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Abstract

The present paper develops linear regression models based on singular value decomposition (SVD) with the aim of downssafiegatm
variables statistically to estimate average rainfall in the Chikugo River Basin, Kyushu Island, southern Japan, on a s&hMadeés
were designed to take only significantly correlated areas into account in the downscaling procedure. By using particigadlylpreater

in combination with wind speeds at 850 hPa, correlation coefficients between observed and estimated precipitation exceedimg 0.8
reached. The correlations exhibited a seasonal variation with higher values during autumn and winter than during sprimgesind@tsim
SVD analysis preceding the model development highlighted three important features of the rainfall regime in southern lapau-(1)
called Bai-u front which is responsible for the majority of summer rainfall, (2) the strong circulation pattern associaetlwithrainfall,

and (3) the strong influence of orographic lifting creating a pronounced east-west gradient across Kyushu Island. Resuttedeasibility

of establishing meaningful statistical relationships between atmospheric state and basin rainfall even at time scalesnobhesday.
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. increased considerably. Statistical downscaling of GCM
Introduction outputs has been advocated as a less computer-intensive
The focus of the present paper is to obtain empiricaland less time-consuming alternative to the development and
statistical linkages between smaller-scale (local andapplication of regional models, nested in the GCM (e.g.
regional) hydrometeorology and rainfall in particular, andHewitson and Crane, 1996). However, a further alternative
larger-scale (synoptic and mesoscale) atmospherics to combine regional modelling with statistical
circulation. Generally, the strength of such linkagesdownscaling. Even if the regional model may increase the
expresses the relative importance of synoptic circulation andpatial resolution to as high as 0.05°x0.05°, (1) the distance
local modification, respectively, in determining the smaller- between a catchment and nearest grid node may still be large,
scale hydrometeorological process. If sufficiently strong,and (2) specific geographical and topographical catchment
the linkages may perform what has been termedharacteristics that influence the rainfall process strongly
(atmospheric)downscaling i.e. to estimate a point- or are still highly smoothed in regional models. Moreover, as
spatially-averaged value of some hydrometeorologicafor atmospheric models in general, the output accuracy is
variable within a specified time interval, on the basis ofsubstantially higher for free atmosphere variables than for
large-scale features of the surrounding atmosphericainfall (e.g. Giorgi and Mearns, 1991). The integrated effect
circulation. In recent years, the interest in atmospherids that estimating catchment rainfall on the basis of model
downscaling to transport the output of general circulationrainfall output is associated with high uncertainties. It is
models (GCMs) to hydrologically relevant (catchment orhypothesised that catchment rainfall estimation can be
sub-catchment) scales (e.g. Wilby and Wigley, 1997) hagmproved by statistical downscaling.
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Within the statistical atmospheric downscaling approachedeen published. One example is Wibityal (1998a), who
made to date, two principally different groups may beused airflow indices (vorticity, flow strength and direction)
distinguished (e.g. Conway and Jones, 1998). In one of thest downscale a range of hydrometeorological variables on
the atmospheric circulation pattern is classified as belonging daily basis in central Japan using both observed and GCM
to a certain ‘weather type’, and the observed statistics offenerated sea-level pressures. Rainfall amounts and
each weather type forms the basis from which stochastisequential characteristics were shown to depend on the
downscaling of future circulation patterns is performed (e.gvorticity index and, based on these results, a statistical model
Hay et al, 1991; Bardossy and Plate, 1992; Wilby, 1994).was developed which, depending on the season, explained
This approach has been advocated due to its physical20-45% of the variance (Wilbgt al, 1998a). Hirakuchi
transparency (e.g. Conway and Jones, 1998) but suffers froand Giorgi (1995) used a nested regional model to downscale
limitations such as the subjectivity inherent in the daily GCM output in eastern Asia, with emphasis on the
classification procedure and the inevitable loss ofJapanese Islands. Although the representation of some
information when generalizing the continuously changingspace-time features of the regional rainfall was improved
atmosphere into a finite set of classes (e.g. Wilby, 1994by the regional model, the estimation accuracy of rainfall
Hewitson and Crane, 1996). The second group ofimounts was comparable to simple interpolation of the GCM
approaches comprises attempts to establish direct statisticalitput (Hirakuchi and Giorgi, 1995). The fairly limited
relationships between (continuous) variables representinguccess of these approaches emphasizes the region’s
the large-scale state of the atmosphere and the local amtdmplex atmospheric dynamics and the necessity for further
regional hydrometeorology (normally temperature and/orinvestigations.
rainfall). Numerous statistical techniques have been
employed in the identification of optimal relationships,
including single and multiple regression, canonical
correlation analysis, and artificial neural networks (e.g. KarlSTUDY REGION

