal range of 30—
40° N and a longitudinal range of 100-15B, extending
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from China to the main island of Japan through South Ko-3.2 Meteorological conditions and GPP at ground
rea (the area indicated as a blue oval with the symbol “B” in observational sites in the 2003 summer
Fig. 4a). The negative anomaly in the PPFD in the zonal area
was induced by an active rain front which brought the earlyTo test the response of each forest site to the anomalous
summer rainy season over the region and remained for an urweather pattern in the 2003 summer, the values of the
usually long time from June to August 2003. This rain front monthly precipitation and PPFD, the monthly mean day-
caused floods in the Huai River basin in China (the area inditime air temperature and daytime water vapor pressure deficit
cated by an open triangle in Fig. 4a) and a cool summer with(VPD), and the monthly GPP are displayed in Fig. 5 for SKT,
extremely low radiation on the main island of Japan. On theCBS, and QYZ (sites in Eurasia) and in Fig. 6 for TMK,
other hand, the positive anomaly in the PPFD was observedKY, and SMF (sites in the Japan Islands).
to the north and the south of the front (the area indicated by In a boreal larch forest at SKT, high values of PPFD
red ovals with the symbols “A’ and “C”, respectively), and (>1000 mol month!) were observed for five months from
the weather was extremely hot and dry in southeastern ChinApril to August (Fig. 5b). However, the active growing sea-
(the area included in “C”). The anomalous pattern remainedson (GPP>50gC nt2 montht) was limited for a short pe-
for two months. riod from June to August (Fig. 5e), corresponding with the
According to the world meteorological observation re- period when the monthly mean daytime air temperature was
ports (Japan Meteorological Agency, 2005), the anomalougdiigher than 10C (Fig. 5c). A small amount of precipita-
weather patterns were observed in the insolation, air tempettion was observed during the growing season, mainly in July
ature, and precipitation not only in East Asia but also over a(Fig. 5a). The daytime VPD was less than 1.1 kPa (Fig. 5d),
wide area in northern Eurasia, and the patterns appeared iguggesting that drought stress was not severe. Inter-annual
June and ended in August 2003. To demonstrate the meteariations of the PPFD, air temperature, and precipitation as
rological conditions of the 2003 summer, the spatial distribu-well as the GPP were not obvious during the growing season.
tion of the standardized anomaly in the summer air tempera- The seasonal patterns of meteorological variables in a
ture (2-month average of July—August) in 2003 is displayedcool-temperate mixed forest at CBS were characterized by
in Fig. 4b. The data were obtained from NCEP/NCAR re- a short rainy season in July. High monthly precipitation
analysis data (Kistler et al., 2001), and the anomalies refef>150 mm montfi!) was observed in July (Fig. 5f), cor-
to the 2001-2006 base period. Figure 4b shows that theéesponding with a reduction in the PPFD (Fig. 5g) and the
strong positive and negative anomalies in the air temperaturdaytime VPD (Fig. 5i). The active growing season (GPP
agreed well with those in the PPFD (Fig. 4a) over a wide >50gC nT2month ) was from May to September, with a
area in the Eurasian Continent especially in Russia (the aregentle peak in the GPP from June to August (Fig. 5j). No
“D” and “F”) and in southeast China (the area “C”). On the clear year-to-year change in the GPP was observed in 2003
other hand, the anomalies in the air temperature and PPF@&nd 2004.
were less clear in The Malay Archipelago, which includes In a sub-tropical forest at QYZ, the characteristics of the
Malaysia and Indonesia. seasonal changes in meteorology and GPP were consider-
Recent studies suggested that the anomalous weather patbly different from those in SKT and CBS. The whole year
terns observed from Europe to East Asia through Russia duwas the active growing season (GRBO gC nT2 monttr 1)
ing the 2003 summer might be related to each other ovefFig. 50). The monthly precipitation had double peaks, and
large distances (Yamazaki, 2004; Ogi et al., 2005). Suclthere was a severe seasonal droughtin mid-summer (Fig. 5k).
anomalous atmospheric patterns linked together in distant reFhe monthly values of the PPFD, daytime air temperature,
gions (thousands of kilometers) are called teleconnectionsand daytime VPD were much higher in July than in other
and the phenomenon has been studied in terms of atmanonths (Fig. 51-n). Specifically, in July 2003, an unusually
spheric dynamics (e.g., Limpasuvan and Hartmann, 1999high daytime VPD 2.7 kPa; Fig. 5n) caused severe drought
Yamazaki and Shinya, 1999; Kimoto et al., 2001; Nakamurastress and a reduction in the GPP (Fig. 50). The extremely
and Fukamachi, 2004). Although the mechanisms of the exhot and dry weather conditions in the 2003 summer and the
treme weather conditions in the 2003 summer have not beenffects on the ecosystem at QYZ have been found and de-
fully clarified, such meteorological phenomena will provide scribed in detail in studies such as those by Sun et al. (2006),
valuable information to estimate impacts of large-scale cli-Wen et al. (2006), and Yu et al. (2008).
matic disturbances on the terrestrial carbon cycle at conti- The seasonal patterns of the GPP estimated at three
nental scale. sites in the Japan Islands were characterized by more mar-
itime climate with sufficient summer precipitation. In a
cool-temperate larch forest at TMK, high monthly pre-
cipitation (>150 mmmonth!) was observed mainly from
July to October (Fig. 6a) associated with a reduction in
the PPFD (Fig. 6b) and the daytime VPD (Fig. 6d) es-
pecially in July and August. The daytime VPD was
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Fig. 5. Monthly meteorological conditions and GPP observed at the three sites listed in Tabl@LS#T, (b) CBS, andc) QYZ. The site
code and year(s) of observation are indicated in each figure.