et al, 1990; von Storckt al, 1993; Wilbyet al, 1998b).  Kyushu Island, the southernmost of the four main Japanese
The strength of statistical relationships linking jsjands, has been used as the study region in the present
atmospheric circulation to local and regional rainfall experiments (Fig. 1). The most important topographic
amounts are likely to depend on the time scale involvedfeature of Kyushu Island is the Kyushu mountains aligned
Much work has concerned a monthly time scale. Veryin a north-south direction at the centre of the island. The
generally, values of explained variance reaching 0.75 havepatial distribution of precipitation depends largely on the
been found, with a clear dependence on geographicalirection of prevailing winds relative to the orientation of
location, time of the year, and the variable used to represemis mountain range. The annual precipitation and its
the atmospheric circulation (e.g. Weare and Hoescheleseasonal distribution at four meteorological stations are
1983; Cayan and Roads, 1984; Wigkyal, 1990). These  shown in Table 1. The stations are Fukuoka, Kumamoto,
results confirm the feasibility of the approach butamontthMiyazaki and Kagoshima, which represent the northern,
time scale is relevant in a climatological rather thanyestern, eastern and southern parts of the island,
hydrological context. Recently, investigations focusing ONrespectively.
a daily time scale have been carried out. As expected, the |, spring, the most important meteorological phenomena
explained variance has been substantially lower in thesgffecting Kyushu are transient mid-latitude synoptic
studies, with values up to 0.45 (e.g. Kidson and Thompsorgyclones that develop along polar fronts. Japan is located
1998; Wilby et al, 1998a). Also, the spatial extension, eastward from the Eurasian continent and a semi-permanent
location, and resolution of the grid points used to define theypper trough lies over the Japanese Islands. This upper
state of the atmosphere are likely to influence theyoyugh increases the cyclones’ activity as they progress along
relationships but this issue appears to have been addressgqell-defined storm track over the East China and Japan
in only a few investigations (e.g. Weare and Hoescheleseas. Synoptic cyclones bring much precipitation (20~30%
1983). of the annual total) which is distributed almost uniformly
To date, virtually all investigations of statistical g over Kyushu Island, except that the amount of rainfall is
downscaling have been undertaken in regions in either North|ightly larger over southern than northern Kyushu.
America or Europe and there is an urgent need to test the | early summer, polar fronts become active south of
approach in other climate regions. The present investigatiogyyshu. These are called Bai-u fronts in Japan and Mei-yu
concerns northeast Asia, southern Japan in particular. F@fonts in China. Southwesterly winds caused by the Pacific
this region, only a handful of related papers appears to havgjgh convey warm and moist tropical air to the fronts. In

Experimental setup
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this situation, mesoscale rainbands are formed over the

~ Bai-u fronts and large amounts of rain falls over Kyushu.
Due to the preferential wind direction, the amount of rainfall
is larger at the western slope of the Kyushu mountains than
at the eastern slope. In addition to the rainbands, mesoscale
Ve cyclones originating from subtropical depressions migrate
40N eastward along the Bai-u front. The front gradually displaces
northward and the Bai-u season comes to an end over
northern Kyushu in mid-July. Much rain (25~30% of the
annual total) falls in this season. Later in the summer, the
summer monsoon influences Kyushu Island. Precipitation
is brought about by the prevailing warm and moist
southwesterly winds alternating with periods of clear sky
N caused by the westward expansion of the Pacific High, the
Ogasawara High. This period is drier than the early summer

50N

30N

(b)

34.5N

120E 130 E 140 E 1680 E . . . . . .
and precipitation is basically of a convective and localised

nature.

Precipitation gauges During autumn, the meteorological situation resembles
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that of spring except for the passage of typhoons. Typhoons
bring much precipitation to southern and particularly eastern
Kyushu. As the rainbands accompanying typhoons are
located at the eastern side of the typhoon centre, typhoons
which cross the west of Kyushu Island bring heavy rainfall
to the east side of Kyushu mountains. Typhoons crossing
the east of Kyushu Island do not cause heavy precipitation
and, consequently, eastern Kyushu is affected more by
typhoons than other parts of the island.

In winter, the climate is dominated by the winter monsoon.
The northwesterlies bring heavy snowfall to the Japanese
Islands, especially in the northern part of Honshu Island.
The cold and dry northwesterlies become moist while
passing over the Japan Sea which is relatively warm owing
to a branch of Kuro-shio, a warm tropical ocean current.
The situation is somewhat different in Kyushu since the

ﬂ Korea and Tsushima Straits are so narrow that cold and dry
T T T T er northwesterlies cannot obtain much moisture while in transit.
Longitude In consequence, only a little snowfall is observed in northern

Fig. 1 Area covered by GPV meteorological data with Kyushu
Island marked in black (a), and distribution of AMeDAS precipi-

Kyushu. On the other hand, northwesterlies blow over the
East China Sea and bring heavier precipitation to the

tation stations in Kyushu Island and the Chikugo River Basin (b). southern part of Kyushu. In late winter, cyclones (called

Table 1 Climatological (1961 — 1990) annual precipitation totals and the percentage of precipitation during
each season for four stations on Kyushu Island.

Name Location Annual Prec.  Spring Summer Autumn Winter
Fukuoka 33.6N 130.2E 1604.3 mm 23.0% 42.4% 21.9% 12.7%
Kumamoto 32.8N 140.3E 1967.7 mm 24.6% 50.0% 16.3% 9.5%
Miyazaki 319N 131.4E 2434.6 mm 26.9% 39.4% 25.6% 8.0%
Kagoshima  31.6N 130.6E 2236.8 mm 29.0% 41.0% 18.3% 11.7%
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south coastal cyclones or Taiwan depressions) develop vegonal and meridional wind speeds, temperature and dew
rapidly bringing heavy snowfall to southern Kyushu. point depression, available at surface and 20 vertical levels

In the present study, rainfall forecasting for the Chikugoup to 10 hPa (11 vertical levels up to 300 hPa for dew point
River Basin is taken as a case study. The Chikugo Rivedepression). In the present analysis, values at surface,
originates from the outer rim of Mt. Aso caldera in the central850 hPa, 500 hPa and 250 hPa were used. At these levels,
part of the island (Fig. 1b). The range in altitude within thevorticity was derived directly from the wind field. Additional
basinis from 0 to 1791 m.a.s.l. (Mt. Kuju), large consideringderived variables were calculated such as precipitable water,
the 143 km length of the main stream. In addition, 70% ofobtained by vertical integration of humidity, and total-totals
the basin comprises mountain ranges of different altitudegndex, a vertical stability index defined by:
while Fhe rem.aining SQ% (?onsists of plains. . (t [e50] —t[5001)+ (t[sso] _t[soo])

Besides being a main city water resource, the discharge \d
of the Chikugo River plays an important role in agriculture, wheret, denotes dew point temperaturgsmperature (both
fishery and industry. However, devastating floods and debrisn degrees Celsius), and the numbers in brackets denote level
flow occur often after heavy rains during the rainy and(in hPa). These variables are closely related to the origin of
typhoon seasons from June until October. The annual ratiprecipitation and thus our interest in examining their
of maximum to minimum discharge at the Senoshita gaugingerformance as predictors in a statistical model.
station ranged from 47.2 to 283.5 for the period 1975 to For the present study, data observed during 21 months
1994, but historical records indicate ratios as high as 375@&xtending from April 1996 to December 1997 were
This fact stems from the steep mountain slopes and the ste@pailable. The total number of time instants (12-hour
river bed gradient, which cause quick arrival and high pealperiods) was 1265. In the present analysis, the grid points
discharge after heavy rainfall. On the other hand, prolongedvere averaged 5x5 (resolution: 100100 km) into a 43x51
periods with only small rainfall amount lead to very low grid point network and 25x25 (500500 km) into an 8x10
flow levels. The average discharge at the Senoshita statiometwork. The averaged grid point values were obtained as
with a catchment area of 2315 kris 114.7 is and may  the arithmetic mean of the original grid point values
drop to levels as low as 1 s, as was the case in 1978, contained in the averaging area.
causing a devastating lack of water in surrounding cities. The rainfall data employed were collected by the Japanese

Hence, a detailed understanding of both flood and droughtational meteorological network (AMeDAS). In this
characteristics of the Chikugo River Basin is important. Fometwork of 1313 stations covering all of Japan, rainfall is
this purpose, advanced hydrological modelling of droughtmeasured hourly. The total number of AMeDAS stations
risks and countermeasures is presently being carried out (e.gn Kyushu and surrounding islands exceeds 150 but, in the
Merabteneet al, 1998). Further, effective flood monitoring present study, data from some stations were disregarded
systems integrating radar and rain-gauge observations, riveither because the time series contained extended periods
water levels and large-scale meteorological information arevith missing data or if two stations were very closely located
under development to establish more robust flood warningand thus likely to contain essentially the same signal (in
The present study constitutes the first part of a series ahis case the station with the more complete data was used).
experiments assessing the role of atmospheric downscalingjfter this screening, 103 stations remained. Figure 1b shows
in this system development. the distribution of the stations over Kyushu Island. For the
period April 1996 to December 1997 missing values from
these stations amounted to 3%. This percentage is
considerably lower than the limit of 10% suggested by Lau
The atmospheric data used in these experiments consisteghd Sheu (1988) as the amount that would compromise the
of the grid point meteorological data (GPV) used as inputesults of a statistical analysis. These missing values were
to the Japan Meteorological Agency’s regional weatherreplaced by the values from the nearest functioning station
forecasting model. The area covered includes Japan anghen an objective comparison between the two series
surrounding seas, South and North Korea, eastern Chinghowed that this replacement could be made safely.
eastern Mongolia and the southern parts of easternmostTo obtain spatial rainfall representative of the Chikugo
Russia (Fig. 1a). The data consist of sounding measuremerfver Basin, hourly arithmetic averages from the 11 stations
at 00Z and 127, which were interpolated into a 217x257ocated within and in the immediate vicinity of the basin
point grid of 20x20 km resolution grid by optimum were calculated. The location of Chikugo River Basin and
interpolation (e.g. Daley, 1991). The GPV meteorologicalthe distribution of these stations can be seen on Fig. 1b.
variables include sea level pressure, geopotential heighthile fairly evenly distributed spatially, the precipitation