limited (<0.6 kPa; Fig. 6d), suggesting no critical drought In a cool-temperate birch-oak secondary forest at TKY,
stress on photosynthesis. The active growing season (GPRigh monthly precipitation %150 mm monthl) was ob-
>50gC nT2month 1) was from May to October (Fig. 6e), served every season (Fig. 6f). The daytime VPD was limited
and the maximum value of the GPP was observed in Junefor a whole year £0.6 kPa; Fig. 6i), as at TMK. The active
The summer weather, especially insolation, was variable irgrowing season (GPR509C m2 month 1) was from May
July and August (Fig. 6b), and the mid-summer GPP wasto October (Fig. 6j). The year-to-year change in the GPP was
mainly controlled by the PPFD. The monthly PPFD in July obvious in July, and that was mainly affected by the PPFD.
was 24% higher in 2003 than in previous years (2001-2002)T'he weather in July 2003 was characterized by low temper-
(Fig. 6b), which caused a 19% higher GPP in July 2003 tharature (Fig. 6h) and a low PPFD (Fig. 6g) under the influence
in previous years (Fig. 6e). The positive PPFD anomaly inof a mid-latitude rain front (the area “B” in Fig. 4a). The
July 2003 was also seen in Fig. 4a in Hokkaido, a northernrmonthly PPFD in July was 32% lower in 2003 than in previ-
island of Japan (included in area “A"). ous years (2001-2002) (Fig. 6g), which caused a 26% lower
GPP in July 2003 than in previous years (Fig. 6j).
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Fig. 6. Monthly meteorological conditions and GPP observed at the three sites listed in Tabl@LTK, (b) TKY, and(c) SMF. The site
code and year(s) of observation are indicated in each figure.

In a warm-temperate mixed forest at SMF, high monthly  The overall results of the six ground observational sites are
precipitation &150 mm month!) was observed from April  summarized as follows.
to October (Fig. 6K). The active growing season
(GPP >50gC nT?monttr) was from May to September
(Fig. 60). The year-to-year change in the GPP was obvious in
July. The weather in July 2003 at SMF was influenced by the
rain front, as it was at TKY, which caused a reduction in tem-
perature and in the PPFD (Figs. 6l, m). The monthly PPFD
in July was 27% lower in 2003 than in 2004 (Fig. 6l), which 2. The GPP in TMK (north of the rain front) was slightly
caused a 26% lower GPP in 2003 than in 2004 (Fig. 60). more enhanced by a higher PPFD than that in normal

years.

1. Under the influence of a long active rain front that
brought the summer rainy season, the GPP in central
Japan (TKY and SMF) was 20-30% lower in the 2003
summer than in other years due to significant reduction
in the PPFD.