DATA BASES
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stations available are not evenly distributed in terms offHE METHOD
altitude. Only one of the 11 stations is located aboveSVD is applied to two data se¥§, andZ , where time t
1000 m.a.s.l, two are located between 300 and 500 m, artedasnt time steps, necessarily the same for Y and Z. The
the remaining eight are below 150 m. spatial dimensions y and z hamgandnz points in space,

To agree with the temporal resolution of the GPV datayrespectively, that do not need to be the same.
the hourly rainfall data were accumulated into 12-hour The aim of SVD is to find spatial patterns G and H that
values. Two strategies were tested: are linear combinations of Y and Z, respectively and explains

e starting the accumulations at the GPV observation time£rIOSt of the total covariance between U and V, i.e.:
(00Z and 12Z), assuming a relationship between the
state of the atmosphere and rainfall duringdtiewing
12-hour period;

e starting the accumulations six hours before the GPV . ) . )
observations (06Z and 18Z), assuming a relationship The cross-covariance r’r1§\tr|x of Y and Z '? defined as
between the state of the atmosphere and rainfall durindgc,, = iY'Z » where Y is Y transpose, which means

. . nt-1
the surroundingl12-hour period.

U=YG (1)
V=ZH (2

that:
To investigate seasonal differences, the data were split

into seasons: winter (Dec-Feb), spring (Mar-May), summer cov(U,V)=<UV >= 1
(Jun-Aug), and autumn (Sep-Nov). The number of time nt—1 45
instants for each season was 241, 292, 368 and 364, Applying (1) and (2) in (3) gives:
respectively. 1

nt-1

U}V, = max (3)

<U'V >= G'Y'ZH =G'C,,H =max (4)
Methodology The equation system formed by (1), (3) and (4) is the
Singular Value Decomposition (SVD), used for the analysedasis for the SVD calculation and must be solved for G and
and downscaling model development in this work, is aH. The solution for this system is given by:
multivariate technique that isolates linear combinations of
variables within two fields that tend to be linearly related to(C
each other. As a result, SVD provides spatial patterns from
the two fields that explain most of the covariance betweerwhere o” are the eigenvalues of QC  and G the
them. SVD was chosen for this study both for being simplesigenvectors (details of this development can be found in
and straight forward to apply and for its documentedUvo and Graham, 1998).
applicability to co-varying hydro-meteorological fields. It  When SVD is applied to the Ccross-covariance matrix
requires low computational performance and can be rumetween two fields — in the present case, GPV variables
easily on micro computers. Using a statistical model appliecand precipitation — it identifies the pairs of spatial patterns
to circulation and moisture fields generated by a regionaWhich explain most of the temporal covariance between the
physical model avoids the use of parameterisations that areyo fields.
in general, a weakness of physically-based models. The results from the SVD are in the form of homogeneous
The first use of SVD for identifying the relationship and heterogeneous correlation maps. Thedmogeneous
between two meteorological fields was made by Prohaskanap is defined as the vector of correlations between the
(1976). Thereafter, not many studies using SVD to relatagrid values of one field and thé" knode of the singular
geophysical fields were published until Bretheriinal.  vector (eigenvector) of the same field. Similarly, the k
(1992) and its companion paper, Wallatal.(1992). Then  heterogeneous correlation map is the vector of correlations
the use of SVD for geophysical purposes increasedetween the grid values of one field and thenode of the
considerably (e.g. Walla@ al.,1993; Uvo and Berndtsson, singular vector of the other field. The homogeneous
1996 and Uvoet al., 1998). Jackson (1991) and correlation map is an indicator of the geographic localisation
Preisendorfer (1988) present a thorough description of SVdf covarying parts of the field while the heterogeneous
theory and Newman and Sardeshm(&05) outline some  correlation map indicates how well the grid points of one
of the problems to be considered when using SVD to recoveield relate to the k expansion coefficient of the other. To
the relationship between two fields. determine if the correlation coefficients from the
homogeneous or heterogeneous correlation maps differ

-21)G=0

YZ C:ZY
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significantly from what may be expected due to chance, aignificant at 95% or more on the first mode of the GPV
test of the null hypothesis based on Studdrdistribution ~ heterogeneous correlation maps were employed in the
can be performed (Bendat and Piersol, 1986). construction of the model.

To compare the strength of the relationship between the Some further adjustment was also required. As the
GPV and precipitation fields in modes obtained fromdownscaled variable is precipitation, negative values
different SVD expansions within the same season, th@enerated by the model were considered as zero. After this
normalised squared covariance was used, defined as:  adjustment, the model showed a very good performance in

determining the timing of the precipitation; however, there

/12
B 2 H remained a tendency to underestimate peaks of precipitation.
NSG = Ok It is hypothesised that this may be due to the strongly non-
EZ zVari var, E linear character of extreme precipitation occurrences. As
bl SVD is a linear method, it is unable to reproduce the non-
where varand varare the variances at tifegrid pointin  linear response to changes in the atmospheric forcing

the GPV field and thg" grid point in the precipitation field, associated with extreme events. To compensate for this
respectively, andaf is the total squared covariance limitation of SVD, a multiplicative correction factor was
explained by a single pair of patterns (&). The NSC  applied to the model output to represent the intensity of
ranges from 0, when the two fields are unrelated, to 1, wheheavy precipitation better. For this factor, the value 1.2 gave
the variations at each grid point in the GPV field are perfectljthe best general performance over all seasons.
correlated with the variations at all grid points in the The application of SVD requires (1) normalised data and
precipitation field. (2) the summation of the values in each column of the data
matrix to be zero. To fulfill these two conditions, the GPV
time series at each grid point was normalised by subtracting
the average and dividing by the standard deviation. For the
SVD can be used to develop specific prediction orprecipitation data, however, a more elaborate normalisation
specification models for a particular point in one field was required as the small time step implies numerous
(precipitation, in the present case) based on the spatiabservations with zero precipitation. In this case, four steps
pattern or on the evolution patterns of the anomalous valuegere followed:
in the other field (GPV).

The model was generated by first calculating a matrix ofe 0.1 was added to each precipitation value,
regression coefficients (S) which relates the canonical mode the base-10 logarithms was applied to the values,
temporal amplitudes of the GPV field (U) to the individual @ 1 was added to the result of the logarithms with the
points in the precipitation field (Z). Due to the orthogonality only purpose of having a minimum value of 0 for the

MODEL DEVELOPMENT

and unit variance of U, these coefficients are givenngyts normalised precipitation, and
<U, Z,> wherem denotes the canonical mode index and e the resulting time series were standardised by extracting
the spatial index of the elements of Z. That js, IBiks the the average and dividing by the standard deviation.

GPV side of the canonical mode to poiniz in the

precipitation field. Thus, denoting the estimates of Zas This pre-treatment of data ensured that the precipitation
in matrix form the regression equation beconzesU’'S.  data also fulfilled the requirement for the application of the
This will be referred to as the SVD downscaling model. SVD.

To assure that only the main features of the temporal and Each season was analysed separately because of the
spatial variations of the fields will drive the model, two main different meteorological mechanisms that influence the area
restrictions were included. First, not all modes of U werestudied. This seasonal splitting improved the results of the
used in the model development. Keeping only those modegownscaling significantly. The seasonal time series were
that are statistically or physically significant (four modes in further divided into one calibration and one validation part,
the present case) avoided the model calibration beingvith about 80% of the total series in the former.
influenced excessively by noise. Moreover, as the time step
used in the downscaling experiments is 12 hours, a second . .
restriction related to the space was made. To avoid nResults and discussion
influence of irrelevant synoptic structures on the SVD models were applied to estimate average precipitation
downscaling, not all grid points of the GPV space were useih the Chikugo River Basin by downscaling from
in the model. Only the GPV grid points that were statisticallyatmospheric variables using a 12-hour time step. The data
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Table 2.Correlation coefficientqc) and sum of squared error (SSE) between the estimated and observed
normalised precipitation during the validation period for different models and seasons (dash indicates that no
significant correlations were found on the first mode of the GPV heterogeneous correlation map).