3. In Mongolia (SKT) and in northeastern China (CBS),
the GPP in July 2003 differed little from that of other
years.
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3.3 Spatial distribution of the GPP anomaly in the 2003
summer

Figure 7 shows the spatial distribution of the anomaly within
the summer GPP (2-month average of July—August) in 2003
estimated by the SVM approach. The base period is 2001—
2006. The red area (positive anomaly in the GPP) and the
blue area (negative anomaly) appeared from north to south
over eastern Eurasia, similarly to those observed in the PPFD
anomaly (Fig. 4a). In the higher latitudes40° N), the spa-

tial distribution of positive and negative anomalies in the
GPP agreed well with that in the PPFD (Fig. 4a). The agree-
ment was especially better in northern Japan, the Russian Far
East, northern China, and Siberia (the area “A’, “D”, “E”, and
“F).

In the mid-latitude, the area of the negative anomaly in the
GPP corresponded with that in the PPFD within a latitude
range of 30—4®N from Japan to east China. The reduced
PPFD by the active rain front decreased the GPP, as shown

Fig. 7. Spatial distribution of the anomaly in summer GPP (2-month in the ground observational sites at TKY and SMF (Fig. 6},
average of July—August) in 2003 (base period 2001-2006). TheD), respectively.

95% confidence interval is 0.58 gCthday for 2-month aver-

In the lower latitude, the responses of the GPP were dif-

age. ferent from those estimated in the mid- and high-latitudes.
The negative anomaly in the GPP appeared in southeastern
T China (the area included in “C") under a significant positive
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anomaly in the PPFD. This result is explained as follows:
the unusually high PPFD caused the high air temperature
and high VPD, which brought severe drought stress in the
region and decreased the GPP, as observed at QYZ. The lim-
itation of the interpretations we have presented is that QYZ is
a planted forest and is only one site clearly south of the rain
band from 30—49DN. We consider that the vegetation at QYZ
was one of typical forests in this region, since the planted
forest (mainly evergreen conifers) is the major component of
forest in South China, which occupied more than half of the
total planted forest area in China (Sun et al., 2006). However,
more data are clearly necessary to improve the interpretation
in the GPP anomalies especially in sub-tropical and tropical
forest ecosystems.

Fig. 8. Spatial distribution of the correlation coefficient between 3 4 Spatial distribution of the correlation coefficient

the year-to-year changes in the anomalies in the PPFD and GPP

between year-to-year changes in the PPFD and GPP

for mid-summer (2-month average of July—August). The numbers
in the figure indicate the correlation coefficients multiplied by 100.

The dark and light colors mean the significance level of 0.05 and
0.1, respectively.

In this section, the degree of correlation was examined be-
tween the year-to-year changes in the PPFD anomaly and
that in the GPP anomaly. The correlation coefficients are
displayed in Fig. 8 to demonstrate the spatial distribution of

4. In southeastern China, the GPP in QYZ (south of the€ssential controlling factors for the GPP. The focus was on
rain front) was significantly reduced by severe droughtthe mid-summer (2-month average of July and August). The

stress in the summer 2003 due to unusua”y h|gh inso'a.period of analySiS was 2001-2006. The values of the corre-
tion and high VPD. lation coefficients were estimated only for the forested area,