Season Summer Autumn Winter Spring
Predictor cc SSE cc SSE cc SSE cc SSE
Precipitable watemiw) 065 403 081 228 068 177 073 414
Zonal wind at 850 hPau) 059 238 072 172 069 169 0.62 287
Meridional wind at 850 hPav) 054 424 081 115 0.72 169 059 320
Vorticity at 850 hPadq) 066 229 076 146 066 17.0 045 371
Total Totals Indexi] 0.23 371 042 281 047 227 038 444
Geopotential height at 850 hPa 0.60 236 - - - - 0.24 426
Temperature at surface 0.30 333 - - 051 259 - -
pwand{ 072 331 075 169 070 153 0.66 47.7
pw, u andv 069 295 082 108 0.73 139 067 36.7
u andv 063 277 080 125 0.72 16.2 0.63 30.8
u, vandd 065 271 079 138 075 148 063 311
pw andi 063 306 080 274 068 179 0.64 476

used for the development of the models were seasonal sF~
meteorological fields pre-processed as described earlier. Two
spatial resolutions of the GVP data were used: 100100 km
and 500x500 km. These two resolutions were chosen to ¢ ,|
assess the effect of resolution degradation on the “ost
downscaling capacity of the model. Concerning the
accumulation strategy, results for accumulations only at 00 ®
and 127, i.e. the GPV observation times, are presented as -
they proved superior and, furthermore, are of most interest _ | oe
in actual model application. A

For all seasons, models were generated using all ava|IabIe gy
GPV variables at selected altitudes. In general, best resultsﬁo;r iN
were achieved at 850 hPa and at 250 hPa, except for N — A S
temperature for which surface level data brought more o ¢ o o o w s v ez n o2 o272
significant results.

Table 2 presents the correlation coefficients between .~ ]
observed and estimated normalised precipitation and the sums2sf o 19
of the squared error (SSE) during the validation periods for I 1
the best performing models. L

Figure 2a—d shows chosen plots of observed and estimated™ es-
normalised average precipitation for Chikugo River Basin ~ *f— st e e
for summer, autumn, winter and spring, respectively. g Deco?
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Fig. 2. Observed (solid line) and model generated (dashed line)
normalised average precipitation in the Chikugo River Basin during
the validation period for: summer (a), autumn (b), winter (c) and
spring (d). Model generators for (a) to (c) were zonal and
meridional winds at 850 hPa, and precipitable water. For (d), model
generator was only precipitable water. The number on the top left is
the correlation coefficient between the two series, and the one on the o}/
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more influence on precipitation during this season.

Best results in spring were reached by the model driven
) ~_only bypw. In this casegc for the validation was 0.73 and
Results showed that the SVD technique was efficient inggg 41 4. These numbers indicate that the model catches

downscaling precipitation from GPV data specified at ayq timing of the precipitation but the amount of precipitation
100x100 km resolution. The accuracy, however, dependeg ¢ equally well represented (Fig. 2d).

on the meteorological variable employed. In general, forall |, 4 subsequent test, all the model generations described
four seasons, vorticitylJ and zonal) and meridionaly) were repeated using the GPV data for a 500x500 km
winds at 850 hPa and precipitable waw)produced the  yeso|ytion. As expected, the correlations between observed
best results. Fields such as sea level pressure, geopotentigly estimated normalised precipitation decreased
height, temperatures and total-totals index proved very hstantially as compared with a 100100 km resolution.
inefficient as precipitation estimators for the region studiede, summer usingw, u andv to generate the modek for
at this short time scale. Future referenceg wandfare at e yalidation period decreased from 0.69 (for 100x100 km
850 hPa, unless otherwise stated. GPV) to 0.46 and the SSE increased from 29.5 to 46.4. For
For summer, the best correlation coefficient between 1o qutumn case using a model driverplyu andv, cc
observed and estimated series resulted from ysirnd¢’  yecreased to 0.57 and SSE increased to 18.6. In winter, using
(0.79, 99% statistically significant), and usipg, uandv. 1o same three atmospheric parameters as for the
(0.69, 99% statistically significant) (see Table 2 and Fig.1 90x100 km resolutioncc decreased to 0.63 and SSE
2a). Although results from the model drivendtogether ;1 reased to 22.8. For spring, using oply to drive the
with pw resulted in a higher correlation, the timing of the e the correlation decreased from 0.73 to 0.46 and the
precipitation events as well as the intervening dry periodsssg from 41.4 to 37.4. The SSE decreased in this case
were represented better whermndv substituted? in the  poc5,se, estimated by the model, the precipitation was

model generation. This is also evident from the decrease igajier for the whole validation period. This makes periods

SSE (Table 2). without precipitation better represented, but the amount of

The best performing downscaling experiments were,ecipitation during events was very poorly estimated (not
achieved during the autumn. Also, for this seascamdv shown).

in combination witlpw proved to be the most efficient model Finally, a test was made driving the model with the whole
generator. Models driven by andpw alone were very  qas series, i.e. without seasonal splitting. This model s still
effective in determining the timing of precipitation events g« to downscale precipitation with high accuracy during
(cc=0.81 — Table 2). However, the model driven  g;mmer and autumn, whereas downscaling for winter and
only was unable to estimate the intensity of the pre0|p|tat|onspring is very poor. This is related to the intensity of the
and the SSE of its validation (22.8) is approximately tW'CesignaI caught by the SVD analysis. When the whole series
as large as the one fo(11.5). When using andv andpw s ysed, the first four modes of the SVD capture the
to drive the modelkc for the validation period increases to predominant signals related to the summer and autumn
0.82 and the SSE decreases to0 10.8 (Fig. 2b). The modgl,sons, but not the weaker signals of the winter and spring.
represents the timing of precipitation occurrence very welklrhis result justifies the division into seasons when

but shows a slight tendency to underestimate the amountdownscaling precipitation in the Chikugo River Basin.
During winter, the best estimators wese, andu, v and

{. When a model is generated by each of these parameters
separately, the resultirgg for the validation period ranges ANALYSIS OF MODEL RESULTS
from 0.66 to 0.71 with SSE of about 17.0 (Table 2).

However, results improve when the parameters aré?elationships between the various GPV fields and the
combined. Usingow and? to drive the modelcc for the Kyushu Island precipitation field were analysed by SVD

validation period reaches 0.70 with a SSE of 15_3_1‘or each season separately and for the whole period. By
Substituting¢ by u andv, cc increases to 0.73 and SSE these analyses, it was possible to assess the influence of the

decreases to 13.9 (Fig. 2c). Results from the model drivefOVerning physical processes on the downscaling process
by temperature at either surface or 850 hPa during wintg?Nd understand better the intra-annual variation in
were very poor. Thecwas 0.51 and SSE 25.9 for the Surfacedownscalmg model performance. As in the model
case and 0.02 and 30.3 for 850 hPa, respectively. The wint§ieVelopment, when analysing the whole lumped period, the
monsoon is less efficient in causing precipitation overstrong characteristics of summer and autumn dominate the
southern Japan during winter, but synoptic disturbances hayg?'rélation maps entirely, and not even in lower modes do
winter or spring features show up. However, for seasonal
subsets all main meteorological features are distinctly

MODEL RESULTS
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Fig. 3. Heterogeneous correlation maps between precipitation over Kyushu Island, and precipitable water (a) and zonal winds afl850 hPa
for summer. Maps to the left are related to GPV fields, and maps to the right to precipitation fields. Shaded areas imktaierco
significance equal to or higher than 95%. Positive correlations are represented by continuous lines and negative by dasfeé hnenber

at the top left is the normalised squared covariance (NSC).

detectable. precipitation heterogeneous correlation map (Fig. 3a and b
right) is interesting. The highest correlations are observed
at the western side of the island reaching values up to 0.5,
o . ~_and in the southwestern tip, where the annual total
Precipitation over Kyushu Island during summer time is recipitation is above 2000 mm with 30% of it occurring
caused mainly by the presence of the Bai-u front. The SV} ring this season (Table 1). Lower values are observed in
analysis for the summer season captured this feature Vefye eastern part of the island. This gradient expresses the
effectively. It appears clearly in the first mode of the GPV yigtarence in precipitation between each side of the main
hete.ro.gerjeous. correlation maps betwperand 'K)_/US.hU mountain chain extending in a north-south direction in the
precipitation (Fig. 3a left) and betwearand precipitation  .oqira part of Kyushu. As the predominant winds during
(Fig. 3b left) as an area of positive correlations elongated iy mmer are from the southwest, the eastern part of the island
an east-west direction. An elongated core of significantg eeward and thus receives less precipitation. The gradient

correlations reaching 0.5 in tev map and 0.4 in the 45 5 constant feature in all the summer precipitation
map, located in and just southeast of Kyushu Island, can bﬁeterogeneous correlation maps analysed.

seen on the GPV correlation maps (Fig. 3a and b left). This

feature is positively correlated to precipitation in all parts

of Kyushu (Fig. 3a and b right). AUTUMN
The east-west correlation gradient over Kyushu on the

SUMMER
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Fig. 4.Heterogeneous correlation maps between precipitation over Kyushu Island, and precipitable water (a), zonal winds at 85@ihdPa (b
meridional winds at 850 hPa (c) for autumn. Lines and numbers as in Fig.3.
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The heterogeneous correlation maps for this season showpart of the island.
very strong correlation between meridional winds and
Kyushu precipitation (Fig. 4c). This represents the influence

of synoptic disturbances from the south, following the storm . ) )
track over the Japan Sea, bringing precipitation over th&uring spring, the highest NSCs were obtained/forand

whole of Kyushu Island (Fig. 4c right). pw (0.164, 0.153 and 0.144, respectively). These results