and they were averaged over every 5-degree latitude and lon-
gitude tile. The red (or blue) colors indicate the area in which
the year-to-year change in the GPP positively (or negatively)
correlated with that in the PPFD.
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The areas of positive correlation between the GPP an®.5 Implication for biological responses to future
PPFD appeared mainly in the mid- and high-latitudes climate in the Asian monsoon region
(>30° N) in the northeastern part of Eurasia (Japan, north-
eastern China, northern Mongolia, and eastern Siberia)The datasets acquired in this study can be used to present the
The regions were dominated by cool-temperate and boreahormal characteristics of the influence of an Asian monsoon
forests, where the year-to-year change in the mid-summe¢limate as well as the anomalous conditions in 2003 in east-
GPP was essentially affected by meteorological anomaliegrn Eurasia. In normal years, the seasonal movement of the
associated with the PPFD anomaly. The influence of therain front brings an early summer rainy season in East Asia,
summer drought was not critical because precipitation wasvhich is one of the most important meteorological events in
sufficient during the growing season, as suggested at sitethe region. The rainy season starts in April or in May in
other than QYZ in Figs. 5 and 6. the lower latitudes, such as in QYZ (Fig. 5k), and in June
On the other hand, areas of significant negative correlatioror in July in the mid-latitudes, such as in TKY and SMF
appeared in southeastern China (20480 110-120 E). (Fig. 6f, k). The rain front is weakened in the higher lati-
The region was mainly covered with evergreen sub-tropicaltudes &40° N); then, only a short rainy period is observed
forests, and the summer seasonal drought played an impoin July at SKT and CBS (Fig. 5a, f). Finally, the rain band
tant role in the year-to-year change in the mid-summer GPPbecomes less active or disappears in late summer.
These results were consistent with those obtained in the spa- These features may, however, be altered under future cli-
tial distributions of anomalies in the PPFD and GPP for thematic conditions. Ongoing global warming may have the
2003 summer (Figs. 4a and 7) and the results observed frormotential to increase the frequency and magnitude of many
a ground observational site (QYZ in Figs. 5 and 6). extreme events (Easterling et al., 2000). In East Asia, re-
Another interesting result was found in tropical forests cent studies using climate prediction models suggested that
around the equator (2G-10 N). Areas of significant pos- the activity of the summer monsoonal rain band could be
itive correlation appeared in the eastl25 E) close to the increased by strengthened cyclonic and anticyclonic atmo-
Pacific Ocean, while some areas of negative correlation exspheric circulations (Kimoto, 2005). If the predictions are re-
isted in the west€£105’ E), close to the Indian Ocean. Al- liable, the frequency of anomalous weather conditions, such
though a seasonal change in the meteorological conditions ias those that occurred in 2003, may increase.
not obvious in the equatorial region compared with that in  Studies based on terrestrial ecosystem models have sug-
the mid- and high-latitudes, the mechanism of the year-to-gested that anomalous weather patterns and their year-to-
year change is much more complicated. Several different dyyear variability substantially affected productivity in the
namics of atmosphere-ocean interactions are involved in the\sian ecosystems (Tian et al., 2003). However, there are still
inter-annual variations in the region, such as the Asian monenormous uncertainties in the estimation of the carbon bud-
soon circulations and the ENSO events (Tian et al., 2003get in Asia within the terrestrial ecosystem models as well
Malhi and Wright, 2004), especially important in the Pacific as from ground observational data. The data shortage and
coast, and the air-sea interactions and atmospheric circulaincertainties are especially serious in sub-tropical and trop-
tions over the Indian Ocean (Kumar et al., 1999; Rajendrarnical regions. Studies are clearly necessary to gain more ac-
and Kitoh, 2008). The tropical forests in the regions are alsocurate estimations of the response of Asian ecosystems to
extensively heterogeneous due to intense land use pressukérge-scale meteorological phenomena and to enable the pre-
and fires (Page et al., 2002; Huete et al., 2008). The spatialiction of future climatic impacts based on efforts such as:
pattern in the different light-response of the GPP might bedata sharing among flux monitoring networks; developing
influenced by a different mechanism of inter-annual variabil-and validating ecosystem models and remote sensing tech-
ity in the meteorological conditions and/or the land use andniques, which are applicable to a variety of Asian ecosys-
degradation of tropical forests. tems; and integrating analyses using multiple methods, such
Several studies have tried to clarify the degree of light-as ground observation, remote sensing, and models in rela-
and water-limitations in the year-to-year variations of evapo-tion to the large-scale carbon budget in Asia.
transpiration and photosynthesis in the tropical Asian forests
(Tanaka et al., 2004; Hirano et al., 2007; Huete et al., 2008);
however, the ground datasets still fail to provide an under-4 Summary and Conclusions
standing of the complexity of the region. Further studies are
necessary to improve the estimation of the GPP in the aredhe CQ uptake rates of several forest ecosystems in East
and to gain more knowledge of the spatial distribution of the Asia at various flux sites were compared during the anomaly
controlling factors of the GPP. period in the 2003 summer within different years and differ-
ent latitudes. The GPP decreased significantly over the zonal
area in the mid-latitude in East Asia under the influence of
the Asian summer monsoon rain band, which remained for
an unusually long period in the 2003 summer. To the north of
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