Another important characteristic may be observed fronfXPress the influence of synoptic disturbances on the
the zonal winds/precipitation correlation maps (Fig. 4b). ThePrecipitation during the season. The precipitation correlation
east-west correlation gradient present on the precipitatiof"@Ps (not shown) show that precipitation is spread all over
map (Fig. 4b right) with higher values to the east shows th&yushu during this season, with higher correlations in the
difference in precipitation between each side of the mountaiff'9her-altitude parts of the island. This characteristic is also

chain caused by the passage of typhoons. The zonal wirfdarly presentin thg correlation map (not shown).
correlation map associated with this precipitation map is, Puring this season, as in winter, precipitation over Kyushu

however, difficult to relate to typhoon activity, mainly due is positively correlated withw and northward winds in and

to the discrepancy between the typical size of a typhoor‘?‘rolund the island, andi Z.0n<’:-l.| W|.nds nort.heast of Taiwan. In

and the spatial extension and resolution of the GPV fieldPring, however, precipitation is negatively correlated to

used in the present study. zonal winds over the Pacific, east of Kyushu. Contrary to
A further main characteristic may be seen fromihe the situation in autumn and winter, the zonal wind map

correlation map which shows a core of correlations up tgndicates a convergence region near Kyushu Island.

0.5, in and surrounding the island, positively correlated to

the precipitation in all parts of Kyushu Island (Fig. 4a). Summary and conclusions

RING

Linear regression models based on singular value
WINTER decomposition, SVD, were developed for downscaling

. . . . . atmospheric variables statistically to estimate average
The main characteristic of the winter season in Japan is the . P y 9

. ainfall in the Chikugo River Basin, Kyushu Island, southern
presence of the winter monsoon that comes from the nort . . .
. : o . apan, on a 12-hour basis. The atmospheric data, obtained
and brings cold air and precipitation, mainly to the northern,

art of the countrv. at the beainning of the season Fofrom sounding measurements, were interpolated in a
P y, at the beginning . - 721 00x100 km grid point network covering north-east Asia.
Kyushu, however, precipitation during the winter season i

S . sin the downscaling procedure, the models were designed to

brought by synoptic disturbances coming from the . o

southwest. from the so-called Taiwan low take into account only significantly correlated areas between
' ' atmospheric and precipitation fields identified by the SVD.

The zonal and meridional wind fields for winter are ; . . . L
o By using as predictors precipitable water in combination
somewhat similar to those for autumn but show a lower - . . .
with wind speeds at 850 hPa, correlation coefficients

activity of synoptic disturbances. This agrees with what isb . o
1 . : etween observed and estimated precipitation values
observed climatologically. Analyses for winter showed that

. : exceeding 0.8 were reached.
the heterogeneous correlation mapgwfu andv explained X g W

most of the covariance (NSCs of 0.157, 0.122 and 0.163, "¢ capability of the models in forecasting precipitation
. i represented by the correlation coefficient between observed
respectively, not shown). The three fields are related to(

s S . and estimated values) exhibited a seasonal variation. Better
precipitation mainly in the central part of the island where

. . o hesults were observed in autumn and winter than during
correlations in the precipitation heterogeneous map reac

values as high as 0.55 around the Mt. Aso region. spring and summer. Using a 500x500 km resolution grid as

. e input showed tendencies similar to the results from a
Thepw correlation map shows that the precipitable water . .
. . . . . 100%100 km resolution, but correlations between observed
over and around the island is an important factor influencin

precipitation. Correlations up to 0.6 on g correlation “and estimated prec!pltat|on dropped by ~0.2.
” S The SVD analysis preceding the model development
map are positively correlated to precipitation in Kyushu.

S . . highlighted important features of the rainfall regime in
The precipitation correlation map shows correlations up tosouthern Japan. In particular, (1) the so-called Bai-u front
0.55 in the central and southern part of the island. Also the pan. n p ’

. . .. which is responsible for the majority of summer rainfall,
southerly winds over Kyushu were correlated positively with . . . .
o . . o (2) the strong circulation pattern associated with autumn
the precipitation. The zonal wind correlation map mdlcatesrainfall and (3) the strong influence of orographic liftin
that the easterly winds in a region northeast of Taiwan are g grap g

. . creating a pronounced east-west gradient across Kyushu
positively correlated to the precipitation in the whole of gap 9 y

Kyushu, with higher correlations occurring in the centraI|S|and'
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Results confirm the feasibility of establishing meaningfulthe Japan Society for the Promotion of Science (JSPS). Jonas
statistical relationships between atmospheric state and basdisson was funded by the European Commission S&T
rainfall even at time scales of less than one day. Thidrellowship Programme in Japan jointly with JSPS. The
however, requires meteorological grid point value (GPV)reviewers are thanked for useful comments and criticism.
data at a resolution of 100x100 km or higher for the are&raphics were developed using GrADS.
studied.

Concerning weather forecasting, the use of statistic
downscaling from free-atmosphere variables is an interesti?rg{efer ences
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